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PREFACE

This document contains the manuscripts of the papers and posters presented at the 1997
International Containment Technology Conference and Exhibition.  These manuscripts
represent a valuable compilation of information and data on the environmental challenges and
technology-based solutions associated with containment technologies. The purpose of the
conference was to promote the advancement of containment technologies by providing a forum
from which participants from related disciplines could meet to exchange ideas and information
on recent developments.

More than 500 participants from all over the world participated in this event which initiated a
biennial series of conferences on containment and related technologies. Through exhibitions,
platform presentations and poster presentations, as well as through personal interactions, the
1997 International Containment Technology Conference and Exhibition was a successful event
for the conference participants. This conference was a follow-on activity to the international
workshop on containment technology systems conducted in August of 1995 in Baltimore,
Maryland. The planning has already been initiated for the 1999 conference and exhibition
through a series of workshops which will form the foundation for this conference. The 1999
conference will provide a forum for future discussions on advancements and experiences gained in
the application of containment technology systems.

The manuscripts are presented as they were submitted by the authors in the official language of
the conference, which was English. Each manuscript was peer-reviewed. Editorial revisions were
not made to the manuscripts other than those from the comments the reviewers and session
chairs provided to the authors. Questions or comments concerning a particular manuscript
should be directed to the authors.

Skip Chamberlain Calvin Chien Nick Lailas
U.S. Department of Energy DuPont Company U.S. Environmental Protection Agency
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EXECUTIVE SUMMARY

The 1997 International Containment Technology Conference and Exhibition was conducted on
February 9-12, 1997, in St. Petersburg, Florida. The conference was jointly sponsored by the US
Department of Energy, the US Environmental Protection Agency, and the DuPont Company.
The focus of the conference was on the application of containment technologies to
contaminated sites and landfills. More than 500 professionals from government, industry, and
academic institutions, from 22 countries, participated at this event. Participants included
engineers, scientists, researchers, designers, regulatory personnel, owners of contaminated sites,
educators, construction contractors, and material suppliers. In total, 148 papers were presented,
108 as oral presentations and 40 as poster presentations. The papers covered topics including
groundwater flow modeling, contaminant transport modeling, sheet piling, geomembranes,
stabilization and solidification, barrier materials, permeation grouting, jet grouting, performance
monitoring, performance criteria, permeable reactive walls, low permeability reactive walls, caps,
slurry walls, floors, case histories, and quality assurance/quality control (QA/QC) issues. In
addition to the technical sessions, the conference included two training seminars, one on barrier
emplacement quality assurance and monitoring strategies, and another on quality control for
vertical barriers. Thirty-three exhibitors provided information on state-of-the-art equipment,
technology, and services in support of waste containment. The opening plenary session included
keynote presentations from the primary sponsors as well as two regional presentations on the
application of containment technologies in Europe and Australia. The closing plenary session
consisted of a panel discussion that provided an opportunity to summarize and synthesize the
conference and identify future needs in the area of containment technologies. Finally a site tour
of the U.S. DOE Pinellas Plant was provided to over 100 conference participants.

The training seminars were well-attended, and the quality of the course materials and
presentations were outstanding. Training Seminar I: Barrier Emplacement Quality Assurance
and Monitoring Strategies was organized by Geraghty & Miller, Inc. (Lorne Everett), MSE
Technology Applications, Inc. (David Reichhardt) and Heidemij Advies (Ben Viveen). This
seminar focused on technologies for verification, monitoring and methods for construction
quality assurance/control applied to barriers. A video was presented, followed by a discussion
covering the largest construction project ever undertaken in the Netherlands, involving
emplacement of a 180 foot barrier at a former gas works facility. Technical presentations on
geophysical techniques and their application to subsurface barrier verification and monitoring

were also made.

Training Seminar II: Quality Control for Vertical Barriers was organized by Geo-Con, a
Woodward-Clyde Company (Steven Day and Linda Ward), Mueser Rutledge Consulting Engineers
(Peter Deming) and Cargill Fertilizer, Inc. (Ralph Remmert). This seminar focused on the
typical methods, measures and tests performed during construction of both deep soil mixed
(DSM) barriers and soil-bentonite slurry cutoff walls (SCOW). Also presented were case studies
which highlighted the various project perspectives of the site owner, the design engineer and the
engineering contractor. Information was provided on the special advantages of each type of
barrier (DSM and SCOW) as well as on installation considerations and elements of QA/QC related
to barrier performance, scheduling, applicability to varying site conditions and cost.

The conference demonstrated that substantial improvements and innovations in containment
technologies have occurred in recent years. Examples include:

e Capillary barriers. New capillary barriers have been developed for use in capping
systems at contaminated sites.

e Combined systems. Examples include directional drilling combined with jet grouting
and geomembranes combined with drains and/or with soil-based or cement-based barrier
materials.
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New applications of existing technologies. Hydraulic fracturing and multipoint
injection are existing technologies that have found new application in contaminant
containment.

Equipment. Enhancements to "chain saw" trenchers permit excavations to 35 m
depths. Jet-grouting technology now permits creation of up to 8 m diameter columns for
use in constructing floors beneath contaminated sites.

Material enhancements. Geomembrane and sheet pile interlocks are now designed to
permit inspection. Additives to soil- and cement-based, low hydraulic conductivity
barrier materials are being used to treat contaminants and improve physical performance.
Permeable reactive walls. This technology has moved from the concept stage
through demonstration projects to full-scale field applications.

Other opportunities for improved understanding and implementation of existing technologies and
for development of new and improved containment technologies include the following:

Field performance tests, sensors, and geophysical techniques;

Maintenance and repair technologies;

Technologies for sealing vertical barriers into aquicludes;

Diffusion of organic contaminants through geomembranes;

Investigation of existing walls that have been in service for many years;

Improved understanding of barrier material physical characteristics, such as strength,
deformation, shrink-swell, and freeze-thaw responses;

Collection of feasibility, installation, and performance data;

Emplacement of barriers under difficult geologic conditions;

Emplacement of barriers at increasing depths;

Development of manuals and guidance documents for design, construction, QA/QC, and
performance monitoring;

Improvements in the long-term performance of barriers;

Use of "no-dig" technologies;

Metals precipitation and clogging in permeable reactive barriers;

Use of wastes as barrier materials;

In situ material properties necessary for contaminant transport analyses; and

Improved cooperation among the various disciplines involved in containment technology
development, design, implementation, verification, monitoring, operation, and
maintenance.

The strong interest in this conference is partly the result of increased levels of acceptance of
containment as a viable waste management alternative within the technical and regulatory
communities. This acceptance has been driven primarily by the high ratios of benefits-to-costs
that containment technologies can provide. In addition, the push toward risk-based corrective
actions is likely to continue to promote containment technologies as highly effective
alternatives for many problems.

One of the reasons that the conference was successful was that it brought together contractors,
technology developers, academicians, and regulatory personnel and other interested parties into a
common forum. The success of this conference has encouraged planning for the 1999
International Containment Technology Conference and Exhibition.
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Containment and DOE’s Environmental Management Ten-Year Plan
Dr. Clyde W. Frank
Deputy Assistant Secretary
Office of Science and Technology
U.S. Department of Energy
Washington, D.C., USA

Webster's Dictionary defines the verb “contain” as “to keep within limits.” That is exactly the message
the American public is sending the Department of Energy (DOE). Previous DOE planning efforts
called for more time and more money than the nation thinks is necessary to clean up the former DOE
nuclear weapons complex. In July 1996, under Assistant Secretary Al Alm's leadership, a vision of
completing as much cleanup as possible within ten years was implemented and the “Ten-Year
Planning Process” was set in motion. Each DOE site is preparing a Ten-Year Plan and from these
plans, a national plan will be presented for public review on March 31, 1997. The final plan will be
completed in September of 1997 after all stakeholder issues have been addressed. Before we
proceed, we need to obtain community support—certainly support from the public bodies, the
regulatory bodies, and the states.

Since 1989 the mission of the Office of Science and Technology is to develop and implement “better,
faster, safer, and cheaper” environmental technologies. Today, we say “reduce cost, reduce risk, and
do what can’t be done.” We have incorporated the basic sciences to help with the “can’t-be-done”. In
light of the Ten-Year Plan, cost reduction is key. Achieving this goal also requires a certain amount of
break-through management and a great deal of attention to the efficiency of operations. In pursuing
these efficiency goals, let me restate our commitment to listening to stakeholders. We plan to work
closely with those most affected by our decisions.

Containment technologies offer the best and fastest opportunities to reduce cost and risk at the same
time. As an environmental cleanup solution, containment eliminates the cost of transportation and the
risks associated with it. Most of the containment technologies are simple and efficient to implement
and also minimize worker exposure. DOE’s monitoring capabilities are becoming more reliable and
sophisticated, providing long term solutions. Containment, where appropriate, can save millions of
dollars when compared to conventional treatment technologies.

It is clear from the initial review of the preliminary Ten-Year Plans submitted that improved containment
technology is a common need at all the sites. The Ten-Year Plans list approximately 24 different
innovative technologies for containment, stabilization, and in-situ treatment of buried waste and/or
contaminants in groundwater and soils. The success of the Ten-Year Plan depends on the timely
implementation of these technologies. Many of these technologies are proven and commercially
available, and many others are approaching that stage of development.

To reduce the cost and risk of the DOE cleanup, the Ten-Year Plan requires that the Office of Science
& Technology refocus its efforts from technology development to the commercialization and
widespread deployment of technologies which have already been developed. There are over 300
technologies in the pipeline and available in the Ten-Year Plan. We have identified over 40
technologies that are commercially available and implemented within DOE. That leaves more than 250
additional opportunities for near-term deployment. With aggressive technology deployment, these
opportunities can translate to more than $31 billion in savings. The Office of Science and Technology
is developing a new investment strategy to focus on accelerating the pace of deployment and
broadening the deployment within EM of these proven, available technology solutions.

EM has invested in a suite of containment technologies ranging from robust, mechanically driven
technologies, to jet grouting, to low-energy permeation technologies. These technologies apply to
varied soils and site conditions.



The Office of Science and Technology has been in the technology deployment business for 8 years.
Life-cycle engineering and cost benefit analyses have been employed to evaluate the individual
technologies and track their progress toward deployment. Large-scale demonstrations, involving
multiple technologies at one site, have been successful and cost effective. Now we need a new
integrated approach for cleaning up the weapons complex. We propose a deployment initiative that
will identify the best prospects for multi-site use through a competitive bid process. The initiative will
reward adoption of improved technology. Deploying technologies more quickly saves in three ways:
first, in unit cost savings; second, in mortgage reduction; and third, from the results of reinvesting the
savings. So we win both in terms of velocity and acceleration of savings and cleanup.

We cannot accelerate deployment without also accelerating timely regulatory approval. The
deployment initiative will continue the investment in regulatory cooperation. Through work with the
Interstate Technology Regulatory Cooperation, the Cone Penetrometer has achieved acceptance in
22 states and saved $20 million in permitting fees. The Alternative Landfill Cover Design is also
addressing the regulatory acceptance issue by involving the EPA and environmental divisions from
the western states in the project. We must continue to work to establish technology performance
verification standards and streamline the permitting process.

Over the last three years, the Department of Energy has made significant progress. The system is
much more efficient, contract reform is working; there have been substantial reductions in support
costs; and we have initiated a privatization program. We now see the possibility in most places, though
not in all, to achieve completion of cleanup.

Privatization is a key investment strategy. We need to maximize the effectiveness of privatization.
Private industry will not enter the competition for federal cleanup and compliance work alongside
traditional contractors unless it has a reasonable chance to profit. Therefore, the Office of Science and
Technology will support the generation and application of data to deliver end-product specifications
that achieve an appropriate balance of public and private risk and thereby encourage industry to enter
the EM market.

Partnering has been a successful strategy within the Office of Science and Technology in the last few
years and we will continue to actively reach out to non-EM users within DOE to develop and transfer
needed technologies. The result will be greater benefits in terms of greater cost savings across DOE
and beyond, including both the domestic industrial sector and the international arena (public and
private). Containment is not by any means a unique need of US DOE sites, as evidenced by our
industry partners and interational colleagues represented here at this conference.

With respect to the achievements of the Ten-Year Plan goals, containment technologies are a critical
component because groundwater and soil contamination is a significant and pervasive problem at all
of the DOE sites. Containment technologies are being designed to integrate stabilization and in-situ
treatment technologies to provide permanent remedial solutions. Some of the technologies in the
Subsurface Containment Focus Area include Reactive Barriers that actually assist in the remediation
effort and Capillary Barriers, part of the Altemative Landfill Cover Design that are easily constructed
and low cost. Since major cost reductions have been identified with these technologies, rapid
deployment becomes imperative if we are to realize DOE’s cleanup goals.

A prime example of the cost reduction achievable through containment technology is the Alternative
Landfill Cover Project. The problem is well known: 90% of conventional landfill covers could allow
infiltration and contamination of water. In a study by the EPA of some 163 randomly selected landfills,
various problems were discovered at 146 sites, suggesting that the caps are not fulfilling their goal as
effective sealers of landfils. Some of the altemnative designs emphasize unsaturated hydraulic
conductivity, increased water storage potential to allow for eventual evaporation, and increased
transpiration through engineered vegetative covers. The alternative covers were designed to take



advantage of local materials to allow for easier construction of the covers at substantial cost savings.
The numbers speak for themselves:

Potential EM Savings: $1 billion (by the year 2006)
EM Development Cost: $5 million

This is a cost/benefit ratio of 200:1. With over 2,000 landfill sites under DOE's management, the
economic impact of improved containment technology is tremendous.

Close-coupled jet grout barriers are vertical, angled, and horizontal subsurface bariers composed of
grouting material that prevent the spread of contamination without disturbing the waste site. Multi-site
demand for subsurface barriers is outlined in the field Ten-Year Plans. Three sites—idaho, Chicago,
and Oak Ridge—report combined ‘potential cost savings of $42 milion over ten years. This
technology is applicable at many sites that pose sufficient long-term risk where existing barrier and

cover technology is not adequate.

When this type of in situ stabilization technology enables end-users and regulators to support a
containment option, rather than an ex situ option, the potential cost savings can reach billions of
dollars. A recent comparison cost study at Idaho National Engineering Laboratory’s Pit 9 (which is
typical of DOE’s buried waste sites) put the savings upwards of $20,000/yd against the baseline of
retrieval followed by thermal treatment and disposal in a repository. Estimated EM development costs
for jet grout stabilization will total about $4 million by the end of FYS7. This is clearly a good return on
investment.

Another new barrier technology is Two Phase Hybrid Thermosyphons, a frozen soil barrier technology
based on previous uses in groundwater control and tunnel construction. During FY 1997 there will be
a hot cell demonstration at Oak Ridge National Laboratory’s Waste Area Group 9 Homogeneous
Reactor Experiment Impounding Pond. Artic Foundations, Inc. has been awarded the contract and
EPA Superfund Innovative Technology Evaluation Program (SITE) is developing methods to evaluate
the barrier’s integrity using tracer testing. This is just one of many projects that we co-sponsor with the
EPA and other agencies. EPA’s close involvement with our technology development and
deployment planning has proven time and again to expedite the process toward commercialization.

Innovative characterization and monitoring technologies for containment processes also contribute to
the complex-wide cost savings. The Cone Penetrometer is a truck mounted, ground penetration
device with push rods used to deploy various sensors and sampling tools for determination of
subsurface characteristics, e.g., chemical, physical, and geologic parameters. The device reduces the
number of wells required and allows in situ contaminant sampling and analysis. The potential EM
savings are $72 miillion, while EM development costs are $4.4 million. This results in a cost/benefit
ratio of 16:1.

The Surface Acoustic Wave Sensor (SAWS) is also applicable to many DOE sites. This in-well sensor
provides continuous data on contaminants in the water and replaces the need for manual water
sampling and lab analysis. By solving this long term monitoring problem, SAWS reduces the morigage

from site surveillance and saves $840 million. With EM development costs of $10 million, that is a
cost/benefit ratio of 84:1.

In accordance with the mission of this conference, the Office of Science and Technology projects like
the Poland Initiative provide an international perspective. This cooperative effort serves to address
mutual environmental management objectives of Poland and the U.S. through subsurface
contaminant technologies, including bioremediation and phytoremediation. The international goal of
environmental stewardship is, after all, the overriding principle for our work. | am proud to be part of
this conference that has had such a successful participatory response. Thank you for your
participation and the contributions you have brought this conference.



Containment Technology and the Success of a Joint Initiative
Dr. Hugh J. Campbell, Jr.
DuPont Company
Wilmington, Delaware, USA

It is my pleasure to be one of the three keynote speakers here at the 1997 International Containment
Technology Conference and Exhibition. | would like to thank the Executive Committee, the Technical
Committee Chairs and Members, and Florida State University for their hard work in organizing this
conference. | would also like to thank Skip Chamberlain from the DOE, Nick Lailas from the EPA, and
Calvin Chien from DuPont for their leadership in making this conference a reality. In addition, the other
three co-sponsoring organizations — the Air Force, American Society of Civil Engineers, and the
Society of American Military Engineers -- should be commended for their support.

And last but not least, thank you all for attending and sharing your expertise. This conference is an
excellent example of the firn commitment by the DOE, EPA, and DuPont that has allowed us to
maintain a three-year cooperative relationship. We are proud of that relationship and this conference.
But | can tell you, the next three days will only be a success with your active participation. Your input
will help us advance our understanding of containment technologies in environmental applications.

Next | would like to place containment in perspective relative to overall remediation challenges.
Ideally, we all want to use innovative technologies that are effective in remediating soil and
groundwater to acceptable levels without being excessively complex or costly. However, real life
applications of remedial technologies often prove to be technologically ineffective, unfeasible,
unaffordable, and often a “force fit." You can probably relate to the frustration of a technology that
looks good on paper or in the lab, but just doesn't quite work in the field. Specific factors related to
the site or target contaminant can lower a technology's effectiveness or totally preclude it as a viable
remediation option. For example, low soil permeability may exclude the use of a technique such as
soil vapor extraction or a technology that works well for one contaminant may be ineffective with
another. Bioremediation, for instance, has been found in many cases to effectively clean up
chiorinated solvents, but it naturally won't be effective, or as effective, in addressing lead or mercury
contamination.

It is in these situations where containment can play an important role. Containment, by its very
definition, prevents contaminants from migrating beyond a designated area. K can be used in an
emergency situation, as a temporary measure, or as a permanent solution. It can, in some cases,
provide a cost-effective means of sufficiently reducing risk to an acceptable level without resorting to
cleanup technologies that have relatively high costs or that may not reduce the risk effectively.

I will now provide information on DuPont's remediation challenge and approach. At DuPont, we have
chosen to approach the challenge of protecting human health and the environment at over 60 major
and diversified sites worldwide by using the same tool that has served us so well throughout our
corporate history of nearly 200 years: that is, technology. DuPont is a technology based company.
We believe in the potential of technology to improve the quality of life and to solve problems. ~ You
have no doubt heard of our slogan “Better Things for Better Living"? So it was natural for us to put our
top scientists and engineers to work on our past contamination situations. Our goal has been and will
continue to be to find or develop the technologies that enable us to meet our environmental
responsibilities while using our resources wisely. What we discovered from our experience in
remediation since the mid-80s was that there are very few “on-the-shelf* technologies that we can
readily apply to highly variable and often unique remediation challenges. What we found instead were
existing technologies that need to be improved in effectiveness or made more cost-effective, or
innovative technologies that need to be proven. Unfortunately, in many instances, there are no
“treatment” technologies available for certain remediation situations.



To tackle these problems and focus our remediation program, DuPont formed five technology teams:
Soil Processing, Pump and Treat, /n Situ Treatment, Bioremediation, and, finally, Containment and
Transport Modeling. We formed these teams around technology areas associated with specific
DuPont needs. Each team developed its own mission depending on the status of the technology.
This moring | will focus only on the Containment and Transport Modeling Team for obvious reasons.
This team was formed five years ago and is led by Calvin Chien, who, by no coincidence, represents
DuPont as one of this symposium's co-chairs. His team has been one of our most productive teams,
forging partnerships with academia, the government, and global experts to advance the
understanding of containment technologies.

To demonstrate its commitment and direction, Dr. Chien’s team developed a mission which is focused
on containment technology. & was and still is to review and evaluate existing containment
technologies, identify technology weaknesses and gaps, thereby facilitating practical and meaningful
technology developments that will make containment technologies more economical, technically
reliable, and readily accepted by regulatory agencies and the public as a remedial alternative. With that
mission clearly defined, the team went to work under Dr. Chien’s leadership.

The first order of business for the team was to review and evaluate all existing containment
technologies. With this huge task ahead, Calvin's team enlisted the help of academia. Experts in the
field helped us determine where we were with each technology. The result was an intemal summary
report that presented an overview of available containment technologies. When the report was
completed it was published commercially by John Wiley and includes chapters on contaminant
transport, wallls, floors, and caps. To demonstrate our corporate environmental commitment, DuPont
has donated all of the proceeds from this book to an environmental conservation organization.

Even with this book in hand, we knew it was only the first step and that there was still much more to do.
Advancing the understanding of containment technology is a major effort, especially considering its
multi-disciplinary nature. There are limits on the resources that any one organization can commit and
still stay in business. There are also limits on the resources society as a whole can commit and still deal
with other important priorities. Let me be very clear that this does not negate or in any way lessen our
obligation to protect human health and the environment, it simply means that we have to be wise
about how we do it. And, in this case, | think we can take credit for being wise. Knowing that three
heads are better than one, DuPont, the DOE, and the EPA joined forces in the effort to assess
containment technology and its potential uses. After all, each of us brings a different but equally
important perspective to the table.

DuPont and the DOE share the challenge of protecting human health and the environment at a great
many sites nationwide and overseas. The DOE alone has over 3,700 contaminated landfill sites,
possibly requiring billions of dollars for remediation. The EPA's stake is just as high — overseeing the
nation's environmental agenda, ensuring that environmentally sound solutions are used, and helping
to communicate these solutions to the public. But because DuPont is a business, we bring a unique
perspective: we must integrate environmental responsibilities into our overall business plan. Like the
rest of industry in the United States, we must work o improve and protect the environment, build
upon our credible corporate image, and, at the same time, maintain our position in a fiercely
competitive global marketplace. | am proud to say that we are succeeding.

DuPont recently was presented the Keystone Center Award in recognition of our ambitious
environmental goal of zero wastes and emissions. In addition, the EPA recognized DuPont as one of
the companies in the "early-achiever* category for making substantial progress toward the goal of a
50% reduction of releases and transfers of 17 high-priority chemicals identified by the EPA. The so
called 33/50 program was a voluntary program with over 1,200 companies committing to a 33%
reduction of releases and transfers of these chemicals by the end of 1992 and a 50% reduction by the
end of 1995.



When attempting to apply containment at specific sites, all of us have received public resistance. This
is in part due to the lack of understanding about the technology — how it works and its value.
Essentially, containment was thought of as a "do nothing" approach that was a cheap and easy way to
claim you were environmentally responsible. Slowly but surely this perception is changing. By
sharing experiences and bringing together our own experts as well as those from academia and other
countries, the DOE, EPA, and DuPont have been working together to improve the understanding of
the technology and fill many technological information gaps to make containment a more reliable,
acceptable, and cost-effective remedial technology.

Knowing that the government had mutual interests and similar needs, DuPont joined forces with the
DOE and EPA to sponsor and organize the First International Containment Technology Workshop,
held two years ago in Baltimore, MD. The workshop brought together over 100 experts in
containment from eight countries and focused on the applicability and reliability of various
containment technologies. Barriers, caps, and walls were just some of the topics discussed. Ten
small working sessions allowed participants to share information, exchange opinions, and hammer out
ideas to achieve a consensus on what was known, what was not known, and what was needed to
apply containment technologies in real-life remedial applications.

The result of these extensive discussions and debates is a follow-up to the first book that furthers our
understanding of containment, entitled: "Assessment of Bamier Containment Technologies.” This
book gives a detailed account of where we are today in applying various containment technologies for
environmental applications. Consultants and government and industry members are already finding it
an invaluable tool for increasing the understanding of the technology and determining if containment
is applicable and appropriate at a particular site and ultimately that is the final proof or value in this
program. Containment should not be used because it sounds like the easiest or cheapest thing to
do. Rather, it should be used because it is based on sound science and engineering and because it
is the sensible choice at certain sites for reliably and cost-effectively reducing risks to human health
and the environment.

The workshop generated great interest in containment technologies worldwide. So, the DOE, EPA,
and DuPont decided to provide additional technical forums to allow experts to continue exchanging
ideas and information. And here we are at the First Biennial International Containment Conference!
And there are high expectations that this gathering will result in another productive step to advance
our knowledge of various containment approaches and their practical applications.

This conference is the latest step in our journey. Only by working together can we further the
understanding of containment technologies and, eventually, their proper place in remediation.
Cooperative agreements such as those between the DOE, the EPA, and DuPont are win-win-win
propositions and allow the sharing of knowledge and resources unique to each organization for the
common good of all.

But getting together and merely discussing containment technologies is not enough. We decided to
take these partnerships one step further and actually field test technologies. Armed with all of the
information we had gathered and organized around containment, our trio joined forces again; this
time, the U.S. Air Force joined in. The project is in its beginning stages and is a demonstration of the
use of high-pressure jet grouting to create thin diaphragm walls. Work has begun at the Groundwater
Remediation Field Laboratory National Test Site at Dover Air Force Base, which is designed to provide
a testbed and infrastructure for evaluating technologies. The project is a three-phase effort: Phase |
is aimed at developing site-specific jetting parameters and investigating nondestructive verification
techniques and innovative monitoring methods. Phase | will involve emplacing a double-walled coffer
dam. The scope of Phase lll is in the conceptual stage, but is intended to test the coffer dam and its
ability to contain specific types of contaminants. This technique, if proven, could serve as a cost-
effective containment technology. In the meantime, experts from each organization are working
together to ensure that the program is conducted in a streamlined manner, integrating tasks and



coordinating efforts to save time and money. Joint efforts such as this have helped in the
advancement of various containment technologies. By testing specific technologies, containment is
becoming more recognized and accepted as a viable alternative to costly remedial treatment options.

But our partnerships can't stop at our nation's boundaries. After all, environmental challenges are not
unique to the United States. The DOE and EPA have sponsored many conferences in Europe in
recent years, some of which have addressed containment as an environmental technology. In an
effort to leam what other countries are doing, Dr. Chien's Containment Team is talking to European
research institutes, and we plan to collaborate on projects in the future. Today, we welcome the
experts from 23 countries located in Europe, Canada, and Asia-Pacific who are here to share what has
been learned about how to improve existing technologies and their applications. We need to
compare and cross-reference innovations and methods with U.S. approaches.

In summary, the process of developing a technology to the point where it is both understandable to
the public, workable, and affordable to apply requires a tremendous commitment of resources. That is
one reason DuPont is committed to cooperative endeavors such as this conference and the other
efforts | mentioned earier. They enable us to pool our resources in a way that brings together the
best scientists and engineers from a variety of organizations globally to tackle our shared problems.
We look forward to learning more about containment through these collaborative efforts.



Priorities for In-situ Remediation Research
E. Timothy Oppelt
U.S. EPA National Risk Management Research Laboratory
Cincinnati, Ohio, USA

The following is a summary of the keynote address made by E. Timothy Oppelt at the 1997 Intemational
Containment Technology Conference and Exhibition which was conducted 9-12 February 1997 in St.
Petersburg, Florida, USA. Mr. Oppelt is the Director of the National Risk Management Research
Laboratory (NRMRL) of the U.S. Environmental Protection Agency (Cincinnati, Ohio). Much of the
research conducted by the U.S. EPA related to containment technology is conducted at the NRMRL. Mr.
Oppelt provided an overview of the efforts at the NRMRL associated with containment technology
systems in the context of the U.S. EPA's Superfund Innovative Technology Evaluation (SITE) Program
and other related initiatives.
Mr. Oppelt began his presentation by summarizing the U.S. EPA's programs related to site remediation
and waste management. In terms of site remediation activities at the NRMRL, the following are the current
priorities:

. groundwater modeling;

. clean-up of contaminated soils, primarily using ex-situ extraction; and

. technical support provided for SITE demonstrations.
Regarding waste management activities at the NRMRL, the current emphases have been on the
development of more effective waste combustion and containment technology systems. f is in this
context that the NRMRL is involved with the general area containment technologies. Mr. Oppelt indicated
that research initiatives at the NRMRL are designed to influence the following objectives:

. reducing the "high" cost of site clean-up;

. increasing the pace of site clean-up activities in the United States;

. addressing critical aspects related to the reauthorization of the Superfund Program;

. addressing issues related to "Brownfields* in the United States; and

. to disseminate information on completed SITE demonstrations so as to increase the
effectiveness of ongoing and planned site remediation activities throughout the country.

Some of the major outcomes of research conducted by the NRMRL have lead to the following more
obvious conclusions:

. effective site remediation approaches include the use of properly designed containment
technology systems;

. also included among effective site remediation approaches is the use of “natural
attenuation” and

. when feasible, in-situ remediation approaches can be effective as well as significantly cost-
effective when compared with ex-situ approaches for addressing contaminated soils and
groundwater.

Mr. Oppelt identified the following areas of research as priorities as related to groundwater contamination:

. permeable reactive barriers;

. modeling;

10



Non-Aqueous Phase Liquids (NAPLs) extraction;

natural attenuation;

bioremediation; and
. containment technology systems.

Regarding soil contamination, Mr. Oppelt identified the following areas of research as priorities at the
NRMRL:

o bioremediation;

o phytoremediation;

. metals stabilization; and

. facilitating the use of “enabling technologies”.
Data were provided on 259 completed innovative technology demonstrations which were conducted in
North America. These data are show that approximately 25% of all projects (65 projects) invoived the use
of a biologically-related treatment technology. The other projects involved the use of either physical,
chemical, or thermal treatment technologies.
Data were also provided on 139 in-situ innovative technology demonstrations conducted in North
America. These data indicated that for contaminated soils, 40% of the projects involved the use of
physical/chemical methods, 20% utilized biological methods and 14% utilized thermal methods. For

contaminated groundwater, 17% of the projects utilized physical/chemical methods while 9% of the
projects utilized biological methods.

Mr. Oppelt summarized the application of technologies used for completed technology demonstrations
(86 projects) associated with the U.S. EPA's SITE Program. These data indicate that the following
distribution of technologies were used for these demonstration projects:

. physical/chemical treatment methods - 41 projects

. biological treatment methods - 14 projects

. thermal treatment methods - 10 projects

. desorption treatment methods - 8 projects

. radioactive waste handiing methods - 3 projects

. solidification/stabilization methods - 7 projects

. materials handling methods - 3 projects
Data were also provided on the distribution of SITE demonstration projects between the use of in-situ vs.
ex-situ approaches. For completed demonstration projects (of which there are 86 projects), 58 (67%)
were conducted using an ex-situ approach while 28 (33%) were conducted using an in-situ approach.
While for either on-going or planned projects (of which there are 28 projects), the distribution was 15
(54%) ex-situ and 13 (46%) in-situ. The trend is increasingly toward the use of less costly, in-situ
remediation approaches, and often these approaches are utilizing containment technology systems in
combination with other site remediation technologies.

(The transparencies utilized by Mr. Oppelt for his keynote address follow.)
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THE APPLICATION OF CONTAINMENT TECHNOLOGIES
ON LANDFILLS AND CONTAMINATED SITES IN EUROPE

Stefan Melchior’

1. INTRODUCTION

Remedial action on contaminated sites may include ex-situ or in-situ treatment of contaminants
(extraction of solids, liquids and gases or in-situ decontamination) as well as the application of
containment technologies. Rumer & Ryan (1995) define containment technology as “the construction
of low-permeability barriers around the source zone [of contaminated sites] to contain contaminants
combined with manipulation of hydraulic gradients”.

The technical focus areas of the 1997 International Containment Technology Conference and
Exhibition include vertical, bottom and surface barriers as well as technologies like permeable barriers
and stabilization & solidification. Contaminant transport modeling, the test and choice of materials,
quality assurance and control, cost and performance criteria, and long-term performance monitoring
are integral and essential parts of the technologies and their application. The extent of their use
depends on the technology applied as well as on the hazard of the site.

This paper will focus on a description of the systems used to construct walls, floors, and caps on
European landfills and contaminated sites. The application of walls, floors, and caps, however, is not
only a question of the best available technology but also is strongly governed by the priority of the
problem to be solved. Therefore this paper will give a short overview on some environmental, socio-
economical and political factors, which influence the application of containment technologies, before
short profiles of the currently applied technologies will be presented.

2. BACKGROUND INFORMATION ON CONTAMINATED SITES AND LANDFILLS IN EUROPE
2.1 Precipitation and the Use of Ground Water

The natural conditions vary to a wide extentin the different regions of Europe. The very humid western
coasts of Norway, Ireland, Brittain, Northern Portugal and Spain as well as the high mountain ranges
(the Alps and some other areas in France, ltaly, Croatia, Bosnia and Serbia) receive at least 1,000
mm to > 2,000 mm precipitation per year. Most parts of France, England, Southern Sweden,
Denmark, the Netherlands, Belgium and Western Germany get between 600 and 1,000 mm rainfall
per year. There are also large semi-arid areas as well in Spain, Eastern Europe and Eastern
Scandinavia with only 250 to 600 mm precipitation per year (data from Diercke 1996). While Western
Europe has a maritime climate, the winters can get extremely cold in Scandinavia and Eastern
Europe. The Mediterranen countries have hot and dry summers.

The average water consumption in Europe is 157 liter per person and day (1988, Flinspach 1992).
This is much less than in the U.S.A (397 liter/person/day) or Japan (379 liter/person/day). An average
64 % of the water consumption is covered by ground water and spring water, 36 % by surface water.
The Netherlands, France, Austria and Germany rely much more on ground and spring water (63 %
to 99 %) than Spain (30 %), the UK. (27 %) or the U.S.A. (40 %). Ground water protection therefore
has a much higher priority in the humid European countries with a high ground water consumption
than in those countries, which rely predominantly on the use of surface water.

! IGB - Ingenieurbilro fiir Grundbau, Bodenmechanik und Umwelttechnik
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2.2 Socio-economical Data

The regions with the highest population densities in Europe (> 500 inhabitants per km?, see Diercke
1996) are also the traditional industrialized centers: Middle England, Northern France, Belgium, the
Netherlands, Western Germany (along the river valleys of Rhine, Ruhr, Saar), Eastern Germany
(south of the Elbe river), Northern ltaly. Other industrialized centers in Northern Spain, Catalonia,
Southern France, Switzerland, Austria, the Czech Republic, Denmark, Sweden, Poland, Hungary,
Romania, the Ukraine, Belarus, Latvia and Russia have lower population densities.

Europe has vast economical disparities. Most countries of the former East Block face tremendous
problems, while some economies like Hungary and the Czech Republic are growing fast. Even within
the European Union (EU) large contrasts still exist. The rich regions around Paris, London, Edinburgh,
Stockholm, Bruxelles, Amsterdam, Luxemburg, parts of Western Germany and Denmark have an
economic power of more than 125 % of the average gross national product and have a lower
unemployment rate than the average. Unemployment is more than 3 % higher and the national
product only 75 % of the average in Ireland, Portugal, Greece, most of Spain, Southern Italy, Eastern
Germany, parts of England and parts of Finland.

These data show that the densely populated, highly industrialized and ground water consuming
countries in Central Europe should have the biggest financial resources to contain waste disposal
facilities and contaminated sites while other countries might either not feel as much need to do so
(because of lower population densities or less ground water use) or might just not have the
economical strength. The paradoxon is that the countries with the biggest environmental pollution
problems have the least money to spend on protective or remediation measures.

2.3 Landfills and Contaminated Sites

Boels (1993) presented some data on the waste generation within the EU and other interesting
figures. Per year 240 million tons of industrial waste, 104 million tons of municipal waste, and more
than 60 million tons sediment sludges are produced. 65 % of the waste is landfilled, 24 % incinerated.
The restis partly recycled. The number of landfill sites is estimated with 60,000 to 120,000, occupying
800 to 1,700 km?. Approximately 12.5 billion m? of landfili gas are annually generated in Europe, 755
million m® (6 %) are recovered. The estimate of the annual leachate production is 0.1 - 4.0 million
m¥a. Efforts to avoid the production of wastes and to increase the rates of incineration and recycling
are already reducing the waste generation in some countries.

Table 1 gives an overview of potentially contaminated sites in some European countries. The
numbers of potentially contaminated sites include uncontrolled waste dumps, former industrial sites
such as steelworks, refineries, the chemical industry, gas works, cokeries, gas stations, mine tailings
and heaps as well as warfare-related sites from the World Wars, and contaminated military sites. The
figures given in Table 1, however, are inconsistant for several reasons. The definition of potentiallly
contaminated sites varies as well as the methods of the surveys. Some countries started the survey
earlier than others. No country has yet completed the survey. Therefore the numbers of potentially
contaminated sites are supposed to rise. However, only about 10 - 20 % of the potentially
contaminated sites are supposed to really need remedial action.

2.4 EU Council Directive on the Landfill of Waste
A very large contrast exists between European regions where only few landfills are operated in a

controlled way with up-to-date technology and regions where municipal and industrial waste is still
dumped at inappropiate sites (river beds, gravel pits or just any other void or remote area in the
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Number of Registered Rough Estimates of Annual Costs
Sites [million US $ /a]
Germany 143,000 530
(large sites in East Germany only)
The Netherlands 110,000 500
United Kingdom 100,000 800
Austria 24,000 90
Spain 46,000 ?
Denmark 10,500 57
Finland 10,500 36
Sweden 6,500 34
Greece 5,000 ?
Norway 3,000 ?
Belgium 2,000 30
France 1,500 94

Table 1 Contaminated Sites in Europe (Data from BMU 1934 and BMBF 1995)

landscape) without any liner or cap. In order to harmonize the technical standard for the landfill of
waste in the European Union tried to adopt a Council Directive on the Landfill of Waste (European
Union 1995). The proposal for the Directive defined three landfill classes, the general and specific
requirements to be fulfilled by these facilities, the types of waste to be accepted (hazardous, non-
hazardous and inert waste), waste acceptance and control procedures as well as control procedures
for operation, closure and after-care of a landfill. Existing landfill sites should bring their standards up
to those required in the Directive. Financial guarantee provisions were proposed to be mandatory to
cover the expenses for preventive and remedial action. Annex 1 of the proposal listed general
requirements for all classes of landfills including location, water control and leachate management,
protection of soil and water (by specific geological barriers, base and surface liners), gas control,
nuisances and hazards and stability. Annex 2 regulated the waste acceptance criteria and
procedures, Annex 3 the control and monitoring procedures in operation and after-care phases.

However, the Council Directive did not pass the European Parliament because parliament had failed
to convince the European Commission to back parliaments amendments on two subjects. First,
parliament wanted to remove a derogation within the draft directive for small island, remote
mountainous settlements and in rural areas (i.e. 50 % of the EU territory) and second, parliament
wanted to impose an end to Britain’s co-disposal.

Given this situation the procedures to contain landfills and contaminated sites are sfill governed only
by laws and regulations of the individual countries.

2.5 Major Research and Development Programmes

Research activities of the European Union are implemented in multiannual Framework Programmes.
The 4th Framework Programme was approved in 1994 and covers the period 1994 - 1898. It includes
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the progamme “Environment and Climate”, worth 1 billion US $, which focusses mainly on global
change. Subprogramme 2.2.3 coveres “Technologies to Protect and Rehabilitate the Environment”.,
including research on remediation technologies for “organic waste”, “dangerous waste” and the
“rehabilitation of contaminated sites”.

The “STEP Programme” (1989 - 1992) and the “Environment Programme” (1991-1894) concentrated
on risk assessment on contaminated sites and soil and ground water protection through in-situ
remediation. Research and development of containment technology did not play a significant role in
programmes of the European Community.

Several large national research and development projects on soil contamination and remediation
technologies have been set up the Netherlands, Denmark, the United Kingdom and Germany. In
1986 the “Netherlands Integrated Soil Reserch Programme” (NISRP) started. The Danish EPA
(Miljgstyrelsen) initiated a programme on the “Evaluation of Remediation Technologies” in 1992. In
the U.K. new treatment and containment technologies are funded by the Department of Trade and
Industry (DTI) within the programme DEMOS (DTI Environmental Management Options Scheme). DT
and the Department of Environment (DoE) of the Brittish Government fund the joint projects ETIS
(Environmental Technology Innovation Scheme) and EBPP (Environmental Best Practice
Programme). The Construction Industry Research and Information Association (CIRIA) is also
coordinating a research programme on contaminated land. The German Federal Ministry for
Education, Science, Research and Technology (BMBF) has funded several large joint R&D projects
during the past decade. Four programmes focussed on case-studies and were integrated in the
remedial activites at very prominent contaminated sites. Another two large integrated research
programmes focussed on the “Development of Advanced Landfill Liner Systems” and on “The
Geological Characteristics of Landfill Sites”. Of course there are numerous other research activities
in Europe, not being integrated in national or multilateral programmes.

3. Vertical Barriers (Walls)

Vertical barriers (cut-off walls, diaphragm walls) are commonly used at contaminated sites in Europe
to prevent and control horizontal contaminant transport within the groundwater or in the gaseous
phase. There are no regulations demanding the application of walls. Usually the hazard of the site or
the presence of an investor to re-use a site control the decision to construct vertical barriers. Vertical
barriers are usually combined with hydraulic control measures and sometimes may contain the
volume to be treated by in-situ decontamination.

Most often vertical barriers are surrounding the contaminated zone and an inward directed hydraulic
gradient is created. Walls, however, are also used only to divert the groundwater inflow or to control
the groundwater outflow in combination with extraction wells. Permeable reactive walls and funnel-
and-gate solutions are emerging technologies to control and treat contaminated plumes.

The depth of vertical barriers depends on the hydrogeological site conditions (depth of an aquitard)
and on the nature of the contaminants (light or dense non-aqueous phase liquids, dissolved
contaminants). However, costs and technical constrains limit the depth of walls. 30 m to 60 m are
state of the art. Depth of up to 100 m are feasible, but pose severe problems to the use of high-
qualitiy-sealing materials.

Cut-off walls shall be low permeable, corrosion-resistant and have a low diffusivity as well as a long
service-life. Permeabilities below 1 x 10" m/s can be obtained. Slurry walls should be as thin as
possible since material costs are a major factor. Because of the complexity of the construction
methods, quality controll and quality assurance are very important. Only double-wall-approaches offer
a control of the barrier performance. Watertight components like geomembranes, steel or glass may
be used. The system-permeability of these walls depend of the quality and integrity of the locks
between individual sheets.
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The choice for a particular type of cut-off wall strongly influences the quality and costs of the
containment. The costs for the disposal of excavated contaminated soil and slurry have to be
balanced against the the costs for long-term hydraulic measures and the treatment of pumped liquids.

Vertical barriers are constructed using four principles:

(1) Excavation of soil and placement of sealing material
(single phase and fwin-phase slurry wall, composite wall, interlocking bored-pile wall)

(2) Displacement of soil and installation of sealing material
(thin wall, street-pile wall, diven cut-off wall)

(3) Reduction of soil permeability in place
(Injection wall, jet grouting, frozen wall)

(4) Placement of reactive walls
(permeable reactive wall, funnel-and-gate systems)

Some types of walls (usually thin walls) may also be used in double wall concepts with controllable
segments.

Wall types listed under (1) and (2) are predominantly used to contain contaminated sites in Europe.
They are briefly described in the following chapters. Injection walls, jet grouting and frozen walls are
frequently applied for a variety of construction purposes, however, they are rarely - if ever - used on
contaminated sites. Permeable reactive walls and funnel-and-gate systems are emerging
technologies, currently being in the state of field demonstrations. There are several guidance manuals
for vertical barriers in Europe. Meggyes (in Holzldhner et al. 1995) gives an overview. Other European
contributions to this conference present more detailed information on the design, construction, quality
control, and experience with cut-off walls and reactive walls in Europe.

3.1 Slurry Walls

Slurry walls are the most often used vertical barriers. Wall thickness varies from 0.4 mto 1.5 m. The
individual panels should overlap laterally at least 2/3 of the wall thickness. They are usually applied
if a horizontal, low-permeable layer is located underneath the contaminated zone within reach. The
walls are usually inserted and bonded about 1.5 im deep into the horizonal bottom layer.

3.1.1 Single-phase slurry wall

Single-phase walls are standard technology on landfills. Self-hardening slurries (bentonite-cement
mixes with or without fillers) are pumped into vertical trenches, which are excavated with grab buckets,
clamshells or vertical tfrench cutters. They are simple to construct. Verticality should be checked using
inclinometers. The composition of the slurry has to be defined and tested project-specific (controlling
factors are depth of the wall, composition of the ground water, duration of excavation and hardening).
Sophisticated slurries (eg. organically modified binders, dense cut-off slurries) can not be used in
single-phase walls.

Thus the permeability of single-phase walls usually is higher than the permeability of twin-phase walls.
Wall depths typically are limited to 35 m. Advantages of single-phase walls are their robustness, the
inimate contact between primary and secondary panels and 20 years of experience on landfills and
contaminated sites. The excavated soil and small amounts of slurry have to be disposed of.
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3.1.2 Twin-phase Slurry Wall

In twin-phase walls a bentonite suspension is used to stabilize the walls of the trench during the
excavation of the soil. In the second phase the bentonite suspension is replaced by the cut-off slurry
using tremie pipes (contractor method). The individual panels are either confined by stop-end tubes
or constructed overlapping laterally by using a vertical wall cutter, which provides an intimate contact
of primary and secondary panels as well as a very low vertical deviation of the axis (appr. 1 %).

While the stabilizing suspension needs to be fluid and of low density, the density of the cut-off slurry
has to be at least 0,5 m?® higher. Soilcrete, bentonite-cement suspensions and, if long hardening
durations are feasible, cement-free suspensions with organically modified binders are used as cut-off
suspensions. Incomplete replacement of the stabilizing slurry can be a problem. The excavated soil
and the stabilizing slurry have to be disposed of. Walls depths up to 84 m have been reached. Twin-
phase walls are applied on landfills and contaminated sites for more than 10 years now.

3.1.3 Composite Cut-off Walls

In composite walls geomembrans or steel sheet-piles are inserted into a single or twin-phase slurry
wall to further reduce advective flow. Glass walls are also proposed as additional sealing element.
The permeability of composite walls is dominated by the quality of the locks between the individual
barrier sheets, which is difficult to control.

Composite walls offer very low permeable systems and are used on landfills and contaminated sites
for more than 10 years now. Construction, however, is complex and needs a rigourous quality control.
The excavated soil and in case of twin-phase walls also the stabilizing slurry have to be disposed of.
At present, wall depth is limited to approximately 30 m.

3.2 Interlocking Bored-pile Walls

Bored-pile walls are constructed of primary and secondary piles, bored with or without casing. The
secondary piles cut into the primary ones. The overlapping piles form a low permeable wall. The
disadvantage of interlocking bored-pile walls is the large number of joints. On the other hand they
allow very flexible geometries and can be constructed underground near structures like pipes or
cables.

High pressure should be applied while retracting the casing. The wall thickness shouid not be below
0,6 m to compensate the possible verticality deviation. Maximum depth is about 20 m.

Jet grouted columns are also used in bored-pile walls. The are constructed using a rotary drilling
technique in conjunction with a high-density cutting and filling fluid. While retracting the drilling rod the
filling fluid is diverted with high pressures (2 - 100 MPa). The cutted soil is removed and replaced by
a cement or clay-cement mix and has to be disposed of. Bored-pile walls are rarely used on landfills
and contaminated sites.

3.3 Thin Wall

Broad flanged beams are vibrated into the ground. While refracting the piles a bentonite-cement mix
with fillers (> 1.5 m?) is injected into the void with high pressure through nozzles at the toe of the

beam creating a 0.06 to 0.08 m thin wall. Wall thickness may be doubled due to the penetration of
injected fluid into coarse soils. Maximum depth is 20 m.

Thin walls are very cost-effective and can be constructed with high output. No excavated soil or slurry
has to be disposed of. There are over 10 years of experience on landfills and contaminated sites.
Permeability, however, is higher compared to slurry walls. Cohesive soils with consolidation pressures
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may cause problems and a very accurate pile guiding and control is required (permitted misalignment
< 0.2 % of thickness at 20 m depth).

3.4 Sheet-pile Wall

Steel sheet-piles (0.01 m to 0.02 m thick) are driven into the ground and connected to each other by
locks. Sheet-pile walls are easy and rapidly to construct. They can carry loads and there is no need
for the disposal of excavated soil or slurry. Maximum depth is approximately 20 m. After 10 years of
experience on contaminated sites, many questions regarding the corrosion and the effect of coatings
have been answered. The quality and durability of the locks still is an issue.

3.5 Driven Cut-off Wall

Caissons with detachable and watertight sole plates are driven into the ground and filled with soilcrete.
The soilcrete is compacted while retracting the caissons causing the sole plates to detach. Wall
thickness is > 0.4 m, maximum depth 20 m. Driven cut-off walls are used on contaminated sites in
Europe for over 10 years now. Their permeability is higher compared to slurry walls, but no excavated
soil or slurry has to be disposed of.

3.6 Cut-off Chamber Systems

Chambers systems with two thin walls have proven to be effective and economically attractive
concepts, especially if a hoizontal, low-pemeable layer lies out of reach at a great depth. At the
Rautenweg landfill in Vienna two parallel thin walls (in one sector two parallel single-phase slurry
walls) have been constructed 8 m apart. They were connected to each other by cross walls every 50 -
70 m. Into each chamber (400 - 600 m? surface area) a well is installed to pump and maintain the
ground water level 0,5 m below the natural level outside the landfill. Below the landfill the ground
water is kept additional 0,2 m deeper than within the chambers.

The integrity of each chamber can be controlled. Chamber systems are able to contain LNAPL. A
layer with reduced permeability (< 5 x 10° m/s) at the base of the chambers and underneath the
contaminated zone is required to limit the water volume, which has to be pumped. While the
installation costs are rather low and no excavated soil or slurry has to be disposed of, the permeability
of the walls is rather high causing permanent costs for the operation of pumps and treatment facilities.

3.7 Current Trends - Walis

During recent years there is a trend towards the application of non-complicated walls (single-phase
walls) in combination with hydraulic measures and site-specific test and choice of materials. Twin-
phase walls are used if very deep walls are required, composite walls are only chosen at sites with
very high contamination. Sheet-pile walls are applied at sites where the disposal of excavated
materials is expensive. The double thin wall chamber system is a controllable solution with rather low
installation costs.

Construction technology, the design of material properties, quality control of walls and locks and the
quality and durability of locks have been significantly improved. Reactive walls are a new concept,
their application is just beginning.

4. Horizontal Barriers unterneath Landfills and Contaminated Sites (Floors)
The regulations and guidance documents of most European countries require geological and
technical barriers underneath new landfills (Meggyes in Holzléhner et al. 1995 gives an overview on

the regulations in several European countries). However, many old landfills are not located at
appropriate sites and few have technical barriers at their bases. During the last seven years some
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proposals to construct horizontal barriers underneath old landfills and contaminated sites have been
published.

4.1 Geological Barriers

New landfills have to be constructed at least 1 m above the highest ground water table. Usually at
least a “low permeable” subsoil is required underneath the base liner of a landfill. Some countries
(italy, Germany, Switzerland) require minimum thicknesses of the geological barrier > 1 m, >3 m, >
10 m resp.) and regulate permeabilities (k < 1 x 107 m/s). The issue, if technical barriers may replace
geological barriers is currently discussed in several countries.

4.2 Technical Barriers
4.2.1 Base Liners for Landfills

In most European countries base liners for new landfills are mulitlayered systems with a drainage
layer above one or two barrier layers (for specific requirements in the individual countries see
Meggyes in Holzl6hner et al. 1995).

Areal filters containing perforated pipes are commonly used as drainage systems. The thickness,
particle size distribution, permeability and slope of the layer as well as the diameter and distance of
the pipes vary. The regulations of some countries allow an individual, site-specific hydraulic design of
the drainage system.

The most common barrier is a clay liner (0.5 m to 1.5 m thick, several lifts, compacted wet of
optimum, permeability < 1 x 10 ° m/s or 1 x 10-™ m/s). In some countries composite barriers with a
geomembrane above a clay liner are required on municiple or hazardous waste landfills. Protective
layers above the geomembrane as well as a certification for the geomembrane may be mandatory.
In Germany and Switzerland asphaltic barriers can be used in composite barriers alternatively to the
geomembrane on specified landfills. Specifications for the asphaltic barrier and the supporting layers
vary in both countries.

4.2.2 Installation of Floors Underneath Contaminated Sites

In the late 80s and the beginning of the 90s some concepts to construct horizontal barriers
underneath existing landfills or contaminated sites have been proposed using long wall technology or
tunneling. None of the proposed technologies has been applied for this purpose yet, predominantly
due to tremendous costs. Furthermore some systems are only feasible or safe in cohesive soils above
the ground water table - conditions, which usually are not given at hazardous sites. Jet grouting to
form continuous, low permeable horizontal panels is sometimes considered for small sites, but rarely
applied.

4.3 Current Trends - Floors

There is an increasing awareness of the risk of incrustations and clogging of the drainage system.
Also several modifications of the design of clay liners or cohesive soil components of composite
barriers are currently proposed. There is a trend to use specific clay minerals in order to design the
individual lifts of a clay liner either to improve the sorption and the retardation of contaminants or to
reduce the risk of shrinkage. Sometimes specific additives (e.g. hydrosilicates, waxes, grouts,
minerals) are used to improve the properties of otherwise not suitable barrier materials. Another new
concept is the compaction of mineral mixtures (mixed-in-plant) with well defined particle size
distribution at low water contents to low porosities in order to avoid shrinkage and to reduce diffusion.
In Germany, the risk of desiccation of clay barriers underneath geomembranes due to thermally
induced water transport has been a major concern. Research results suggest the use of cohesive
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subsoils with high unsaturated conductivities to avoid shrinkage of the barrier. Though geomembranes
(HDPE) are widely accepted as effective liners the use of asphaltic concrete is increasing.

5. Horizontal Barriers at the Surface of Landfills and Contaminated Sites (Caps)

Various types of caps are used in Europe. Most traditional landfills are only covered by a layer of soil
or rubble. Sometimes a simple soil cover without barrier layer is placed on municiple waste landfills
as a temporal cover until the initially high rates of subsidance have declined. Modern landfills,
however, contain pretreated wastes and usually have multilayered vegetative caps with a topsoil layer
to support the vegetation, a drainage layer to divert water laterally, and one or more barrier layers to
limit the infiltration of water (Meggyes in Holzlshner et al. 1995 gives an overview on the regulations
in several European countries). A gas ventilation layer may be added above the subgrade, if the
disposed waste produces landfill gas. Geotextiles, protective layers and elements for erosion control
may also be part of the design. If the potential subsidance of a contaminated site is low and if
someone is interested in re-using the site, the cover might be non-vegetative, i.e. the surface will be
sealed by asphaliic layers or pavements.

5.1 Surface Sealing of Contaminated Sites

In the densely populated industrial centers of Europe an increasing number of sites is sealed at their
surface to re-use the sites for industrial or other purposes. Standard road construction technology is
usually applied. Asphaltic concrete layers, however, might be more bituminous to be more flexible and
watertight (< 3 % pores). Pavements without special seals in their gaps are too permeable to form a
barrier. Their use has to be accomponied by an additional drainage layer above a liner such as a
geomembrane.

5.2 Muitilayered Vegetative Covers

Multilayered covers usually have at least a topsoil layer and one or more barrier layers to prevent the
transport of water and gases. Drainage layers for water and gases are optional components of
multilayered covers and frequently applied.

The thickness of topsoil layers varies to a large extent. Topsoil layers shall support the vegetation and
protect the barrier layers against freezing. They are usually not designed in order to maximize
evapotranspiration or to protect barrier layers against the penetration of roots or against desiccation.

Some regulations require areal drainage layers with permeabilities > 1 x 10 * m/s. Mineral drainage
layers are the standard technology. However, geosynthetic drainage elements are also used if the
thickness of a cap has to be minimized or if suitable mineral materials are too expensive.

The following barrier layers are frequently used:

- Compacted Cohesive Soil Liners (CSL, natural soils as well as mixed-in-place or mixed-in-plant
cohesive soils, compacted wet of optimum in several lifts to low permeabilities),

- Geomembranes (usually 1.5 mm to 2.5 mm HDPE),

Rather new concepts inciude:

- Geosynthetic Clay Liners (GCL, needlepunched or stich-bounded products),

- Capillary barriers (CB, with a laterally conductive layer (sand) above a coarse capillary block
(gravel) with low unsaturated conductivity),

- Asphalfic Concrete Liners (ACL, asphaltic sealer with < 3 % pores above a bituminous supporting
layer),

- Modified Cohesive Soil Liners (MCSL, formed either by adding additives like hydrosilicates,
waxes, grouts or minerals to a conventional CSL or by modifiing the construction technology, e.g
compaction at low water contents).
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These barrier layers are either used alone in single-barrier-covers or combined in composife barriers.
Controllable composite barriers can be formed if an additional drainage layer is included between the
upper primary and the lower secondary barrier. Most single-barrier systems have a compacted
cohesive soil liner. Geomembranes and sometimes geosynthetic clay liners are also used as single
barriers. By far the most often applied composite barrier is a geomembrane above a compacted soil
liner. There are some examples for the following composite barriers: Geomembrane above GCL,
GCL above CSL, CSL above CB, ACL above CSL. Controllable composite liners are rarely applied.
Technical leak detection systems using geoelectrical methods or tracer gases are still in the
demonstration phase.

5.3 Current Trends - Caps

Caps are the most often used containment technologies. Currently many new designs and
components are proposed. Sealed covers are applied to re-use abandoned contaminated industrial
sites. Field performance data of vegetative covers have shown that shrinkage due to desiccation and
water-uptake by plant roots as well as ion exchange can harm CSL and GCL significantly (Melchior
1997). There is a trend away from wet compacted and active clays towards geomembranes in covers.
Alternative barriers are emerging (capillary barriers, asphalfic barriers, modified compacted soil
liners). Low leakage rates over decades, however, can only be expected from caps with drainage
layers and composite barriers. There are only few examples for systematic approaches for the
performance monitoring of caps (lysimeters, inspections during excavations). The same applies for
the construction of controllable barriers.

Current issues in research and development are:

- Design of recultivation layers to maximize evapotranspiration and to minimize the desiccation of
cohesive clays in barriers

- Thermally induced desiccation of cohesive clays in composite barriers

-  Sensitivity of barriers to subsidence

- Development of temporal covers

- Construction technology of capillary barriers

- Performance data and monitoring concepts

- Evaluation of the use of sludges, compost, and ashes in covers.

6. CONCLUSIONS

Remediation of contaminated sites still is a rather young technology. First concerns about ground
water pollution lead to “pump and treat” concepts. During the early 80s, contaminated sites were
primarily contained using a small number of technical approaches. During the late 80s and the early
90s decontamination and in-situ treatment has been the dominant trend. Today the overoptimistic
view on decontamination is replaced by a more realistic approach. Composite strategies using pump-
and-treat approaches as well as in-situ treatment and containment technologies are developed taking
into account the site-specific conditions.

The challenge is:

o to find the appropriate containment concept for each individual site,

o to assess the need and to predict the long term quality of the barriers correctly,
o to rank the priorities of different sites adequately,

o to finance the activities through re-use of sites.

A large variety of caps, floors and walls has been applied, ranging from very simple systems to
complex controllable multi-component approaches. During the last five years less waste has been
generated and less landfills were constructed than expected. Construction technology and quality
control have improved in many ways. The “best-available-technology” is defined on the global market.
Ifitis applied on a specific site is more a question of political priorities and economical constraints than
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a question of availability. Europe will probably face dramatic changes and challenges in the years to
come. It will be very demanding to form the European Union. Today the countries with the biggest
need for containment technology in order to prevent further environmental pollution have the least
money to be spent on these issues. Responsible parties are often hard to name and to incorporate.
The future priority level of environmental issues within the European Union is very hard to predict. At
present, containment technology is not a growing market in Europe though the application of
containment technology is undoubtedly needed.
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Abstract:

In discussing containment technologies in Australia it is important to understand the factors which
influence environmental control of wastes. Although Australia is considered to be an arid country, there is
only limited reliance on use of groundwater for domestic purposes and this is mainly in rural areas. In
many areas, the groundwater is brackish to saline, thus limiting the use of the water. The limited use of
groundwater for domestic purposes and the sparse population of Australia combine to produce an
environmental regulatory framework very different to North America and Europe. Up until very recently,
the approach to disposal of industrial, mining and domestic waste has been based on the principle of
“dilute and disperse”. However, this attitude has changed, new regulations have been put forward
imposing much greater control over the disposal of all forms of waste. This paper provides an overview of
the containment technology in Australia as used in certain states with a discussion on the regulatory
aspect. It presents examples of some of the innovative technigues that can be considered in the limited
Australian regulatory environment.

INTRODUCTION

In Australia, prior to the mid-1980’s, waste disposal sites were generally selected as being suitable
because they were sites that no one wanted, ie they were holes in the ground, swamps or derelict land.
However, through the late 1980’s and early 1990’s the approach to site selection changed so that
consideration of environmental impact became the fundamental requirement of landfill and waste disposal
design. Where environmental impact could not be controlled through natural containment, it became
necessary for engineers to develop systems which controlled impact, ie lining and leachate collection
systems. Engineers in Australia had been involved in construction of lining systems for waste repositories
for many years prior to that time. However, it was not until the late 1980’s that the primary focus of lining
design changed from compaction specifications typically used for ensuring adequate strength of domestic
waste for example, to specifications to ensure adequate seepage performance. At the same time new
engineering materials were being introduced to Australia including a class of materials now referred to as
geosynthetics. A variety of materials ranging from geotextiles through to flexible membrane liners became
available. Geotechnical engineers learnt to use these materials for many purposes ranging from strength
enhancement of soil to improving environmental performance of waste retention systems.

At the same time that landfill engineering design began to change focus from management of waste to
management of the environment, consideration started to be given to the problem of land contamination.
Prior to the mid 1980’s there had been little consideration given to the impact of wastes on land and
groundwater. Hence there remained a legacy of land degradation that had the potential to impact on the
human health and the environment. However, in the late 1980’s attention was focussed on a number of
high profile former industrial redevelopment sites which were found to be contaminated (eg Bayside in
Melbourne, Victoria (Swane, et al 1993), Pulpit Point in Sydney, NSW and Kingston in Brisbane,
Queensland (Morphet, et al ., 1992).
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The actual scale of the contaminated land problem in Australia is yet to be accurately determined, with
some predictions placing the number of contaminated sites in the range of 10,000 (Knight, 1985). As a
result of the high costs associated with land remediation considerable attention has been given to the
problem of contaminated land and most property transfers in Australia are now accompanied by some
form of contamination assessment and in some cases remediation. Significant attention is now given to
the problems of soil and groundwater contamination and a consulting and contracting industry has
developed in Australia (as in other paris of the world) to service the remediation market.

Since the late 1980’s greater attention has also been focussed on derelict land, management of mining
wastes and management of other solid waste materials, including land reclamation. Increased
environmental regulation has resulted in greater effort being implemented in all of these areas to minimise
the impact of mining and civil engineering projects on the environment. This paper discusses several
issues in relation to the development of environmental geomechanics in Australia, with emphasis on
regulations and containment technology.

ENVIRONMENTAL GEOMECHANICS IN AUSTRALIA
influence of Regulation

Although environmental geomechanics commenced as a practice sector in Australia with minimal
environmental regulation to drive it, there is little doubt that the development of environmental
geomechanics has been influenced by legislation and regulation even if it was from overseas experience.
During the late 1980’s and early 1990's there was very little specific regulation which dictated how landfills
should be investigated and designed and contaminated land should be assessed and remediated.
Although legislation was in place that effectively required protection of soil and groundwater, there was
little guidance on how the legislation should be interpreted or implemented. In the mid-1990’s there has
been considerably more attention given to the development of policy, regulation and guidance for
contaminated land assessment and landfill design throughout Australia. Compared to other jurisdictions,
particularly the USA, the regulatory environmental processes in Australia are still poorly defined.
However, there is now sufficient legislation, policy and guidance documentation in Australia to claim that
there is a regulatory framework that governs the practice of environmental geomechanics.

Environmental legislation in Australia has been mainly the responsibility of the States and therefore
environmental practices tend to be State-specific. As a consequence there have been differences in the
rate at which environmental geomechanics has developed in each state. Also, the variation in geology
and hydrogeology in different parts of Australia has influenced the way in which regulation has developed
and the way in which environmental geomechanics is practised. For example, groundwater protection has
been the main driver of contaminated land assessment and landfill design in Perth (Western Australia),
whereas groundwater protection has not been given the same importance in other parts of Australia where
urban populations are less dependant on groundwater as a drinking water source. A regulation review
conducted recently (Parker, 1996) highlighted some very interesting aspects. These are discussed briefly
in the following section

Landfill Regulations

Brief comments on guidelines and regulation relevant to landfill site selection, design and management in
some Australian states are provided in the following:

Victoria - The Victorian Environment Protection Authority controls landfill site selection and management
through the State Environment Protection Policy on Siting and Management of Landfills Receiving
Municipal Waste (EPAV, 1991). This document provides guidance on site selection, information required
for permitting of sites and details of operating requirements for landfills. There is very little guidance
provided in this document on design of landfills to protect groundwater and surface water. A draft State
Environment Protection Policy (Groundwaters of Victoria) has been published (EPAV, 1994) providing
information on groundwater beneficial uses which need to be protected. This document effectively
provides performance criteria which have to be met in landfill design (or protection of groundwater in
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general). Guidance is provided in an appendix on lining systems required to meet different groundwater
protection objectives. An EPAV Bulletin (Publication 448) classifies wastes and dictates disposal options
for different waste types.

New South Wales - The Environment Protection Authority of NSW regulates design and management of
landfills. Siting considerations are strongly influenced by the Department of Urban Affairs and Planning
(DUAP). The EPANSW has formulated issued landfill design document titled “Environmental t Guidelines
for Solid Waste Landfills” (1996). This document provide benchmark lining, leachate collection and
capping requirements for landfills. The basic lining requirement is for a 0.9 m thick compacted clay lining
with hydraulic conductivity < 1x10° m/s. In “poor hydrological conditions” or areas of significant threat to
the environment, geomembrane lining is also required.

Queensland - The responsibility for the development of landfills in Queensland rests with the Deparntment
of Environment. Draft policies for landfill management have been in circulation since approximately 1993
and these are currently under further review. It is expected that an Environment Protection Policy Waste
will be released soon and the final guidelines for landfills will then be produced. At this time there is a
reliance on guidelines from other agencies and bench marking to best practice.

Western Australia - Regulation of landfills in WA is controlled by the Waste Management Division of the
Department of Environmental Protection. Guidelines have been developed for five classes of landfill. A
document titled Criteria for Landfill Management (Health Dept, WA 1993) sets out requirement for
management of landfills. There is a requirement in this document that putrescible (municipal) waste
landfills should be lined unless there is a management plan which provides strong technical evidence that
lining is not required.

Contaminated Land Assessment and Remediation

The general approach to contaminated land assessment and management throughout Australia is based
on use of Australian and New Zealand Environment and Conservation Council (ANZECC) and the National
Health and Medical Research Council (NHMRC) document titled "Australian and New Zealand Guidelines for
the Assessment and Management of Contaminated Sites® (ANZECC and NHMRC, 1992). This document
provides a framework for the conduct of contamination assessment and remediation and allows a staged
approach from preliminary site assessment through to remedial treatment of the land. The document
provides some guidance on the use of threshold criteria for assessment of severity of contamination although
it also permits the use of health and ecological risk assessment. Brief comments on approach to
contaminated land assessment and remediation in some Australian states are as follows:

Victoria - Contaminated land is managed in Victoria under the 1970 Environment Protection Act which is
intended to provide protection of the beneficial use of all segments of the environment. An important feature
of contaminated land assessment in Victoria is the use of Environmental Auditors who are required to
review the work of persons assessing and remediating land with the view of the Auditor providing
Certification of the suitability of the land for future use. Another important feature of contaminated land
management in Victoria is the ability to dispose of contaminated soil to landfill through a system of
contaminated soil classification (EPAV, 1995) which dictates which landfills can be used for disposal of
contaminated soil.

New South Wales - McFarland (1992) summarised the regulation of contaminated land in NSW under the
provisions of the Unhealthy Building Act. With the formation of the EPANSW several initiatives have been
implemented to improve the application of the available regulatory controls. In NSW there has been a
shortage of landfill space and remedial solutions involving landfill disposal are not favoured by the EPANSW.
There has been a greater focus in NSW on the use of remedial technologies and containment than in some
other jurisdictions in Australia.

Queensland - The Queensland Contaminated Land Act was passed in late 1991. The stated purpose of the
Act is to provide a system to identify and manage land which has been contaminated and to prevent further
contamination of land. The system is intended to prevent the inappropriate use of contaminated land and
ensure the continued protection of public health and the environment. Under the Act there is a requirement
for notification of contaminated land. Notification of contamination or likely contamination will result in
automatic listing on the Contaminated Sites Register. Four categories of site listing are used: Probable,
Released, Confirmed and Restricted. Guidelines for the assessment of contaminated sites were published
in 1992 by the then Chemical Hazards and Emergency Management Unit (CHEM Unit) and reflect the
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ANZECC guidelines for the assessment and management of contaminated sites. The Director of Waste
Management in the Department of Environment is the final arbiter on the status of a site and the
acceptance of a report by a consultant, or other person. The general approach to land remediation in the
state is focussed on the landfill disposal of contaminated soil although use of remedial technologies is
emerging.

CONTAINMENT TECHNOLOGIES

There is no formally recognised approach to design of landfills in Australia although guidelines are starting to
be developed in various states which define how landfills should be constructed to maintain environmental
protection. These include EPANSW guidelines for solid waste landfills (EPANSW, 1996) and the EPAV draft
groundwater policy (EPAV, 1994).

Parker et al (1993) and Parker (1996) have outlined the approach generally being used for design of landfills
in Australiaz. This involves an iterative process based on selection of lining system, evaluation and
comparison with defined environmental objectives.  With this process, if the designer cannot meet the
defined environmental objectives at any stage in the iterative process then additional leachate control
measures are required, eg if clay finer is insufficient to provide adequate protection to envircnment, then
include geomembrane as well and reassess potential impact.

Contaminated Land Remediation

A contaminated site is broadly defined as a site at which hazardous substances occur at concentrations
above background levels and where it poses or may pose a hazard to human health or to the environment
(ANZECC & NHMRC, 1992). Impacts on human health from contaminated soil can occur as a result of
exposure via a number of pathways including; pollution of surface and groundwater, inhalation and ingestion
of soil and via uptake and subsequent bioaccumulation by plants and animals. Impact on the environment
can occur from a number of routes including; direct uptake of contaminants by plants and animals and
migration of contaminants to ground or surface waters. Leakage from both above and below ground storage
tanks are obvious examples of facilities where contamination can occur on an industrial site. When
considering contamination at an industrial site account must be given to the possibility that contamination
may have resulted from past practices rather than current operations. It is also possible that contamination
may be brought to the site as filling for leveling or raising of the site. It was not uncommon in the past for
industrial wastes to be used as structural filling. Common examples of waste that has been used for general
filling in Australia are slags from smelting and refining processes, boiler ash and gas works waste.

Remedial Technologies

Remedial technologies related to containment can generally be categorised under the following broad
headings:

o removal and disposal (to a contained landfill)
¢ containment of contaminants

Removal to Landfill

Doesburg (1992) states that the most common form of remedial treatment for contaminated soil in the USA
has been excavation followed by disposal to landfill. Likewise in Australia the most common form of remedial
treatment of soil is excavation and disposal at landfill. in Victoria, a well regulated system has been
developed for disposal of contaminated soil which can be classified as low level contaminated soil or high
level contaminated soil. Other states are generally following similar models. Excavation of contaminated soil
and removal to landfill is probably the most common method of site clean-up used to date in Australia. The
nature of the contaminated soil will govern the type of landfill approved for disposal. For example, in Victoria
contaminated soil can either be classed as "low level contaminated soil® or *Prescribed Waste" (EPAV,
1995). The soil classification dictates which landfill can accept the waste and how it should be transported.

36



The classification of the waste is based on total concentration and leachability of chemical constituents.
Stabilisation of the soil may be required to meet leachability criteria.

In recent years regulatory authorities in a number of states have begun to discourage landfilling as an
option for site remediation, because of pressures being placed on existing landfill facilities, difficulties in
developing new landfills, community opinion on landfill disposal, and the desire to treat contaminated soils
on-site. This is particularly the case in some of the major cities of Australia.

Containment

Containment technologies are used at a contaminated site to isolate areas in the subsurface from the
surrounding uncontaminated environment. Containment usually involves installation of a cut-off wall
around, or a cap over, the affected area. The barrier may take the form of a slurry wall (eg. soil-bentonite
wall or cement-bentonite wall), a grout curtain, a soil-mixed wall, an HDPE liner curtain wall, or a sheet
piling cut-off. Containment also may include installation of a cap over the contaminated area to impede
infiltration of water into the area and form a separation layer between land users and the residual
contamination. In many cases in Australia, buildings and pavements have also been considered as part of
a containment or risk control system for management of contaminated land. Containment of contaminated
soil is considered as a practical option for management of land but it places restrictions on future use of the
land. It has been a common form of remedial treatment in Australia where the regulatory framework to date
has permitted a pragmatic attitude to contaminated land. However, careful consideration needs to be given
to future management of the land to ensure maintenance of the capping or containment systems.

HOME BUSH BAY OLYMPIC SITE PROJECT (SYDNEY, NSW)

Remediation work at Homebush Bay commenced on site in the latter part of 1992, almost 12 months
before Sydney became the host city for the year 2000 Olympic Games. The start of work was preceded by
an extensive investigation programme which included sampling and analysis of soils and groundwater
over 300 ha of the site. The initial focus of remedial efforts at Homebush Bay has been in regard to waste
containment. Geosynthetic materials have played an important role in achieving this objective, by
minimising the generation and escape of waste leachate to surface and ground water resources and by
controlling human contact with waste materials. Most of the information given herein are based on the
paper by Pym & Moss (1996).

Aquatic centre remediation

Construction of the Sydney International Aquatic Centre could not be completed before clean up of an
adjacent railway embankment containing gasworks and asbestos wastes and a separate asbestos dump
was undertaken. Low permeability geosynthetic liners of special manufacture were selected due to the
corrosive nature of the wastes in question. Leachate from the railway embankment recorded pH levels as
low as 1.2 and high levels of ammonia were present in the asbestos dump. Neutralisation of the acidic
wastes was augmented by the addition of lime during placement. The ammoniacal leachate was treated
by air stripping during construction and the landfill was provided with both leak detection and groundwater
monitoring system. During construction the main contaminants monitored were asbestos, cyanide gases
and ammonia. In total, approximately 255,000 tonnes of waste was contained on site. The decision to
position the excavated cells beneath the Aquatic Centre car park, and utilise the bitumen and cement
surface as an additional layer of capping was considered to be the incorporation of urban design within the
remedial solutions. A secure landfill was constructed adjacent the Aquatic Centre to contain hazardous
leachate forming wastes found on the site. Figure 1 presents a schematic section of the as-constructed
containment system. The main features of this design are described in the following.

The use of a smooth 2mm thick HDPE as primary liner. For puncture protection the liner was overlain on
the side walls of the cells by a non-woven needle punched geotextile. The secondary liner chosen for the
project was a geosynthetic clay liner (GCL) comprised of a layer of granulated sodium bentonite
sandwiched between two geotextiles. An internal leachate collection system was provided in the cells to
enable leachate drainage. Across the base of the cells, and immediately underlying the primary liner, is a
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150mm thick layer of sand which serves as the leak detection layer. On the side walls of the cells a ribbed
polyethylene geonet was used to provide leak detection, with drainage by gravity to the sand layer
described above. The side wall geonet was underlain by a heavy geotextile as a separation layer between
the geonet and underlying GCL. The landfill cap was designed to limit infiltration of rainwater and to act as
a subgrade for the Aquatic Centre car park.

Haslams Creek

The Haslams Creek South site occupies an area of over 30 ha and was used extensively as an industrial
waste dump. The area was selected as the main containment area for pockets of waste from the Olympic
Precinct. The site was almost entirely contained by leachate drains, to cut off flows both to Haslams
Creek, and towards a brickpit. A geosynthetic membrane was tied vertically into low permeability clays
underlying the waste, and below the bed of Haslams Creek. The membrane acts primarily to prevent
inflow of seawater to the leachate drain, however it has a dual purpose of acting as dam wall, providing
storage for leachate in the case of any pump failure along the extensive drainage system. On both sides
of Haslams Creek, a vertical geosynthetic leachate cut-off wall was constructed with an integral leachate
drainage system to recover waste leachate prior to escape into the creek. Figure 2 shows a schematic
section of the drain and cut off constructed along the banks of Haslams Creek. The HDPE cut-off wall
which separates and contains the landfill leachate forms a continuous barrier. HDPE sheets of up to 10 m
width were joined in-situ with a proprietary locking device (‘Geolock’ or ‘Interlock’). A water tight seal was
formed by the addition of a hydrophilic bead which expands when wetted to fill the void between the
locking strips, thereby forming a continuous barrier to leachate flow.

Fig. 1. Secure landfill at the aquatic centre Fig. 2. Leachate cut off wall (modified
(modified from Pym & Moss, 1996). from Pym & Moss, 1996).

SOUTH EASTERN SAND BELT (MELBOURNE, VICTORIA)

Sand mining has long been practised in the south-east sand-belt region of Melbourne to obtain clean sand
for use in construction. Since the late 1960’s the abandoned sand mining pits in the region have been
used for waste disposal and this trend is increasing with the ever higher demand for new landfill space
(although the regulatory pressure for higher standards of waste containment is resulting in most new sites
being developed for selective disposal, ie inert waste). During sand mining, the watertable, normally < 5
m below ground level, is lowered up to 40 m. Following cessation of mining and commencement of
landfilling, watertable recovery has created a water saturated landfill from which leachate migration
occurred soon after landfill closure (Hancock et al, 1994).
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One management technique identified is the use of cut-off walls, formed by hydraulically placing slimes
from sand mining (fines washed from the sand), to isolate the landfill from adjoining shallow aquifers. This
involves placing wet sand washing slimes mixed with clean fill to achieve a low permeability ( in the order
of 2 x 10 m/s) slurry curtain around the landfill walls (Hancock et al., 1994), as shown in Figure 3.
Another alternative successfully used is the use of a sidewall liner in which there is a combination of
compacted refuse bales and slimes as shown in Figure 4 (Golder Associates, 1993). This technique was
developed specifically to enable greater control on the placement of the slimes and in particular to ensure
that the design thickness of the slimes wall could be maintained. At the time of writing this paper,
development of the slimes curtain in this manner had commenced. However, quality control data was not
available at the time of preparation to this-paper to enable comment on-performance of the wall.

KINGSTON SITE (BRISBANE, QUEENSLAND)

The Mount Taylor - Kingston Site Recovery Project was one of the first and largest of such projects
undertaken in Australia (Morphet-et al ., 1992). The Mount Taylor Site was an old gold mine, operated in
various modes from 1885 to the 1950's. Mine shafts and pits were later backfilled with domestic and other
refuse including, most significantly, acid oil sludge waste (a combination of old engine oil and sulphuric acid).
Based on historical information it appeared that the area known as the Main Open Cut was filled with refuse
whereas the area referred to as the Northem Pit was filled with the acid oil sludge. The land was later
subdivided and houses and a shopping centre constructed. In 1987 a substance that "bums skin and
clothing” was reported to be seeping into properties in the area. The rehabilitation was completed in
September 1991, resulting in 11 hectares of rehabilitated recreational park land being returmed to public use.
A range of capping options was decided upon taking account of the needs to: 1) accommodate risks
associated with each part of the site; 2) require minimal maintenance; 3) allow public access; and 4) achieve
a stable surface over waste material.

Design of Capping

In the Main Open Cut, relatively large future settlement of the refuse needed to be allowed for within the
worst part of this area. Much of this area was already covered by an asphalt car park. Of most concemn was
the differential settlement expected across the fillintact rock interface along the northem, western and
eastern edges of this area. Concrete relieving slabs similar to those used at bridge abutments, or a piled
concrete deck could have been used but such solutions would have been costly. It appeared better to
tolerate the severe differential settlements, and to take steps to mitigate the resulting damage, and to institute
routine monitoring and maintenance to ensure the preservation of an effective seal. This was done by
installing a geogrid at the base of a new asphaltic concrete surface course. At least 60mm thickness of
asphaltic concrete surface course was installed. Periodic inspections of this area will be made and cracks
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that eventually develop will be cleaned with compressed air and sealed with a hot melt filler. In time
pavement distortion may become severe and some reshaping and resurfacing will be required. All internal
garden beds were recommended to be sealed to reduce their contribution to infiltration into the system.

In the Northem Pit area, where the acid oil sludge had been disposed, two sealing liners were incorporated
each capable of confining the sludge alone. The first of these is a compacted clay liner 450mm thick. The
second sealing liner is an HDPE geomembrane installed above the clay liner. At the periphery of the sealed
area this liner is extended downwards at least 3 m, and at least 1 m into natural ground to act as a short cut
off wall and to prevent sludge under pressure finding its way between the existing surface and the capping fill,
or through the near surface soils. Protection layers and drainage layers were included above the sealing
layers. An important feature of the protection system was the inclusion of a polypropylene reinforced
concrete layer. This was intended to act as an intrusion barrier and had to be designed to tolerate possible
settlement of the sludge. However, to avoid excessive consolidation settlement of the sludge, the protection
barrier and soil layers were kept as thin as possible.

CONTAMINATED SOIL DISPOSAL IN FREEWAY EMBANKMENT (MELBOURNE, VICTORIA)

During 1994 and 1995, two freeway embankments were constructed in the western suburbs of Melbourne
using low level contaminated soil. The first of these was located at Ardeer Section of the Western Ring
Road and involved the use of about 100,000 m® of soil obtained from a former munitions factory which
was being remediated. The contaminated soil met Victorian EPA criteria for low level contaminated soil
with the principal contaminants being copper (maximum of 1000 mg/kg), lead (maximum of 3000 mg/kg)
and zinc (maximum of 5000 mg/kg). The embankment had to-be permitted as a landfill given that it was.
receiving contaminated soil. The concept for the disposal method was to encapsulate the sail in a
compacted clay envelope. The soils in the area are a high plasticity clays of basaltic origin. The base
sides and cap were specified to be not less than 1 m thick and to have a hydraulic conductivity of not less
than 1x10° m/s. The low level contaminated soil was of similar origin to the clay used to encapsulate the
contaminated material and therefore also had low permeability when compacted. It was determined that
leachate collection would not be necessary for these embankments given that construction would occur
over a very short period and the occurrence of leachate generation under the road pavement of the
freeway would be negligible.

This novel solution to disposal of a large quantity of contaminated soil, coupled with a need to find a short-
fall of construction material of 100s of thousands of cubic meters provided an opportunity for benefits to
the owner of the soil (cheaper cost of disposal), the contractor (cheaper cost of fill) and the public who
ultimately pay for the road. Control of the fill will remain with the road authority providing institutional
control of the soil for a very long time.

FUTURE DEVELOPMENT

Given the rapid development of environmental geomechanics in Australia over a period of less than ten
years, it is interesting to speculate how the practice will develop in future. It is clear that with ever
increasing concern about the environment and the increasingly stringent regulation that geotechnical
engineers and geo-scientists will be called on to solve new problems in the environmental management,
many of which are not even contemplated today. It is important to understand the differences in approach
that have developed in Australia with respect to landfill design and contaminated land management when
compared much overseas practice. In landfill design there has been much reluctance by Australian
practitioners to follow the path of prescriptive engineering design. There is much discussion in the
industry about the need for broad design guidelines without prescriptive dogmatic regulations on such
issues as lining, leachate collection and capping requirements. For example, the Solid Waste Landfills
Draft Code of Practice prepared by the Waste Management Association of Australia, clearly attempts to
provide broad guidance without dictating any specific requirements for lining or other environmental
management measures. The use of such guidelines leaves much to the designer in developing landfill
systems that will ensure that unacceptable environmental impact does not occur. With such an approach
it will be a challenge for geo-environmental engineers and geo-scientists to be able to provide consistent
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assessments and designs which satisfy regulatory authorities who often do not have the same access to
engineering expertise as the landfill designers.

Similar trends are evident in the contaminated land remediation industry where there is greater reliance on
site management options to limit remedial treatment than there appears to be in some other parts of the
world. However, the “internationalisation” of the land remediation industry is more complete and Australia
appears to following international trends to a large extent. This is possibly due to the influence of multi-
national companies and international financing agencies strongly influencing the remedial industry.

Some of the immediate issues facing geo-environmental engineers are:

Landfill - The rapidly developing use of clay liners for landfills requires better understanding of the nature
of Australian soils with respect to leachate seepage characteristics. To date, there is only limited work on
the behaviour of Australian soils under differing leachate conditions. There will also be the need to better
understand the behaviour of geomembranes and other geosynthetic materials and their interaction with
Australian soils, particularly with respect to stability. To date there are only limited facilities for appropriate
testing of liners in Australia.

Contaminated Land Assessment and Remediation - Like the landfill design industry there is little
information on the nature and fate of chemicals in the Australian environment. Further research is
required to tackle some of the major issues involving wide spread use of chemicals such as arsenic in
pesticides and lead fall-out in our urban environment. The introduction of health risk assessment will
present a challenge to an industry that to a large extent has been focussed on assessment of land using
prescriptive guidelines followed by “dig and dump” remediation. The ability to better manage our land and
make informed decisions about the real risks posed by contamination is a major challenge.

Mining wastes - The Australian mining industry now has a very strong focus on the management of
environmental impact at mining sites. The management of mining wastes is recognised as an important
area for research. However, there are many areas for further investigation including, once again, the
nature and fate of chemicals in the environment, improved and cost effective design of waste repositories
and better methods of storing wastes. Given the importance of mining to Australia, this is one area where
significant advances in environmental geomechanics research is being initiated in Australia rather than
relying largely on overseas experience.

The development of environmental geomechanics in Australia has led to a some new and interesting
opportunities for geotechnical engineers and geologists. It is a sector of geomechanics that is full of
challenges and uncertainty. All that the geo-environmental engineer and geo-scientist can be confident of
is that there will be new challenges to face as environmental controls and regulation becomes more
stringent in Australia.
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SLURRY WALLS AND SLURRY TRENCHES -
CONSTRUCTION QUALITY CONTROL

Raymond J. Polettot, P.E. and David R. Good?, P.E.

ABSTRACT: Slurry (panel) walls and slurry trenches have become conventional methods for
construction of deep underground structures, interceptor trenches and hydraulic (cutoff) barriers.

More recently polymers mixed with water are used to stabilize the excavation instead of bentonite
slurry. Slurry walls are typically excavated in short panel segments, 2 to 7 m (7 to 23 ft) long, and
backfilled with structural materials; whereas slurry trenches are fairly continuous excavations with
concurrent backfilling of blended soils, or cement-bentonite mixtures. Slurry trench techniques
have also been used to construct interceptor trenches. Currently no national standards exist for
the design and/or construction of slurry walls/trenches. Government agencies, private
consultants, contractors and trade groups have published specifications for construction of slurry
walls/trenches. These specifications vary in complexity and quality of standards. Some place
excessive emphasis on the preparation and control of bentonite or polymer slurry used for
excavation, with insufficient emphasis placed on quality control of bottom cleaning, tremie
concrete, backfill placement or requirements for the finished product. This has led to numerous
quality problems, particularly with regard to identification of key depths, bottom sediments and
proper backfill placement. This paper will discuss the inspection of slurry wallftrench construction
process, identifying those areas which require special scrutiny. New approaches to inspection of
slurry stabilized excavations are discussed.

QUALITY CONTROL CONSIDERATIONS

The purpose of field quality control is to insure an end product that meets the project goals
(structural support, cutoff barrier, etc.). The role of the contractor, engineer and owner will vary
depending on their experience, degree of uncertainty of subsurface conditions and project risks.
Good quality assurance can identify poor construction practices at an early stage of construction
and lead to early corrective measures. Good quality control and record keeping is essential to
identify problem areas which may occur as a result of either subsurface or construction problems.

GENERAL COMMENTS ON SLURRY CONSTRUCTION INSPECTION

Slurry is an opaque, viscous fluid which contains suspended solids, and can behave in a complex
manner. Since the bottom of the excavation can not be seen, the industry has typically relied on
non-standardized, pointed sounding weights to determine elevations and extent of sediment
buildup on trench bottoms and backfill slope and surfaces. Well intentioned, but unsubstantiated
beliefs promulgated by some in the industry have attempted to explain away quality control
concems as “self-correcting.” For example, the proposition that sediment measurement and
control is unnecessary because sediments are pushed ahead by the backfill and later excavated.
We believe that some current practices are generally inadequate, and have attempted to address
these shortcomings by proposing a variety of inspection tools and quality control procedures
described herein. The inspection effort described can be an intensive one, requiring an
adequate staff, capable of carrying out the demands of inspection. Typically, a project's quality
assurance program is staffed with one person to run an on-site laboratory and one performing field
inspection. The field inspector will need to call upon the laboratory operator for assistance. The
laboratory operator should expect to spend about half the work shift in the field, with the trench
inspector outside all that time. Consider training a third inspector when needed for relief, reports
and paperwork or in anticipation of the contractor electing to work multiple shifts. As with any

1Mueseﬁ?utledge Consulting Engineers, 708 Third Avenue, New York, NY 10017
(212) 490-7110, MueserEng@aol.com
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construction, proper construction records are crucial. Records for slurry supported excavations
should include: all test results on walltrench backfill (includes S-B, concrete, etc), excavation
progress, materials encountered, top of key elevations, bottom elevations, backfill progress, and
wall/trench soundings. The daily record of activities should include information where applicable
on project status, unusual events, mixing area status, contractor communications, and all relevant
events. It is suggested that the inspector use standard subheadings for each activity on the daily
report. Location control is important to inspection. Stationing stakes driven every 3 m (10 ft) are
recommended for reference. Elevation control for trench depth determination can then be taken
by a string line set between stakes at a known elevation.

SLURRY FOR PANEL AND TRENCH CONSTRUCTION

An ASTM paper published as STP 1129 (1992) and text by Tamaro (1995) describe the
necessary properties of hydrated slurry needed for proper stabilization of the excavation. The
STP publication contains further discussions on quality control of slurry walls. Test results of
slurry may not convey the complete character of the slurry. The inspector should confirm that the
mixing operation is producing a consistent slurry and that the tests are made on representative
samples of that slurry. Storage ponds that have become bottom laden with thick, gelled bentonite
indicate a poor mixing operation. Further, this material may get broken up and pumped into the
excavation, which can leave similar clumps and bottom sediments. The inspector should
understand the process of the how slurry is made at the site, because it may help solve
subsequent concrete or backfill problems. The properties of trench slurry should be viewed with
more scrutiny than fresh slurry, because the trench slurry stabilizes the excavation and is
displaced by the backfill. Further, trench slurry is subject to modification by contaminated
groundwater and suspended solids loosened during the excavation. Water visible at the top of
the panelfrench is not uncommon after a heavy rain, or may indicate chemical attack of the slurry.
We have observed that a flat sounding weight (described later) is more sensitive to changes in
slurry viscosity, and may locate areas of thickened trench slurry which can impair the wall concrete
or trench backfill.

The inspector needs to verify that the minimum slurry head is maintained all times. Even short
term drops below the minimum slurry level can stress the ground and cause shear plane
development, leading to subsequent sidewall failure. It is suggested that a shon, lightly weighted
tape be used to accurately check and record the siurry level. In the event of unusual loss of slurry
accurate and timely measurements of slurry levels are crucial to identify the need for corrective
action. The contractor and inspector should be aware at all times where plugging agents are
stored, should they be necessary. Even if specifications indicate a low level of slurry will maintain
overall stability, slurry levels more than about 1 m (3 ft) below the ground surface tend to promote
excavation sidewall sloughing, leading to excessive bottom sediment.

TESTING OF SLURRY PROPERTIES

The required slurry properties differ between panel and trench excavation methods. However,
the slurry sampling approach is the same. When sampling for sand content, take the sample near
the bottom of the excavation where concentration of sand will be greatest and its presence most
harmful. Conversely, if the slurry is to be checked for low viscosity, sample near the top of the
slurry column. Identify all slurry samples by location, depth, date and time. Use a clean bailer
when sampling. Bailers that are not clean often have faulty valves resuiting in a loss of sample or
mixing of slurry from different depths.

Testing and control of slurry properties are normally the responsibility of the contractor. However,
the inspector should perform quality assurance tests, particularly of the trench slurry to confirm
contractor results. Slurry unit weight, sand content, filtration, pH, and viscosity are the minimum
tested properties. If chemical attack is a possibility, simple field chemical tests on the clear water
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filtrate from trench slurry samples can be used to identify contaminants. When slurry properties
are found to be out of specification limits, or are drifting towards noncompliance, prompt corrective
action should be taken. Additional observations and samples are needed to understand if there
has been a consequence (such as bottom sedimentation) caused by the use of out of
compliance slurry.

INSPECTION FOR STABILITY AND KEY

In certain situations, panel/trench stability can be a prime concern due either to soil conditions or
the proximity of a structure. The effectiveness of stability monitoring is limited by the time needed
to read and interpret results. It is suggested that simple, observable “real time” instrumentation
be set up by the inspector. A good stability indicator is stakes driven on a perfectly straight sight
line and observation of ground cracking and any changes in structures within the potential
influence zone. Simple crack gages should be established at areas of distress in a structure. The
inspector should photograph and establish survey control on nearby structures which may :be
damaged, to document the preconstruction condition. Daily inspection of cracks near the top of
the trench and appearance of loose, cracked or overhanging soil should be pointed out to the
contractor for removal as the excavation proceeds.

Slurry trenches for groundwater cutoff (hydraulic control) are generally keyed into soil strata of low
permeability. The required key depth depends on the key stratum properties, its surface
regularity and design goals. Typically keys are from 0.6 to 0.9 m (2 to 3 ft) deep to ensure closure
with the key stratum, and to provide a trap for sediment. In a continuous trench, the
determination of the depth of the key into the key stratum can be difficult unless there is a distinct
material or color change at the top of the key stratum. This problem is made worse where the key
material is similar in hardness to overlying strata, or the top of the stratum undulates. With backhoe
excavation, as the depth of the excavation increases, there is a greater uncertainty of the location
from which bottom samples have been retrieved using the backhoe.

The best remedy to key depth compliance is a complete set of closely spaced borings set on the
trench alignment. Excavation can then proceed to a predefined elevation with some confidence.
Depth variations can still occur and the inspector must be vigilant. Soundings (measured depths)
should be taken at the early excavation of the key material at several locations to determine the
deepest cut of the key material. When key materials are first recovered, material from the upper
portion of the active excavation slope can flow to the bottom. This will give a sounding that may be
falsely high, and therefore the key made too shallow. Additional soundings should be made after
a few buckets of excavation to confirm the measurement. If key material is observed, some key
has already been excavated; however, typically assume the deepest sounding obtained is the top
of key. Bottom of key confirmation for panel walls should be made every 0.3 m (1.0 ft} along the
alignment. When a backhoe is used, top of key confirmation may only be possible every 6 to 9 m
(20 to 30 ft) depending on excavation limits of the backhoe. After defining the top of key stratum,
the volume of recovered key materials should be compared and checked with the theoretical
volume of the key. Sounding results should be plotted on a geologic section daily, and compared
to expected conditions. Observations of measured quantity of key material which seems to
deviate from the expected should be investigated further. When field results indicate a significant
deviation from expected conditions, additional borings or a more conservative key depth is
needed.

WIDTH DETERMINATION

Panel/trench width determination can be very important if sidewall collapse or sloughing is
suspected below the slurry surface. On a recent project a device called the "Hexometer" was
constructed to measure trench width with depth. It is a hexagonal shaped caliper hinged at its
vertices. A weight kept the device collapsed and allowed it to sink into the slurry. When at
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measurement depth, a cable was pulled widening the device until the sidewalls were engaged. A
simple measured calibration of cable pull length versus caliper width is then used to determine
sidewall width. This device is constructed of square aluminum tubing, and must be kept
perpendicular to the trench. Observations of tilt of the lowering rods may indicate on which side of
the trench sloughing has occurred. Such a device can not be used within 30 m (100 ft ) or more of
an active backhoe excavation. It was found that strong currents occur within the slurry for a good
distance away from an active backhoe, even when no movement could be detected on the slurry
surface.

TREMIE CONCRETE PLACEMENT

In concrete wall construction, reinforcing steel cages are inserted into the panel after the end stop
pipes or tubes have been placed within the panel and after cleaning the trench. The panel end
stop devices should be securely fastened in position and the cage should be supported properly
on guide walls to assure that no cage movement will occur during concrete placement. Concrete
should be placed by tremie methods in such a manner that the concrete displaces the slurry
progressively from the panel bottom and rises uniformly to the surface and that the concrete and
the slurry do not intermix. We recommend that the tremie pipe be fully loaded before discharging
concrete (by keeping the pipe hard against the bottom). The pipe should always be embedded
within fresh concrete a minimum distance of 2 m (7 ft) and a maximum of 4 m (13 ft). If the tremie
pipe is surged during placement, care must be taken to maintain embedment in fresh concrete so
that the tremie seal is not lost. The use of a separation plug at the bottom of the tremie,
sometimes called a “go devil" is not recommended. The problems resulting from entrapment of
the plug within the panel is greater than its perceived benefit. If two or more tremie pipes are
used, a sufficient number of ready mixed trucks must be available to charge each tremie hopper
uniformly so the concrete is raised essentially level. Normal practice permits the slight lifting but
not extraction of end panel pipes during the later stages of the concrete placement. In many
cases, concrete is still being placed at the upper level of the panel while end panel stops are
being slowly lifted from the bottom. Withdrawal of the panel end stops should be done in a
smooth and continuous manner just after the initial set of the last placed concrete occurs. Set
times can be estimated by testing small batches of concrete retained from each truck. The tremie
hopper should be sufficiently large to receive the occasional surge of concrete and to prevent

spillage of concrete from the hopper into the trench. Screen the hopper inlet to prevent the entry
of large balls of concrete which are occasionally found in poorly mixed and/or high cement content
mixes. Upon removal of end stop pipes the formed panel joint should be scraped prior to
placement of concrete.

INSPECTION AND QUALITY CONTROL OF PANEL CONSTRUCTION

When the wall is exposed during excavation, the contractor should check the wall against
specified tolerances. After the wall is exposed, clean and remove all protrusions, soil and weak
concrete. Keys and inserts should be exposed and prepared for subsequent use. The
consequences of poor tremie concrete operation or inadequate slurry desanding may result in
occasional leaks at the vertical joint between concrete panels, at horizontal or inclined cold joints
or at inserts for tieback anchors. Sealing of leaks at inserts or through a vertical joint must be
performed after the wall is exposed. The inspector should check all joints or defects to determine
if they are watertight and will not "blow" at a later stage of construction. Defective joints or cracks
are chipped out, cleaned and packed with rapid setting cement grout mixes. Occasionally it is also
necessary to grout the soil directly behind the wall at the location of the leak.

MEASURING TRENCH SEDIMENT ACCUMULATION

Current field practice requires the determination of sediment thickness by sounding the trench
with a pointed weight and slowly “plumbing” the bottom in an attempt to discern resistance due to
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slurry sediments. We believe this method to be at best highly subjective, probably only useful for
revealing gross sedimentation. As an alternative, we have used two weights: a pointed weight to
establish the bottom elevation of the trench and a flat bottomed weight to determine “top” of
sediments. The flat weight developed is actually somewhat heavier than the pointed weight, but
has only about 5§ percent or less of the pointed weight's bottom bearing pressure. The edge of
the circular flat weight has a rim for collecting a bottom sample. The demarcation between “top” of
trench bottom sediments and a heavy sediment suspension at the bottom of the slurry column, is
a difficult matter, subject to argument. However, it has been observed numerous times that when
the flat weight sounding indicated sediment, the excavator did indeed excavate more sediment.
When no additional sediments were recovered, the two measured depths of weights usuaily
agreed, establishing the same bottom depths. Typically, the sampling rim recovered a grit of
coarse sand and gravel when sediments were present. The inspector needs to avoid dragging
the side of the trench when using the flat weight for sampling. The two weight system is illustrated
in Figure 1. A case history by Deming (1997) discusses using the two weight system.

— Measuring tape

Active
excavation - Sampling rim of fiat bottom weight
face
Pointed weight \ Sediment Thickness as measured

by the two-weight scheme

SLURRY COLUMN— .
- Previously approved bottom

Figure. No.1 - Measuring Sediment Thickness at Bottom of Slurry Trench with Two Weight System
(Not to Scale)

When taking any soundings, the inspector must keep a tension on the flat weight at all times while
lowering. Free falling weights can drift, and the drift can go undetected. Slurry and sediments
can hold a weight off vertical for a period of time. Where steep cut slopes occur, the weights can
slide down these slopes with little discernable resistance, particularly when weights are allowed to
free fall. At the first indication of resistance, the weight should be pulled up sufficient to re-plumb
the weight and slowly lowered to determine if a steep slope is present. If a slight impact is felt,
plumb the weight up and down to “catch” the slope. This technique is exceptionally useful at
turns and corners of trench alignment. Always move the weight up and down to “feel” the
bottom, and verify the pointed weight is not lying flat. A clamshell can cause a frontal mud wave
when lowered, displacing sediments before the bucket arrives. While this may be less of a

problem in a confined panel excavation, sediments in a trench excavation can be pushed away in
either direction. This effect can be checked by use of the two weight system and a split spoon
sample- which is described later.
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BACKFILL MIXING INSPECTION

Soil-bentonite backfill testing should be performed prior to backfill placement. At a minimum, we
recommend concurrent laboratory testing should include permeability tests at various gradation of
fine contents and hydraulic heads. Testing for bentonite content is probably best performed in
the field by making sure the proper amount of dry bentonite is added (if used) and that the mix is
homogeneous. Proper backfill consistency can be measured by slump immediately before
placement. The unit weight of the backfill is checked to verify if it is sufficiently heavier than the
slurry. When testing indicates non-compliance, corrective action and re-testing should be
performed. An important, but least pleasant inspection function is the “walk through.” When
thought to be ready, the backfill batch should be spread thin 0.3 to 0.5 m (1 to 1.5 ft) thick for a
"walk through® inspection. The inspector is thus able to look for debris, soil clod size, oversize
rocks and overall batch homogeneity. After the backfill is ready for final approval, samples may be
taken for testing. If dry bentonite is to be added, the approved batch can be squared off and
measurements taken to estimate volume for calculating amount of dry bentonite required. It is
important to keep unmixed spoils away from completed batches, or batches in progress. This
requires a well organized mix area. We recommend that the inspector visit the mixing area
periodically during the work day and make a quick sketch of the pad once per day, noting the
location and status of backfill.

TRENCH BACKEFILL PLACEMENT INSPECTION

Trench backfill placement is generally end dumped by truck when using a central batch and mixing
operation, or pushed into the trench by a dozer at the top of the backfill slope when mixing at the
trench side. The inspector should check that fruck beds are clean of unmixed soil and surface
soils are not being plowed into the trench when a dozer is used. The point of backfill placement
should be about 3 m (10 feet) in back of the daylighted backfilled slope. We have observed that
when backfill is placed right at the visible backfill crest and the crest is pushed along aggressively
by constantly moving the backfill placement point, the slurry at the toe of crest tends to pick up
part of the backfill making a thick sludge. When the backfill is placed at a single point for an
extended period, the backfill slope flattened and the slurry at closeout was free of loose backfill.
The backiill slope should be sounded twice per day when placing backfill. If the fiat weight is used
for sounding, a sample of the backifill surface can be retrieved on the flat weight to check for
sedimentation. In addition to the backfill samples recovered by flat weight, it is recommended that
a few high quality backfill slope samples also be taken daily or at places where sedimentation from
pump discharge or small collapses may contribute sediment. We have found that a 3 inch split
spoon soil sampler hung from a cable can provide an excellent sample. The sampler should be
rapidiy lowered under tension, with only a short bottom free fall, if any. The basket of the sampler
should be left in, but bent back to allow soft backfill to penetrate. The distance between the
backfill slope and the excavation area is a point of much debate. Clearly it is best to separate the
digging and backfill portions of the trench, otherwise sediment and backfill will mix. The “clean”
zone between the two portions is difficult to control. We observed that the backfill slope can
suddenly slump, racing forward and that sediment from the excavation slope can flow backward.
Flat and pointed weight soundings are needed in this area, with sampling to verify that no
sediments are entrapped. If this sampling cannot detect the backfill encroaching the bottom
sediments, an end stop pipe can be used as a hard boundary between the backfill and excavation
sides, as illustrated in Figure No. 2. The end stop when properly designed and used, prevents
sediments and bucket spillage from flowing on the previously approved bottom and prevents
backfill from surging into the excavation area. The toe of backfill laying against the end stop can
be passed through to the excavation side by lifting the end stop for toe cleaning near the end of
excavation cycle on the other side. The stop end pipe is lifted forward (by backhoe or crane) to
mark the end of approved trench bottom. Fins on opposite sides of the end stop allow it to be
moved or fitted tight by rotating its orientation plan. A heavy independent collar with outriggers is
used to stabilize the top of the pipe.
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Figure No.2 - Use of an End Stop Pipe to Maintain a Separation Between the Backfill and Excavation

(Not to Scale)

As the trench excavation advances, various backfill material is placed into the trench. Typically that
backfill is a mixed product of soil and bentonite (S-B) and sometimes replacement with cement
and bentonite self hardening slurry (C-B) . Backfill is mixed either along the trench sides or at a
central location. Central mixing provides for a more controlled operation and gradation
modification when needed. Backfill is placed in the trench, generally starting at a slope excavated
at the beginning of the trench, called the lead-in trench. Backfill is placed to allow it to flow down
the “lead-in" trench, establishing its own slope until the backfill surfaces or “daylights.” Backfill is
placed behind the crest of the visible backfill. Cold weather concems in backfill placement include
removal of ice from the trench at backfill placement points and exclusion of frozen backfill.

CONCLUSIONS

Specifications need to be written to reflect the high level of effort necessary to perform quality
work, under intensive and meaningful inspection. Many past problems with a slurry wall or trench
project can be traced to poor quality control that went undetected. The authors hope that the

inspection techniques described herein, and other methods and standards under development
will make the construction less of mystery, and nearly similar to foundation subgrade inspections.
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THE ORIGINS OF THE SLURRY TRENCH CUT-OFF AND A REVIEW OF
CEMENT-BENTONITE CUT-OFF WALLS IN THE UK

Stephan A. Jefferis’
Abstract

On the occasion of the first Inteational Containment Technology Conference it is appropriate to
look back to the origins of containment walls as well as forward to the new technologies that we may
need for the complex chemical and physical environments in which containment may be employed in
the future. This paper looks at the development of slurry trench technology from the first concepts in
1938, the first field trials in 1945 and on to the cement-bentonite walls used in the UK today and the
issues associated with defining appropriate materials performance.

Introduction

This paper is intended to give an overview of the development of cement-bentonite cut-off walls in
the UK and also a perspective on some of the earlier developments of the slurry trench system.
The paper is based the author's experience augmented by the published literature. He is aware that
individuals and companies may have much more detailed records and he hopes that this paper will
prompt a review of such records and publication of a fuller history of cut-off technology and so
enhance our understanding of the performance of old containments.

The First Concepts

The concept of excavation under bentonite to form a continuous structural wall was advanced by
Christian Veder in 1938 (Xanthakos, 1979) though the use of supporting muds in well drilling is much
older and Boyes (1975) notes that a French engineer Fauvelle is credited with the first use of
circulating fluid to remove drill cuttings in 1845. Veder (1963) reviews some of the work in the field
and the laboratory, and notes that the first applications of early diaphragms were for solution of
problems including for impermeable cut-offs below earth dams in deposits of sands and gravels with
large boulders’ (depths about 40 m) and for ‘making a reservoir watertight’ using a wall of maximum
depth 35 m and area 38,000 m°>. The walls would have been backfilled with concrete and Veder
noted that the first experimental diaphragms were carried out in 1950 ‘using circular concrete
elements partly embedded one in another’ (though Xanthakos, 1979 notes that concrete test panels
were inserted in linear trenches in the 1940s). Hajnal et al. (1984) report that both Veder and Lorenz
‘obtained relatively smooth diaphragm walls’ in 1950. It seems that the concept of the concrete
diaphragm wall was well established by the late 1950s. However, prior to that there had been major
developments in cut-off walls backfilled with soil.

The First Trial Cut-Off Wall

The first field trials of a slurry trench cut-off began in September 1945, under the supervision of
Major General M. C. Tyler, United States Army (Retired) ‘as the originator of the basic idea’
(Kramer, 1946). The general's idea was to use a vertical puddle clay cut-off wall to protect levees
on the Mississippi river from erosion and sand boils. The initial concept was to excavate the
trenches using a trench box for support and then backfill them with puddle clay. However, it was
soon found that the trench box concept was impracticable and that ‘as an alternative or
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aux:llary means of creating the restrammg effect of a shield, the possibilities of applying clay
slurry, in a manner similar to the utilisation in oil-well drilling operations were given consideration’.
Captain J. W. Black, Jr., Corps. of Engineers, US Army, who directed the field experimental work,
subsequently developed and demonstrated the practicability of using clay slurry. ‘Contemplated
also was the less difficult structural and mechanical modification of standard trenching machines,
which are factory built for a maximum excavation depth of 24 ft., to obtain depths in the range 35
to 40 ft.’

Field work began in September 1945. Groundwater was at 15 ft below ground level and the
excavation had to pass through ‘sand with some gravel up to 3/4 in diameter’ the paper goes on
‘At this juncture it is pertinent to observe that the field work was largely divorced from theoretical
considerations; the men assigned to it were chosen primarily on the basis of their experience with
practical construction problems, since it was felt that solution of the practical difficulties was of
prime importance in the development of the basic idea.” Despite this, those involved with the trials
seem to have recognised and exploited all the essential concepts of today’s slurry trench walls.

The slurry used in the excavation had a density of 8.5 Ib. per gallon (1.02 g/ml) ‘as it was essential
to maintain sufficient clay content in the slurry to coat and seal the walls of the trench in order to
make the hydrostatic pressure effective against them instead of being dissipated through the
pervious strata’. ‘That this objective was attained successfully was proved by the fact that the loss
of water in slurry-filled trench amounted to only a few inches overnight'. A density of 1.02 g/m!
corresponds to a clay content of about 3% by weight of water. To achieve such a low water loss
with a base slurry containing of the order of 3% clay in a 20 ft deep trench passing through sands
and gravels with a slurry level perhaps 15 ft above groundwater level requires a very low filter loss
fluid and it seems that it must have been based on sodium bentonite (the mineralogy to the clay is
not stated in the paper but the use of bentonite in oil-well drilling was well established by this time,
Rogers, 1988).

A major mechanical problem to be solved at the end of the work was identified as ‘spill-back’ that
is spoil spilling from the excavator bucket and contaminating the slurry and eventually settling in
the trench, a problem which still occurs today. The trench was backfilled with puddle clay
prepared using a box fitted with two rows of paddies to break down clay lumps to puddle
consistency.

From the paper it is clear that the essentials of slurry filter cake formation, hydrostatic support and
contamination were all identified. It would be interesting to know to what extent the concepts
developed in the trials were subsequently used in full-scale works on the levees.

The First Structures

It would seem that the first actual structure formed under slurry, as opposed to trials, was in 1949 at
Terminal Island near Long Beach California (Xanthakos, 1979). The wall was some 15 m deep and
was excavated under a clay slurry and backfilled with a clay-soil mix. In today’s terminology the wall
would be described as a soil-bentonite cut-off wall.

By 1968 a substantial number of walls had been constructed. Sherard (1969) gives figures for ‘the
estimated total area of impervious earth underground wall built by the slurry trench process by United
States and Canadian contractors’ which show that between 1950 and 1968 some 630,000 m® were
constructed. The largest job (240,000 m?) was the construction of cut-off walls for the Dead Sea
Dikes Project in Israel, a project to form solar evaporation ponds for the extraction of salts from the
waters of the south basin of the Dead Sea. This was a particularly interesting project as water from
the Dead Sea containing some 320 gflitre of dissolved salts (density of 1.23 g/mi) had to be used to
form the slurry. If it had not been used it would not have been possible to develop a workable slurry
of sufficient density to stabilise the trenches against a soil pore water of this density. Because
bentonite will not disperse in a water of this salinity the slurry was based on attapulgite clay with
additions of local clays. Attapulgite contents in the range 8 to 40 kg/m® were used with local clay to
build the slurry density to 1350 to 1520 kg/m®. After excavation under the attapulgite/local clay
slurries the trenches were backfilled with local clay soils. The author was fortunate to have the

53



opportunity to test some of the materials from this project during work for his doctoral theSIS
Laboratory prepared mixes were found to have permeabilities generally in the range 10 to 10 m/s
(Jefferis, 1972).

Cement-Bentonite Walls In Europe

The author has not been able to determine when the first cement-bentonite wall was installed. It
seems most likely that the concept was first developed and used in France though it is clear that
there was also considerable research activity in Spain. Two important early papers were by Claude
Caron of the company Solétanche, Caron (1972) and (1973). The first of these addressed the
durability of cemeni-benionite materials and the second was a major review of the properties and
performance of the cement-bentonite sysiem. Both were substantial works reporting on major
programmes of investigation and are a certainly as valid today as when written. Caron notes, in the
1972 paper, that the Solétanche company had already been using what would now be described as
single phase cement-bentonite cut-off walls for a few years and, from the author's researches, it
seems possible that the first single phase wall may have been installed in 1965. By the time of the
1973 paper Caron was able to record that over 150,000 m? of cut-off wall had been constructed.
Presumably most of these walls were for the control of nominally clean groundwater, that is they
were not for the containment of contaminated sites. It is therefore interesting to note that the records
of the Bachy Company in France show that they constructed a slurry irench wall with concrete
backfill as early as 1966 to control possible contamination from a refinery (the wall was included as a
precaution in case there were spills rather than in response to a spill, Esnault, 1997).

It is clear that there was work in Spain as well as France in the early 1970s and Canizo (1975)
published a major review of cement-bentonite research.

In addition to the slurry trench cut-off the vibrated beam method for forming thin cement-bentonite
cut-offs should not be forgotten. Maillard and Serota (1963) state that Maillard was the inventor of
this ‘new method of installing watertight cut-offs’, and that a large project in Oberelchingen was
completed at the end of 1960 and that by 1963 “129,000 yd® had already been constructed’.

Soil-Bentonite Walls In The UK

As in the USA, so it was in the UK that soil-bentonite walls were developed before cement-bentonite
walls. It is not clear when the first soil-bentonite wall was installed in the UK. One of the first
reported walls was installed in 1963 to keep a gravel workings dry (anon, 1964). This wall was
excavated under a bentonite slurry and a soil-pfa-bentonite mix was used for the backfill - the pfa
providing extra fines in the mix. Since then soil-bentonite walls have been rather rarely used in the
UK and the few applications have generally been at mineral workings (though there have been
landfill applications) and have passed largely unreported.

It is not clear why soil-bentonite walls have found so little favour in the UK. It may be in part that they
tend to be rather thick, typically of the order of 1.4 to 1.8 m and for economy the excavated soil must
be suitable for blending with bentonite to produce the cut-off material. Also soil-bentonite backfill
materials may consolidate under the in-situ soil stresses so that there may be some settlement of
adjacent ground. In North America soil-bentonite walls are often specified on the basis of the
grading of the soil to be used and the quantity of bentonite to be added. Specifications may make no
mention of permeability or strength as appropriate values (determined from pre-works trials) will be
assumed to be achieved provided the comrect mix recipe is followed. Thus specifications are
prescriptive, requiring particular mix formulations, bentonite contents, soil gradings etc. though
contractors may elect to use their own designs. In the UK it is normal practice to commission cut-off
walls (and most other works) on the basis of performance specifications which specify properties
such as permeability and strength. Because of the subtleties of the cement-bentonite system it
would be unwise to specify them by recipe - though this may be possible if pre-blended ‘one-bag’
mixes of cement, bentonite and additives are used to prepare the slurries.
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Development of Cement-Bentonite Walls in the UK

Between 1967 and 1972 the clay cores of three UK embankment dams were repaired using two
phase plastic concrete cut-off walls (Little, 1974). The trenches were excavated under a bentonite
slurry and backfilled with a plastic concrete. Plastic concrete cut-offs are still used on projects which
require deep walls excavated in panels. In the same paper Little notes that a slurry trench cut-off for
the Upper Peirce Dam in Singapore had just been completed using a cement-bentonite-fly ash mix
without any aggregate (i.e. a single phase wall) and achieved an excellent permeability of 1.2 to 2.1 x
10™° m/s (though the total cement plus fly ash content was relatively high at 378 kg/m”).

In 1973 Braun published a short paper entitled ‘French breakthrough in cut-off wall construction’ in
the UK journal Ground Engineering. This stated that ‘the first ever cut-off wall consisting entirely of
solidified bentonite slurry has been completed recently in Paris by Sepicos the French subsidiary
company of the worldwide ICOS organisation’. With the benefit only of hindsight it is not clear
exactly what made this a first. It is possible that earlier walls in France were composite systems
including both structural concrete and cut-off material.

In 1973 the author had recently completed a PhD on excavation slurries and Braun’s paper
prompted an interest in research on the cement-bentonite system. Of course there had been many
earlier papers. However, at that time, the literature on bentonite excavation slurries generally
regarded cement as an undesirable and damaging contaminant that could get into bentonite slurries
during the concreting of structural diaphragm walls. The idea of deliberately adding cement to a
bentonite slurry was slightly difficult to accept. Those working in concrete technology at the time
would also have found the cement-bentonite system difficult. Clays, for example, with the aggregate,
were regarded as damaging to the strength of concrete and furthermore the use of high water
cement ratios (typically 2 to 10) for cement-bentonite materials bordered on the perverse. Thus the
concept of a cement-bentonite material did not find ready acceptance in the UK research
community. This tended to inhibit research work and also made publication of research findings in
the technical literature difficult.

In 1974 Abdurrahman Guner started research on cement-bentonite systems under the supervision
of the author. This work was to have a major impact on UK slurry cut-off design. The research soon
showed that cement-bentonites when prepared in the proportions implied in the French publications
did not set to a reasonable strength. The resulting materials were so weak as to be unusable.
However, careful review of the French literature showed that they generally used cements containing
ground granulated blastfumace slag (CLK cements) for the preparation of cement-bentonite mixes.
Such cements were not readily available in the UK but slag was available as a separate material. To
make the equivalent of a slag cement in the UK it was necessary to blend ordinary Portland cement
and slag. In Europe these cements could be purchased as pre-blended systems. The non-
availability of slag in the UK was both a disadvantage and an advantage. The disadvantage being
that if one wanted to use the materials on site it was necessary to have an additional storage silo and
batching system. In the laboratory the great advantage was- that the effect of slag could be
investigated independently and the system optimised without the limitations to slag/cement ratio
imposed by the suppliers. However, it substantially complicated the research as the three
component cement-bentonite-water system was extended to a four component system. Guners
investigation of the effects of slag showed that it imparted substantial benefits to the slurry,
particularly at high replacement levels, substantially reducing bleed though having more limited effect
on fluid loss. High replacement levels also markedly increased the strength of the material and, as
found in later research under the author’s supervision, much reduced the permeability (Card, 1981).

it is important to note that all this work was done with hydrated bentonite slurries with bentonite
concentrations of the order of 2 to 6% by weight of water and total contents of cementitious material
(slag plus cement) in the range 95 to about 350 kg/m®. In some cement-bentonite systems the
bentonite is not hydrated and generally rather higher solids contents are used to produce rather
stronger materials. Since this time it has been the normal practice, in the UK, to use hydrated
bentonite to prepare the cement-bentonite slurry. Systems using non-hydrated bentonite are rare
except for small applications such as borehole sealing where hydration would cause delays and
require extra plant on site.
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During the period of the research the first cement-bentonite 'self-hardening' slurry trench cut-off in
the UK was completed (Prentice, 1974). This wall was formed with a mix of bentonite and ordinary
Portland cement. Slag was not used and thus to obtain the required strength and permeability (10°

m/s) it was necessary to use higher cement contents than those used in France. The use of a
higher cement content clearly has impacts on the economy of the cut-off process but it can be
argued that it may be beneficial to the final product. If there is reaction with, or leaching by, the
groundwater the higher cement content could, in theory, permit a longer life and thus pure Portland
cement mixes should not be forgotten when researching cut-offs for aggressive envnronments
However, if slag is not used it may be difficult to obtain permeabilities at or below 10° m/s and the
overmight bleed in the trench may be high enough to impact on construction work. For example it
may be so severe as to require pumping out before starting work each day.

Guner researched the whole spectrum of cement-bentonite properties from mixing, prolonged
agitation (to simulate excavation), bleed and fluid loss, shear, compressive and tensile strengths and
much else besides. Figure 1, which gives some of the data presented in his thesis (Guner, 1978,
Jefferis, 1981) summarises the effect of slag on strength development.

Figure 1. Effect of Blastfurnace Slag on the Shear Strength of cement-bentonite mixes
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The author is not aware of a fuller presentation of the effects of slag replacement on the strength of
cement-bentonite materials (though, even now, papers are published reporting the effects of slag on
strength, Krikhaar and de Vries, 1993 and Khera, 1995). Later Card (1981) continued the work and
undertook some investigations of the permeability of slag-cement-bentonite mixes and Figure 2 is a
typical trend curve derived from his work.
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Figure 2. Effect of Blastfurnace Slag on the Permeability of cement-bentonite mixes
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The careful reader, if examining the references, will note that both Guner and Card used the term
bentonite-cement and not cement-bentonite in the title of their works. This was the subject of much
debate and at the time we felt that bentonite was the dominant constituent in terms of its effect on
the material. This may be the case - certainly without it or some other active material the mix would
not be stable. However, the author’s present view is that the dominant material (excluding water) in
terms of proportion in the mix should be stated first and thus cement-bentonites are distinct from
bentonite-cements and strictly most of the materials used in the UK should be described as slag-
cement-bentonites as the proportion of slag in the mix is typically 65 to 80% of the total cementitious
content.

The First UK Slag-Cement-Bentonite Cut-Off Wall

The first slag-cement-bentonite wall in the UK was used to form a cut-off in gravels beneath an earth
dam in 1975. The specification required a permeability of less than 10° m/s after 500 hours
permeation under a gradient of 460 and a minimum deformation of 5% under a deviator stress of
125 kPa when tested undrained with.a cell pressure of 500 kPa at a sample age of 90 days (Coats
and Rocke, 1982). The low specified strength and high strain at failure caused some considerable
concem as the requirements did not fit well with the data available from the author’s research (and
there was little else available in the UK). With hindsight this was a classic example of undertaking
research without understanding the demands of the industry. Though it must be allowed that had the
UK industry been surveyed prior to starting the research it is doubtful whether it would have been
undertaken at all. Slurry walls were hardly the topic of the day!  Ultimately a mix was developed with
about 100 kg of cementitious material per cubic metre of slurry (70% slag) and 6% bentonite by
weight of water.. With this type of mix the permeability and strength conditions were not a problem
but the strain criterion was, and remains, very difficult to achieve.

Subsequently it was shown that cement-bentonite materials when tested, drained, under effective
confining stresses greater than about 50% of their unconfined compressive strength can show a
strain at failure of well over 5%. Under undrained conditions failure strains are unlikely to exceed
about 1% though mix design and sample size and loading rate will have some effect. It is
interesting to note that if samples are not saturated, in the cell, prior to confined undrained testing
some drained behaviour may be apparent. The surface of the samples can dry very rapidly during
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preparation and mounting in a triaxial cell so ensuring that some effective stress can develop on
the sample. Also post failure dilation may cause significant effective stress to develop so that a
sample which, if tested unconfined, would fail at <1% strain, when tested undrained, may appear
to show a strain without failure of >5%. It follows that in all strain testing saturation of the sample
prior to test may be necessary and the sample must be monitored during and after the test to
record the first appearance of cracks, failure planes etc.

Saline Soils

No history of cut-off walls would be complete without mention of the 14.5 km of cut-off wall installed
on Jordan Arab Potash Project. This project not only involved the first use of an HDPE membrane in
a slurry trench but also required the development of one of the most complex and subtte slurry
mixes. In the Israeli sector of the Dead Sea a soil-attapulgite wall had been used. in the Jordanian
sector it was decided to use a Portland cement-attapulgite-Dead Sea Water mix. The design of the
87,000 m? cut-off, completed in 1980, is described in Brice and Woodward (1984) and some of the
particular features of the mix are discussed in Jefferis (1985). Subsequent work on saline mixes
suggests that the attapulgite clay probably had rather little effect on the fluid properties of the mix.
The normal role of the clay, prior to set, is to prevent bleed. After set (and indeed during set) it may
react with the cement and in cement-bentonite mixes it seem likely that, over time, all the bentonite
reacts with the cement to produce hydration products comparable to those of Portland cement.
However, attapulgite develops rather a weak gel unless subjected to prolonged or intense mixing.
Hence its effectiveness for bleed control in Portland cement systems can be rather limited.
However, the high magnesium ion content of the sea water (of the order of 30 gllitre) was sufficient
to produce a strong suspension of magnesium hydroxide via reaction with the cement. This
hydroxide, depending on its state of dispersion can have excellent gelling properties and, in the mix,
it was this that dominated the bleed control. However, the quantity of magnesium ion was critical.
Reducing the concentration led to bleed and increasing it prevented all set as free calcium hydroxide
could not exist in the mix. To meet these criteria the water had to be drawn from particular locations
around the sea. This example shows that slurries can be produced with chemically active waters
and that clays are not the only materials that may be used to control bleed. Special purpose slurries
can be designed but the works contract must allow sufficient time.

The HDPE membrane used in the Jordanian sector of the Dead Sea in 1979 was not jointed

between panels but was overlapped by 1 m. The first use of a cement-bentonite cut-off in the UK
with an HDPE membrane was not until 1990 for gas and leachate control at a landfill site.

The Development of Specifications in the UK

The early specifications for cut-off walls typically required a permeability of <1x1 0® m/s and that a
strain of >5% should be achieved under a deviator stresses typically in the range 50 to 300 kPa (i.e.
the maximum strength should be in this range) when tested under confined triaxial conditions
(sometimes specified to be drained and sometimes undrained, though it is now known that 5% strain
cannot reliably be achieved, under undrained conditions, for all the material on a cut-off contract).
Failure was seldom defined but was generally taken to be the strain at peak deviator stress rather
than the strain at which the permeability of the material became unacceptable. This latter strain is
the correct criterion for a cut-off but its measurement remains a problem.

Under drained conditions 5% strain (to peak deviator stress) can be achieved provided that an
effective confining stress of the order of 50% of the unconfined compressive strength is used.
However, the low specified strengths made it very difficult to achieve the required permeability -
especially at 28 days. In about 1978 the maximum strength requirement was reversed, in most
specifications, to require a minimum unconfined compressive strength of about 100 kPa. It would be
reassuring to think that this change was brought about by a better understanding of the material
amongst specifiers. Sadly historical accuracy requires it to be noted that it was brought about by a
misunderstanding of the then current form of specification. It would be invidious to name the job on
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which the reversal occurred but it was most welcome as it enabled the greater potential of the
materials to be realised for those applications where low strength was not essential - and how many
applications actually require a low strength?

The age at test is also an issue for cement-bentonite slurries especially for permeability. in 1983 the
first cut-off wall was installed in the UK to control leachate at a landfil. The permeability was
specified to be 5x10° m/s. As this represented some reduction from the then norm of 10° m/s the
enlightened client agreed (after some discussion) that the age at test should not be fixed but that the
contractor should be required to test samples at progressively greater ages until the required
permeability was demonstrated. Some flexibility over age at test has now become a feature of many
specifications.  During the late 1980s the permeability requirement was dropped to 10° m/s. It
would seem that this requirement was introduced to match the 10 m/s that typically was required for
landfill liners though the thickness requirement (typically 1 m) was not imported (most cement-

bentonite cut-off walls are of order 0.6 to 0.8 m thick).

The Present Situation in the UK

Recently a draft national specification for slurry trench cut-off walls as barriers to pollution migration
(Institution of Civil Engineers, 1996) has been published in the UK. This specification includes the
following criteria:

Permeability: ‘A target permeability of less than 1x10°m/s is required. However due to inherent
variability in mixes and testing, at least 80% of results shall be less than 1x10°m/s and not more
than 5% of results shall exceed 1x10°m/s’.

Strength: The minimum unconfined compressive strength at 28 days age shall be 50 kPa’.

Physical and chemical durability: ‘Testing for the indication of attainment of adequate durability
characteristics shall be carried out as specified in the Particular Specification (the particular
specification is an additional job specific specification that the cut-off designer may require)’.

In relation to durability it should be noted that the design life for a cut-off is seldom explicitly stated
and it would seem that specifiers may not always be aware that if specific chemical compatibility
testing is required it is likely to take a minimum of 6 months and very possibly much longer
depending on the rate of movement of any reaction front through the material (and hence on the
permeability of the material). It should be noted that the UK Draft Specification does not include any
criteria for deformation behaviour and requires only a minimum and not a maximum strength.

The Future: Issues for Debate

In the UK specifications for cement-bentonite cut-off walls as barriers to pollution migration have
been the subject of some debate. Issues are as follows:

Permeability: Current practice is to require a permeability of 10 m/s and this can be achieved at or
after 90 days with cement-bentonite mixes with high levels of slag replacement and with plastic
concrete type materials incorporating calcium bentonite, sodium silicates and silanes (Hass and
Hitze, 1986) though costs are markedly higher. However, neither of these types of material will show
a 5% strain without failure. Membranes may be included in a wall to reduce permeability but is the
seal at the toe of the membrane always adequate in aggressive environments? Finally there are still
too few field data. Tedd et al (1995) review some of the test procedures which have been tried in the
field and report a technique for measuring in-situ permeability in existing walls at discrete locations.

Durability: Water is potentially one of the most aggressive agents for any cement based material as it
can leach the more soluble species and particularly free lime and that from the degradation of the
calcium silicate hydrates. However, curiously, under confined conditions leaching is not damaging to
permeability, indeed it may reduce the permeability by of the order of 100 times. Leaching of
cement-bentonite mixes also has the advantage that it reduces the pH of the material and can
reduce/eliminate the sensitivity of the material to sulphate attack (ettringite and thaumasite, the
principal expansive phases in sulphate attack require alkaline conditions). This may occur naturally
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in the ground and thus laboratory immersion tests may be significantly conservative. Interestingly the
pH can be re-established should this be required (Jefferis, 1996). The question is: does the material
behave in the field in this way? Chemical ‘archaeology’ of old walls is urgently required to calibrate
laboratory models of durability.

Deformation properties: This remains an area for debate in the UK. The fundamental question is:
should a strong material be used (perhaps with a strength up to 2 MPa) and hence also a stiff
material or should a weak material be used (perhaps with a strength greater than 50 kPa but much
less than 2 MPa) and thus of lower stiffness. The theory being that the softer materials should have
a higher strain at failure and thus be more tolerant of ground movements. Under unconfined
conditions the strain at failuré may not be a function of strength but under confined drained
conditions plastic type behaviour can be obtained for effective confining pressures greater than
about 50% of the unconfined compressive strength. Of course the plastic type behaviour may be
limited to the stress-strain curve. lt is likely that there will be some increase in permeability at strains
less than that at the peak of the curve. Other issues in relation of material strength include:

« Stiffer materials will be better able to resist ground movements but the effects may be marginal
as in-situ stresses, if there are ground movements, can be large compared with available wall
resistance.

o Chemical damage, either expansive (e.g. sulphate attack) or by leaching may be minimised if the
material consolidates under the in-situ stresses to close any cracks or close up voids formed by
leaching. Weaker materials will be more easily consolidated by the available in-situ stresses than
their stronger counterparts.

« Chemical attack, if controlled by reaction or leaching of a constituent may take longer in mixes of
high cement or bentonite content (which generally will be stronger than their low solids
counterparts — increasing the bentonite content can markedly increase the strength) as there will
be more material to be removed or reacted.

The whole debate on strength and deformation properties is unfortunately poorly informed by field,
laboratory or computational investigations. It is an area where research is urgently needed as
strength is such a fundamental parameter for a material.

Work is also needed on the field performance of composite systems such as HDPE membranes in
slurry trench excavations. How do joints perform in the field and what is the significance of leakage
under a membrane at the toe of a wall?
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VERY LOW CONDUCTIVITY SELF-HARDENING SLURRY FOR PERMANENT ENCLOSURES
by Gilbert Tallard, 128 Corlies Ave. Pelham, N.Y. 10803

Abstract:

Attapulgite clay and ground blast furnace slag cement can form a low solids slurry which, after
setting and curing, exhibits very low permeability and substantial strength. Compared to better
known cement bentonite slurries, the conductivity is 3 orders of magnitude lower and the
strength is four times higher at a similar solids content. Coefficients of permeability have been
measured in the 10-1° cm/sec. range. As a containment barrier, no chemical compound has had
detrimental effects on the integrity of the material. Compatibility with leachates at a pH under 2 has
been demonstrated. Compared to leachable Ordinary Portland Cement and to bentonite gel
shrinkage in the presence of certain organic compounds, the attapulgite clay and the selected
slag cement behave as remarkably inert. A number of successful applications as vertical barriers,
trenched and by the vibrated beam method, have been installed at remedial sites. Applications by
jet grouting have been implemented under utilities to provide continuity. The potential for
placement of such materials to form horizontal barriers by jet grouting or frac-grouting/mud jacking
techniques, offers the possibility of creating complete enclosures in soils. The purely mineral
nature of these slurries ensures long term chemical stability necessary for permanent
containment.

Introduction:

Durable ground water vertical barriers are still very much in demand, especially for permanent
enclosures. Economics often rules in favor of a controled abandonment rather than treatment and
restoration. While soil bentonite have become the panacea for temporary barriers, the need for
strict quality assurance for permanent barriers is not well served by this crude construction
technique. The self-hardening slurry trenched barrier has always been an attractive proposition in
view of the one phase-one way construction technique which limits the number of workers in the
hot zone to eventually a single individual, and because of the engineered endproduct which can
be controled at every step of the construction process as well as over the long term. Cement
bentonite slurties had been used for stable grouts and dam cutoff walls where plastic deformation
is a valuable characteristic. Numerous cement bentonite slurry barriers have been installed in
ground water contamination cases, inclusive of this country, but with a requirement for hydraulic
conductivity limited to 106 cm/sec. Although we talk about cement bentonite on both sides of the
Atlantic, european processed bentonites and blended cements are creating materials quite
different from the Wyoming natural bentonites and ordinary Portland cement. When the threshold
of hydraulic conductivity has been established systematically by american regulatory agencies at
107cm/sec., cement bentonite slurries were out of the waste containment business. Unsatisfied
with this exclusion of an appealing technology, this writer has combined some Old and New
Worlds experiences to produce a self-hardening slurry, always based on a clay viscosifier and a
cement binder principle but using a non bentonite clay and non Portland cement, resulting in
much lower permeability , much higher strength and greater chemical resistance to contaminants.
With these improvements, self-hardening slurry barriers are back serving the permanent
containment industry.

Self-Hardening Slurry:
Self-hardening slurries are always, at a minimum, a clay in a colloidal state that will viscosify
water and a finely grained cement. The clay will viscosify water either by pure dispersion as in the

case of bentonite or by mechanical crystral stacking as in the case of attapulgite; the clay
proportion in water by weight is between 3 and 6% typically. This is enough to generate enough
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gel strength to carry in suspension a multiple of its weight of cement. In the United States, cement
is always understood as an ordinary Portland type I- Il and more rarely type V. elsewhere also a
Portland except in countries having a well developed steel industry where blended cements are
available and prefered for underground workings. The amount of cement may vary from 10 to 30%
by weight of water. The slurry treated eventually with fluidifiers and fluid loss reducing agents,
remains fluid under agitation for a number of hours allowing its use as a drilling or trenching fluid.
Upon completion of the excavation the slurry is left to rest which allows it to gel due to its
thixothropic properties and eventually set in place after a number of hours. The strength gain
curve is extremely slow given the very high water cement ratio compounded by the clay cement
ratio. Typically, a self-hardening slurry will require at least a year to achieve its ultimate strength. As
strength develops, permeability decreases and deformability diminishes. For evaluation these
materials are tested at 30 and 90 days. Accelerated curing can simulate a 90 days result in about
10 days. The final strength, between 500kPa and 3MPa permits easy in situ recovery of samples
to monitor the barrier over its life cycle.

The construction process which consists in preparing the slurry at a mixing plant that can
almost always be set up at a level D protection location, pumping through a slurty line to the barrier
installation point and placing the slurry in the cavity created by the excavating or soil displacement
tool. Once introduced in the ground, the self-hardening slurry is in place for good and the work is
essentially complete at that location. Whether the excavated spoil is disposed alongside the
alignment or hauled away is a secondary consideration. Possibly reduced to one man operation in
the hot zone, pushed to its limits, with laser grading tools, remote control operation of heavy
equipment and excavator's kinetics digital monitoring, a self hardening slurry operation could be
entirely remotely controled; the technology is there; the human drive is not.

Cement Bentonite:

As barrier material, cement bentonite batriers achieve, in North America, coefficients of
permeability between 10 5cm/sec. and 107cm/sec. The choice and amount of bentonite is the
prime factor for watertightness at low cement concentrations, whereas at higher cement
concentrations, the cement becomes the prime factor. The choice of bentonite as a dispersive
clay always ready to exchange ions and loose some water to certain organic compounds found in
some waste streams is based on economics and not on sound engineering. Non swelling clays or
manufactured “bentonites ® may be a better choice especially when the effect of cement is
compounded. Portland cement literally destroys bentonite, the flocculation occuring by
permutation of sodium by calcium ions from the cement causing the viscosity of the slurry to
become excessive and the filtration of the mix becoming many times that of the fresh bentonite
mud. Also, driving under the bridges of this country is a constant reminder about the
shortcomings of Ordinary Portland cement (OPC) and its propensity to leach uncombined salts
(free lime). This is a much smaller problem in cement bentonite than in concretes but it remains an
issue when dealing in adverse ground water chemistry at an early age. The sudden demand for
water by the dry cement powder at the early stage of the OPC hydration combined with the
bentonite flocculation resulting from the lime's calcium exchange with the bentonite's sodium are
the reason for the sudden rise in viscosity of the cement bentonite slurry mix during the first few
minutes of the mixing process("break over®). A high level of mixing energy and time is required to
bring back the viscosity within a practical working range, generally with the addition of fluidifying
additives (dispersants, water reducers).

Pore Volume:

Soil laboratories in charge of performing compatibility tests by permeating site leachates
through hardened cement bentonite samples, are required to simulate the life cycle of the barrier
by passing at an unrealistically high hydraulic gradient a number of sample pore volumes of
leachate The pore volume definition derives from the testing of materials with a granular squeleton
such as plastic concretes and soil bentonite backfills. It is the percentage of the dry residue weight
over the sample weight minus the dry residue, which results in a well graded granular material in
the order of 20%. When applying the same definition to a self-hardening slurry where the
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moisture content is between 60 and 80 % of the total volume, we obtain for the solidified mass
pore volumes of 150 to 400% which is clearly absurd. But nobody in North America has caught up
with this issue yet. At similar conductivity, it is clear that it will take much longer to pass 3 pore
volume through a self-hardening slurry sample than through a soil bentonite sample; a variable
percentage of the total sample volume decreasing with the actual hydraulic conductivity would be
reasonable.

The difficulty is to be able to measure the actual porosity of a fresh sample in its working
condition and not in its state of ruin. This writer has been eager to find a physical process capable
of measuring the actual pore space and its volume in order to explain why so little solids in so
much water can create a material of such low conductivity. All porosimetry testing procedures
involved some form of dehydration such as caused by vacuum or freeze drying porcesses. A
recent observation of cement bentonite through a SEM has provided an imaged view of the pore
space environment, but not a quantitative means.

Attapulgite:

Commonly known in the oil drilling industry as salt mud for its mixability with sea
water, attapulgite differs in many ways from bentonite. From a crystalline stand point, attapulgite is
in needle form with no layer of water and no charged terminals willing to shake hands with ions
floating in electrolytic solutions. This makes it very insensitive to its chemical environment.
Whereas attapulgite is solely mined in south west Georgia, its close cousin Sepiolite is solely
mined in southwest Nevada; other mined areas are in India and in Siberia. The viscosification
process is a stacking phenomenon whereby water is adsorbed to an increasingly dispersed
complex of needles. This is obtained by high shear mixing, the higher the concentration in solids
and the higher the ambient temperature, the quicker the viscosity gained. Without additive,
attapulgite mud has a much higher filtrate loss than bentonite.

—~ :; .‘,7‘ ‘d T "

Bentonite microscopic photo (ref.1)

Attapulgite Bentonite

% SiOp 55.06 58 -64
%Al203 8.89 18 - 21
%MgO 8.53 25- 32
%Ca0 3.57 01-10
%Fes0g3 3.39 25-28
%K20 1.96 2- 4
%Nas0 1.75 15- 27
%Ti02 72 0.1-0.2
%H20 16 8.0

Table 1. Chemical compositions of attapulgite and bentonite clays.( ref.2)
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Ground Blast Furnace Slag Cement:

In the heydays when making steel was essential to the nation's economy, the NorthEast was
awash with blast furnace slag and most cement manufacturers had a slag grinding operation
producing an advantageous Portland cement replacement at a rate of 1 to 1. The situation
changed with steel manufacturing falling to developing nations with few operating plants active in
the US. Atlantic cement was the only firm still grinding blast fumace slag for sometime in Baltimore
out of the Bethlehem mills of Sparrows Point, when the environmental movement and the
nation's decaying infrastructure awareness came about in the 70's. Since then, the price
advantage of ground blast furnace slag coupled with the great chemical advantage to blend
cement concretes exposed to harsh environment has renewed interest in the construction
industry, particularly for bridge redecking. Low hydration heat is also an advantage for large
volume concrete pours such as for the thick mats of the Central Artery Project in Boston. Ground
blast furnace slag cement will set by itself when mixed with water, but very slowly. It is best
activated by an alkali, be it a clay, Portland cement or caustic soda. Acting as a pozzolan, the
hydration product is completely combined and amorphous with no apparent crystallization.

Ingredients Slag cement Portiand
%Si02 36.18 19.0- 250
%AlI203 10.20 30- 80
%Fe203 60 3- 860
%Ca0 39.85 600 - 670
%MgO 11.22 5- 50
%S03 29 10 - 3.0
%S 48

%Na20 21

%K20 37

Total alkalies 45

Loss on ignition 12

%residues 42

Table 2. Chemical composition of blast furnace slag and Portland cement (ref. 3)

The slow set of slag cement is a distinct advantage when it comes to self hardening slurries.
Without any chemical additive, the working time of a slag cement slunry is at least 48 hours without
significant loss in rheological properties. This is of significant benefit when working in hot weather,
although, a rise in temperature will shorten the set time of an unagitated slunry.

Since self-hardening slurries and stable grout technology originates in Europe, it is over there that
the strength properties of blast furnace slag cement at very high water cement ratios was first
noticed. The optimum water cement ratio for the best gain in strength by comparison to OPC has
not been researched; the range for the W/C bracket commonly used is:

Test performed with the former Universal Atlas Cement slag and type | Portland at 28 days:

W/C SLAG OPC type | gain factor
7.7 .106 MPa .040 MPa 2.65
3.85 1.590 MPa 205MPa 7.75

Table 3. Compared slag and Portland cement type slurries. (ref. 4)

This appears to have remained a well of ignorance on these shores. With the slag cement
production being a very small fraction of the total OPC production, the benefits of slag cement is
for those few who are well informed. One sure bet is that the infrastructure construction industry
(Tiefbau in german) is mostly ignorant about slag cement 's attributes to the detriment of the tax
payer that we all are.
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The inordinate ability of slag cement to combine water over a long period of time to form a single
calcium silicate hydrate (CHS) endproduct instead of a variety of interlocking salts (C3S,C2S,C3A,
C4AF,CSH2) occuring with OPC in a much shorter hydration period is one explanation for the
much lower permeability achieved with slag cement mixes.

CLAY-SLAG CEMENT SLURRIES
Bentonite Slag Cement slurry:

A logical first step is to substitute slag cement for OPC in a cement bentonite slurry. In this
substitution, since strength is rarely of interest in containment barriers (if they are not also
structural) the immediate benefit is to be able to reduce the cementitious ingredient by half. The
rheology of the bentonite slag is excellent since no flash set or relatively quick stiffening of the
slurry will occur as it would with OPC. Since the bentonite is much less flocculated, the filtrate loss
of the slurry is a small fraction of what it would be with OPC. The problem is that the slurry does not
set for a week! which offsets the filtration gains. This can be remedied by adding slag activators to
the mix. A small amount of OPC is the most economical but to the detriment of the permeability
performance. A low permeability self-hardening slurry (less than 10-7cm/sec.) is created at what
can be a saving depending on location, which is an added bonus.

While dispersed hydrated bentonite is still subject to shrinkage within the hardened slurry,
the latter will remain succeptible to all inorganic (K2CO3, CaCly) and organic (Xylene, Methanol)
chemicals that can steal adsorbed water from within the clay platelet stacks while the permeant is
percolating through the sample. Such potential problems do not exist with the attapulgite clay
structure and it was logical to prepare the slurry with such a clay so as to create a slurry mix that
would maintain its characteristics no matter what contaminant is in the ground.

Attapuigite Slag Cement slurry:

A practical advantage that appeared at the slurry preparation level is due to the lack of
electrolytic response, attapulgite can be mixed directly in the batch water at the same time the slag
cement is introduced (bentonite must be prehydrated). Furthermore, since the viscosification is
mainly due to solids particle friction, the presence of slag accelerates the process by comparison
to mixing the attapulgite alone. Such slurries, depending ambient temperature, will start setting
between 48 and 72 hours.

Another surprise on the choice of clay came when comparing the strength of two slurries
with the same amount of slag cement, one prepared with bentonite and the other prepared with
attapulgite:

25,
20. /Fr‘\ —— attapulgi -slageement|
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Fig. 2 Effect of clay type on unconfined compressive strength for slag mixes
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This is when this writer became convinced of the love affair between attapulgite and slag
cement and which the US Patent Office graciously also recognized. And we named it IMPERMIX.

In an attempt to investigate this situation, this writer has obtained SEM photographies of cement
bentonite and slag attapulgite hardened slurries. The remarkable differences observed are
exagerated due to the SEM preparation method that causes partial dehydration of the samples.
Whereas the cement and the bentonite remain identifiable and distinct, the slag attapulgite is one
unique body of amorphous appearance. As mentioned above, the pore space of the cement
bentonite sample is clearly visible but not such void space appears on the slag attapulgite picture.
With the ability to click on one spot of the screen to obtain a spectrograph chemical analysis, it is
relatively easy to identify distinct component or judge the degree of sample homogeneity .

Fully cured cement bentonite. Fully cured slag attapulgite.

Fig.3 Structure comparison bewteen CB and AS as seen with a S.E.M.(Ref. 5)
Hydraulic conductivity:

The first permeability tests on slag attapulgite slurry go back to 1985 after this writer
completed a containment barrier designed as an soil aftapulgite backfill slurry trench and with the
attapugite slurry prepared with sea water as the only water available on a Texas gulf coast site. A
tap water permeability of 10-8cnvsec. was obtained with a mere 12% of slag cement for a total of
15% solids in the slurry, which implies an 85% moisture content. This clearly demonstrated that
self-hardening slurries could be back in the business of containmernt barriers and have done so
ever since.

Numerous confirmation of this original test, with formulation as low as 10% of slag assures
that the sacro-sanct 107 cm/sec. threshold had been passed with a surprising small amount of
materials. In an attempt to optimize the formulation, tests have been conducted with various clay
cement ratios and various slag cement contents. After 20% of slag little gain in watertighness is
observed and higher contents are limited to structural application. Mineral and organic third
constituants have been introduced in an attempt to reduce permeability further and found none
that would be cost effective. Certain organic polymers have proven excellent at reducing the
filtrate loss which would be of interest when constructing a barrier in very pervious ground with a
shallow water table.

As a summary, it is possible to aim at a low 10-9cm/sec. conductivity value for tap water with
a (selected) maximum slag content of 20% by weight of water and this appears to be close to the
optimum. A K in the 10-10cm/sec. is not out of range. It is two orders of magnitude below the
regulatory threshold, and given the barrier continuity inherent to the construction process, it
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becomes a strong competitor to HDPE membranes with their great material but potential problems
at the bottom seal and the key ways (Hydrotite) seals.

Compatibility testing:

Long term effect by contaminants on barrier material is simulated by
percolating the leachate of higher concentration through the sample, and for economic reasons,
at very high gradients; for soil bentonite barriers, 3 to 4 pore volumes of leachate through the
sample are required . For very low permeability self-hardening slunry, with the inadapted definition
of pore volume, as discussed above, only a fraction of the so-called pore volume is passed, even
at gradients over 100. The acceptance criterion becomes more the sign of a definite trend

towards stability or a clear decrease in conductivity.

Listed organic compounds either in a solute form or as non soluble (NAPL) and denser
than water (DNAPL) are the most serious non nuclear contaminants from a barrier standpoint.
Most compatibility testing with attapulgite slag cement slurry have been with NAPL and DNAPL,
eventually pure methylene chloride. Each time lower permeabilities were observed. Viton
membranes have failed but not the samples.
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Fig.4 Typical compatibility test performance. (test ref. protected by confidentiality agreement)
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slurry brings unsuspected results. First

\ Very low conductivity self-hardening
\\ with regard to very low pH leachates:

speed of percolation and the percolate
. are so small that neutralization occurs
\_ very close to the point of entry and no

\' further deterioration occurs. Second,
3 N with regard to air or gas. A lab error
3 . caused a long term saturated air
S N permeation test simulating methane to
3 P tumn into a silica gel dried air test. The
B Y T N most surptising after 4 month of testing,
dehydration of the sample had occured
only in the first 3 mm.at the point of
entry. At very low conductivity, the dry
air saturated very quickly and stopped
1E10 dehydrating the sample within a few
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Fig.5 Permeability test with sulfuric acid solution at pH=2.5 (ETCo R&D)
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CONCLUSIONS:

Whereas a lot of attention has been given in the past to the deformability of self-

hardening slurries in conjunction with embankment dams construction and repairs, contaminated
ground water barriers are seldom subject to significant deformations. In this latter case, low
hydraulic conductivity and long term durability in adverse chemical environment are the prevalent
parameters. A significant progress in this direction has been achieved by low solids content
attapulgite-pure slag cement mixes. The one phase continuous cutoff wall construction method is
equal to none when compared to other segmental systems. The potential for engineered controls
at all steps of construction and over the long tem is a strong element for good quality assurance.
The possibility of incorporating specific additives such as activated carbon or reactive iron sand in
the formulation to meet specific requirements is an added advantage.
After. achieving very low hydraulic conductivity coefficients such as 10-1%m/sec, the issue of
waste containment over the long term turns to diffusion phenomena. Diffusion coefficients vary
according to specific chemicals or cocktail of chemicals and their concentration which determines
the chemical gradient accross the barrier. The idea that, similarly to a salmon run, chemicals may
migrate out through a barrier despite a negative hydraulic gradient due to on site pumping is
begining to be a preoccupation for involved parties looking beyond the regulatory horizon. Given
the very tight texture of the attapulgite slag cement hard gel, the tortuosity of the material is
favorable to a low diffusion coefficient. Lower hydraulic conductivity thresholds, resulting in
greater tortuosity will aslo lower diffusion coefficients. This is the new frontier of research where
we are currently embarking. Preliminary information may be forthcoming at the time of presenting
this paper.
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An Improved Method For Interpreting API Filter Press Hydraulic Conductivity Test Results
G. M. Heslin', G. M. Fil%, D. Y. Baxter', R. R. Davidson®

ABSTRACT: The American Petroleum Institute (API) filter press is frequently used to measure
the hydraulic conductivity of soil-bentonite backfill during the mix design process and as part of
construction quality control. However, interpretation of the test results is complicated by the fact
that the seepage-induced consolidation pressure varies from zero at the top of the specimen to a
maximum value at the bottom of the specimen. An analytical solution is available which relates
the stress, compressibility, and hydraulic conductivity in soil consolidated by seepage forces.
This paper presents the results of a laboratory investigation undertaken to support application of
this theory to API hydraulic conductivity tests. When the API test results are interpreted using
seepage consolidation theory, they are in good agreement with the results of consolidometer

permeameter tests. Limitations of the API test are also discussed.

INTRODUCTION: Determination of the hydraulic conductivity of soil-bentonite backfill is
important for backfill mix design, for quality assurance and quality control (QA/QC) during
construction, and for assessing the in situ performance of soil-bentonite cutoff walls. Laboratory
tests can contribute valuable information for all three purposes. In order to perform useful
laboratory tests, the following guidelines from the literature should be considered:

o Laboratory testing practices should model field conditions as closely as possible. (Mitchell and
Madsen, 1987; Daniel, 1994.)

e Increases in confining pressure can cause significant decreases in hydraulic conductivity. The
effect is more pronounced for highly compressible soils. (Barvenik and Ayers, 1987.)

« High gradients can cause reductions in hydraulic conductivity due to seepage induced
consolidation and/or migration of fines. (Dunn, 1983; Mitchell and Younger, 1967.)

¢ The nature of the permeant can influence measured hydraulic conductivity. When evaluating
compatibility, samples in the laboratory should be permeated with the same fluid that will
permeate the soil in the field. When evaluating compatibility is not the objective, permeation
with tap water or 0.01 N CaSO, is recommended. Permeating with distilled water is not
recommended. (Daniel, 1994; Dunn and Mitchell, 1984.)

o Permeameter type is important in compatibility testing. Flexible wall cells can mask hydraulic
conductivity increases in cases where the permeant causes the soil to shrink. Conversely,
using rigid wall cells without applying overburden pressure can overestimate hydraulic
conductivity increases because the soil may shrink away from the cell wall. For many
situations, rigid wall cells with an overburden pressure applied, e.g., consolidometer
permeameters, provide a good means for compatibility testing. (Mitchell and Madsen, 1987.)

« Lowering pore pressures to apply gradients can cause consolidation of soil specimens and can
cause air to come out of solution. (Dunn and Mitchell, 1984.)

o Gradients should be applied by increasing the pore water pressure at the bottom of the
specimen. (Dunn and Mitchell, 1984.)

e Saturation of laboratory specimens is enhanced by permeating upwards with small gradients
during backpressure saturation. (Dunn and Mitchell, 1984.)

e As long as side wall leakage is prevented and compatibility testing is not the objective, all
permeameter types yield about the same results for comparable test conditions. (Daniel et al.,
1985.)

« Soil-bentonite samples from the field should be obtained, transported to the laboratory, and

tested with a minimum of mixing. (Barvenik and Ayers, 1987.)
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2 assistant Professor, Via Department of Civil Engineering, Virginia Tech, Blacksburg, VA 24061-
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In the current state of practice, final acceptance of cutoff walls is generally based on the resuits
of laboratory flexible wall tests and in situ tests. For mix design and QA/QC testing, both rigid
wall cells and flexible wall cells are used. One type of rigid wall cell that is used fairly often is the
API filter press (Barvenik and Ayers, 1987; Daniel and Koerner, 1995). When hydraulic
conductivity tests are performed in the API filter press, water is forced down through the soil-
bentonite specimen by air pressure applied to water that is placed over the specimen. No
overburden pressure is applied to the specimen, so the effective vertical stress at the top of the
specimen is zero. The effective vertical stress at the bottom of the specimen is equal to the sum
of the applied air pressure, the differential water head across the specimen, and the stress from
the buoyant weight of the specimen. Because the slurry is normally consolidated, the void ratio
varies significantly from the top of the specimen to the bottom. Consequently, the hydraulic
conductivity also varies over the specimen length. Use of the API filter press yields a gross
hydraulic conductivity for the entire specimen. Because hydraulic conductivity varies with void
ratio, or consolidation pressure, there is a need to determine the appropriate consolidation
pressure that comresponds to the measured gross hydraulic conductivity. The seepage
consolidation theory of Fox and Baxter (1996) can be used to calculate this pressure.

This paper describes the results of a laboratory investigation that was performed to assess the
applicability of the Fox and Baxter theory to hydraulic conductivity tests performed in the API
filter press. The API test results are compared to hydraulic conductivities measured in
consolidometer permeameters. Some limitations of the AP! test are discussed, and a
modification of the API test procedure is proposed.

MATERIALS: Two base soil gradations, which are shown in Figure 1, were used to prepare the
soil-bentonite mixes that were tested in this investigation. The base soils used to fabricate soil-
bentonite mixes SB2 and SB3 had Unified Soil Classifications of SC and SM, respectively. SB2
was fabricated by adding 1.5% bentonite by dry weight to the base soil, while SB3 contained 3%
added bentonite by dry weight. The bentonite used in this study was a sodium-montmorillonite
sold under the trade name Hydrogel 90 by Wyo-Ben, Inc. The bentonite was hydrated in tap
water for 24 hours prior to being mixed with the appropriate base soil. After mixing, the water
content of each mix was adjusted to achieve a slump between 4 and 6 inches.

TEST EQUIPMENT AND PROCEDURES: Two hydraulic conductivity test methods were used
in this investigation. Consolidometer permeameter tests were performed in conventional 1-D
consolidation cells that were not equipped to apply backpressure. Samples were 6.35 cm in
diameter and initially 2.54 cm tall. Consolidation of the samples was performed in general
accordance with ASTM D-2435.

Sand Sizes , _ Sitt and Clay Sizes Falling head hydraulic
S —— I" ——rrrr— conductivity tests were
E conducted at selected load
—— SB2 Base Sail, increments. In these tests, de-
LL=34&PI=18 aired tap water was permeated

------- SB3 Base Soll, upward through the specimen
Nonplastic after primary consolidation was
complete. Gradients ranged
from 7 to 35 and were applied
such that a minimum vertical
effective stress of 7 kPa was
maintained. Inflow volume was
] measured to the nearest 0.02 mi
] until the calculated hydraulic
conductivity stabilized. Outflow
10 1 0.1 0.01 0001  \as not measured. The 1-D
consolidometer  permeameter
tests were performed in accor-

Figure 1. Base Soil Gradations dance with the procedures men-
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tioned in the Introduction. These

Air — Par tests were used as a baseline to

v q= effective (buoyant) evaluate API test resuits.
hy Water J surcharge pressure Hydraulic conductivity was also
p=q measured in the API filter press

using procedures described by
. Barvenik and Ayers (1987). The
Berh'}l?;me API filter press is a rigid wall cell
2 44— Pb=Part q+ yuhw that is normally used to measure
# Filter Sand ; the filtrate loss of bentonite-water
ma slurmies. As recommended by
Barvenik and Ayers, a layer of
6 bentonite paste 0.8 mm thick was
placed on the inside wall of the

chamber to minimize sidewall

———l—— Graduated Cylinder leakage. Filter sand, soil-bentonite,
-~ and tap water were placed in the
chamber as shown in Figure 2.
Samples were approximately 7.6
cm in diameter and initially about 5
cm tall. The driving air pressure
was regulated to the nearest 1.3

Note: p; and p, are
effective stresses.

Figure 2. Definition Sketch for Applying the
Fox and Baxter (1996) Theory to Hydraulic .

.. A - kPa. Sample height was measured
Conductivity Tests Performed in the API Filter to the nearest 0.3 mm with a ruler.

Press Qutflow was measured to the
nearest 0.1 ml. Inflow was not measured. As described subsequently, hydraulic fractures
developed in all API test specimens when this procedure was used. In order to prevent hydraulic
fracturing, the procedure was modified to include placing a surcharge weight on the top of the
API specimen. A piece of filter paper and a layer of sand approximately 0.7 mm thick were
placed on top of the soil-bentonite mix. A 725 g solid steel weight 7.2 cm in diameter was placed
inside the chamber on top of the sand. The purpose of the upper sand layer was to ensure that
the water pressure would be uniformly applied across the top of the specimen. The buoyant
weight of the steel disk provided the surcharge pressure, q, shown in Figure 2.

Barvenik and Ayers (1987) recommend running API tests for 24 hours. It was observed during
this study that longer times are often required to reach a condition of steady-state seepage. In
many instances the sample was still consolidating after 24 hours. The gross hydraulic
conductivity calculated based on the flow rate at 24 hours exceeded the steady-state value by a
factor of two or more. The difference between the flow rate at 24 hours and the steady-state flow
rate was largest for the initial pressure increment.

THEORY FOR INTERPRETING RESULTS: The schematic of the API filter press in Figure 2
includes definition of terms for applying the Fox and Baxter (1996) seepage consolidation theory.
Fox and Baxter assume that the hydraulic conductivity in a normally consolidated soil is related
to pressure according to

A
k=k,,(&) 1)
p

where k = the hydraulic conductivity; ko = a reference hydraulic conductivity; p = the effective
major principal stress = the total major principal stress minus the pore water pressure; py = the
reference effective major principal stress at which ko applies; and A = a material parameter = the
slope of the log k versus log p plot where log p is the abscissa.

Note that the slope of the log k versus log p plot is negative, corresponding to decreases in
hydraulic conductivity for increases in consolidation stress. However, as written in equation 1, A
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is taken as the absolute value of this slope. Also note that for the value of A to be constant, the
slope of the log k versus log p plot must be linear. This was shown to be a reasonable
approximation over limited stress ranges for the soil-bentonite materials tested in this
investigation.

Fox and Baxter assume that Darcy's law applies, side wall leakage is negligible, the stresses
induced by self-weight of the soil are negligible compared to the other stresses involved, and the
shear stresses between the soil and the container side walls are negligible. Based on these
assumptions, Fox and Baxter have shown that the following equations apply at steady-state:

1

1A A
p=(f(pb ~pf“)+pt“‘) @
and
_B( tA_,+A
v==(pt -p) ®

where z = the distance from the top of the specimen; L = the length of the specimen in the
direction of flow; pp = the effective vertical stress at the bottom of the specimen; p; = the
effective vertical stress at the top of the specimen; v = the Darcy (discharge) velocity; B = a
material parameter = koPo fyw(1-A); and v, = the unit weight of water.

The effective stress in the sample varies with position, z, according to equation 2.
Consequently, the hydraulic conductivity also varies with position according to equation 1. At
steady-state, the Darcy velocity is the same for all values of z, and this is reflected in equation 3.

Values of the material parameters A and B can be determined from equation 3 by repeating the
API test at two or more applied air pressures, px. The air pressures should be applied in an
increasing sequence so that the sample remains normally consolidated. If two tests are
performed, the values of A and B are unique, and can be found by simuitaneously solving two
instances of equation 3. If three or more tests are performed, the values of A and B that provide
the “least squares” best fit to the data can be found using an iterative algorithm.

The gross hydraulic conductivity, k , of an API test specimen is given by
= V
== @
the hydraulic gradient applied across the entire specimen
Pair +Ywhw _ P —Pt
Twl Ywl
In order to find the mean pressure, P, that should be associated with the gross hydraulic
conductivity, k, from an API test, equations 1 and 3 can be substituted into equation 4 and
solved to obtain the following:

1

_=[(1—A)(pb -pt)JA )
PbFA - Pt1_A

In summary, the proposed procedure for interpreting hydraulic conductivity tests performed using

AP filter press test equipment is to repeat the test two or more times using the same specimen

with increasing applied air pressures. The best-fit value of the material parameters A and B are

obtained from equation 3. For each test, the value of A is used in equation 5 to obtain the value

of mean pressure, P, that corresponds to the gross hydraulic conductivity, k (from equation 4).

where 1

RESULTS AND DISCUSSION: The resuilts of two consolidometer permeameter tests performed
on SB2 are shown in Figure 3. The left plot is the conventional end-of-primary consolidation
curve. The right plot is hydraulic conductivity versus specimen void ratio. In the initial unload-
reload cycle, no significant change in hydraulic conductivity was measured for a 4-fold reduction
in vertical effective stress. In the final rebound, only slight increases in hydraulic conductivity
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were measured. Consolidometer permeameter tests conducted on SB3 produced the same type
of results. The data in Figure 3 shows that void ratio, rather than current effective stress,
controls the hydraulic conductivity of compressible mixes like soil-bentonite. Because void ratio
increases are small in unloading, hydraulic conductivity measured in consolidometer
permeameters can be related to preconsolidation pressure. This type of comparison is shown in
Figure 4 for SB2 and SB3. It can be seen that the data from the consolidometer permeameters

fall in narrow bands for each mix.

A total of 7 APl specimens were tested using the .procedures recommended by Barvenik and
Ayers (1987). Based on visual evidence, all of these specimens developed hydraulic fractures
that originated at the top of the specimen and propagated to the bottom. Hydraulic fracturing
developed at applied air pressures ranging from 7 to 28 kPa and at times from 0 to 9 hours after
the application of the air pressure which caused fracturing. Hydraulic fracturing probably
occurred because the effective stress at the top of the sample was zero in these tests. To
correct this problem, a surcharge of approximately 1.6 kPa was applied, as discussed previously.
Although hydraulic fracturing did not occur for any specimens when the surcharge was used,
fines were forced out of one specimen when the applied air pressure was 101.7 kPa.

The data from several AP| tests performed using a surcharge pressure of 1.6 kPa were
interpreted using the method described previously. The results are listed in Table 1. It can be
seen that the mean pressure, P, is much less than p;. The mean pressures and the gross
hydraulic conductivities from the API tests in Table 1 are plotted with the results from the 1-D
consolidometer permeameter tests in Figure 4. The agreement is generally quite good.
Exceptions occur for the five API tests indicated in the figure. For test API_7 at an applied air
pressure of 101.7 kPa, fines piped out of the specimen. This may have resuited in the relatively
high hydraulic conductivity value that was calculated. For tests API_8 and API_15 at applied air
pressures of 55 kPa and higher, the measured hydraulic conductivity was lower than the trend of
the data for SB3. This response was likely due to migration of fines. The average gradients in
these tests were about 140 and 270 at applied air pressures of 55 and 100 kPa, respectively.
Because the hydraulic conductivity was lowest at the bottom of the specimen, most of the head
loss occurred at the bottom. This variation in head loss produced gradients much higher than
the average gradient near the bottom of the specimen. As documented by Dunn (1983) and
Mitchell and Younger (1967), gradients of this magnitude can cause migration of fines and
reductions in hydraulic conductivity in laboratory specimens. The tendencies for piping and
migration of fines at high applied air pressures may place a limitation on the applicability of the
APl test. At the air pressures which precluded piping and migration of fines, the mean pressures
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Figure 3. Consolidometer Permeameter Test Resuits for Mix SB2
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Table 1. Summary of API Test Results Shown in Figure 4

Mix | Test | par(kPa) | po(kPa) | V® (mJs) L (m) k (mis) | A g® P (kPa)
sB2 | APL_7 13.8 154 | 3.79E-08 | 4.826E-02 | 1.20E-08 | 0.427 | 4.94E-10 7.2
27.6 292 | 6.22E-08 | 4.674E-02 | 9.90E-10 11.7

55.2 56.8 | 1.03E-07 | 4.521E-02 | 8.10E-10 20.2

101.79 | 103.3 | 1.85E-07 | 4.420E-02 | 7.80E-10 34.1

APL_10 6.9 8.5 | 2.28E-08 | 4.801E-02 | 1.30E-09 4.8
13.8 154 | 3.88E-08 | 4.724E-02 | 1.20E-09 7.2

27.6 292 | 6.34E-08 | 4.572E-02 | 9.90E-10 1.7

55.2 56.8 | 9.18E-08 | 4.470E-02 | 7.10E-10 | 202

103.4 105.0 | 1.52E-07 | 4.293E-02 | 6.10E-10 34.6

SB3 | APL8 13.8 154 | 1.74E-08 | 4.166E-02 | 4.80E-10 | 0.145 | 7.36E-11 7.6
27.6 292 | 2.89E-08 | 4.166E-02 | 4.10E-10 12.6

55.219 56.8 | 4.81E-08 | 4.064E-02 | 3.40E-10 225

101.7° | 103.3 | 6.83E-08 | 3.962E-02 | 2.60E-10 38.7

APL15 | 138 154 | 1.47E-08 | 4.674E-02 | 4.50E-10 7.6
27.6 292 | 2.87E-08 | 4.547E-02 | 4.50E-10 12.6

55.219 56.8 | 4.53E-08 | 4.445E-02 | 3.50E-10 25

103.4° | 105.0 | 6.995-08 | 4.394E-02 | 2.90E-10 30.3

APl_16 6.9 85 | 8.88E-08 | 4.191E-02 | 4.50E-10 5.0
13.8 154 | 1.65E-08 | 4.140E-02 | 4.50E-10 7.6

27.6 292 | 3.10E-08 | 4.039E-02 | 4.30E-10 12.6

Notes: 1) pt= 1.6 kPa for all tests.

2) Steady-state seepage obtained for measurement of the Darcy velocity, v.
3) Dimensions of B are kN*'m*?Ys,

4) These data were not used to determine values of A and B. See Figure 4 and discussion in text.
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ranged from 4.8 to 12.6 kPa. These pressures are generally lower than those expected in soil-
bentonite cutoff walls (Evans et al, 1995; Filz, 1996).

CONCLUSIONS: From this investigation, the following conclusions can be made conceming

hydraulic conductivity tests performed using the API filter press:

» Using the seepage consolidation theory of Fox and Baxter (1996) to interpret the resuits of API
tests provides good agreement with the results of tests performed in consolidometer
permeameters. The gross hydraulic conductivity obtained from the test should be associated
with the mean pressure found from the theory.

¢ AP tests should be run with a surcharge. Otherwise, the sample is prone to hydraulic fracture
due to the condition of zero effective stress at the top of the specimen.

e Using high driving pressures in the APl test can lead to significant overestimates or
underestimates of hydraulic conductivity due to piping or migration of fines. For the materials
tested in this investigation, apparent errors in the measured hydraulic conductivity occurred at
applied air pressures of 55 kPa and above for some samples.

¢ When used for mix design, API tests should be run to a condition of steady-state seepage. For
the materials tested in this investigation, steady-state conditions took up to 48 hours to develop

for the first pressure increment applied.
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EFFECT OF ACIDIC LEACHATE ON MATERIAL DEGRADATION
OF SLURRY TRENCH CUTOFF WALLS

Faouzi Ahtchi-Ali',Ph.D. and Michael F. Casper’
Abstract

The use of low permeability slurry trench cutoff walls has increased since the early 1980’s. This
permeabilitv requirement is necessary to minimize the seepage rate of the contaminated groundwater
(leachate) through the cutoff wall. The selection of the cutoff wall material (e.g. soil-bentonite, soil-treated
bentonite, soil-attapulgite, soil-cement-bentonite, cement-bentonite, etc.) is primarily dependent on the
chemical properties of the leachate and construction requirements. To investigate the effect of low pH
effluent on wall materials, short and long term compatibility studies were assessed on different wall
material mixes. A leachate with a pH of 2.4 was used in this study. In addition, water with a pH of 6.8 was
used for comparison of test results.

In order to assess the applicability of wall materials in a cost effective and timely manner, filter press,
chemical desiccation, and sedimentation tests were selected to assess the short term effect of the leachate
on eighteen slurry samples. These tests were performed on 90 bbl Fed Jel bentonite and 125 bbl Fed Jel
treated bentonite (manufactured by M-I Drilling Fluids), and attapulgite slurry samples prepared first with
leachate and then with water. The duration of each test varied from 30 minutes to 7 days. Test results
obtained from the short term compatibility study indicate that the 90 bbl Fed Jel bentonite sturry degraded
under exposure to the leachate, and therefore, the 125 bbl Fed Jel bentonite and attapulgite slurries were
selected for the long term compatibility study.

Rigid wall permeability testing was selected to assess the long term effect of the leachate on four soil-125
bbl Fed Jel bentonite and four soil-attapulgite samples. The samples were saturated, consolidated, and
subjected to permeation using first water and then leachate. The duration of each test varied from 40 days
to 60 days. The test results obtained from the long term compatibility study indicate that the samples were
compatible with the leachate.

Finally, flexible wall permeability testing was selected to determine the appropriate mix design with a
maximum permeability of 1 x 107 cm/sec. The test was performed in accordance with ASTM D-5084
testing method on four soil-125 bbl Fed Jel bentonite samples, and results show that a maximum
permeability of 1 x 107 cm/sec is achieved at minimum amounts of 2% 125 bbl Fed Jel bentonite and 51%
soil fines.

Introduction

Slurry Trench vertical barrier cutoff walls are non structural underground walls that serve as barriers to the
horizontal flow of contaminated groundwater. Deep slurry trench cutoff walls have many advantages over
other seepage control techniques such as grouting, sheetpiling, vibrating beam, and deep soil mixing.
Slurry trenches provide a continuous and uniform seepage barrier. They can extend to greater depths than
most methods and require no maintenance or operating costs after installation.

! Project Environmental Engineer, August Mack Environmental, Inc., 2624 Lord Baltimore Drive, Suite K,
Baltimore, Maryland 21244.

? Senior Geologist, August Mack Environmental, Inc., 2624 Lord Baltimore Drive, Suite K, Baltimore,
Maryland 21244.
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The primary function of the slurry is to maintain trench wall stability. The hydrostatic pressure exerted by
the slurry and the filter cake formation on the walls are the two primary factors to be considered for trench
wall stability. For a stable trench, the total active pressure exerted by the hydrostatic water pressure and the
soil pressure has to be less than the total passive pressure exerted by the slurry. In addition, the weight of
the slurry must exert its force not only on the soil pore fluid but also on the soil particles. The filter cake
allows the hydrostatic force of the slurry to be more directly transferred to the walls of the trench. Unstable
wall conditions are frequently associated with poor cake formation (Jepsen and Place 1985).

This study documents the short and long term effect of the leachate on different wall material mixes. A
leachate with a pH of 2.4 was used in this study. Test results obtained from the short and long term
compatibility studies indicate that the 90 bbl Fed Jel bentonite slurry degraded under exposure to the
leachate.

Short term Compatibility Study on Slurrv Samples

Several short term compatibility tests have been proposed to investigate the effect of leachate on shurry
trench cutoff wall materials such as filter press, chemical desiccation, and sedimentation tests (Day 1993).
These tests were developed by the petroleum, well drilling, and geotechnical disciplines, and they are
relatively simple tests which rely on observations and comparative results. There is limited understanding
of their application to other disciplines.

The 90 bbl Fed Jel bentonite, the 125 bbl Fed Jel bentonite, and the attapulgite clays were selected for the
short term compatibility study. The leachate consists of 20.1 milligrams per liter (mg/L) of Chromium,
6.50 mg/L of Fluoride, 623 mg/L of Nitrate, 522 mg/L of Sulfate, and 8.84 mg/L of Nickel. The leachate
(groundwater) was sampled from an on-site existing monitoring well. The shurry properties of these
materials are shown in Table 1. Water with a pH of 6.8 was used to prepare these slury samples.'

Table 1. Slurry Properties

Properties 90 bbi Fed Jel bentonite 125 bbl Fed Jel bentonite Attapulgite
Material by Weight (%) 6.4 5 4.8

Marsh Funnel Viscosity (sec) 42 42 44

Filtrate Loss (ml) 13 14 117
Density (g/cm®) 1.03 1.02 1.02

pH 7.9 8.8 8.8

For each material, two shury samples were prepared; first with water and then with leachate. Each slurry
sample was subjected to filter press, chemical desiccation, and sedimentation tests which were performed
as follows.

Filter Press Test

Shurry samples were prepared in accordance with American Petroleum Institute (API) Standard 12A and
tested in accordance with API Standard 13B. Filter press testing was conducted on each shury sample by
pressurizing a chamber filled with slurry to a pressure of 689.5 KPa for 30 minutes to form a filter cake.
The volume of water which flows out of the chamber is referred to as filtrate loss. Trench stability is
dependent on a low filtrate loss.

For each slurry mix, two identical filter cakes were permeated with leachate and water. A ratio of the flow
rate with the leachate to the flow rate with the water exceeding 2 indicates an incompatibility (Day 1993).

''90 bbl and 125 bbl (barrels [42 gallons] of API standard mud per 1 ton of dry bentonite)
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The test results are summarized in Figure 1, and indicate that the 90 bbl Fed Jel bentonite resulted in the
highest flow rate ratio of 2.

Figure 1. Filter Press Test'Results
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Two mechanisms have been explained (D’Appolonia 1980) that may contribute to the filter cake
permeability increase. The first mechanism indicates that soil minerals may be soluble in the leachate,
resulting in a mass loss of the bentonite and a corresponding increase in permeability. The second
mechanism indicates that the pore fluid substitution may lead to a smaller diffused double layer thickness
of the partially bound water surrounding the hydrated bentonite. As a result, the effective size of the
bentonite particles is reduced, and the size of the effective flow channels and the permeability are
increased. The change in the diffused double layer thickness (t) can be approximated by the following
equation (Mitchell 1993).
t = (DKT/8mne’ V)™

where D is the dielectric constant of the medium
K is the Boltzmann constant = 1.38 x 10®
T is the temperature in degrees centigrade
7 is the electrolyte concentration
g is the unit electronic charge = 16 x 10% coulomb
v is the cation valence

The diffused double layer thickness (t) will decrease as the dielectric concentration and/or the valence
“increases. This means that if either the salt concentration of the pore fluid increases or the valence increases
when the sodium ion of the bentonite (sodium montmorillonite) is exchanged with the multiple ions (such
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as calcium) carried in the leachate, the net effect will be a reduction in the double layer thickness. This will
result in increased permeability. Two to-four pore volumes of the leachate must be permeated to fully
replace the existing pore fluid and complete the cation exchange in order to achieve a steady state condition
in which the permeability remains constant (D’ Appolonia 1980).

Chemical Desiccation Test

The chemical desiccation test relies on observations of the slurry, and tends to model the most severe
exposure. The chemical desiccation test is the process of air drying of the slurry in contact with the
leachate on a glass plate. Often severe cracking, chemical reactions, or dissolution of the material particles
can be observed (Day 1993).

Slurry samples were prepared in accordance with API Standard 12A. For each slurry mix, two identical
slurry samples were prepared; one with leachate and one with water. Each slurry mix was placed on a glass
plate. Visual observations were made on each slurry sample during the air drying process which lasted for
a few days. These observations revealed that very large cracks formed on the 90 bbl Fed Jel bentonite
sample prepared with the leachate and minor cracks formed on the 125 bbl Fed Jel bentonite sample
prepared with the leachate. However, no cracks were observed on the attapulgite slurry samples or on the
90 and 125 bbl Fed Jel bentonite prepared with water.

Sedimentation Test

The sedimentation test relies on observations of the slurry, and tends to model the construction process
when the slurry is used to support the trench walls. Evidence of flocculation or sedimentation can be
observed during the test. Slurry samples were prepared in accordance with API Standard 12A. For each
slurry mix, two identical slurry samples were prepared; one with leachate and one with water. Each shurry
mix was placed in a glass cylinder. The sedimentation test lasted for a few days. Visual observations made
on each slurry sample indicated that no sedimentation or flocculation occurred during the test.

Long Term Compatibility Study on Soil Bentonite and Soil Attapulgite Samples

Soil Sample Selection and Index Properties

Two type of soils, classified as Silty Sand material (SM) with 13% fines and Clayey-Silt material (CL-ML)
with 51% fines in accordance with the Unified Soil Classification System (USCS), were selected for the
long term compatibility study. Liquid and plastic limit tests were performed on these soil samples using
first leachate and then water in order to assess the effect of the leachate on the plasticity index. The test
results revealed that the plasticity index remained unchanged. The low pH of the material fines may
influence the mix design (Kargbo, et.al. 1993).

Rigid Wall Permeability Test

The 125 bbl Fed Jel bentonite and attapulgite clay were selected for the long term compatibility study since
no degradation of these materials was observed during the short term compatibility study. Rigid wall
permeability tests, which are more cost effective than flexible wall permeability tests, were performed on
eight samples. Each sample was permeated with 1 pore volume of water for a period of 12 days. The
permeation continued with 3 pore volumes of leachate for an additional period of 36 days for the samples
No. 1 through 4 and 1.5 pore volumes of leachate for an additional period of 13 days for samples No. 4
through 8. The testing parameters for each sample consist of a2 head pressure of 13.79 KPa and a hydraulic
gradient of 19.5. Permeabilities obtained from the rigid wall permeability tests are shown in Figures 2 and
3. The results indicate that the leachate did not affect the permeability of these materials. The sample
mixture and permeability test results are shown in Table 2.
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Table 2. Sample Mixture and Permeability Test Results

Sample # Sample Mixture Permeability
Percentage bv weight) (cm/sec)
1 2% 125 bbl Fed Jel bentonite 2.5 x 107

and 98% SM

2 4% 125 bbl Fed Jel bentonite 1.0x 107
and 96% SM material

3 2% 125 bbl Fed Jel bentonite, 1.3x 107
40% CL-ML , and 58% SM

4 4% of 125 bbl Fed Jel bentonite, 5.2 x 10™
40% CL-ML , and 56% SM

5 4% attapulgite and 96% SM 53x 107

6 8% attapulgite and 92% SM 23x107

7 4% attapulgite, 40% CL-ML, 24x107
and 56% SM

8 8% attapulgite, 40% CL-ML, 1.3x 107
and 52% SM

Figure 2. Rigid Wall Permeability Test
Soil-125 bbl Fed Jel Bentonite
1x10°® I
. od ¢ . . -
L] . - . - L[] . .
X E =
* N ° ]
E L - -*
—~ 4 ° - 'O o * E 3 * * *
8 4 o = d g
S Ix10 + * °
s L d - s O
< ° °
o © e o
> o * > *> s - .
+
° .
©
*
o
x10®
¢} 5 10 15 20 25 30 35 40 45 50
Time (Days)
e Sample1 o Sample2
= Sample3 + Sampled

82




Figure 3. Rigid Wall Permeability Test
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Flexible Wall Permeabilitv Test

The 125 bbl Fed Jel bentonite, which is more cost effective than the attapulgite clay, was selected for the
flexible wall permeability testing. The testing was conducted to determine the concentrations of bentonite
needed to achieve the maximum permeability of 1 x 107 cm/sec. Flexible wall permeability tests were
performed in accordance with ASTM D-5084 on four soil-125 bbl Fed Jel bentonite samples with the same
mixtures as shown above (samples No. 1 through 4) to determine which mixes would achieve the required
permeability. The testing parameters for each sample consist of a confining pressure of 344.75 KPa, a
backpressure saturation of 248.22 KPa, and a hydraulic gradient of approximately 30. The permeability test
results are 1.35 x 107 cm/sec and 1.00 x 10° cm/sec for samples No. 1 and 2, and 2.15 x 10" cm/sec and
6.10 x 10™ cm/sec for samples No. 3 and 4 respectively.

Conclusions

The following conclusions are limited to the test results obtained from this study and observations made
during the testing,

The material degradation of slurry trench cutoff walls under the exposure of low pH leachate may be
assessed in a cost effective and timely manner by conducting short term compatibility studies, which
include the filter press, sedimentation and chemical desiccation tests.

The filter press test results have shown that the volume of leachate permeated through the 90 bbl Fed Jel
bentonite filter cake was approximately twice the volume of water permeated through the same filter cake.
This may be explained by the fact that the degradation of the 90 bbl Fed Jel bentonite under exposure of
the leachate has increased the permeability of the filter cake.

83



Large cracks on the 90 bbl Fed Jel bentonite and minor cracks on the 125 bbl Fed Jel bentonite were
observed during the desiccation test for the samples prepared with the leachate.

Rigid and/or flexible wall permeability tests on the s0il-90 bbl Fed Jel bentonite were not necessary since
the 90 bbl Fed Jel bentonite degraded under exposure of the leachate.

Rigid wall permeability test results revealed that the low pH leachate had no effect on the permeability of
samples No. 1 through 8.

Flexible wall permeability test results indicate that only sample No. 1 exhibited a permeability greater than
1 x 10”7 cm/sec due to the low amount of bentonite and low amount of fines in the soil.
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The Effect of Freeze-Thaw Cycles on the Hydraulic Conductivity and
Structure of a 10% Sand-Bentonite Mixture

Thomas F. Zimmie', Juan D. QuiroZ® and Christine M. LaPlante?

Abstract

Sand-bentonite barriers have often been used for landfill covers and liners at waste
containment facilities where clay is not readily accessible. Freeze-thaw effects have been well
documented for compacted clay barriers which generally show an increase of hydraulic
conductivity from one to three orders of magnitude. However, previous research indicates that
sand-bentonite barriers are not affected by three dimensional freeze-thaw cycles. In this paper, a
sand-bentonite mixture of 10% bentonite content was subjected to one and three dimensional
freezing and thawing in the laboratory. One dimensional freezing simulates in-situ conditions
and yields different freezing patterns than three dimensional freezing. Once the specimens
reached specified cycles (1, 5, 10, and 15) of freeze-thaw, the hydraulic conductivitg/ was
determined. Hydraulic conductivity tests on specimens with an initial value of 4.8 x 10° cm/s
changed to a value of 4.0 x 10° cm/s after fifteen one dimensional freeze-thaw cycles and 3.4
x 10 cm/s after ten three dimensional freeze-thaw cycles (i.e., virtually no change in hydraulic
conductivity) proving that one dimensional and three dimensional freezing and thawing produce
similar results. In addition, frozen thin sections and x-rays were prepared of specimens to
evaluate the effects of freeze-thaw on the structure of the soil. A hydraulic conductivity
unaffected by freeze-thaw is important in areas where sub-zero degree Celsius temperatures are
encountered.

Introduction

The primary goal of a containment barrier is to maintain its hydraulic properties
throughout its design life. For landfill design, the typical minimum hydraulic conductivity (k)
required by the regulatory agencies is 107 cm/s (Othman et al. 1994). In areas where clay is not
readily available, sand-bentonite mixtures are often used to provide low hydraulic conductivity
barriers.

In areas where sub-zero degree Celsius temperatures are encountered the effects of
freeze-thaw cycles becomes an important issue. The effects of freeze-thaw on the hydraulic
conductivity of containment barriers made of natural materials (i.e., clay) are well documented
(Othman et al. 1994). In general, compacted clays show an increase of hydraulic conductivity
from one to three orders of magnitude due to freezing and thawing. Such increases in hydraulic
conductivity can adversely affect the conditions of the containment facility.

The greatest structural changes in soils can occur when ice lenses are formed. lce
crystals/lenses exert pressure on each other and the surrounding soil, inducing structural
changes within the soil. The soil between the ice interlayers is consolidated and crack networks
are formed when the ice lenses thaw (Andersland and Anderson 1978, Andersland and Ladanyi
1994).

The main focus of this research was to study the effects of freeze-thaw cycles on the
hydraulic conductivity and structure of a 10% (based on total dry weight) sand-bentonite barrier
mixture. Previous research indicates that there is no change in hydraulic conductivity for three
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dimensionally (3-D) frozen and thawed sand-bentonite mixtures (Wallace 1987, Wong and Haug
1991, Haug and Wong 1993). In this study, specimens were subjected to one and three
dimensional freeze-thaw cycles in the laboratory. One dimensional (1-D) freeze-thaw
experiments were performed to simulate in-situ conditions, and 3-D freezing was performed as a
control and for comparison to previous research results. Once specified cycles (1, 5, 10 and 15)
of freeze-thaw were reached the hydraulic conductivity was determined. In addition thin sections
were prepared of frozen specimens and x-rays were taken of thawed specimens to evaluate soil
structure.

Freeze-Thaw Effects on Compacted Clays

A number of researchers have shown that freeze-thaw cycling in low hydraulic
conductivity compacted clays (typically 107 to 10° cm/s) will increase the hydraulic conductivity
from one to three orders of magnitude (Chamberiain et al. 1990, Zimmie and LaPlante 1990,
Zimmie et al. 1992, Othman and Benson 1992, Wong and Haug 1991). The state-of-the-art
paper by Othman et al. (1994) presents the resuits of a number of research projects dealing with
freeze-thaw effects on the hydraulic conductivity of compacted clays and discusses items such
as open systems vs. closed systems, dimensionality of freezing (i.e., 1-D vs. 3-D freeze-thaw
cycles), number of freeze-thaw cycles, ultimate temperature, rate of freezing and state of stress
of soil.

An open system has an external water supply available during freezing while a closed
system has no extemal supply of water during freezing. In most cases properly designed and
constructed compacted clay barriers will not have a continuous supply of water available.
Chamberiain et al. (1990) and Zimmie et al. (1992) showed that while freezing and thawing in
both systems caused increases in hydraulic conductivity, the increases were similar. Since most
compacted clay landfill liners and covers are constructed wet of optimum, and thus are aimost
fully saturated, it is felt that the availability of water in an open system causes little or no
additional increase in hydraulic conductivity.

In the field, soil generally freezes one dimensionally as the freezing front descends.
However, in the laboratory it is much simpler to apply 3-D freezing to soil specimens, thus saving
time and expense. Othman and Benson (1992) examined thin sections from samples that were
one and three dimensionally frozen, showing that the structural changes were different
depending on the dimensionality of freezing, but that the changes in hydraulic conductivity were
similar. Zimmie and LaPlante (1990) and Othman and Benson (1992) evaluated the changes in
hydraulic conductivity due to 1-D and 3-D freeze-thaw cycles and concluded that the increases in
hydraulic conductivity were similar.

The largest increase in hydraulic conductivity occurs during the first few cycles of
freezing and thawing. After three io ten freeze-thaw cycles, increases in hydraulic conductivity
are usually not significant (Chamberiain et al. 1890, Zimmie and LaPlante 1990, Othman and
Benson 1992, and Wong and Haug 1991).

The amount of hydraulic conductivity increase due to freezing and thawing is a function
of effective overburden stress, with the largest increases occurring at low stresses and smaller
increases at high stresses. Freezing and thawing generally does some permanent damage,
since it takes very high pressures to retum the hydraulic conductivity to its unfrozen value
(Othman et al. 1994). This could be important in the case of a landfill liner exposed to freezing
temperatures prior to waste placement. It is unlikely the stresses produced by waste placement
will be sufficient to return the hydraulic conductivity to its original unfrozen value.

Landfill covers are shallow, with low overburden stresses, and hence hydraulic
conductivity increases due to freezing and thawing can be expected to be permanent.
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Freeze-Thaw Effects on Sand/Bentonite Hydraulic Barriers

Previous research indicates that closed system 3-D freezing and thawing performed in
the laboratory on sand-bentonite covers does not significantly increase the hydraulic conductivity
(Wallace 1987, Wong and Haug 1991 and Haug and Wong 1993). All testing was done at
moisture contents wet of optimum since that is common practice for landfill covers and liners.
Also, the maximum number of freeze-thaw cycles applied to the specimens in these studies was
five and ten.

Wallace (1987) concluded that a 2% sand-bentonite mixture showed no change in
hydraulic conductivity for remolded specimens that were subjected to ten freeze-thaw cycles and
permeated with a synthetic leachate. Wong and Haug 1991 tested five sand-bentonite mixtures
(4.5%, 6%, 8.3%, 13%, and 25%) which were subjected to five freeze-thaw cycles under low
confining stresses. A flex-wall triaxial permeameter was used for the 4.5% mixture and a rigid
wall set up with a triaxial permeameter was used for the other specimens. In all cases the
hydraulic conductivity decreased less than an order of magnitude, which implies no significant
change in hydraulic conductivity. Haug and Wong 1993 tested an 8% sand-bentonite mixture
subjected to five freeze-thaw cycles and two wet-dry cycles, in rigid molds under no confining
stress, using standard Proctor and modified Proctor compactive efforts. An increase in hydraulic
conductivity (less than one order of magnitude) was observed but that increase disappeared after
the wet-dry cycle for the standard Proctor effort.

In general, these studies indicate that no significant change in hydraulic conductivity
occurs for sand-bentonite mixtures subjected to 3-D freeze-thaw cycles in the laboratory. The
purpose of this study was to utilize 1-D freezing to better simulate in-situ conditions and to
evaluate changes in hydraulic conductivity and soil structure due to 1-D freezing.

Testing Procedure

The testing program consisted of subjecting 10% (bentonite content) sand-bentonite
specimens to 1-D and 3-D freeze-thaw cycles. The specimens were molded at about three
percent wet of optimum. Once the specimens reached a specified number (1, 5, 10 and 15) of
freeze-thaw cycles the hydraulic conductivity was determined. The hydraulic conductivity tests
were performed using a flexible wall triaxial device (ASTM D-5084). In addition x-rays and
frozen thin sections were used to evaluate the soil structure.

Materials

A poorly graded medium to fine sand was used to provide a uniform medium and to
minimize hydraulic conductivity variations between specimens that occur in well graded sands.
The grain sizes vary between 0.1-0.8 mm, C, = 1.7, C. = 1.2 and the USCS (Unified Soil
Classification System) classification is SP (implying a sand that is pooriy graded).

The bentonite selected is a commercial bentonite called Quik-Gel® produced in powder
form by Baroid Drilling Fluids. This bentonite is commonly used for seepage barriers. The

bentonite consisted of a finely ground sodium montmorillonite which consists of 85%
montmorillonite, 5% quartz, 5% feldspar, 2% cristobalite, 2% illite and 1% calcium and gypsum.

Tap water was selected as the mixing fluid in accordance with ASTM D-5084.
Preliminary hydraulic conductivity testing in our lab showed that mixing with distilled/deionized
water produced piping (soil particles washed out by seepage forces).

Sample Preparation

The following sample preparation procedure was used during this testing program:
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1. Dry mixed predetermined sand and bentonite quantities were mixed in a sealed
plastic bag (to reduce loss of bentonite) for about 10 to 15 minutes. Note that the
bentonite content is based on total dry weight. About 2.5 kg of total dry weight is
recommended for thorough mixing.

2. The target amount of water was added to the soil, and mixed thoroughly for 15-20
minutes.

3. The soil was placed in sealed plastic bags and hydrated for a minimum of 12 hours.
Moisture equilibrium throughout the sample was verified. If the water contents were
within a half percent then the moisture was stabilized throughout the sample.

4. Once the sample was hydrated and the moisture stabilized, the samples were ready
for specimen preparation.

Specimen Preparation

After sample preparation a standard Proctor test (ASTM D-698) was performed (Figure
1). Specimens were extruded, then trimmed and placed in a triaxial permeability device to
determine the initial hydraulic conductivity vs. water content curve (Figure 2). As expected, the
minimum hydraulic conductivity occurs slightly wet of optimum moisture content.

Specimens were prepared at a water content 3% wet of optimum which corresponded to
a water content of 22.5% and a ygy of 15.62 kN/m® (99.4 Ib/ft®). The standard Proctor
compactive effort was applied to specimens in a 101mm (4 in.) long polyvinyl chioride (PVC)
mold with a 76 mm (3 in.) diameter. The specimens were double wrapped with plastic wrap to
minimize loss of moisture. The soil specimens prepared in this manner were unconfined in the
vertical direction and confined in the lateral direction.

Freezing and Thawing

The specimens were frozen both 1-D and 3-D in the PVC molds in an environmental
room at a constant temperature of -15° C. The detailed procedure followed is outlined in
LaPiante and Thomas (1989). Several representative specimens were instrumented with
thermocouples to show that 1-D freezing was occurring (i.e., the freezing front was descending
uniformly across the specimen). When the specimens reached a temperature of -8° C they were
allowed to thaw.
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Figure 1. Standard Proctor curve for the 10% sand-bentonite mixture.
The 1-D freezing apparatus consisted of stacked insulation blocks with 101mm (3 in.)

holes wherein the specimens were placed. The tops of the specimens are exposed to freezing
temperatures while the bottoms are exposed to warmth produced by a heating blanket and air
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line, thus establishing a thermal gradient. The freezing of the 1-D specimens typically lasted
about 40 hours, starting with an unfrozen temperature about 20° C. Note that the overburden
pressure is zero, the most conservative case since overburden pressure would decrease

structural and hydraulic conductivity changes produced by freeze-thaw cycles.

Hydraulic Conductivity Testing

At specified numbers of freeze-thaw cycles (1, 5, 10 and 15) the hydraulic conductivity
was determined per ASTM D-5084. The specimens were extruded frozen, coated with a thin
paste of bentonite, and then they were placed in a triaxial permeability device. The bentonite
paste was used to ensure adhesion to the flexible wall membrane and prevent sidewall leakage.
The specimens were allowed to thaw and consolidate for one day under an effective stress of
34.4 kPa (5 psi) followed by backpressure saturation to 275.6 kPa (40 psi) for another day.
Permeation was initiated and continued until inflow equaled outflow and hydraulic conductivity
was constant.
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Figure 2. Initial hydraulic conductivity vs. water content curve
Structure Evaluation

Frozen thin sections were prepared to study the macrostructure of the sand-bentonite
mixture. The thin sections were milled in a cold room at a temperature of -8° C. The specimens
were cut horizontally or vertically and attached to a glass slide with supercooled water droplets.
They were then milled to a thickness of about 1 mm and placed on a light board for observation.
A more detailed description of the thin section preparation procedure is outlined in Moo-Young
(1995).

X-rays were also taken at zero and five 1-D freeze-thaw cycles. The x-rays were
performed with the thawed soil in the PVC mold. X-ray results appear more useful than thin
section results. The entire specimen can be imaged by x-rays, and cracks caused by freezing
and thawing are easily observed. Thin sections only examine a small portion of the specimen,
and often major cracks are missed. In addition, the thin section preparation process causes
some soil disturbance, whereas specimen disturbance can be avoided by the use of x-rays.

Results and Discussion
The results indicate that there is no effect on the hydraulic conductivity of the
sand/bentonite samples due to freezing and thawing. The |nma| hydraulic conductivity for

specimens molded at three percent wet of optimum was 4.8 x 10° cm/s. As shown in Figures 3
and 4 the hydraulic conductivity of the sand-bentonite mixture did not change, whether frozen
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one dimensionally or three dimensionally. Similar research performed on compacted clays
indicate that increases in hydraulic conductivity due to freeze-thaw cycles occur within the first
three to ten cycles for 1-D or 3-D freezing (Othman et al. 1994). For comparison Figures 3 and 4
also show the results of freeze-thaw experiments on compacted Niagara Clay specimens molded
at three percent wet of optimum. The compacted clay specimens were tested using the same
procedures utilized for the sand-bentonite samples (Zimmie and LaPlante 1980).

X-ray and frozen thin section analyses were performed to evaluate the macrostructure of the
specimens. The x-rays were taken on the same specimen both before freezing and after five 1-
D freeze- thaw cycles. X-rays of the unfrozen specimens indicate a quite homogeneous
structure. However, the lift interfaces are quite evident. On x-rays of specimens subjected to
five freeze-thaw cycles, the soil structure is still homogeneous and no cracks are evident,
however the lift interfaces are much less prominent. This may indicate a healing process.
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Figure 3. One dimensional freeze-thaw effects on the 10% sand-bentonite
mixture and Niagara Clay
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Figure 4. Three dimensional freeze-thaw effects on the 10% sand-bentonite
mixture and Niagara Clay.

Both horizontal and vertical thin sections were also prepared to analyze the
macrostructure of the sand-bentonite samples. The thin sections did not show any visible
structural changes. Thus it appears the freeze-thaw process had little or no effect on the sand-
bentonite structure.
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The lack of structural changes in the sand-bentonite samples may be due to the nature
of the compacted sand skeleton and the montmorillonite clay water interactions. As compared
to a compacted clay specimen, the hydrated bentonite restricts flow through the soil matrix
lowering the permeability of the sand-bentonite mixtures (Wong and Haug 1991).

The results of this study clearly indicate that sand-bentonite mixtures utilized in
containment applications are not susceptible to effects produced by freeze-thaw cycles.
Hydraulic conductivity tests performed on 1-D and 3-D frozen specimens showed no significant
changes. X-ray techniques and thin section analyses also verified the absence of structural
changes in the sand-bentonite samples.
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CONTAINMENT BARRIER AT PRIDE PARK, DERBY, ENGLAND
Peter Barker', Annette Esnault? and Peter Braithwaite®
ABSTRACT

The Pride Park site at Derby occupies 96ha of derelict land close to the city centre. Approximately
one third of the site was a closed landfill with a further third being an old gas works site. The
remainder comprised former heavy engineering works and gravel pit workings. The River
Derwent bounds the site on two sides.

The objectives of the remediation strategy for the site included minimising off-site disposal of
contaminated soils and ensuring that contaminants do not migrate into the adjacent river. The
eastern part of the site, including the landfill and gasworks sites, was therefore contained by a
600mm wide bentonite cement vertical cut-off wall, with HDPE membrane, sealed by 1m into the
underlying mudstone. The cut-off wall is some 3km long and a maximum 10m deep. The works
were complicated by the need to construct the wall around 36 existing underground services.

The paper briefly covers the background to the remediation of the site, describes the construction
process and discusses design considerations in relation to the durability requirements of the
containment barrier in the potentially aggressive environment.

BACKGROUND
Introduction

The Midlands of England was, in the late 18th and early 19th Centuries, the centre of the industrial
revolution and the home of the country’s iron and steel making industries. By the mid 20th century
manufacturing industry had gone into decline leaving vast areas of derelict land often very close to
city centres. Over the last few years, efforts have been made to remove this blight and aid
regeneration of the region by introducing alternative industries and services.

Derby City, in the East Midlands, is one such area. Derby was the centre for heavy engineering
works related to the railway industry. Economic changes have left about 80 hectares of land
derelict within approximately 1 mile of the city centre. This area has been stifling the
redevelopment of the city. The land was previously used for domestic/industrial landfill, coke and
gas production, heavy engineering works and gravel extraction.

In 1992 Derby City Council was successful in bidding for special government funding from the City
Challenge Programme. This programme was set up to aid regeneration and promote inward
investment and social improvements for decaying industrialised cities. Derby Pride Limited was
set up to administer the funding necessary to deliver the city challenge goals, of which the
development of Pride Park was the flagship proposal. City Challenge funding provided essential
“pump priming” for the project as much of the remediation works had to be implemented before
any profit from land sales could be ploughed back into the project.

This paper describes how one of the main elements of the reclamation strategy, the three
kilometres long bentonite cut-off wall, was designed and installed to protect a highly sensitive
target, the River Derwent, from contamination both during and after reclamation and development
works.

! Bachy, G_odalming Business Centre, Catteshall Lane, Godalming, Surrey, GU7 1XW, UK, 01483/427311
2 Bachy, 4 rue Henri Sainte-Claire Deville, 92563 Rueil Malmaison, Cedex, France, 01/4714 2600
®ove Arup & Partners, 3 Duchess Place, Edgbaston, Birmingham, B16 8NH, UK, 0121/454 8853
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Site Description

A number of site investigations had been carried out over parts of the Pride Park site prior to the
award of city challenge funds and the retention of Ove Arup & Partners as Reclamation
Engineers. These investigations produced some 800 soil samples which were taken for chemical
testing, for a total of 22 different determinants. This early work identified major contamination
issues to be addressed which included oil, tars, phenols, heavy metals, ammonia, boron and even
some low level radioactive materials based below the landfills.

The site is generally level and as shown in Fig. 1 is bounded to the north and east by the River
Derwent and to the south and west by the main rail line between Derby and London. Old buildings
have been demolished, except two large gas holders which are still in use. The former Derby to
London canal, which is completely filled in, runs through the centre of the site as does a trunk
combined sewer. In
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Figure 1: Site Plan.

Prior to developing the reclamation strategy Arup created a three dimensional contamination
model which was used to produce a constraints model identifying particular areas of elevated
contamination for both soil and groundwater. For example, the model! can be used to identify the
constraints imposed by the worst class of very contaminated soils or for particular determinants.
The model can also plot contaminants at various depths below surface, which is of prior
importance when determining remediation options. The model indicated that the site could
generally be split into eastern and western halves. The eastemn half, comprising the old landfill
and gas works, had the most highly contaminated soils and even more highly contaminated
groundwater. The western halif which formerly comprised grave! pits and engineering works, had
localised and impersistent areas of contamination both in type and level. The groundwater under
this part of the site was generally uncontaminated. The two principle objectives considered during
the development of the reclamation strategy were to minimise the off site disposal of contaminated
soils and to ensure that contaminates do not migrate into the River Derwent.

Below the landfill and gas works, high contamination levels extended to at least 10m below
surface which made removal impractical and uncommercial. The strategy for this part of the site
was to safely contain the contaminates within the soils and groundwater by enclosing the area
with a bentonite cement cut-off wall sealed into the underlying Mercia Mudstone. A gas venting
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trench would encircle the landfill to prevent landfill gases migrating beyond the limits of the landfill.
The surface of the landfill and gas works site within the cut-off wall would be protected by a
permeable capillary break blanket. This 650mm thick blanket of graded stone was designed to
ensure that in periods of drought the capillary rise of any contaminant would be less than the
thickness of the blanket. Precipitation can percolate through and into the landfill but end users are
protected by the capillary break blanket. To minimise the amount of material to be removed off
site, a fully engineered landfill was designed by Arup and constructed on site. This is located
within the bentonite cut-off wall to take 36,000m® of the most highly contaminated soils arising
from the rest of the site.

The western, less contaminated, part of the site would have less intensive treatment, with removal
of localised elevated levels of contaminated soils. The basic elements of the reclamation strategy
are shown in Fig 1.

Hydrogeological Modelling was used to predict the effect that the bentonite cut-off wall would have
on both internal and external groundwater levels. Groundwater levels outside of the wall would
rise up gradient by about 0.7m as a result of impedance of groundwater flow created by the wall.
This was acceptable to the surrounding structures and ground levels.

Field pumping trials and further hydrogeological analysis were used to predict the rate of
groundwater rise within the bentonite cut-off wall. This was complicated by the upward flow of
groundwater through the Mercia Mudstone. A system of abstraction and treatment wells would be
installed inside of the cut-off wall to control the level of groundwater and ensure that water levels
inside the wall would always be at or below those outside. If the wall should fail, or be breached,
then clean water would flow into the
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capillary break blanket solution is that : “\_  TOPSOIUSUBSOL S Ak
: jpaia

J <

by encouraging infiltration through the
landfill, over time the soluble
contaminates will be washed out of the 2
waste and a gradual clean up of the S
wastes will occur. i

CLAY CAP

CUT-OFF WALL

Scope ALLUVILM ! HDPE LINER

The cut-off wall was to have a
minimum thickness of 600mm and to
extend from finished reclamation level
to penetrate a minimum of 1m into
mudstone (Fig 2). The scope of the
works is summarised below:

TERRACE GRAVELS

T

Length - 3000m MERCIA MUDSTONE

Area - 22000m?

Max. depth - 10.2m

Min depth - 51m —

Average depth - 74m

Service crossings - 36 No

Membrane panels - 560 No Figure 2: Section through Bentonite Cut-Off Wall.
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The line of the cut-off wall and also the location of the slurry batching plant is indicated in Fig 1. At
the time of writing the cut-off wall is both the longest and has the largest elevational area of any
such wall in the UK. At no time previously had service crossings of the frequency and depth of
those encountered at Derby been accommodated within a vertical containment barrier.

Specification

The cut-off wall was required to comprise bentonite/cement slurry and HDPE membrane. The
slurry was required to achieve a maximum permeability to water of 1x1 0°®m/sec at an age of 28
days, a minimum undrained shear strength of 25kPa at 14 days, a minimum unconfined
compressive strength (UCS) of 150kPa at 90 days, and to have a minimum strain at failure of 3%
at an effective confining pressure of >120kPa at 90 days (consolidated drained triaxial
compression test). The HDPE membrane was required to have a minimum sheet thickness of
2mm, and no point of the membrane and panel jointing system was to have an overall
permeability to water exceeding 1x1 0°m/sec. Minimum tensile stress and elongation at yield and
break were also specified.

Slurry Mix Design

On the basis of results from previous contracts carried out by Bachy, together with results of
laboratory trials utilising materials from sources to be used on site, the following slurry mix design
was used:

» Ground granuiated blastfurnace slag 120 kg/m® ¢ Sodium Bentonite 35 kg/m®
¢ Ordinary Portland Cement 30 kg/m® » Water 934 litres

Admixtures were used to assist with the mixing process, reduce filter loss in the trench and, when
necessary, to retard the initial set of the slurry to enable placing of the HDPE membrane.

Slurry Production

The bentonite/cement slurry e
was mixed in a batching plant

set up on site in the location NATER 100s3
shown in Fig. 1. An idealised

plant layout is shown in Fig 3.
Bentonite, cement and ground
granulated blastfurnace slag
were delivered fo site in
pressurised tankers in 24 tonne
loads. They were stored on site Y
in dry powder silos.

ff

The mixing took place in 3
stages. In the first stage a
master mud, comprising
approximately 90% of the total
mix water and the bentonite
powder, was mixed thoroughly T0 DXAVATIN
(UFB  mixer) and stored

<
-

[T
{lelo/ele] e
?

overnight in tanks to allow
hydration. In the second stage
the cementitious material (OPC & GGBS) was mixed (FCP mixer) with the remaining 10% of the
water. The third stage involved transferring both the hydrated master mud and the freshly mixed

Figure 3: Batch Plant Layout.
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cementitious slurry to a large 10m® capacity mixer (BRC) where the final slurry was produced. The
maximum daily slurry production was 280m? whilst the average throughout the works was 180m> .

During slurry production, regular checks, up to three times per day, were made on the density of
both the master mud and the final slurry (by mud balance) to confirm the correctness of the mixing
process. These checks were in addition to weekly calibration of the mixer weigh scales. Checks
were also carried out on the viscosity (by Marsh Cone) to confirm suitability for both pumping to
the trench and the excavation process. The stability of the mix was checked by placing samples in
a 1 litre covered measuring cylinder and measuring any bleed water after a period of 24 hours,
with a maximum value of 4%.

Construction - General

On 20 June 1994 Bachy Ltd were appointed by Morrison Construction, the Main Contractor for the
works, to construct the vertical containment barrier, designed by Ove Arup and Partners.
Construction was programmed to start on 29 June, but due to the late award of the sub-contract,
walll construction did not commence until 18 July.

The main constraints to the construction sequence were the requirement for early completion of
the road corridor to allow the Wyvern Bridge to be constructed for access to the site over the River
Derwent, late access to the East Midlands Gas Depot and Office Area, where the majority of the
services were located, and the need to accommodate the 36 service crossings into the overall
construction programme (Fig 1).

Excavation of the cut-off wall was carried out by long arm backhoe. As soon as excavation was
commenced, the bentonite/cement slurry was pumped (via 100mm diameter steel pipes,
maximum distance 1.5km ) to the trench. Excavation continued under the slurry until the top of the
Mercia Mudstone was identified in the trench arisings. The depth of the trench was then measured
using a weighted tape and excavation continued to achieve the required minimum 1m penetration
into the mudstone. The depth to the mudstone and final depth of the cut-off wall were recorded at
1m intervals along the whale length of the cut-off wall. The trench arisings were generally placed
alongside the french and removed by Morrison Construction once the slurry on the arisings had

set. Figure 4: Geolock Joint Detail.

When the required depth had been
reached, and before the slurry had
set, the HDPE membrane was
installed. The HDPE membrane was
supplied to site in 5.7m wide panels,
cut to length in accordance with a
schedule of anticipated cut-off wall
depths. The Geolock joints (Fig 4) had
previously been manufactured and
factory fitted by Geotechnics Holland
BV.

Each membrane panel was fitted at its
base with small sacrificial plates which

hook into locating points at the base of
a placing frame. The top of the panel
was then attached to tensioning
devices and the panel tensioned onto
the frame. The panel and frame together were then lifted by crane and placed into the fluid slurry
to the base of the trench. A further panel and frame together were then lowered into the trench
with the joint sections interlocking, the Hydrotite section being located in the female part of the

Final volume after approximately 40 hours
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joint as a slack fit. Once the second panel had been installed the first panel was released from the
frame (by releasing the tensioning devices) and the frame withdrawn. The locking and sealing of
the joint was then completed by the Hydrotite absorbing water from the slurry mix and swelling to
potentially ten times its dry volume. The jointing system has been tested in the laboratory in both
the USA and UK and found to be effective up to pressures across the joint exceeding 5 bar, which
is far in excess of the likely field conditions.

Construction continued with excavation of the trench closely followed by installation of the
membrane. Temporary stopends were installed, attached to the Geolock joint, at the end of each
working day in order to protect the
membrane from damage during
excavation for placing of the adjacent
panel. The maximum number of
membrane panels installed in one day
was eight.

Samples of bentonite/cement slurry
were obtained from the trench after
completion of excavation and before
installation of the membrane, at a rate of
a sample set every 20m length of wall,
or for each day’s production. A set
comprised 2 samples each from the top,
middle and bottom of the wall. Once the
samples had been obtained (with a
remote sampler operated from the
surface) the fluid slurry was placed in
100mm diameter plastic tubes, 450mm : 0 RO
long. They were sealed on site and
allowed to set for 2 weeks before

transfer to a specialist laboratory for - - -
testing. Figure 5: Service Duct Crossing.

Construction - Services

As noted above, the line of the cut-off wall was crossed by 36 services which required to be
accommodated. Wherever possible the cut-off wall was completed around the service in advance
of the main run, and temporary stop ends installed on the HDPE membrane to allow subsequent
connection. The final detail is shown schematicaily (Fig 5). The method of achieving this detail
varied from case to case but can be summarised as follows:

1. Expose service by hand and excavate below the service to the required depth under
slurry.
2. Position double male membrane, with cut out for service, on part height frame next to

service. With top part of membrane rolled under, move membrane and frame under
service. Allow slurry to set.

3. Wrap service with membrane sleeve over neoprene and Hydrotite. Weld membrane and
seal with stainless steel band. Unfold membrane pane! around service pipe and weld to
membrane sleeve.

4. Top up with slurry and install stop ends to await tie-in.

For the deep interceptor service crossings, of which their were two, it was necessary for Morrison

Construction to install sheet pile cofferdams to allow access to the sewers and carry out local
dewatering. The whole of the cut-off wall was constructed in a period of 26 weeks.
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Compliance Testing

A total of 922 samples of slurry were taken for set slurry testing. Tests were carried out on 305 of
those, as selected by the Engineer, to determine shear strength (Cu) at 14 days, permeability at

28 days, strain at 90 days and UCS at 90 days. The results are summarised below:

Test type Requirement No. of tests % complying
Cu @ 14days > 25 kPa 76 100
Perm. @ 28 days <1x10® m/sec 81 90
Strain @ 90 days >3% @ > 120 kPa ECP 71 93
UCS @ 28 days > 150 kPa 77 100
Capping

From an age of 7 days onwards, the top 0.5m of slurry was carefully removed from around the set
bentonite/cement slurry by hand and the membrane, which had been left protruding above ground
level, was trimmed to the required level with a sharp knife. The ground level was reduced by 0.5m
over a width 2.5m either side of the wall centreline, and the whole was backfilled with a clay
capping to prevent the slurry from drying and protect it from damage, so as to form the typical
detail shown (Fig 2).

CUT OFF WALL DURABILTY

As previously stated, the contamination at the site is mainly represented by heavy metals,
polynuclear aromatic hydrocarbons and phenols found in various concentrations in ground and
groundwater.

Compounds identified as potentially harmful towards a bentonite/cement slurry are as follows, with
a brief description of mechanisms of action:

acids : a destruction of the cementitious compounds occurs upon reaction with the calcium-based
components of the hydraulic binder.

sulphates : their reaction with aluminates leads to the formation of expansive salts such as
gypsum and etiringite whose crystallisation may provoke cracking.

sulphurs : under certain conditions, their oxidation leads to the formation of sulphates. The
oxidation of H,S generates sulphuric acid which is well known for its aggressivity.

ammonium : a reaction of exchange occurs between Ca++ and NH,+ leading to a partial
dissolution of the cement calcium based components.

phenols : the aggressivity is due to their acid tendency

heavy metals : they may cause expansion and cracking of the cementitious matrix by exchange
with calcium ions.

aromatics such as PAHs : when mixed with the slurry, the reaction of hydration may be slowed
down due to coating of the particles of cement.

The level of aggressivity depends of course on the concentration of each element. Provided a
mixture of Ordinary Portland Cement and Ground Granulated Blast Furnace Slag is used, the
following limits are usually taken:

¢ pHabove 4.5 ¢ sulphides : below 5 mgl/l
¢ sulphate : below 6000 mg/ ¢ phenols : below 10 mgl/l
e ammonium : below 100 mg/l ¢ PAHSs : below 10 % in the slurry

The durability of the slurry mix itself was assessed, and whilst the average values calculated in
relation to the concentrations of the above contaminants are not considered detrimental to the
slurry mix design used on site, the maximum concentrations found on sulphates and ammonium
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and the minimum pH values are potentially harmful. However in order for there to be significant
deterioration of the slurry there would have to be sufficient quantities, as well as concentrations, of
the contaminants in confact with the wall.

Examination revealed that only about 8% of the trial pit samples and 5% of the borehole samples
showed contamination of sufficient intensity to have the potential to damage the bentonite/cement
slurry. The spacial distribution of these hot spots of contamination showed the majority to be
isolated and situated away from the line of the wall. There did appear to be a concentration of hot
spots of soil contamination in the area of the north end of the road corridor. However, these were
generally from shallow samples, such that the material concerned was to be removed by the bulk
earthworks operations.

The cut-off wall as constructed, comprising a 600mm thick bentonite/cement slurry wall and a
2mm HDPE membrane, is therefore sufficient to withstand the contamination revealed.

When needed and within certain limits, the durability of conventional bentonite/cement slurry can
be enhanced by the use of specific agents such as pozzolanic materials (fly ash, silica fume, etc.),
soluble sodium silicate, special clays, etc. However, it must be pointed out that the use of an
HDPE membrane to form a composite cut-off wall is the best available technology with respect to
durability and low permeability. As a general rule it is considered that to use an enhanced slurry
mix in a composite barrier with HDPE to withstand contamination is unnecessary.

ENVIRONMENTAL MONITORING

An extensive environmental monitoring system was developed prior to any works on site, to
monitor air quality, soil and groundwater conditions during and after the reclamation works.

Validating the performance of the cut-off wall is via a series of monitoring holes drilled through the
made ground on either side of the wall. As the purpose of the wall is primarily to isolate the
heavily contaminated groundwater below the landfill and old gas works from the River Derwent
and cleaner groundwater to the east, monitoring is concentrated on analysing the condition of
groundwater.

The groundwater extraction system is designed to keep water levels within the cut-off wall at or
below that outside, so that monitoring groundwater levels either side of the wall is a good indicator
of its continued integrity. Any suspect readings can be backed up by analysing the quality of
groundwater. If the analysis indicates that contamination is present outside of the wall, then that
section can be remediated by construction an additional length of wall adjacent to the suspect
section.

The design life of the wall is anticipated to be about 50 years. As time passes, the groundwater
abstraction system will lead to gradual improvements in the water quality within the wall. It is
anticipated that by the time the wall reaches the end of its design life, soluble contaminants within
the wall will not be significantly greater than those outside and replacement will not be necessary.

CONCLUSIONS

The 3000m long cut-off wall was successfully installed and closed within a period of 26 weeks and
testing of slurry samples indicated greater than 90% compliance with the specification. This has
resulted in releasing approximately 60ha of land for development, demonstrating the speed of this
remediation technique.
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The contract value to the Client was £1.57m or £61.6/m” which is very competitive with any other
form of remediation, including dig and cart away.

Since completion of the cut-off wall, three development plots have been sold off including a major
8.5ha development plot for the construction of a football stadium for Derby County Football Club.

The design and installation of the bentonite/cement slurry wall at Pride Park, Derby has, therefore,
demonstrated the cost effectiveness and speed of this form of reclamation solution.
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CUT-OFF WALL SYSTEM FOR SUBSURFACE LIQUID CONTAINMENT

R.Carlson, Rollins Environmental Services (TX) Inc., Deer Park, TX, USA
F.Khan, P.E., Rollins Environmental Services (TX) Inc., Deer Park, TX, USA

ABSTRACT

The subject of this paper is the use of a Cut-off Wall System (CWS) in conjunction with conventional soil
bentonite slurry walls. The system is a vertical subsurface containment solution for isolating
contaminated soils and groundwater in situ, thereby enhancing protection of the environment. The CWS
is composed of geomembrane panels and specially designed connectors that form an interlocking
subsurface vertical barrier wall. This system provides a cost effective, easily installed, positive cut-off for
isolation of mixed and hazardous wastes, and wastes from uncontrolled releases. This application will
address manufacturing, fabrication, installation, strength, QA/QC, chemical compatibility, and
permeability.

INTRODUCTION

Conventional soil-bentonite (SB), soil-cement (SC), cement-bentonite (CB) and soil-cement-bentonite
(SCB) slurry walls have been used for years, primarily in geotechnical applications as subsurface means
for cut-off and diversion of lateral flowing liquids, as well as for containment of waste streams resulting
from leaking landfills and impoundment basins. Over the last 5 to 6 years, emerging concerns from
various regulatory agencies have been voiced questioning the effectiveness of the conventional slurry wall.
Some of these concerns addressed the construction techniques and the type of backfill materials used in
the mix. In particular, improperly mixed slurry and backfill, collapse of trench during excavation or
backfill, long term desiccation of walls due to water table fluctuation, freeze thaw behavior, and chemical
compatibility of the wall to the liquids to be contained limit the effectiveness of conventional slurry walls.
Some waste constituents would attack and eventually filter through the walls, deeming them useless and
ineffective. This has lead to the development of various synthetic panel systems to be used either with or
without conventional slurry walls for improved containment and diversion of liquid flows when dealing
with chemical waste.

This paper focuses on the development of such a system. In particular, a recently patented subsurface
barrier wall system that has received agency approval and is currently in use as part of an ongoing Part
“B” corrective work program in Texas, will be explored. This paper will address the design,
manufacturing/fabrication, connection clean-out and inspection, grouting, installation methods, chemical
compatibility, barrier wall application, and laboratory testing of the system.

DESIGN

The use of High Density Polyethlyene (HDPE) geomembrane to contain lateral flowing liquids from
landfills and impoundments has been in existence for a number of years. The geomembrane sheets are
available in widths ranging from 4.5 to 9 meters (15 to 30 feet), and are thermally bonded by either an
extrusion or fusion process. The basic concept for the synthetic vertical barrier wall is the same as landfill
liners, in that it serves as a separator between the two areas. However, the main difference between the
two systems is that the HDPE vertical barrier wall panels are the “lock and key” type connection and the
use of a grout or hydrophilic gasket as a sealant. The patented barrier wall system uses grout as a sealant
which creates a more tortuous path for fluid migration. The installation of the synthetic vertical barrier
wall achieved by forming a trench, filling the trench with dense soil to form a primary barrier, inserting
the initial panel within the primary barrier to form a secondary barrier, inserting successive panels within
the primary barrier system, and finally grouting the interlocks.

The panel design for the connectors and sheets is illustrated by Figures 1 through 4 contained in the

Appendix. Figure 1 illustrates a fragmented view of the outer and inner connectors. The outer connector
is comprised of a HDPE pipe (typically 7.6 cm) having a slot lengthwise, a flap lengthwise and a bottom
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endcap. The inner connector consists of a smaller diameter pipe (typically 5 cm), a flap lengthwise and
perforated holes drilled at the bottom of the pipe as shown in Figure 1.

A modular panel consists of a 5 cm diameter inner connector, a 7.6 cm diameter outer connector, and a
precut HDPE shect. Figure 2 shows a schematic cross-section view of a modular panel, wherein a plastic
HDPE sheet (typically 100 mil thickness and 2.3 meter wide) has the inner connector (5 cm diameter
pipe) attached at one end and the outer connector (7.6 cm diameter pipe) attached to the other end. The
inner and the outer connectors are bonded to the HDPE sheet by an extrusion process. A modular panel is
connected to the adjacent modular panel by inserting the inner connector of one panel into the outer
connector of another connector through the slot as shown in Figure 3. One of the advantages of the
connection is its ability to make 90 degree turns, or any other oblique angle by simply changing the
location of the slot in the desired direction. Figure 4 illustrates two modular panels connected at a 90
degree alignment.

MANUFACTURING / FABRICATION

Depending upon service requirements, vertical barrier walls can be manufactured from most plastics. The
panel wall sheet is typically fabricated from standard 100 mil HDPE, and the HDPE connectors are
manufactured through an extrusion die process. The unique design of the pipe connector and flap
assembly is very adaptable to panel assembly. The male and female connections are cut to length, end
caps secured to the outer tube, and clean-out and grouting holes installed on the bottom of the inner tube.
Panel sheets are then aligned and welded to the flap connection. Holes are then placed in the bottom of the
panel and brackets placed onto the end of the connection tubes to provide attachments for installation of
the panel. Once assembled, the welded seams are tested for leaks in accordance with the project
specifications. These panels can either be fabricated under shop or field conditions depending upon
project needs.

CONNECTION CLEAN-OUT, INSPECTION & GROUTING, CLEAN-OUT /INSPECTION

The tubular design of the connection allows for thorough clean-out and ongoing inspection of the
connection during installation of the system. This is accomplished by inserting an inflatable packer and
pipe assembly into the inner pipe creating a water tight seal. As shown in Figure 3, water is pumped
through the connection flushing out any materials that may have entered during panel installation. This
flush-out process is continued until all the solid material is removed from the connection and washwater

appears clear.

GROUTING

Following clean-out of the connection, the preferred grout material is pumped into the connection
utilizing the same procedure as described for the clean-out of the connection. Both a cement based non-
shrink grout and a three-component epoxy grout were tested, exhibiting excellent strength and
permeability properties. The test procedures for permeability were set up to mimic the actual field
conditions and are described in detail under the “Laboratory Testing” section of this paper.

INSTALLATION METHODS

A unique aspect of the system is its utilization of a vibratory insertion plate. The insertion plate is
fabricated from 1.9 cm carbon steel plate and light weight I-beams and angle iron (see Figure 5) and it
can be designed to fit most panel widths and lengths. Its unique pipe bracket design cradles and secures
the two connectors and panel membrane, preventing possible damage to the panel during installation.
The geomembrane is fixed at its base with 1.9 cm diameter carbon steel pins or dowels protruding from
the bottom of the plate. A vibratory driver, (ICE Model 416) supported by a crane, is attached to the top
of the insertion plate and used to vibrate the entire assembly into the slurry supported trench. The
insertion plate is then removed leaving the geomembrane panel in place. The plate has been prepared to
provide a slick surface for easy separation during the removal phase of the operation. In addition, the
insertion plate is fitted with high pressure water discharge nozzles to further facilitate its removal
following placement of the panel. Subsequent panels are then inserted through the slot of the outer pipe
of the preceding panel in place, creating a continuous barrier wall.
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CHEMICAL COMPATIBILITY

Prior to specifying panel materials and grouts, compatibility studies, in accordance with the EPA Test
Methods 9090, and 9100 should be conducted respectively, using site specific wastes and/or leachates that
will come into intimate contact with the panel wall system. Material selection for the modular panels and
connections should be based on these waste-to-liner compatibility test results. Both the panel and
connection members are made from the same base resin materials. High Density Polyethylene (HDPE)
geomembrane materials were chosen for our project located in Deer Park, Texas due to their superior
properties against chemical exposure, resistance to water vapor transport, and semi-crystalline plastic
make-up which makes it resistant to chemical permeation.

BARRIER WALL APPLICATION

Barrier walls containing geomembranes are an excellent choice in any application where the flow of water
or other liquids is to be controlled. There are many different types of applications for vertical barrier
walls. The Department of Energy (DOE) and the Environmental Protection Agency (EPA) are presently
investigating the feasibility of using barrier walls as part of their final closure of many contaminated sites.
The effectiveness of slursy walls in all applications is dependent upon the configurations and depth as well
as the associated remedial measures (such as groundwater pumping) applied in conjunction with the
barrier wall at a particular site. The site conditions that determine both configuration and associated
remedial measures include setting, both geologic and geographic waste characteristics, and the nature of
the environmental problems existing at the site. The configurations refer to the positioning of the barrier
wall with respect to the source of contamination and groundwater flow characteristics. The three most
widely used configurations are: circumferential wall placement, upgradient wall placement, and
downgradient wall placement. A circumferential wall is used to completely isolate waste within a site by
placing the barrier wall all the way around the waste. A surface barrier layer (cap) is often used in
conjunction with the barrier walls in order to greatly reduce the amount of leachate generated within a
site. An upgradient wall is placed on the groundwater source side of a waste site. This type of placement
can be used where there is a relatively steep gradient across the site, to divert uncontaminated
groundwater around the waste. Drainage and diversion structures are likely to be needed to successfully
alter the flow of clean groundwater. A downgradient wall is placed at a waste site on the side opposite the
groundwater source. The application does nothing to limit the groundwater form entering the site and
therefore, is only used in situations such as drainage dividers, where there is limited groundwater flow
from upgradient. It should be noted that this positioning does not reduce the amount of leachate being
generated, but acts as a barrier to contain the leachate so it can be recovered for treatment. The barrier
walls are “keyed” into a low permeability formation below the aquifer in order to contain contaminants
that mix or sink to the bottom of the aquifer. In some applications, the barrier wall is used in conjunction
with groundwater pumping, surface and subsurface collection, surface sealing, and vapor extraction. The
type of remedial measures depends upon site specific conditions.

LABORATORY TESTING

One of the most important properties for barrier walls is low permeability to liquids. There have been
hundreds of chemical compatibility tests performed using EPA 9090 test method on HDPE sheets with a
variety of municipal and hazardous leachates without a single failure. In fact, it is the author’s opinion
that the compatibility of HDPE against chemicals is well documented as an efficacious method of
containment. Due to the dearth of information, it was imperative to investigate the strength and
permeation resistance of the patented interlocks. Laboratory testing of the HDPE interlock connections
was performed by a qualified independent testing laboratory to evaluate the tensile property (pull-out) and
the hydraulic conductivity of the grouted connection. The test procedures for both the tensile and the
permeability (hydraulic conductivity) tests are summarized in the following sections.
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Tensile test: The purpose of the tensile test was to determine the force required to pullout the 2 inch
inner pipe from the 3 inch outer pipe. The test results obtained were used to make an evaluation of
whether the connections could withstand longitudinal forces during the panel insertion and normal
operational life of the system. It was monitored and proven during actual panel installation and laboratory
testing that the transverse forces experienced by the modular panels during installation will be minimal
due to controlled downward movement of the insertion plate, additional spacing provided by the annular
space in the connectors, flexibility of the panel connector, and increased sliding motion created by the
tubular design of the connectors. The tensile test procedures for assessing the strength of the connections
required drilling 1 cm diameter holes at 5 cm centers on both the 5 and 7.6 cm HDPE flap. Two pieces of
3.8 cm angle iron with similar hole pattern was mounted to each side of the HDPE flap to securely clamp
the flap. A 15 cm square tube with a longitudinal slit was fabricated as an attachment device to simply
mount the angle iron to the upper and the lower platen of the testing apparatus. A calibrated testing
machine was used with the loading range set appropriately to achieve one percent accuracy of the
indicated load. Load was then applied continuously without shock at a rate of 0.63 cm per minute until
failure. A total of six specimens with length ranging from 5 to 32 cm were tested. The test results are
summarized in the following table.

TABLE 1. TENSILE TEST RESULTS

SAMPLE NO i SAMPLE LENGTH | MAXIMUM LOAD : MAX. LOAD PER UNIT LENGTH
1 31.75 cm (12.57) 291 kg (640 Ib) 916 kg/m (614 1b/fi)
2 4.83 cm (1.90™) 36.4 kg (80 Ib) 754 kg/m (505 1b/ft)
3 5.38 cm (2.127) 43.6 kg (96 1b) 810 kg/m (543 1b/ft)
4 5.16 cm (2.03™) 41.8 kg (92 Ib) 810 kg/m (544 1b/ft)
5 29.08 cm (11.45™) 277.3 kg (610 Ib) 954 kg/m (639 1b/ft)
6 29.01 cm (11.42) 300.0 kg (660 1b) 1034 kg/m (694 1b/ft)

AVERAGE: 880 kg/m (590 Ib/ft)

Since the combined weight of the insertion plate and the HDPE panel is lower than the pullout capacity of
the interlock (880 kg/m) it is unlikely that the HDPE interlock connection will be separated by the force
induced by installation process. The grouting technique requires that the grout be pumped inside the 5 cm
pipe then allowed to flow up through the annulus between the 5 and 7.6 cm pipe and overflow at the
surface. If the HDPE interlocking connection were to separate during the installation process in an
extremely unlikely event, it will obviously be detected during the grouting operation since grout will be
lost in the formation and will not fill the 5 cm by 7.6 cm annulus .

Hydraulic Conductivity Test: The hydraulic conductivity tests were performed on the grouted HDPE
interlock connections to assess the permeation resistance of the interlock. Special testing procedures and
conditions were developed and monitored by qualified independent consultants. A total of five different
grout products were tested to evaluate shrinkage and permeability characteristics. The trial mix grout
batch proportions are summarized as follows: (a) Bentonite clay grout-Puregold, (b) Cement based
nonshrink grout-Euclid, (c) Cement based nonshrink, nonmetallic grout- Five Star Grout, (d) Three-
component epoxy grout - Brutem MP, (¢) 50% bentonite with 50% Five Star grout and, (f) 75%
bentonite with 25% Five Star grout. All grout batches were mixed and placed strictly in accordance with
manufacturer recommendations. In order for the grout to fill the 5 cmX7.6 cm annulus, 1.27 cm diameter
holes were drilled at the bottom 5 cm of the inner pipe and an end cap was welded to the bottom of the 7.6
cm pipe. Subsequently, a 10 cm diameter half round pipe was welded to the flap of 5 cm and 7.6 cm
pipe. The top and the bottom of the 10 cm half round pipe was closed with 250 mil HDPE liner by
extrusion process to create a water tight chamber (sce Figure 6). A water inlet one-way valve and an air
outlet valve were installed on the side of the water pressure chamber. An inflatable donut shaped packer
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was inserted at the top of the 5 cm pipe in order to create a seal for pressure grouting. Grout was then
pumped into the bottom of the 5 cm pipe until it filled the 5 cm pipe and the annulus between the 5 and
7.6 cm pipes completely and overflowed from the top. The grout was allowed to cure for 7 days at room
temperature prior to the hydraulic testing. The sample was allowed to saturate for at least 24 hours at
34.5 kpa pressure. The tests were performed utilizing gradients which consisted of an equivalent hydraulic
head of 34.5, 69, and 138 kpa. The tests were started at 34.5 kpa and the permeant volume versus time
measurements were recorded and the hydraulic conductivity of the test specimen was determined. Once
the steady state flow was established, the hydraulic head was increased to an equivalent of 69 and 138 psi
and the volume versus time measurement was repeated. At the conclusion of the permeability tests, the
samples were cut for post test inspection.

Based upon inspection and test results, it appears that Five Star nonshrink grout and the three component
epoxy grout- Brutem MP exhibited very low permeabilities. In fact, the epoxy grout did not have any flow
through the samples after 10 days of tests under 123 kpa of head pressure. The pure bentonite also
exhibited low permeability at head pressure less than 34.5 kpa, however, pure bentonite squeezed out of
the connection through the slot at a higher pressure. The grout/bentonite mixture exhibited average
permeability values of 1.7X10EE-6 cm/sec but did not meet our target values 1X10EE-7 cm/sec.
Therefore, a cement based grout or epoxy should be used for head pressure higher than 35 kpa.

CONCLUSION

The potential for conventional slurry wall failures resulting from the incompatibility of clay backfill to
certain known chemicals and the lack of construction quality control support the use of secondary wall
containment systems. HDPE geomembranes have been used in long term buried applications for years
and as bottom liners for landfill applications. Now the technology is available to achieve the same degree
of safety, impermeability, and compatibility in a vertical orientation. The geomembrane panel system
inserted into the conventional slurry trench and joined side by side by interlocking mechanisms, provides
an effective barrier against fluid migration.

There are many known contaminated sites existing throughout the world. Currently the DOE and the
EPA are searching for new technologies for the long-term containment of hazardous waste sites. It is the

opinion of this author that the geomembrane vertical barrier wall is an innovative technology that
provides a viable and superior alternative for waste containment
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VERTICAL CUT-OFF WALLS FOR THE CONTAINMENT
- OF CONTAMINATED GROUND

Hans L. Jessberger', Klaus Krubasik?, R.A. Beine®

ABSTRACT

Vertical cut-off walls are widely used for the containment of contaminated sites, where a capping
system is not sufficient for the protection of groundwater. Various types of cut-off walls are
introduced and new developments are prescribed. Design and testing principles are outlined.

1. INTRODUCTION

Containment techniques are the appropriate measure for old landfills and abandoned industrial
sites with contaminated ground and groundwater, too, since the shortage of financial resources in
many countries classifies clean-up techniques as too cost intensive in most cases.

The most often used containment techniques are capping systems, which prevent rainwater from
penetrating the contaminated portion. These systems may not be sufficient, if:

— there is a groundwater flow through the contaminated portion;

— pollutants above the groundwater level are mobilized in the future,

— volatile contaminants migrate in the unsaturated strata.

In these cases the source of contamination has to be enclosed with a vertical barrier.
Furthermore such a barrier may be used in the case of

— seepage water from layered strata,

— when a demarcation for hydraulic measures or in situ clean -up actions is needed.

The vertical barrier (cut-off- wall). cuts off the path between source of emission and the target of
impact. In most cases it is imbedded in an impermeable stratum of the soil profile. Inside the
enclosure by a cut-off wall, the water table is lowered to remove the contaminated body from the
water saturated zone and to create a hydraulic potential towards the enclosure. In combination
with a capping system, the lowering of the groundwater level within the enclosure leads to
desiccation of the contaminated body and will eventually stop the production of contaminated
leachate. Such cut-off walls have been used often recently in geotechnical and water-
engineering practice as well as in remediation actions.

2. CUT-OFF WALLS

Cut-off walls can be constructed using various foundation engineering processes. A distinction is
made between cut-off walls constructed by excavating the soil and those constructed by soil
displacement. Fig.-1 gives a summary of the methods. The designer should bear in mind that
with certain methods, excavated contaminated material and/or displaced temporary suspensions
-(two-phase methods) will need to be disposed off. In the case of sheet pile walls there is no
excavated material. In the-case of narrow walls, small-excess quantities of the sealing material
arise. With grout curtain walls there are usually only small quantities of excavated material to be
disposed off; in the case of bored pile walls and dlaphragm walls the excavated soil and the
supporting fluid must be disposed off.

1Ruhr—Umversn’(y Bochum, PB 102 148, D - 44801 Bochum, 49 234 700 -6135
Bllﬁnger+ Berger, Bau AG, Carl-ReiB-Platz 1-5, D - 68165 Mannheim, 49 621 459-1
Jessberger + Partner, Consultants, Am Umweltpark 5, D - 44793 Bochum, 49 234 68 775-0
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In principle, the cut-off wall material has to be defined separately for each application in
preliminary tests, taking account of the soil and groundwater composition and of the leachate.
Suitability studies must be undertaken in advance to examine the influence of additives and to
evaluate them during the course of construction. The long-term resistance of the cut-off wall
depends on the thickness and distribution of the components within the wall as well as on the
cut-off wall material selected. Even where similar materials are used (with the same attainable
material permeabilities), different cut-off wall systems can achieve different system
permeabilities. For example, because of their higher proportion of joints, bored pile walls have a
greater system permeability than diaphragm walls.

in most cases cut-off walls will be designed to key into a continuous and sufficiently thick
underlying low permeable stratum at such a depth that an adequate seal is guaranteed. The
keying depth has to be specified in the design depending on the method and the foundation
conditions. The cut-off walls may be used in conjunction with hydraulic head control measures.

Diaphragm walls are generally the most appropriate method for surrounding landfills or
contaminated sites. Moreover they allow a more precise identification of the strata encountered.
So this paper concentrates on this type of cut-off walls, taking into account thin walls, too.
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e mtbod 007 | et Sperion ot
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permeabifty of Groat curtain 10000000000 trjectable Soils cement, SUsP.
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Fig. 1: Cut-off wall systems (GLR 1993)

3. CUT-OFF DIAPHRAGM WALLS

Diaphragm walls, which can be constructed using the one-phase or the two-phase method, are a
succession of primary and secondary panels. Panels can be constructed:

- by a single excavation unit;

- or, more commonly, by three excavation units (two primary and one secondary).

Additives are often mixed with the sealing wall material to improve flow behavior and as
retarding agents. Where these substances are used it is necessary to remember that such
sealing compounds tend to have higher precipitation values. It is therefore necessary to ensure
that the sealing compound is thoroughly mixed to reduce segregation and fiitrate water loss. it is
necessary to check that the additives used do not affect the stability of the mix.

3.1 One-phase Method

To ensure the continuity of one-phase cut-off walls, panels must be overlapped. The fluid sealing
compound is placed in the trench while excavation is still in progress and remains there after
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excavation is finished. During excavation the sealing compound has a supporting function and
after hardening it performs the sealing function. The suspension consists primarily of bentonite,
cement and water plus a filler and any additives. During excavation, some of the existing soil
may become incorporated, depending on the soil conditions. Depending on the soil permeability
and on the depth of the groundwater level, a filtrate water loss occurs, necessitating topping up
with the supporting suspension. The suspension is kept in constant motion, which prevents it
from stiffening as a result of the cement content. After excavation of the panel the suspension is
left undisturbed thus allowing it to harden.

3.2 Two-phase Method

Two-phase cut-off walls should preferably be constructed using the reciprocating rolling process.
The diaphragm is excavated under the protection of a bentonite slurry which serves as the
supporting suspension. The actual sealing compound is then introduced by the tremie method,
the displaced supporting suspension is pumped out, regenerated and reused. The sealing
compound sets in the trench and forms the cut-off wall. Formwork pipes are used on the face to
form the boundary of the primary panels. If the hardening behavior of the sealing compound so
permits, a pipe need not be used.

3.3 Composite Diaphragm Wall

A composite diaphragm wall is constructed using the one-phase method and incorporating
additional components in the sealing compound (fig. 2). This serves to reduce permeability and
increase long-term resistance, as well as improving mechanical behavior (e.g. in areas where
subsidence occurs). The additional sealing component material must be compatible with the
chemistry of the attacking media.

Special care is necessary in the construction of composite diaphragm walis. The objective of
including the maximum proportion of solid substance to guaraptee adequate strength and low
permeability must be balanced against the need to permit subsequent incorporation of the
additional sealing components.

Sealing components added to a diaphragm wall may consist of various materials such as HDPE
or sheet steel profiles.

T2 N1 —— 1

S A A T

Fig. 2: Construction of a composite diaphragm wall
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4. DESIGN

During excavation the trench stability includes two aspects:
— the stability of the soil grains at the walls of the trench,
— the overall stability of the excavation.

The main factors affecting the stability which can be controlled during the execution are:

— the properties of the supporting suspension and its level,

- the length of the panels,

—~ the time during which the trench is left open with respect to changes in soil and groundwater
conditions.

The stability of the trench shall be determined on the basis of stability calculations and trial
excavation on site, if there is no comparable experience.

The stability calculations shall take account of

— stabilizing forces,

— groundwater pressures,

— earth pressures out of the three-dimensional geometry,
— shear strength of the soil;

—~ adjacent loads.

The level of the supporting suspension shall always remain at least 1 m above the highest
groundwater level.

Special measures should be adopted in the cases of very soft, especially humus, and highly
permeable coarse soils.

The verticality of the panels can usually be held within 0.5 %.
Guide-walls are normally between 0,7 m and 1,5 m deep.

5. CUT-OFF WALL CONSTRUCTION

To excavate the trench for diaphragm walls, grab buckets with different dimensions in thickness
and length are used. Having a former width of 2,80 m, nowadays the standard width of an
excavation unit is 3,40 m with a thickness of 60, 80 or 120 cm. One-phase walls can be
constructed up to a depth of about 30 m and deeper at favorable conditions, limited by the time
the supporting suspension may be kept in motion and the output of the grab bucket within this
time, which may be between 8 and 36 hours, depending on the mixture of the suspension.

The cement-bentonite slurries used in the one-phase excavation of diaphragm walls must be
fluid enough to allow passage of the grab bucket. Contrary to pure bentonite slurries, however,
they do not form a very dense filtration cake on the trench walls. In permeable sands and gravels
they may lose much of their water content to the surrounding soil and increase their density with
time. With regard to mechanical stability and sealing characteristics of the material, this is
advantageous. However, at a certain depth and density of the slurry, excavation is halted
because the grabs are unable - despite their large weight - to penetrate further into the dense
slurry. Cases are known where specified trench depths in excess of 30 m could not be reached
or excavation tools were lost in the trench because the slurry became too dense through loss of
water to permeable surrounding ground.

Since water loss by the suspension is time-dependent, the trench has to be excavated as quickly
as possible. Faster excavation performance than with grabs is achieved with the diaphragm wall
cutter, which cuts the ground with two counter-tuming wheels studded with rolier bits. The
cuttings are continuously pumped out of the trench together with the suspension.
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In a separation plant all particles larger than fine sand are removed from the suspension, which
is then pumped back into the trench. Cement particles are much smaller than fine sand and
remain in the suspension.

Due to a greater output of the diaphragm wall cutter, in most soils a depth of about 50 m can
be reached using this method. Two-phase walls have been constructed to a depth of more than
100 m.

To construct a composite diaphragm wall sheets of synthetic liner (or sheet piles) are lowered
into the trench while the suspension is still sufficiently fluid.

To lower a liner into a trench filled with slurry, shear forces in the slurry, buoyancy of the liner
and frictional resistance in the locks have to be overcome. Special lowering devices are
therefore necessary. In first applications, sheets of liner were cut to length, fastened onto a
heavy steel frame and lowered into the trench. When the final position was reached, the frame
was detached from the liner and recuperated. Frame length and therefore wall depth was
determined by the boom configuration of the crane and limited to app. 20 m maximum. The
frame with its liner offers a large area of wind resistance and makes instaliment of the liner, even
in only slight winds, difficult.

These problems have been solved with a new technique for installing synthetic liners into sealing
walls. The custom-tailored sheet, 5,0 m wide and equipped on both sides with interlocks for
neighboring sheets, is rolled onto a drum. The drum is mounted on a mobile crawler unit which
can be positioned exactly at the point of placement (fig. 3). The diameter of the drum is large
enough to avoid permanent deformation of the locks. The interlock is threaded into the lock of
the neighboring sheet partition already in place. A crane-held guiding frame is connected to the
footing edge of the liner. As the frame is lowered into the slurry-filled excavation it unrolls the
liner from the drum and introduces it into its correct position. If necessary, extension sections can
be mounted onto the guiding frame during the lowering process. The depth of a sealing wall with
synthetic liner is therefore only restricted by the size and power of the crane which has to lift the
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Fig. 3: Schematic illustration of the equipment
a: grab bucket b: diaphragm wall cutter c: drum for placing a liner into a diaphragm wall
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frame out after placement of the liner. So far synthetic liners have been installed with this
technique up to a depth of 35 m. Interlocks between neighboring sections of liners form hollow
tubes which can be pumped dry after placement, controlled by camera and welded and/or filled
with an appropriate sealing material.

In 1993 the method was applied for the first time in the enclosure of the central waste disposal of
Hiinxe in Germany, where a composite diaphragm wall was constructed with a length of 950 m
and a maximum depth of 35 m. Total wall area was 30.000 m?. The cut-off wall was excavated in
day and night shifts from both ends simuitaneously. One drum unit was able to keep up with

excavation by placing up to 6 liner widths per day.

6. TESTING AND QUALITY ASSURANCE

The suitability of mineral sealing compounds must be demonstrated in each individual case by
suitability tests. These must be undertaken only by laboratories with the appropriate equipment
and expertise. As a general rule, the following should be determined:

— composition and characteristics of the individual components of the mix;

— characteristics of the fresh sealing compound;

— workability and solidification behavior of the sealing compound;

— strength and stress deformation behavior of the hardened sealing compound;

- permeability of the hardened sealing compound;

— unit mass and water content;

— physico-chemical properties related to specific requirements.

Permeability decreases and uniaxial compressive strength increases during hardening of the
one-phase or two-phase sealing compound. (Fratalocchi et al. 1996) found that the development
of the permeability k of cement-bentonite sluries can be expressed by

k(t) = ko (tito) >
ko: permeability at time t, (usually 28 days)
o = reduction coefficient

To ensure the quality of the cut-off wall, initial tests and tests during construction must be
performed, set out in (GLR 1993).

Examples of mixes for different types of walls are given in fig. 4. For one-phase walls ready
mixed construction materials are widely used that obtain very good resuits, need no time for

swelling of bentonite, and spare one mixing unit, too. For two-phase walls sealing compounds
were developed with high density and resistance against pollutant attack.

A monitoring program on a one-phase cut-off wall around a hazardous waste disposal site built in
the late 70's proved the reliability of the sealing, though it was one of the first cut-off walls in
highly aggressive surroundings and had the low standard of that stage of development, in terms
of permeability 107 m/s.
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One-Phase Wall Two-Phase Wall Thin Wall
cement-free with cement and
adsomption capacity
(%) (%) (%) (%)
bentonite (Na) 35 (Ca) 145 silicone reagent® 10 cement 10 bentonite 15
cement 175 125 sand and gravel 75 powdered clay 41 cement 105
water 79 73 powdered clay 13 coal fly ash 6 rock flour 49
fly ash (filler) 2 additives 03 water 39
*incl. water water 427
density 1,150 kg/m® 2,200 kg/m? 1,575 kg/m® 1,640 kg/m®
permeability 10°:10" mis 10"+ 10" m/s 10" mvs 10%+10° mss
(i. laborat.)
water/solid- 37 27 0.11 0.75 0.64
ratio
sitefyear many Breitscheid / 1992 Malsch / 1994 many

Fig. 4. Examples of compounds for different types of walls

7. COSTS

The different types of cut-off walls meet different requirements and have different costs. A rough
overview is presented in the following, giving a price factor related to a one-phase wall.

Type of cut-off wall factor
one-phase wall, 60 cm thick 1.0
two-phase wall with plastic concrete 1.4
two-phase wall with cement free sealing 3.3
one-phase wall with HDPE liner 1.6
one-phase wall with sheet piles 2.

thin wall 0.44
double thin wall as chamber system 0.9

The price for a 15 m deep one-phase wall is about 140 DM/m?. Site specific costs relating to
worker safety, disposal of excavated soil, loss of slurry, details of top of the wall etc. have to be
considered.

8. SUMMARY AND CONCLUSIONS

Cut-off walls for providing containment have been used for 20 years and on many sites in
Europe and out of Europe and have developed a high standard. For nearly all requirements a
suitable cut-off wall can be designed and constructed. More testing and monitoring, however,
should be done to get a better understanding of the interaction between pollutants and cut-off
wall materials.
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VALUE ENGINEERING STUDY FOR SELECTION OF VERTICAL
BARRIER TECHNOLOGY AT A SUPERFUND SITE

E. E. Bryan', J. L. Guglielmetti?, P. B. Butler® and M. P. Brill*
Abstract

A value engineering (VE) study was conducted to identify and evaluate vertical barrier
technologies and alignments for a Superfund project in New Castle County, Delaware. The
objective was to select and recommend the most appropriate verticai barrier(s) for two separate
landfills and a portion of the manufacturing plant on the site. A VE team was assembled to
identify and evaluate site specific issues related to effectiveness, constructability and cost for
numerous vertical barrier technologies. Several cost-effective altermatives were identified that
met project objectives. The VE study concluded that a composite vertical barrier system
consisting of a soil-bentonite slurry trench and steel sheet piles would provide effective
containment of the North Landfill. Additionally, the geologic confining unit specified in the
Record of Decision (ROD) was found to be unsuitable as a vertical barrier key and a more
suitable, shallow confining unit was discovered. This paper describes the value engineering
process and resuits of the VE study for one of the landfills.

Introduction

The Newport Superfund site encompasses approximately 486,000 square meters (120 acres) in
northern New Castle County, Delaware. Figure 1 shows a plan view of the site. The site
includes an operations area consisting of portions of two chemical manufacturing plants, two
inactive landfills, and adjacent wetlands and upland forested areas. The site is bisected by the
Christina River. The North Landfill is bordered by the manufacturing areas on the north and
east, by a drainage way and wetlands on the west, and by the Christina River on the south.

Figure 1 Plan View of Site

O

The site has historically been used for the manufacture of organic and inorganic chemicals
including pigments, nickel, high-purity silicon, and chromium dioxide. In 1988, the owners
entered into an Administrative Consent Order (ACO) with the Environmental Protection Agency
(EPA) to complete investigations for the site in accordance with the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA) and Superfund

! DuPont Environmental Remediation Services, Barley Mill Plaza 27, P.O. Box 80027, Wilmington, Delaware
19880-0027, (302) 892-7420, bryanee@csoc.dnet.dupont.com

2 DuPont Environmental Remediation Services, Barley Mill Plaza 27, P.O. Box 80027, Wilmington, Delaware
19880-0027, (302) 992-6806

3 DuPont Environmental Remediation Services, Barley Mill Plaza 27, P.O. Box 80027, Wilmington, Delaware
19880-0027, (302) 992-5978

4 DuPont Environmental Remediation Services, Barley Mill Plaza 27, P.O. Box 80027, Wilmington, Delaware
19880-0027, (302) 892-7576

118



Amendments and Reauthorization Act (SARA). The site was included on the National Priorities
List (NPL) in early 1990. A remedial investigation and feasibility study (RI/FS) was conducted in
three phases between August 1988 and August 1992. In August 1993, a Record of Decision
(ROD) specifying the remedial actions to take place at the site was issued.

A value engineering (VE) study was conducted for the North Landfill as part of the remedial
actions identified in the ROD. The objective of the VE study was to select and recommend the
most appropriate vertical barrier(s) and alignment for the North Landfill area of the site.

Value Engineering Overview

Value engineering is a systematic, multidisciplined approach designed to select the most cost-
effective implementation of remedies that are also protective of human health and the
environment. Value engineering entails evaluating and selecting alternate materials, processes,
and construction methods. The VE process is comprised of the following five-phase program:

o Gather information
Value engineering workshop
Evaluate VE workshop results

Field investigations and economic evaluation
Presentation of conclusions and recommendations

The VE team researched and gathered information on the past operations and regulatory history
of the site, site surface and subsurface conditions, and vertical barrier technologies. The VE
team also held internal meetings to identify key issues concerning alignment, extent of waste,
connections with existing structures, space constraints, and the long-term suitability of in place
structures. The VE workshop was then planned.

A two-day VE workshop was held at the site. The workshop was attended by agency
representatives, design and construction consultants, owners, health and safety representatives,
the project team, and meeting facilitators. The VE workshop provided project background
information to all of the participants, generated creative discussion of key issues and vertical
barrier technologies identified during the information gathering phase, and organized the ideas
generated during the workshop into a usable form for evaluation. A site tour was also conducted
as part of the workshop. ,

The ideas developed from the value engineering workshop were evaluated and additional
information needed to complete the evaluation process was identified. The selected vertical
barrier technologies and alignments were narrowed down based on the criteria of effectiveness,
implementability, and cost. .

Field investigations were performed to gather the additional information and data needs
identified. Soil borings were taken along the southem berm of the North Landfill in order to
characterize the berm and underlying geological strata. A radiological survey and thorium
migration assessment was conducted to locate and predict the effects of thorium waste on the
selected barrier technology. Cross sections of the riverbank area, including the river and its
north and south banks, were developed and evaluated to identify areas of extreme grade and
possible stability problems. After the additional information was gathered, an economic
evaluation was performed and each of the alternatives were evaluated against the requirements
of the ROD.

A report presenting the VE team’s recommendations for the most cost-effective, vertical barrier
technologies and alignment that met the ROD performance standards while protecting human

health and the environment was prepared and submitted to the U.S. Environmental Protection
Agency (EPA). This report also identified predesign investigations for the recommended
technologies and alignment.
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Project Issues

Several key issues affecting the selection of vertical barrier technologies were identified prior to
and throughout the VE study. One of the primary objectives of the VE study was to select the
most appropriate alignment for the vertical barrier. Vertical barrier alignments along the top of
the river bank and along the toe of the river bank were evaluated based on the issues identified.

A number of concerns centered around the waste contained within the landfill. The location of
radioactive thorium waste reported to be contained along the southern berm of the landfill was of
special concern. In addition to health and safety concems associated with the thorium waste,
ensuring that the thorium would be fully contained, would not be released to the environment
during construction, and would not decrease the effectiveness of the selected vertical barrier
needed to be considered. Other waste issues included constructability of vertical barriers
through large debris located within the landfill berms, management of excavated materials, and
the need to contain the waste on the berm slope.

The landfill slopes along the river bank and the drainage way on the west side of the landfill also
presented several challenges in selecting a technology and alignment. These issues included
health and safety concemns during construction, constructability along steep grades, the presence
of exposed waste along the slopes, and the destruction of natural habitat on the slopes.

Construction of a vertical barrier along the river would necessitate the implementation of health
and safety procedures associated with work on and around water. Increased sediment and
erosion controls would be required during construction aiong the toe of the river bank. Likewise,
tidal fluctuations, fast river velocities, flooding and other weather related issues would need to be
addressed.

Other issues identified throughout the VE study included evaluating groundwater containment
using pump and treat methods versus a deeper vertical barrier, methods of tying the vertical

barrier into an existing steel sheet pile barrier on the eastem side of the iandfill, and the longevity
of technologies.

Value Engineering Workshop

During the VE workshop, each technology was given a relative rating for effectiveness and
implementability, and unit cost ranges for installation were given for each technology. The
effectiveness criterion was characterized by the ability to be protective of human health and the
environment, meet the ROD objectives, reliability and durability, and the amount of waste
contained.  Construction difficulties, short-term health and safety concems, short-term
environmental impacts, and the ability to monitor the construction and effectiveness of the
technology were identified in the implementability criterion. During this evaluation process, the
criterion of effectiveness was given the highest weighting.

Each technology was rated as either high, medium, or low for the effectiveness criteria and easy,
moderate, or difficult for the implementability criteria. A high effectiveness rating represented a
technology that met all, or nearly all, of the ROD performance standards, had proven reliability
and durability, and contained all, or nearly all of the waste. Conversely, a low effectiveness
rating represented a technology that met few of the ROD performance standards, was not a
reliable, durable, or proven technology, and would not effectively contain all of the waste.
Similarly, a technology eaming an easy rating for implementability would present few or no
construction difficulties, short-term health and safety concemns, or short-term environmental
impacts and its construction and long-term effectiveness could be easily monitored. On the
other hand, a technology with a difficult implementability rating would be extremely difficult or
dangerous to construct, would have severe or potentially severe short-term environmental
impacts, and could not be easily monitored during construction or for long-term effectiveness.

The following technologies were evaluated during the VE workshop:
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Soil-Bentonite (SB) Slurry Trench
Cement-Bentonite (CB) Slurry Trench
Steel Sheet Piling

Deep Soil Mixing

Geomembrane - Vibrating Insertion Plate
Geomembrane - Trench Installation

Cement-Bentonite - Panel Construction
Plastic Sheet Pile - Driven
Cement-Bentonite - Beam Injection

Jet Grouting

Permeation Grouting

Of the technologies evaluated, the SB slurry trench, steel sheet piling, and the geomembrane
trench installation had high effectiveness ratings. These technologies were also easy or
moderately easy to implement. Cement-bentonite panel construction, jet grouting, and
permeation grouting were also easily implemented, however, they were less effective than the
SB slurry trench, steel sheet piling, and geomembrane trench.

Advantages of the SB slurry trench include the capability of accurately controlling the
specification of the backfill and being able to monitor the entire excavation depth. However,
installation of a SB slurry trench would require disposal of excavated material and transition
down slopes would be difficuit. Trench stability problems may also be encountered during
installation. Installation of SB slurry trenches ranges between $86 and $129 per square meter
($8 and $12 per square foot).

Advantages of the steel sheet piling include the potential to grout the sheet interlocks to reduce
permeability, and the option to coat or treat the steel to increase longevity. Installation of steel
sheet piles is non-intrusive, thus reducing health and safety concems and decreasing
environmental impact. Construction difficulties would include relocation of the sheet pile wall
around, or excavation and disposal of iarge obstructions encountered along the wall alignment.
Steel sheet pile installation costs range between $215 and $322 per square meter ($20 and $30
per square foot).

Similar to the SB slurry trench, the geomembrane trench could be monitored throughout the
entire excavation depth. Likewise, the disposal of excavated material, trench stability, and
difficult transition down slopes would apply to geomembrane trench installation. In addition,
undetected damage to the geomembrane during trench backfilling would decrease the
effectiveness of the vertical barrier. Geomembrane instailation in a trench ranges between $129
and $172 per square meter ($12 and $16 per square foot).

The VE team reviewed the ratings for each technology to narrow the number of technologies that
warranted further consideration. Separate vertical barrier alignments along the toe of the river
bank and on the top of the landfill were discussed.

After evaluating the information generated at the VE workshop, the team concluded that a
composite barrier was the most cost-effective approach. A composite barrier system includes
two or more vertical barrier technologies. This conclusion allowed the team to narrow the
choices for further evaluation to three options.

Option 1 (shown in Figure 2) consisted of a vertical barrier system approximately 671 meters
(2,200 ft) long consisting of approximately 610 meters (2,000 ft.) of SB slumry trench and 61
meters (200 fi.) of steel sheet piling. The SB slurry trench would be installed through the landfill
berm at the top of the river bank extending from west of the existing sheet pile barrier on the
eastern side of the landfill to the drainage way on the west side. Steel sheet piling would
connect the existing sheet pile barrier to the SB slurry trench at the east end of the landfill. Steel
sheet piling would also be used to traverse the slope from the top of the river bank to the
drainage way along the west end of the landfill. The SB slurry trench would then continue north
along the drainage way and around the northwest corner of the landfill.

Option 2 consisted of a SB slurry trench installed along the toe of the river bank from the existing
sheet pile barrier to the drainage way and continuing north along the drainage way and around
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the northwest corner of the landfill as in the previous option. A berm would be constructed at the
toe of the riverbank to facilitate construction of the SB slurry trench along this alignment. Short

lengths of steel sheet piling would be used to tie the existing sheet pile barrier into the SB slurry
trench.

Option 3 consisted of steel sheet pilling along the toe of the riverbank from the existing sheet
pile barrier to the drainage way. A SB slurmry trench would then be installed northward along the
drainage way and around the northwest corner of the landfill similarly to Option 1.

omposite Barrier Option
\~ﬁ\" P ) ‘“.::"
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Additional Investigations

The VE workshop and subsequent evaluation of the technologies identified the following
additional information and data needs.

e Better characterization of the southern berm of the North Landfill and the subsurface
conditions below the berm down to the first Potomac unit.

« Location of the thorium waste and potential effects on effectiveness of selected technologies.

o The grade and stability of the north bank of the Christina River.

« Suitability of stratigraphic unit at the base of the Columbia formation for vertical barrier key.

Field investigations including soil borings, radiological survey and thorium migration assessment,
geotechnical testing, and a hydrogeological investigation were performed to gather this
additional information. Cross sections of the river bank area including the river were also
developed and evaluated to identify areas of extreme grade and possible stability problems.

The Coastal Plain stratigraphic units found beneath the North Landfill (Figure 3) are part of three
geologic formations which are found consistently throughout the entire site. The first
stratigraphic unit encountered by the VE borings was found to be horizontally continuous under
the waste material of the North Landfill and has a sufficient thickness and low permeability to
serve as a key for a vertical barrier. This unit is classified as a Holocene or Recent age (less
than 1 million years ago) clayey silt. The clayey silt stratum ranges in thickness from 2.1 meters
(7 ft.) to 3.8 meters (12.5 ft.). The unit has an average thickness of approximately 3 meters (10
ft.). All of the VE soil borings and previous borings from the RI/FS encountered the clayey silt
unit. The base elevation of the upper clayey silt fayer is fairly consistent. The clayey silt is a
marsh deposit that is believed to have formed in association with the ancient flood piain of the
Christina River.

The second stratigraphic unit is the Pleistocene age (1 to 2 million years ago) silts, sands and

gravels of the Columbia formation. The VE soil borings showed that the lithology of this unit
extends from the bottom (i.e. end) of the clayey silt, at approximately 6.7 meters (22 ft.) below
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ground surface (BGS), to approximately the start of the Potomac unit, around 24.5 meters (80
ft.) BGS.

The third stratigraphic unit is part of the Cretaceous age (65 to 135 million years ago) Potomac
formation characterized by a mixture of variegated red, gray, purple, yellow and white, frequently
lignitic silts and clays containing interbedded white, gray and rust-brown fine to coarse quartz
sands and gravels. Because of this interbedding with sands, the permeability of the Potomac
“clay” unit found at the base of the Columbia formation is two orders of magnitude higher than
the permeability of the upper clayey siit stratum. The average permeability of the first Potomac
formation unit is 3.32 x 107 m/s and the average permeability of the upper clayey silt confining
unit is 3.13 x 10° my/s. Additionally, this first Potomac formation is not continuous and does not
provide an effective vertical barrier key.

Figure 3 Typical Geologic Cross-Section
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One of the primary concems for the vertical barrier alignment at the top of the landfill berm was
disturbing the buried nickel bearing thorium oxide waste material during barrier construction.
The exact location of the thorium waste relative to the landfill berm was unknown. A radiological
survey in and around the soil borings was conducted and concluded that there is no thorium
within 1.5 meters (5 ft.) horizontally of the VE soil borings. Based on the VE radiological survey,
it was concluded that the construction of the vertical barrier through the landfill berm would in no
way adversely effect the buried thorium waste material. A thorium migration assessment was
conducted to evaluate the effectiveness of a SB slurry trench versus a SB slurry trench
embedded with a geomembrane in containing the thorium waste. Modeling showed that because
of the extremely low solubility of thorium oxide, as well as the natural sorptive properties of soil
and bentonite, thorium would be contained for more than a million years by a SB slumry trench
alone. The addition of a geomembrane would increase cost, present additional construction
difficulties, and would not provide additional protection nor achieve permanent containment of
the thorium.

The ROD stipulated that “A physical barrier wall (an actual wall that limits migration of
groundwater to the maximum extent practicable) shall be constructed to extend from the ground
surface to the base of the Columbia aquifer keying into the aquitard which separates the
Columbia aquifer and the Potomac aquifer”. Based on the findings of the VE field investigation,
a vertical barrier extended into the upper clayey silt (with fill zone groundwater extraction), will
effectively prevent migration of contaminated shallow groundwater into the Christina River.
However, for containment of the underlying Columbia formation groundwater, the effectiveness
of the Potomac unit as a vertical barrier key is questionable because it is not continuous and
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exhibits a much higher permeability than the upper clayey silt stratum. Therefore, a deeper
vertical barrier to limit Columbia formation groundwater migration to the Christina River may not
be effective. Hydraulic containment of this Columbia formation groundwater, using pumping
wells, is a more cost-effective method for controlling the movement of this groundwater than a
vertical barrier.

Economic Evaluation

An economic evaluation was performed to compare the various technology and alignment
options. Based on the VE field investigation findings, shallow and deep barriers keying into the
upper clayey silt stratum and first Potomac unit, respectively, were evaluated based on
engineering and construction costs. Pumping costs, with or without a vertical barrier to the base
of the Columbia Formation, are considered a cost-neutral issue and are not included in this
economic evaluation. A summary of estimated costs for each option is presented below.

Estimated Cost

#1 - Soil Bentonite Trench - $700,000 $2,300,000
Through Landfill Berm .
#2 - Soil Bentonite Trench - $800,000 $2,400,000
Along Toe of Riverbank
#3 - Steel Sheet Piles - $1,700,000 $4,100,000
Along Toe of Riverbank

The above cost estimates include construction, contingency, and engineering costs, but do not
include erosion protection, capping, and groundwater pumping.

Recommended Solution

Based on the VE study results, the containment system shown in Figure 4 was recommended to
the EPA. This containment system consisted of a SB slurry trench with a minimum width of 1
meter (3 ft.) and a maximum permeability of 1 x 10° m/s installed through the landfill berm at
the top of the river bank (as close as practical to the edge of the river bank) extending from west
of the existing sheet pile barrier to the drainage way. The SB slurry trench would continue up the
drainage way and around the northwest corner of the landfill. Steel sheet piling will be used in
the transition zones connecting the SB slurry trench to the existing sheet pile barrier and
connecting the SB slurry trenches between the landfill berm and the drainage way. The SB
slurry trenches and steel sheeting will extend, and be keyed a minimum of 1 meter (3 ft.), into
the upper clayey silt confining stratum. A soil cover consisting of 0.3 meters (1 ft.) of low
permeability soil having a maximum permeability of 1 x 107 m/s, and 0.15 m (6 in.) of topsoil will
extend from the vertical barrier along the landfill berm, down the slope to the toe of the riverbank
(high tide elevation).

Figuré 4 Recommended Containment System
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INVESTIGATION OF THE PERFORMANCE OF CEMENT-BENTONITE CUT-OFF WALLS IN
AGGRESSIVE GROUND AT A DISUSED GASWORKS SITE

P. Tedd'; |.R. Holton'; A P Butcher'; S. Wallace?; P. Daly®;

Abstract

here has been an increased use of cement-bentonite slurry trench cut-off walls to control the lateral
migration of pollution in the UK. Concerns inevitably exist about their performance in chemically
aggressive ground particularly in the long term. To address some of the uncertainties a programme
of field and laboratory research is being undertaken at a disused gasworks in the UK. Elevated levels
of sulphate and other contaminants are present on the site and could potentially change the
properties of the cement-bentonite. Two boxes, 10m square in plan, by 5m deep have been
constructed, one with and one without an HDPE membrane, to isolate parts of the site. Local
hydraulic gradients across the walls have been created by pumping from within the boxes. Isolated
lengths of wall have been constructed which are being used to assess and develop in-situ testing
techniques such as the piezocone for measuring permeability, strength and overall integrity of the
wall.

Introduction

Slurry trench cut-off walls using self-hardening cement-bentonite are currently the most common
form of in-ground vertical barrier constructed in the UK to control the lateral migration of pollution
(leachate and gas) from contaminated land sites. The single phase method of construction is
generally used, in which a continuous trench is excavated under the support of a self-hardening
cement-bentonite slurry which sets to form a low permeability barrier. Typically walls are 0.6m wide
.and less than 12m deep and have been excavated using hydraulic back-actors. Approximately 75%
of walls constructed in the UK have had a high density polyethylene (HDPE) membrane, usually
2mm thick, placed in the wall. The slurry mixes generally contain bentonite, cement and blast
furnace slag although pulverised fuel ash has been used. Sodium exchange bentonite, described
as CE grade (civil engineering) is usually used. Mixing of the slurry is generally a two stage process
with bentonite powder and water being pre-mixed in a high shear mixer and the slurry allowed to
hydrate for a minimum of eight hours before the cementitious material is added. BRE Digest 395
and Jefferis (1993) provide some background to construction, materials and specifications.

Although this type of cut-off wall to contain contamination has been in use for more than 20 years
and there have been few known cases of unsatisfactory performance, there is a lack of in-situ
performance data and concems inevitably exist about their performance in chemically aggressive
ground, particularly in the long term. To address some of these concemns, the Building Research
Establishment (BRE) in collaboration with British Gas Properties and British Gas Research and
Technology, has established a test site to study the in-situ performance of slurry walls in chemically

aggressive ground. The objectives of the project are to facilitate production of improved
specifications for slurry walls and provide industry with data on their long term in-situ performance in
aggressive environments. The test site will also be used to assess and aid the development of
improved monitoring methods. This work forms part of a wider research programme currently being
undertaken at BRE relating to the redevelopment of contaminated land including site investigation
methods, performance of containment systems and building materials, and landfill gas generation.

However, this paper is confined to a description of the work undertaken at the test site and the
associated laboratory testing. Work on the project is still at an early stage with construction of the
cut-off walls being completed in April 19986,

1Bunldmg Research Establishment, Watford, WD2 7JR, UK
Bntlsh Gas Properties, Basingstoke, UK
3British Gas Research & Technology, Loughborough, UK
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Test Site Description
Commercial production of coal gas began in the UK in the first half of the 19th century and continued

until the 1970s when it was replaced by natural gas. British Gas owns some 1000 sites many of
which may be potentially contaminated from the manufacture and purification of gas. Remediation of
many of these gas works has now been undertaken with the object of redevelopment and slurry
trench cut-off walls have been used at a number of sites as part of that remediation. British Gas
Properties have provided part of a former gasworks for the field study. The gasworks at the site was
established prior to 1890 and decommissioned in the mid 1970's. The area allocated for research
(the test site) is approximately 50m by 100m and had historically been used as a coal stocking and
disposal area. Ground conditions at the test site consist of approximately 3m of made ground,
containing spent oxide, coal residues, carbon black and foul lime, overlying stiff Lower Lias clay.

Significant quantities of spent oxide have been found on part of the site. Spent oxide is the residue
from iron oxide used in the purification of coal gas to remove hydrogen sulphide and hydrogen
cyanide. When the sulphur content reached 50-60% sulphur, the material was termed spent and was
either dumped or used for the production of chemicals such as sulphuric acid. The removal of
hydrogen cyanides during purification resulted in the formation of complex cyanides with total
cyanide contents up to 6%.

Trial pits and boreholes at the site together with chemical analysis were used to assess the ground
conditions, and type and level of contamination. Sulphate, total cyanide, sulphur, PAHSs, sulphide
and arsenic values exceed TTCs (trigger threshold concentrations specified in UK guidance
documents) over much of the test site. The water table is approximately 2m below ground level.
Values of pH and concentrations of SO in the ground water were very variable. At some locations
they were consistently above 10,000 mg/l with a pH value between 2 and 3, which would require a
high sulphate resistant concrete. Laboratory tests have shown that such elevated levels of sulphate
can cause significant reaction with cement-bentonite (Jefferis, 1992, Tedd et al 1893, and Garvin,
1994).

Construction Of The Test Walls

The cut-off walls were built by Keller Colcrete, a specialist contractor for this type of work. It was
specified that the construction method and materials used should be typical of those currently being
used in the UK, although it was accepted that different contractors would have slightly different mix
designs and suppliers of materials. Construction of the walls by the single phase method inevitably
involves some mixing of the surrounding ground and associated contaminants into the slurry. An
assessment of the effects of this mixing in of contaminants from the site is an important aspect of
the research work. A total of 120m of cut-off wall, 0.6m wide by 5m deep were constructed,
comprising two boxes, 10m square in plan, and three independent iengths of wall. The boxes have
been built to isolate parts of the site in which the water levels can be raised or fowered to create
local hydraulic gradients across the walls of the boxes. A section through one of the boxes indicating
the locations of monitoring points and wells is shown in Figure 1. A high density polyethylene (HDPE)
membrane was installed in the walls of one of the boxes. The membrane was nominally 2mm thick
and was supplied in 5m wide panels which were joined using the SLT 6 channel interock. A
complete box of the panels was made, nominally 5m deep. A nominal 0.5m layer of clay was placed
over each box as shown in Fig.1 to prevent rain infiltration. The independent lengths of wall were
constructed for the assessment and development of in-situ testing techniques.

During construction of the test walls it was evident that levels of spent oxide contamination varied
widely across the site. The two box sections and one 10m length of independent wall were
constructed in the more contaminated ground. Where considerable mixing of the surrounding
contaminated ground with the slurry occurred in the trench, the slurry did not turn the dark blue
colour, characteristic of cement-slag-bentonite slurries, but turned a dark grey and had a strong
sulphurous smell. Although the presence of the contamination did not appear to have noticeably
affected the setting of the slurry, it will be seen later that the contaminated.slurry does have a lower
strength and a higher permeability than the uncontaminated slury.
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Figure. 1. Section through test box
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Laboratory Assessment of the Set Slurry

Laboratory assessment of the set material has included the comphance tests to measure
permeability, strength and deformation that would normally be carried out on a slurry wall contract,
and some long term permeability and various chemical compatibility tests.

Specifications for slurry trench cut-off walls in the UK have usually included requirements for the set
slurry to achieve specified values of the permeability, strength and strain at failure at specific ages,
usually 28 and or 90 days. Compliance with the specified properties is determined by testing samples
of the set material which were cast from the fluid slurry taken from the trench and the mixer. It has

been the practice to specify a permeability of less than 1 x 10°m/s and a strain at failure of greater
than 5% in a consolidated drained triaxial test. However, a draft national standard for
cement-bentonite cut-off walls recently published in the UK (ICE, 1996) has removed the 5% strain
requirement partly because of the difficulties of achieving it at realistic effective confining pressures
together with the 10°m/s permeability requirement using current materials and mix designs.

The routine compliance tests were performed using 100mm diameter samples cast during
construction and cured under water until required for testing. Samples were taken from the bottom
and top of the trench, and from the slurry mixer.

Permeability
Permeability testing was carried out in a triaxial cell (flexible wall permeameter) in accordance with

ICE (1996). Samples from the mixer and trench were tested. It was anticipated that the properties of
samples from the trench, particularly the bottom, could be affected by mixing in of the surrounding
ground, and the effect of any chemical reaction between the contamination and cement-bentonite
was unknown.

The maximum permeability measured on the samples from the mixer was 5 x 1 0"%m/s with a mean
value of 8 x 10"'m/s. - However, the measured permeabilities of samples from the trench at
approximately 40 days, where significant contamination of the slurry had occurred, were generally at
least an order of magnitude larger with a maximum value of 1.5 x 107 mls being measured. By 90
days, the permeability of nearly all samples tested was less than 2 x 10™° mys.
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Figure. 2. Results from laboratory permeability tests
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Figure 2 shows the results of permeability tests on three samples, two from the trench and one from
the mixer, carried out over a prolonged period in the BRE leachate permeability apparatus. Volume
permeated has been plotted against sample age and therefore the permeability is represented by the
slope of the line. The sample from the mixer was permeated with tap water. One trench sample was
permeated with tap water and the other with site leachate having a sulphate content larger than 10 g/t
and a pH of approximately 2.5. Although these tests form part of the chemical compatibility
assessment, it is useful to draw the following conclusions from the results presented in Fig 2 in this
section on permeability. The initial permeabilities of the trench samples were nearly an order of
magnitude larger than that of the sample from the mixer. The measured permeabilities decreased in
all the samples with permeation (age of sample) such that the permeabilities of the trench samples
had decreased to 1 x 10°m/s by 90 days. The volume of the sample has decreased at an
approximate rate of 0.35ml/day (2.2% of volume permeated). It is not known whether this volume
reduction is contributing to the decrease in permeability. There were no significant differences in
measured permeability between permeating with tap water and site leachate. Chemical compatibility
and the chemistry of the effluent from the samples are discussed later.

Strenath
Unconfined compressive strengths (UCS) of samples 100mm diameter by 200mm long were

measured at 28 days and 90 days. All the samples failed in a brittle manner by a number of vertical
or sub-vertical cracks. The mean UCS of uncontaminated samples from the mixer at 28 days was
approximately 360 kPa whereas contaminated trench samples had a mean value of 260kPa. At S0
days, the UCS of the uncontaminated material had increased to 890 kPa and the contaminated
material to only 580 kPa.

Deformation characteristics

it has been the practice in the UK to specify that the hardened cement-bentonite should have an
axial strain at failure in a consolidated drained triaxial compression test (CDTCT) of greater than 5%.
This strain criterion is specified because of a perceived need for a deformable plastic cut-off wall that
will not crack when subjected to movement. The deformation properties of cement-bentonite in a
CDTCT are complex; they change with age of the material and are particularly sensttive to effective
confining pressure. Figure 3 shows the effect of effective confining pressure on 28 day old samples.
It is only at the effective confining pressures significantly larger than those in-situ that the 5% strain
value can be achieved. At 90 days a significant proportion of the samples tested did not achieve the
5% strain value when using an effective confining pressure of 100kPa.
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Figure 3. Effect of effective confining pressure on the strain at failure in a consolidated drained
triaxial test.
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Chemical compatibility

Potential chemical compatibility effects include failure of the slurry to develop the required
permeability and strength properties due to mixing in of the contamination (leachates and solids)
during construction and change in properties of the set siurry due to the long term permeation of
aggressive leachates during operation. Contaminated trench samples and mixer samples have
been analysed to determine differences in chemical composition and to investigate any chemical
reactions. To assess the chemical compatibility of cement-bentonite with the site leachate,
immersion and permeation tests have been undertaken.

Analysis of the contaminated trench samples and a mixer sample approximately 60 days old showed
their chemical composition to be significantly different. In particular, sulphur concentrations in the
uncontaminated slurry were of the order of 0.8% dried weight compared to values in excess of 10%
in the contaminated slurry from the trenches. Iron concentrations of 3% in the contaminated slurry
were twice those in the uncontaminated slurry. A 28 day old sample of hardened contaminated
slurry was examined using a scanning electron microscope with a cryogenic stage and energy
dispersive X-ray analysis (EDS). Only small quantities of ettringite, a mineral resulting from sulphate
attack, were detected in the sample. The EDS revealed high concentration of sulphur which could
be in the form of thiocynides, sulphides or sulphates.

Immersion tests provide a simple visual indication of any reaction between the leachate and the
cement-bentonite. Tests showed that a reaction in the form of surface spalling between
cement-bentonite and site leachate initially with a pH of 2.5 does occur, but ceases when the
leachate has been neutralised. It has been long recognised that such tests which allow free
expansion of the surface material are not representative of conditions in the ground where the
cement-bentonite is constrained by the surrounding ground (Jefferis, 1992).

Permeation tests using site leachates or chemical solutions in a triaxial cell where the material is
confined provide more realistic conditions for assessing material performance. Pemmeation of a
contaminated trench sample with site leachate is shown in Fig. 2. and it can be seen that there is
little difference in permeability compared to the contaminated sample permeated with water. The pH
of the inflowing leachate was 2.5 and initially the outflow (effluent) was 14, reducing gradually to 12
after 100 days of permeation. However, the total flow through the sample has been less than three
sample volumes (one sample volume is approxirately 800mi). It is planned to continue this test.
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The effluent from both contaminated trench samples, one permeated with leachate and the other with
tap water, was a bright yellow liquid with a strong sulphurous smell. Upon acidification a thick white
precipitate appeared which was insoluble in excess acid. Analysis of the effluent samples revealed
that all the solutions contained sulphate, dissolved iron cyanide and silica. The presence of the iron
cyanide (3Fe(CN)g) in the effluent is explained by considering the pH dependence of spent oxide in
solution. Spent oxide (iron ferri cyanide, Fes(Fe(CN)s)s ) is essentially insoluble at neutral pH, but its
solubility increases rapidly as the solution becomes more alkaline.

Fes(Fe(CN)g)s (5) + 12 H,O = 4Fe(OH)s (s) + 3Fe(CN)s >+ 12H" +3¢
Note: (s) indicates a solid phase

The yellow colour of the samples is characteristic of iron cyanide in solution. Similarly the solubility
of aluminium silicates is strongly pH dependent. They are soluble in alkaline conditions but the
solubility rapidly falls with increasing H* concentration (acidity). Hence, a precipitate would be
expected on the addition of acid.

On permeating leachate or water through the contaminated cement-bentonite trench samples, the
leachate becomes strongly alkaline and this alkalinity causes the bentonite clay and spent oxide in
the sample to dissolve. it would be expected that where this happens in the field, the pH of the
effluent would rapidly fall on exiting from the wall and that the dissolved species would rapidly fall out
of solution. Thus the conditions in the laboratory permeation test do not represent the field
conditions.

The sulphate level in the effluent from the cement-bentonite trench sample which is being permeated
with site leachate containing sulphate at levels of between 11,000 and 14,000 mg/l was below 120
mg/l, indicating that most of the sulphate has been absorbed by the cement-bentonite. This has been
also found in earlier experiments using sulphate solutions.

Field assessment

Laboratory tests on samples provide an indication of the properties of the hardened cement-bentonite
in the trench, but they do not demonstrate that the whole containment system will perform
satisfactorily. Few tests have been carried out to measure the in-situ properties of the wall such as
permeability and strength let alone system monitoring. Concerns inevitably exist that some intrusive
methods could damage the wall. The test walls and boxes provide a unique opportunity to measure
the system performance of the boxes and experiment with local in-situ measuring devices. The best
measure of the effectiveness of the cut-off wall containment system will come from pumping ground
water out of or into the box sections. This will identify whether gross leakage either under the walls or
through the walls has developed. However, results from this work are not yet available.

Work to date has concentrated on intrusive in-situ methods of measuring the properties of the wall,
especially its permeability. There has often been a need to measure the in-situ permeability of slurry
trench cut-off walls, but currently there are no accepted methods. An initial assessment of these
various methods and earlier experimental work has been reported by Tedd et al (1995). At the test
site the following have been used.

Standpipe Piezometers
Standpipe piezometers with porous tips were installed in the walls at a number of locations when the

slurry was two to three days old. Subsequent falling head permeability tests at 28 days in these
piezometers gave very low values of permeability, less than 1 x 107%mis. In some piezometers the
increased water level established at the start of falling head permeability tests did not alter over a
period of many months. It seems likely that the filters of some of these piezometers are blocked.

BRE Packer System
A number of in-situ tests have been undertaken using the BRE packer system (Tedd et al 1995). This

involves drilling a 50mm diameter hole in the centre of the wall, isolating part of the hole with a
packer and undertaking a falling head permeability test. These tests have given permeability values
of the order of 2 x 10-9m/s for an uncontaminated wall and 5 x 10-9m/s in the contaminated wall
after 80 days.
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Piezocone

The piezocone is used for characterising the ground, measuring amongst other properties its strength
and consolidation characteristics. its use in cement-bentonite cut-off walls was first reported by
Mannassero (1994), who concluded that it was a promising tool for quality control in terms of
evaluating hydraulic conductivity and to some extent in identifying and locating defects. To assess
its potential, a 15 cm2 piezocone was used in the independent walls at the test site. The probe was
advanced at 2 cm/s. A total of five profiles have been made, two of which were carried out at 28
days in the same wall and gave good repeatability of results in terms of cone resistance, sleeve
resistance and pore pressure.

Figure 4. Piezocone profiles of cone resistance, qt, (a) in the same cut-off wall 28 days and 90 days
after construction, (b) in a contaminated and an uncontaminated wall at 80 days after construction.

q, MPa
00 20 40 60 8.0 100 10.0
0 — T — T
1 pu -
2 - -
3 . -
4 wall _

£

L

a5

[+)]

o 6 Clay | __
7 — -
8 Uncontaminated @ 28 days | N
g e Uncontaminated @ 90 days _| g oo Uncontaminated @ 90 days_|

10 L ] : 1 2 1 L 1 1 10 L 1 1 1 s 1 2 !
(@ ®

Figure 4a shows profiles of gt (corrected cone resistance) against depth at 28 and 90 days in the
same relatively uncontaminated wall. The following observations can be made. For both profiles, gt
in the wall decreased very slightly with depth except at about 1.5m depth where there was a
fluctuation. There was also a definite decrease in gt at the base of the wall followed by a continuing
increase as the cone went into the underlying clay. The profiles show a neariy two fold increase in qt
from 28 days to 90 days which compares with a slightly greater than two fold increase in unconfined
compressive strength.

Figure 4b shows profiles of qt at 90 days in both the uncontaminated and the contaminated wall.
Although qt profiles are similar in the upper 2.5m of the wall, there was a marked decrease in qt in
the lower part of the contaminated wall presumably due to the presence of the contamination
affecting the strength development. These observations are supported by the UCS laboratory tests.

Results plotted on classification charts (Robertson et al 1986) showed that most of the data
classified the cement-bentonite as a clay, however a significant proportion of the data werée in or
close to the very stiff fine grained cemented sand classification. Similar results were found by
Manassero (1994) and reflects the very stiff, strong cemented structure of the cement-bentonite.

The primary objective of using the piezocone was to determine the in-situ permeability. Dissipation
tests using the piezocone were undertaken in the walls when they were 80 days old. Permeabilities
derived from these tests, using procedures presented by Robertson et al (1992), were of the order of
10-6m/s and several orders of magnitude larger than any other in-situ or laboratory measured
values. A possible explanation for the very high permeability values derived from the piezocone
dissipation tests is that the cone driving causes localised cracking thus allowing rapid local
dissipation of the excess pore pressures generated during driving. This conflicts with the findings of
Manassero (1994) and needs further investigation.
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Conclusions and future work

The test site is providing a unique facility to study and develop methods to assess the long term
performance of cement-bentonite slurry trench walls. This paper provides a brief introduction to the
work undertaken. Considerable contamination of the slurry with material possessing high sulphate
levels and low pH, has slowed down the rate of development of strength and permeability properties.
Despite this retardation, the slurry has set to form a low permeability material at least in the short
term. Further development of in-situ permeability measurement is required. Dissipation tests from
the piezocone do not appear to give realistic values of permeability in the material used in the
cut-off walls at the test site.

Laboratory permeability tests indicate that the set material has a very low permeability even when
permeated over a sustained period with the high sulphate low pH site leachate. Pumping from within
the two box sections is due to begin in autumn 1996 and this should provide a true assessment of
the effectiveness of the containment system; cut-off walls, clay cap and the underlying clay
aquiclide.

It is planned to exhume sections of the test walls after a number of years. Non-destrustive methods
such a resistivity and self-potential will be assessed for measuring the effectiveness of the walls.
Long term laboratory permeability tests and chemical compatibility assessment will continue.
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CONTAINMENT TECHNOLOGY
AT THE "GRIFTPARK" FORMER MGP SITE IN THE NETHERLANDS

Peter W. de Vries' and Ben Viveen?

Abstract

"Griftpark" is a former highly contaminated gasworks site of approximately 8 hectares situated in
Utrecht (The Netherlands). The MGP site is contained by a vertical barrier wall made of a specific
mixture of bentonite-concrete and underlying clay layers at depths of 50 to 60 m which are slowly
permeable. The barrier wall is 80 cm thick, has an average depth of 64 m, a length of 1260 m and
has a total surface area of approximately 70,000 m>. The construction of the barrier wall took
nearly three years, from 1993 to 1995, to complete and building costs approximated 35 million US$
whereas the totai project costs amounted to more than 150 million US$ including water
detoxification.

Migration of contaminants in the soil strata is successfully arrested by the construction of the
barrier wall which was built conform NEN-ISO 9000/9001 standards. Wall permeability which was
tested during a ten months period after construction demonstrates fully warranted reliability. This
year a top layer will be installed consisting of an open insolation without foil. After placement of
the top the site will be developed into a recreation park. Contaminant migration will permanently
be monitored.

1. Introduction

"Griftpark” is one of the most notorious polluted sites in the Netherlands where from 1850 to 1960
a number of gasworks sustained full production. The site of approximately 8 hectares is named
after the stream the "Grift" which crosses its borders. It is neighbouring the historic city-centre of
Utrecht. For more than a century coal, tar and alike products were transported to and fro by barges
which resulted in heavy contamination of the site by aromatics, polycyclic hydrocarbons, phenols,
cyanides and hydrocarbons.

Remediation history
After closure in 1960 of the works a number of investigations and feasibility studies were

conducted and in 1990 the responsible authorities decided to implement a realistic rehabilitation
policy. A strategy of insulating soil contaminants by construction of a barrier wall proved most
cost effective. This was followed by control and monitoring of the site. The building activities of
the wall started in 1992 and proceeded in stages. A record of interesting aspects such as design
and control, quality procedures and contract management are discussed.

! De Vries Consultancy & Project Management, Bilderdijklaan 6, 3818 WE Amersfoort,
The Netherlands tel+ +3133 4611729, fax + +3133 4656867

2 Heidemij Advies BV, Consulting Engineers, Post Box 264, 6800 AG Arnhem, The Netherlands
tel + +3126 3778609 fax + +3126 4457549 , b.viveen@heidf.unisource.nl
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Geohydrologic contamination

The first aquifer is located at a depth of 50 m in sandy layers. Between depths of 50 to 65 m series
of semi-permeable clay and silt layers are prominent below which sandy layers are extending to
great depths containing the second aquifer. The semi-permeable clay layers separate the first
aquifer from the second. The first aquifer is severely contaminated by the former gasworks
activities whereby mobile contaminants are leaching into the second ground water aquifer and
laterally migrating to distances greater than 400m from the source area.

Remediation programme
The following objectives are distinguished for the remediation of the site.

For the source area:

* insulation, control and monitoring of the severely polluted soil and ground water of the
source area within approximately 8 ha. This is realized by
1. ground water abstraction
2, construction of a vertical barrier wall of 64 m deep joining the slowly permeable
clay layers
3. covering the top of the contaminated soil with an insulation layer which after

consolidation is suitable for redevelopment of the site into park grounds.

For the surrounding area by:

* cleaning up of contaminated soil layers and by long term abstraction of the poliuted deep
ground water.
* ground water detoxification in an off-site water treatment plant.

The total costs of the programme are approximately DFL 300 million (1 DFL = 0,55 c) which are
funded by the Ministry of the Environment (90%) and the Municipality of Utrecht (10%).

Assessment and risk analysis
The main objective for the control of mobile contaminants in the soil is to reduce the required

ground water abstraction to 50 m3/h or less. The factors which govern leaching and movement
of contaminants are dependent on soil properties and the permeability of the barrier wall,
underlying clay layers and insulating cover.

* The permeability of the underlying deep clay layer of the site which has an area of
approximately 68,000 m2 was investigated. The profile of this layer consists of variable
sheets of fine grained sand, loam and clay. The hydraulic permeability is ranging from 25
to 2000 days as a result of the variability of the thickness and composition of the strata.
The average hydraulic permeability from the first to the second aquifer is estimated to be
750 days.

* To control horizontal migration of contaminants in the first aquifer a barrier wall of 50 to
64 m deep, 80 cm wide and 1,260 m long (70,000 m2) with a hydraulic resistance of 1000
days was erected. The wall was adapted to the composition, configuration and depth of
the semi-permeable clay layer. Various types of building constructions and composition
of materials were assessed. The selection criteria used are the permeability and durability
of materials under the prevailing chemical conditions and the environmental impact
caused by the construction of the wall. Special attention was paid to the inner sealing of
the barrier wall with the clay layer and the joints of the wall panels. The wall panels are
made of a 50% bentonite and 50% cement mixture which has a hydraulic resistance of 12.5
days/cm.

* The hydraulic permeability of the cover layer of the site is considered to be of minor
importance. Therefore, the selection between a closed system of clay layers and/or foil and
an open system was based only on economics. The costs of an open system of layers o7
course metal are lowest i.e. water decontamination and maintenance costs are lower than
those of a closed system.
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Hydraulic resistance of the barrier wall was assessed by testing of materials and by monitoring
the movement of contaminants over a relatively long period of time. The hydrauiic insulation of
contaminants by the panel joints and panel/clay sealing were examined. Simulation of a worse-
case scenario is used to specify guarantees.

2. Design of the barrier wall

The effectiveness of the barrier wall is crucia! to the containment of contaminants in the soil strata.
Consequently, the design, construction and testing of the wall is completed under strict NEN-1ISO
9000/9001 Quality Standards.

2.1 Stepwise construction of the barrier wall
* Two reinforced concrete walls were erected above ground where in between the barrier

wall was to be made. This was needed to accurately trace and secure underground pipes
and cables and for outlining the contours of the barrier wall.

* A 6 meter deep bentonite-cement wall was constructed to create a zone free of debris in
order to prevent downward contamination from the upper layers.
* The construction of the deep wall in connection with the clay layers.

During the building of the barrier wall the development of the wall was regularly evaluated after
each phase and quality demands were checked.

* In the first phase two wall elements outside the barrier wall trace were used to test the
technique and materials to be used.
* In the second phase a small closed area was used to build part of the barrier wall to the

ultimate depth and to test the sealing of the wall with the clay layer. Permeability and

seepage were investigated and quality guarantees validated.

* In the third phase the barrier wall was build according to the specifications.

* In the fourth and fifth phases the entire wall construction and its sealing with the clay
layers was monitored over a period of ten months and tested for quality validation.

2.2 Confracting
Significant considerations and conditions for contracting works are as follows:
* The prime contractor bears fuli responsibiiity for the construction and quality guarantees

of the wall and its sealing with the clay layer. This practice resulted in smooth test
procedures and legal liability after guarantees are certified .

* Construction techniques and materials such as wall fillings, chemical resistance and
permeability were thoroughly tested by independent experts and laboratories before
application.

Contractors were carefully selected and a Dutch company who are experts in foundation and
remediation were appointed in collaboration with French experts in deep-barrier wall constructions.
An affiliation of expertise from external engineering consuliants, institutes and government bodies
was assigned for supervision, sampling, analyses, testing and environmental impact.
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2.3 Detailed design and building preparations

The production procedures for the contract work included the following:

* The removal of all the polluted soil along the course of the barrier wall by dry excavation
down to the phreatic level (apr. -1.5m) and replacement by cement-stabilised sand.

* The construction of concrete guide walls 6 m deep into the stabilised sand.

* Making cone penetration tests at regular distances of 7m (the panel width) in between the
guide walls to determine the depth and structure of the clay layer.

* Cutting the 6m wall in between the guide walls with a traditional wall cutter and cable

crane. For removal of heavy pieces ¢i old foundation rubble hydraulic equipment was

used. The excavation was performed using stabilising fluid (bentonite-cement) which

hardened out within a few days (1-phase wall technique).

* The construction of the deep barrier wall was performed in two phases:

- phase 1: excavation of the deep trench with a hydrofiraise in panel widths of 7.2m.
Each panel was made in three cuttings using excavation stabilizing cutting fluid
{bentonite fluid). During construction panel shape and position were checked and
registered continuously.

- phase 2: replacement of the stabilizing cutting fiuid by a mixture of 50% bentonite-
cement and 50% of the excavated sand.

2.4 Production of quality handbooks, guides and other documents

Contract obligations include publishing of manuals on quality standards, guidelines and
procedures. The documents contain both the description of quality standards, definitions,
objectives, construction methods, machinery, materiais, processes, criteria, certification and
relevant aspects of organization, information and time schedules.

Examples are: information of parties, actors and stakeholders, political structures and decision
making, contracts, licences and legislation, documentation, sampling and test procedures,
terminology and data logging.

Quallty standards were established for:

Overall quality base guidelines with details about planning, sanitation, health and safety,
installation testing systems.

* Base guidelines for wall construction with details on cone penetration, drilling and testing,
concrete guide walls, 6-meter wall, deep excavation with hydrofraise, bentonite-concrete
production and excavation filling, removal of guide walls.

* Basic guidelines for supervision with details on sampling, monitoring, testing and analysis.

Draft documents were prepared hefore the construction of the wall started. After construction of
the wall and evaluation of the test results the draft documents were revised where required.
Complementary quality audits were performed to check the quality practice and for additional
revisions.

3. Quality assurance during construction

The contract for the project was approved at the end of 1992 although construction activities only
started in spring 1993 after installation of quality guidelines and documentation. After consensus
about the quality standards and procedures two test panels were manufactured and placed in a
test pit to attune the organization and equipment for construction of the barrier wall.

Two major problems arose during the testing procedures iri the pit. Firstly the excavated sand was
not suitable to be directly mixed with the bentonite-concrete mixture and secondly the last test
panel of the wall collapsed during the filling process. Both events caused adjustment of the quality
guidelines. The test results of the permeability of the panels in the test pit proved very promising.
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The hydraulic resistance ranged from 8000 to 12,000 days which is well above the guaranteed 1000
days. Consequently, the construction of the barrier wall conform the set quality standards was

highly successful. Also, provision was made to pravent collapsing of the wall excavation near high
pressure gas pipelines and high voltage electricity cables. Higher safety standards at parts of the
routing with higher risk were subsequently imposed. At some places of the wall route the
underlying clay layer was unusually deep for which the depth of the wall had to be adapted.

The barrier wall was completed and secured in November 1994 and the entire project was finished
in April 1995 after making provisions for the river to cross the wall. After completion of the v:all
ground water abstraction from the insulated siie was monitored to calculate the hydraulic
permeabiiity from both the barrier wail and the slow permeable clay layer by measuring ground
water table, amount of abstracted water, rainfall and evaporation.

4. Results and conclusions

The hydraulic resistance of the bottom stratum was calculated to range between 75 and 175 days
with a most probable value of 125 days. The latter is only 1/5th of the expected value of 750 days
estimated in the feasibility study but falls within the tolerance range of 25 to 2000 days.

The hydraulic resistance of the barrier wall ranges from 100 to 300 days with a most probable
value of 200 days which is also only 1/5th of the required 1000 days. This is thougnt to be caused
by random deficient bonding of the wall and the very deep clay layers. However, the overal!
hydraulic resistance is within the agreed limits of guaranteed values. Consequently, the insulation
of thie contaminated site has been successful and can be warranted at a ground water abstraction
level of approximately 25 to 30 m3/h which is much lower than the first target of 50 m3/hr.
Although the hydraulic resistance of the bottom stratum is rather iow, the resistance of the top &in
layers is much higher than expected. The insulated site comprises a system in which under-
pressure can be reached without large fluctuations in the ground water level. This allows for
adequate insulation of the site at ground water abstraction levels of 10-15m3/hr and faciiitates
monitoring of ground water levels outside the contained area.
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CASE STUDY
INSTALLATION OF A SOIL-BENTONITE CUTOFF WALL
THROUGH AN ABANDONED COAL MINE

Michael J. Carey’, Michael J. Fisher” and Steven R. Day®

Abstract

The site is a 72,846 square meter (18-acre) abandoned strip mine located in Westem
Pennsylvania used for municipal and industrial waste disposal until the mid-1970's. The waste
pit is adjacent and connected to a flooded deep mine which saturated the waste over the past 20
years. The site was placed on the National Priority List in 1984, primarily due to the presence of
drums on the surface of the site.

EPA’s proposed remedial action for the site included excavation and stockpiling of the waste
materials, backfilling the pit with clean materials, constructing a RCRA cell on the clean
materials, and disposing of the waste into the cell. The estimated cost of EPA's remedy was
approximately $26 million. An altemative action proposed included in-place closure and
containment at the site. Many were unsure whether a slurry cutoff wall could be installed through
the deep mine adjacent to the waste pit. The proposed altemnative of grouting mine voids to
facilitate slurry wall installation had never been performed on a Superfund site, and resulted in a
cost savings of approximately $15 million. The grout and slurry wall were successfully installed,
with complete closure expected by spring of 1997.

Introduction

The project is a Superfund site in Westem Pennsylvania. The site shown in Figure 1 is an
abandoned strip mine from the Brookville Coal Seam covering an area of approximately 72,846
square meters (18 acres). Adjacent to the northeast side of the strip mine is a deep mine and
high wall. The majority of the area immediately surrounding the site is used for agricultural
purposes, however, there are several residences 250 meters (820 feet) north of the site.

it is estimated that strip mining at the site began in the early 1900's and concluded in the late
1940's. A 460 meter (1,500-foof) long pit through the center of the site was a remnant of the
strip mining operation. The site was operated as a disposal area from the 1950's to 1978. The
majority of the material disposed of was dark, coarse foundry sand along with slag, scrap metal,
wood, paper, and plastic matter. Drums were placed on the surface of the site, but were
removed during a separate project. The disposal operation was halted by the Pennsylvania
Department of Environmental Resources in 1978.

The presence of drums at the site attracted regulatory interest. Following preliminary sampling,
the site was brought to the attention of EPA for inclusion in the Superfund program and added to
the National Priority List in 1984.

1Geo—(:on, Inc., 4075 Monroeville Blvd., Suite 400, Monroeville, PA 15146, (412) 856-7700,
mjcarey0@ccmail.wcc.com

2Geo-Con, Inc., 4075 Monroeville Bivd., Suite 400, Monroeville, PA 15146, (412) 856-7700,
mjfishe0@ccmail.wcc.com

3Geo-Con, Inc., 4582 S. Ulster Street, Stanford Place, Suite 1000, Denver, CO 80237, (303)
740-2600, srdayxx0@ccmail.wcc.com
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Site stratigaphy from surface is as follows: 6 to 15 meters (20 to 46 feet) of overburden fill,
comprised of mine spoils, landfill materials and fill materials; the Clarion rock formation 6 meters
(20 feet) above the abandoned coal mine; the Brookville Coal Seam 1.2 to 2.5 meters (4 to 8
feet) thick; the Brookville Coal Underclay 1 to 2.5 meters (3 to 8 feet) thick; and the Homewood

Sandstone formation 10 meters (30 feet) thick.

Contaminants found in the waste were benzo(a)pyrene, dibenzo(a,h)anthracene, chromium, lead
and nickel. Because fill material was deposited below the water table into the mine pool, EPA
concluded that the site groundwater was contaminated with the same materials found in the
waste. Additionally, low levels of vinyl chloride and trichloroethene were detected in the onsite
groundwater.

Disposed materials had contaminated onsite shallow groundwater, Clarion Formation
groundwater and the Homewood Formation groundwater. Onsite waste materials were
considered a current dermal contact risk, and migration of contaminated groundwater considered
a potential future risk.

Remedial Actions

Objectives of closure were as follows:
Prevent migration of contamination through the groundwater;
Prevent infiitration of surface water into the contaminated area;
Prevent contact with contaminated materials.

EPA's preferred altemative for remediation of the site included construction of a RCRA
compliance landfill at the site. This altemative would have achieved the desired objectives, but
had an estimated cost of $26 million. The plan included excavating and stockpiling wastes
onsite while the RCRA cell was constructed. The cost of this alterative was high because much
of the waste was located below the water table, requiring a dewatering system and treatment of
the wastewater before discharge.

The Altemative Remedial Action proposed by the owner and engineer was onsite closure
accomplished by installing a soil-bentonite slurry wall around the perimeter of the contaminated
area and installation of a low permeability GCL cap. Extraction wells installed inside the slurry
cutoff wall would collect contaminated groundwater and send it to onsite water treatment system.
Estimated cost of the altemative remedy was approximately $10 million.

The main difficulty at this site was the abandoned deep mine adjacent to the landfill. Landfill
closures using soil-bentonite slurry walls and low permeability caps are common. The challenge
posed by this closure was the installation of approximately 275 meters (800 linear feet) of slurry
wall through the deep mine, because realignment of the slumy wall was not feasible. EPA
initially decided the altemative remedy would not be acceptable for this reason, but later agreed
to consider the action if a panel comprised of EPA and Army Corps of Engineer experis deemed
the installation feasible. The remedial action was approved pending resolution the following:

1. Verification of coal seam underclay presence along the entire alignment of the
slurry wall through the deep mine. The underclay acts as the confining or key
material for the cutoff wall.

2. Demonstration that the remedial action could control damage to the cutoff wall
or cap due to potential mine subsidence.
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3. Demonstration that the remedy would not adversely impact the mine pool and
could be feasibly constructed at a reasonable cost.

Slurry Wall and Grouting

The slurry wall technique uses an engineered fluid, water and bentonite (in this case), to support
the sidewalls of a deep, vertical trench. The presence of mine voids as high as 2.4 meters (8
feet) made the construction of a slurry wall at this site impossible at this site. Excavating a slurry
wall through voids of a deep mine would cause an immediate and catastrophic loss of the slury.

Mine grouting was selected as the technique to fill the voids. Grouting was performed along the
slurry wall alignment for two purposes: to provide containment for slurry wall construction, and to
prevent damage to the wall and cap due to potential mine subsidence. Three lines of grout
holes were installed along and adjacent to the centerline of the slurry wall. An outer bulkhead
was installed 15 meters (50 feet) outside the slurry wall. A second row of grout holes was
installed approximately 10.5 meters (35 feet) inside the slurry wall alignment and adjacent to the
landfill and highwall. The third row of holes was placed directly along the slurry wall alignment
( see Figure 2). -

Standard air rotary drilling rigs were used to install the grout holes. 200 millimeter (eight-inch)
diameter steel casing was installed through the overburden to the top of the Clarion rock
formation. A 100 millimeter (4-inch) diameter hole was drilled through the rock formation.
Borings were drilled along all three boring alignments on 3 meter (10-foot) spacings to identify
mine voids and highly fractured rock. When voids were encountered, hole spacing was
decreased to 1.5 meter (5-foot) on centers.

The contractor performed a mix design to determine the flyash to cement ratio required to meet
the strength specification of 100 psi after 7 days for both low and high slump grouts:required for
the project. The low slump grout, which was required to have a slump in the range of 25 to 75
millimeters (1 to 3 inches), consisted of 9:1 flyash to cement and a water to solids ratio of 0.154.
The high slump grout, with a required slump in the range of 200 to 250 millimeter (8 to 10
inches), consisted of 8:1 flyash to cement with a water to solids ratio of 1.3. Both grouts were
required to have a minimum compressive strength in 7 days of 100 psi.

Grouting work began with the outer bulkhead borings. To assure detection of all possible voids,
the specification required that each outer hole be drilled 0.6 meters (2 feet) into the Brookville
Coal Underclay. A low slump grout , prepared at the onsite plant, was injected through a grout
pipe inserted to the bottom of the hole. As the pressure built, the pipe was raised creating a
column of grout. - As the process is repeated in adjacent holes, a bulkhead is constructed. The
purpose of the low slump grout is to create a barrier to contain the high slump pressure grouting
performed for the inner and slurry wall grout holes.

Once a sufficient number of outer bulkhead holes were completed, work began on the inner and
center pressure holes. The inner row of holes were drilled 0.6 meters (2 feet) below the
Brookville Coal Underclay and the center pressure was drilled 1.5 meters (5 feet) into the
Brookville Coal Underclay. Both sets of holes were pressure grouted with high slump grout,
filling voids both in the mine and in the highly fractured rock. Figure 3 is a cross section through
the 3 rows of grout holes.

The cutoff wall specified for the project was a 0.6 meters (2 foot) wide soil-bentonite wall
installed by the slurry trench technique. The wall was keyed a minimum of 1 meter (3 foot) into
the Brookville Coal Underclay, where present, or 1.5 meters (5 feet) into the underlying
Homewood Sandstone which also served as a confining zone. In the deep mine area, the cutoff
wall is k%yed into the Underclay. The wall backfill was specified to have a hydraulic conductivity
of 1x10~7 cm using a mixture of the excavated soils and 2 % bentonite clay.
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The bentonite slurry, used to support the trench, forms a cake on the trench sidewalls, plugging
the soils and forming a hydraulic barrier. The permanent wall is formed by replacing the siurry
with an engineered low permeability backfill. Trench stability is maintained during construction
by controlling slurry properties (density, viscosity, etc.) and by keeping the slurry level in the
trench above the groundwater table.

The Contractor performed mix designs to determine that 2% bentonite would need to be added
to site soils to assure the wall backfill would meet the performance specification. To achieve the
2% bentonite addition, 1% dry bentonite was added to the spoils removed from the trench. An
industry standard, yet a conservative assumption, is that of 1% bentonite is incorporated into the
spoils excavated using the slurry trench method.

Slurry for the trench was made by mixing onsite pond water with premium grade sodium/calcium
montmorillonite clay, or bentonite. The materials were mixed to a homogeneous, colloidal
suspension in a specially designed 12.5 cubic meter (5-cubic yard) colloidal mixer. The slurry
was required to have a density of at least 64 pcf and a marsh funnel viscosity of 40 seconds at
the plant before introduction to the trench. Typically, 4 to 5 45 kilogram (100-pound) bags of
bentonite were added to approximately 3,200 liters (850 gallons) of mix water to ensure trench
stability and to meet specifications.

Mine grouting for the project was performed in the fall of 1995. Mine voids along approximately
275 meters (900 linear feet) of slurry wall were grouted. Approximately 250 linear feet of the
wall was installed through unmined coal. The grouting program included installation of 660
borings, 9,850 meters (32,500 linear feet) of drilling. A total of 22,300 cubic meters (8,000 cubic
yards) of grout was placed.

The slurry wall was installed through the deep mine area in the spring of 1986. Excavation of
grout materials did not pose a problem due to the relatively low compressive strength of 100 psi.
The wall was completed through the deep mine area without any measurable loss of slurry or
backfill cave-ins.

Another anticipated problem was the effect of cement on the bentonite slurry. Bentonite siurry
walls constructed through cement stabilized soils have historically had problems with flocculation
of the bentonite. Lignosulfanate was approved as an additive to bentonite slurry to counteract
this effect. No problems were experienced on this project and lignosulfanate was not required.

Summary and Conclusions

This containment project was started in the summer of 1995, and successful completion is
expected in the spring of 1997. Applying engineering and construction ingenuity, project
remediation costs were reduced approximately 60% by allowing inplace containment versus
excavation and removal to an off-site RCRA hazardous waste landfill.

This project illustrates that cutoff walls can be installed through areas with large voids, such as
deep mines. The grouting program was successful in sealing the voids and containing the slurry
during construction. The project illustrates the potential for use of grouting and slurry wall
installation in combination to provide a cutoff barrier through other types of subsurface voids and
fractures.
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ABSTRACT

Design considerations and construction aspects are presented for the installation of a vertical
barrier wall system for the Boeing Company at a Superfund Site near Seattle, WA. The
construction was performed during 1996. The vertical barrier wall system included: 1) a soil-
bentonite (SB) slurry wall, approximately 670 meters (2200 feet) in length, ranging from 12 to 21
meters (40 to 70 feet) in depth; 2) expansion of a cover system over the area enclosed by the SB
wall; and 3) surface drainage improvements. Design and construction of the system addressed
requirements of a Consent Decree for the site issued in 1993. The paper discusses the
development of the design to meet remedial performance goals of preventing migration of
contaminants in the soil/groundwater system and aiding aquifer restoration. Secondly, the paper
details installation of the SB wall, highlighting the more significant construction issues, which
included excavation of the wall through glacially deposited cobbles/boulders/till as well as
addressing the severe elevation changes along the wall alignment. Thirdly, the paper presents
Quality Assurance (QA) monitoring and testing performed during the construction phase.

INTRODUCTION

The vertical barrier wall system was constructed at the Queen City Farms (QCF) Superfund Site,
an area of 1.3 square kilometers (320 acres) located in a rural section of south King County,
Washington, approximately 24 km (15 miles) southeast of Seattle. Land use at the site in the
1950's and 1960's included a pig farm, gravel mine, small airport, and hazardous waste disposal
ponds. Industrial waste liquids including paint, petroleum products, oils, and organic solvents were
disposed in three unlined waste ponds located in the northeastern portion of the site.

Three waste ponds were the focus of an Initial Remedial Measure (IRM) performed in 1986 that
included: 1) removal of the ponds’ contents and bottoms; 2) surface water diversion; and 3) cover
system construction over the ponds. Further remedial investigations and feasibility studies were
performed from 1987 through 1992. The Boeing Company agreed to prepare and implement
further work measures for site cleanup under a Consent Decree issued in 1993. Boeing
conducted this work in cooperation with the U.S. EPA and the State of Washington Department of
Ecology.

Further work measures, pertinent to this case history, include the following, as taken in part from
the Consent Decree:

e Isolation of contaminated soils by construction of a subsurface vertical barrier wall system
around the IRM to minimize intrusion of groundwater from Aquifer 1 and the near-surface
water bearing zone;

e Expansion of the existing IRM cover system to include the area bounded by the vertical
barrier wall;

The Boeing Company entered into a contract with Hayward Baker Inc. (HBI) in 1995 to provide
design/build services for the required items listed above. Kennedy/Jenks Consultants (KJC)
provided the engineering design under subcontract to HBI.
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SITE CONDITIONS

Prior to completion of project design, the subsurface site conditions were thoroughly characterized
by extensive Remedial Investigation (Rl) and post-RI field investigations. Figure 1 shows a
generalized hydrogeologic cross section of the construction area.

Preconstruction Ground Surface: The site is a sloping meadowland area predominantly
vegetated by low grasses and shrubs. Sloping topography present at the outset of construction
was a result of grading work performed during the IRM. The upper 1 meter (~3 feet) of soil is
predominantly silty sand and gravel. A multilayer PVC geomembrane cover system, installed as
part of the IRM, was present over a significant portion of the area to be enclosed by the barrier
wall. Ground surface elevations at the site range approximately from 137 to 155 meters (450 to
510 feet) above mean sea level.

Figure 1: Generalized Hydrogeologic Cross Section
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Subsurface: The site is underlain by a complex sequence of glacial deposits, which include
open works gravel, dense ablation till, dense lodgement {ill, and outwash. In general, several
strata of hydrogeologic significance include an upper zone of transient groundwater flow
[commonly referred to as the Near Surface Water Bearing Zone (NWBZ)], an upper saturated
zone referred to as Aquifer 1, a thick Till Aquitard unit, and a thinner layer of silt and sand referred
to as the Aquitard System.

Hydrology: The site is bordered on the northwest and south by two seasonal lakes, Queen City
Lake and Main Gravel Pit Lake, respectively. Relatively high volumes of runoff enter these lakes
in the wet season (November to April). During the rest of the year, runoff is limited, and water
levels in the lakes decline dramatically. Water from Queen City Lake discharges through an
overflow culvert and also leaks through the lake bottom into Aquifer 1 Surface water from Queen
City Lake is discharged to Main Gravel Pit Lake, and some groundwater moving through Aquifer 1
emerges at springs above Main Gravel Pit Lake. Contaminants from the former waste ponds
have been detected in Aquifer 1. The primary focus of this project was to substantially reduce the
recharge of Aquifer 1 within the barrier wall and prevent groundwater from contacting
contaminated aquifer material. Figure 1 depicts the site subsurface and hydrology.

DESIGN CONSIDERATIONS

The remedial performance goal for the vertical barrier wall and cover system extension around
and over the IRM area is to prevent contaminants in the subsurface soil from migrating to deeper
groundwater and to aid in restoration of Aquifer 1 outside the barrier wall. Foremost among the
design considerations for the barrier wall were the proper alignment and depth of the wall, the
permeability of the wall backfill (1 x 10° m/sec), and the durability of the wall. The wall and cover
system were designed to withstand increased hydraulic forces, possible chemical alterations, and
potential environmental loading conditions due to seismic events and/or dewatering of the interior
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formation. The cap system was designed to provide long-term minimization of infiltration through
the expanded IRM area, function with minimum maintenance, promote drainage, minimize erosion
or abrasion of the cover system material, and accommodate settling and subsidence. In addition
to an engineering design review process by Boeing and its site representative, the design also
had to be approved by the U. S. Environmental Protection Agency (EPA).

Seepage Cutoff/Barrier Alignment: The design of the wall included establishing its alignment
outside known boundaries of contaminated soils and a zone of light non-aqueous phase liquid
(LNAPL) present in Aquifer 1. These boundaries, both horizontal and vertical, were determined
using data generated from the RI and subsequent site investigations. The wall bottom was
designed to be imbedded (“keyed”) into the Aquitard System layers to significantly reduce vertical
flow beneath the wall. Barrier wall depths were designed conservatively to allow for variability in
subsurface conditions.

Hydraulic Modeling: The anticipated hydraulic pressures and gradients acting on the proposed
SB wall were evaluated to assure backfill stability against piping/blowout into adjacent formation
materials, hydraulic fracture, and erosion of wall backfill at the base of the wall into coarser
formational materials due to underseepage. Numerical modeling of the groundwater flow regime
in the IRM area was undertaken by KJC to confirm and verify results of pre-design modeling. The
purpose of the modeling effort was to quantify the worst-case head increase(s) along the
upgradient side of the barrier wall system. The results of the design modeling effort were
generally consistent with previous model results. Wall thickness from 0.9 to 1.2 meters (3 to 4
feet) was specified to withstand anticipated hydraulic forces.

Cover System Placement: |[nitially the cover system was designed to be identical to the cover
system installed as a component of the IRM. This approach was pursued to facilitate regulatory
agency approval. Alternative designs such as incorporating a geosynthetic clay liner (GCL) were
also evaluated prior to construction. The cover system design considered several important
factors which included permeability, slope stability (static and dynamic), and drainage.

CONSTRUCTION

The Slurry Wall: Excavation of the slurry wall began on May 7, 1996, and backfiling was
completed on September 11, 1996. HB! used a large backhoe with an extended stick to dig the
trench length of 670 meters (2200 feet) to depths up to 21.3 meters (70 feet). Along deeper
portions of the barrier wall alignment, the construction platform was lowered to facilitate
excavation. A crawler crane was equipped with a chisel for boulders and with a clamshell for
cleaning the trench bottom. The construction process is shown in Figure 2.

Backfill, comprised of excavation spoils, trench slurry, imported silt, and coarse grain bentonite
was first mixed by a dozer in a broad and shallow rectangular mixing area. This enabled
homogeneous mixing of ingredients, and facilitated the removal of coarse material from the
cuttings. The dozer then pushed the mixed backfill into a deeper and roughly cylindrical mixing
pit. In this second stage the backfill was mixed further by a backhoe and loaded into trucks. The
backfill was then transported to and placed in the trench.

Backfill placement began at the first portion of open trench as excavation continued at the leading
end. Initially the backfill was placed and allowed to flow down a gently sloping portion of the
trench, commonly referred to as a “lead in trench.” As backfilling continued, the backfill assumed
its own angle of repose at the first portion of the trench. Backifill was then placed on the portion of
the backfill material progressively exposed above the slurry level in the trench material. This
method of placement resulted in the backfill advancing via a continuous slope failure of the backfill
material in place, thus ensuring that no pockets of slurry or other sloughed material were
incorporated within the wall. Upon completion of backfill placement, a cap of silt, approximately 1
meter (3 feet) thick, was placed over the backfill to prevent desiccation of the top of the wall and to
facilitate compaction beneath the cover system tie-in along the top of the wall alignment.
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Figure 2: Trench Excavation & Backfilling
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This project site presented several challenges to the typical construction of the soil-bentonite
slurry wall. The most formidable was due to the nature of the glacial till in which the wall was
constructed. The lodgement {ill forming a portion of the Aquitard System is well indurated and
extremely difficult to excavate. Penetrating the till, 2a minimum of 0.9 meters (3 feet) required for
proper keying-in of the wall, would often completely wear out a set of steel backhoe teeth in less
than one 10 hour shift of excavation. Additionally, the barrier wall penetrated through a zone of
open works gravel, into which large amounts of slurry were lost. The losses were controlled by
either increasing the flow of new slurry to the trench, or by adding other stabilizing agents to the
slurry. Due to the relief across the site and variations in the wall bottom elevation dictated by the
complicated hydrodynamics of the glacial deposits present, numerous changes in working
platform elevation were required along the alignment to complete construction of the barrier wall.
The numerous challenges to barrier wall construction resulting from elevation changes were
overcome through the strategic use of a combination of sheetpile bulkheads to shore up the
backfill at points of change in working platform elevation, and earthen berms for maintaining slurry
levels and assuring stability of the trench wall.

The Cover System: The cover system was installed in layers consisting of 0.6 meter (2 feet) of
silt or (alternatively) GCL, a 0.762 mm (30 mil) PVC geomembrane, 0.6 meter (2 feet) of sand, 0.6
meter (2 feet) of cobbles, and at least 0.3 meter (1 foot) of cover soil. Each layer was tested to
assure compliance with the specifications. The subgrade and the silt were tested for compaction
and moisture content using a Standard Proctor test and a nuclear density meter. The gradation of
the subgrade, silt, cobbles and sand was measured. Compliant lift thicknesses were attained by
placing a grid of stakes marking the elevations each lift needed to reach. The GCL and the PVC
geomembrane were tested for material and seam strength, and required the manufacturer's
certification of quality.

The principal challenge in construction of the cover system was to attain the specified density of
the silt layer under the PVC. Rain during construction frequently rendered the silt too wet for
proper compaction. This difficulty was overcome by substituting the GCL for the silt layer over
two thirds of the site. The GCL proved to be advantageous because a section of GCL could be
placed and covered in one day, whereas the silt had to be placed in several lifts each requiring
several days for drying, compaction, and finish rolling.

A significant concern in the cover system design and in use of the GCL was the slope stability of
the cap system. To address the issue of slope stability, a slope stability sensitivity analysis was
run to determine maximum allowable slopes and slope height. Results of this analysis were
incorporated into the design and subsequently added to the new GCL specification to provide
maximum slope limits and still allow flexibility in the final grading. An overlapping tie-in of the GCL
under the existing cover system was used instead of an anchor trench, after it was determined
that the normal loading of the materials overlying the overlap would adequately anchor the GCL.
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QUALITY ASSURANCE

A QAJQC testing and monitoring plan was developed and defined in the specifications to provide
adequate documentation of project performance. All QA/QC test resuits and records were
reviewed by HBI, KJC, Boeing and their site representative, EPA, and U. S. Army Corps of
Engineers (USACOE). Some of the test samples were spiit, and independent parallel tests were
run by both the site representative and HBI. This level of reproducibility provided substantial
validation of test results.

The QA/QC testing and monitoring plan was reviewed by all parties. As a part of this plan, the
design/build team-and Boeing each provided a qualified individual tasked to observe construction
and review QA/QC test results and records. HBI and the site representative each maintained an
on-site laboratory, each supported by a more fully equipped, off site and local laboratory. This
provided the ability to obtain short-term test results quickly when expediency was required and/or
to obtain test results of greater accuracy (e.g. longer run times) for final documentation as
required. Results of the QA/QC testing and monitoring plan covered water, bentonite, slurry,
trench depth and key, and backfill. The QA/QC testing and monitoring for each of these media is
provided in Table 1.

Table 1: QA/QC Testing and Monitoring Plan

Media Standard Test ?requency Specified Values
Water pH Once As required to hydrate the
Hardness Once bentonite
Total dissolved solids Once
Bentonite APl 13A Test to show compliance Per truckload Certificate of compliance from
with standard manufacturer
Pond API 13B Viscosity Once per shift Minimum 40 second Marsh
Slurry Funnel
API1 13B Unit weight Once per shift Minimum 10.06 kN/m® (64
PCF)
APl 138 Filtrate Loss Once every third shift Less than 25 CC in 30 minutes
@ 689.5kPa (100 PS})
Trench AP113B Viscosity Once per shift (top & bottom) | Minimum 40 second Marsh
Slurry Funnel
APl 13B Unit weight Once per shift (fop & bottom) | Minimum 10.06 kN/m® (64
PCF)
Backfill ASTM D-5084 Permeability Once per 765 m° (1000 CY) 1x10™ M/SEC (1x10”
CM/SEC) maximum
ASTM D-1140 Fines content Once per 765 m° (1000 CY) Not less than 20 percent
(mod) - passing the #200 sieve
ASTM D-1140 Unit weight™ Once per shift 2.36kN/m” (15 PCF) greater
{mod) than trench slurmry unit weight
ASTM C-143 Slump Once per 380 m° (500 CY) - | 7.6 - 17.8 cm (3-7 inches)
Slope Profile™ Twice per shift (beginning No irregularities
and end of shift)
Trench Depth measurement Once per 3 linear meters (10 | Minimum penetration into key
linear feet) of trench
excavation
Key Continuous Acceptable key materials

Water: Construction water was tested once at the outset of pumping from the supply well.

Bentonite: Each shipment of bentonite was accompanied by a certification sheet verifying
compliance of the lot with American Petroleum Institute standards

Slurry: Pond slurry was tested for viscosity and unit weight once each shift. It was also tested for
filtrate loss twice each work week. Two samples of the trench slurry were also tested for viscosity
and unit weight once each shift. One sample was taken from the top 3 meters (10 feet) of the
slurry, and the second was taken from the bottom of the trench. :
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Trench: The trench was sounded and a profile developed at least twice a day at 3 linear meter
(10 linear foot) intervals. Additionally, the trench was sounded at the completion of each cut to
provide the means to locate any areas where materials or construction might later have been
found to be non-compliant. HBI maintained tabular and graphical records (updated daily) of the
soundings. Classification and verification of the trench key materials (Aquitard System) were
performed continuously as the excavation proceeded.

Backfill: Quality control of the backiill was performed primarily before and during the mixing of
each 770 m3 (1000 cu. yd.) batch. This involved testing of ingredient materials, design of the mix,
and testing of the first batch. This provided HBI with the information necessary to formulate a
backfill mix that consistently met specifications. Once the first batch was found to meet all
specifications, its mix design was simply repeated in subsequent batches. This early effort
expedited the mixing, testing and placing of subsequent backfill batches. As can be seen in
Figure 3, the mix design produced a backfill that consistently exceeded permeability specification
requirements.

Figure 3: Permeability Test Results
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CONCLUSIONS

The barrier wall system for the Queen City Farms site was successfully installed within the
scheduled work duration, meeting all requirements of the design/build contract and Consent
Decree, and providing Boeing with a quality product. Observations and conclusions are
summarized below:

o The selected soil-bentonite slurry wall system proved to be the most economical and
constructible barrier wall system for the given site conditions and restrictions;

+ Continuous observation of the stratigraphic sequence penetrated by the frenching allowed for
timely decisions regarding final keying-in of the barrier wall;

« All permeability testing for the soil-bentonite backfill met or exceeded the required k=1x10"°
m/sec (k=1x10"7 cm/sec);

e Trench advancement through exceptionally hard till with boulders was anticipated and
accomplished with frequent equipment maintenance, bucket teeth repiacement, and chiseling
effort;

e Slurry loss through open works gravel was controlled by adjusting slurry feed rate, changing
slurry viscosity, and/or through use of stabilizing additives, thereby maintaining adequate
slurry level and trench stability at all times. However, slurry was detected in various wells
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completed in Aquifer 1 across the site, indicating significant transmission of slurry through
open works gravel;

e Construction of the barrier wall along an alignment with significant grade changes was
successfully performed through efficient use of working platforms, earthen berms, and sheet
pile bulkheads;

« Utilization of the GCL liner over a portion of the extended cover system in lieu of the silt layer
eliminated difficult soil moisture conditioning requirements during wet weather operations and
provided a good technical alternative to be considered for future cap construction.

To conclude, it should be noted that joint cooperation is necessary among various members of the
client's project representatives and the design/build team to successfully complete any project,
much less one that had the number of design and construction challenges offered by this project.
In this regard, the authors acknowledge the efforts of the Boeing Support Services Group, EPA,
USACOE and Boeing'’s site representative, Golder Associates.

M. A. Koelling J. E. Norris
C. P. Kovac Kenndy/Jenks Consultants
Hayward Baker, Inc. 530 South 336th Street
2701 California Avenue SW, Suite 230 Federal Way, WA 98003

Seattle, WA 98116
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KAOLINITIC CLAY-BASED GROUTING DEMONSTRATION
A.Lynn McCloskey', Creighton J. Barry?; and R. Wilmoth®

Abstract

An innovative Kaolinitic Clay-Based Grouting Demonstration was performed under the Mine Waste Technology
Program (MWTP), funded by the U.S. Environmental Protection Agency (EPA) and jointly administered by the
EPA and the U.S. Depariment of Energy (DOE). The objective of the technology was to demonstrate the
effectiveness of kaolinitic clay-based grouting in reducing/eliminating infiltration of surface and shallow
groundwater through fractured bedrock into underground mine workings.

in 1993, the Mike Horse Mine was selected as a demonstration site for the field implementation and evaluation
of the grouting technology. The mine portal discharge ranged between 114 to 454 liters per minute (30 to 120
gpm) of water containing iron, zinc, manganese, and cadmium at levels exceeding the National Drinking Water
Maximum Contaminant Levels.

The grout formulation was designed by the developer Morrison Knudsen Corporation/Spetstamponazhgeologia
(MK/STG), in May 1994. Grout injection was performed by Hayward Baker, Inc. under the directive of MSE
Technology Applications, inc. (MSE-TA) during the fall of 1994. The grout was injected into directionally-drilled
grout holes to form a grout curtain at the project site. Post grout observations suggest the grout was successful
in reducing the infiltration of the surface and shallow groundwater from entering the underground mine
workings. The proceeding paper describes the demonstration and technology used to form the subsurface
barrier in the fracture system.

Introduction

A significant environmental hazard to surface waterways nationwide and worldwide is acidic, metal-laden water
draining from abandoned mines. The State of Montana has identified more than 20,000 abandoned mine sites,
on both public and private lands, resuliing in more than 2092 kilometers (1,300 miles) of streams experiencing
poliution problems. To address and find technical solutions to the problems created by these sites, the EPA
created the MWTP which demonstrates field and pilot-scale technologies to either treat, reduce, or eliminate
the existing hazards.

The MWTP Activity lll, Project 2, Clay-Based Grouting Demonsfration Project was funded by EPA and jointly
administered by EPA and the DOE through an Interagency Agreement. EPA contracted MSE-TA through the
MWTP to evaluate and develop the subsurface application of a clay-based grouting technology. The Mike
Horse Mine site was selected as the demonstration site (MSE, Inc., 1994).

EPA and DOE selected the clay-based grout formulated technology developed by MK/STG. The technology
involved injecting clay-based grout into a fractured bedrock system, thereby reducing the amount of ground and
surface water infiltrating underground mine workings. Reducing water inflow into underground mine workings
was expected to reduce the volume of impacted water discharging from the 300-level adit portal of the Mike

! A. Lynn McCloskey, MSE Technology Appiication, Inc., P.O. Box 4078, Butte, MT 58702, (406) 494-7371,
Imeclosk@buttenet.com

2 Creighton J. Barry, MSE Technology Appiication, Inc., P.O. Box 4078, Butte, MT 59702, (406) 494-7268,
mking@buttenet.com

3 Roger C. Wilmoth, National Risk Management Research Laboratory, Office of Research and Development, U.S.

Environmental Protection Agency (MS 445), 26 W. Martin Luther King Drive, Cincinnati, OH 45268, (513) 569-7509,
Roger_Wimoth@msn.com
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Horse Mine and potentially improve water quality downstream from the mine. Because the technology was
developed to eliminate the flow of water into the mine workings, it was considered a source-control technology.

The Mike Horse Mine site is owned by American Smelting and Refining Company, Inc. (ASARCO) and is
located approximately 24 kilometers (15 miles) northeast of Lincoln, Montana. Presently, slightly acidic waters
containing elevated levels of heavy metals discharge from the 300-level portal of the mine directly into Mike
Horse Creek. The State of Montana recognized this mine discharge as one of the major contributors of metal
loading into the Upper Blackfoot River (Montana Department of State Lands, 1991). Mike Horse Creek is one
of three tributaries that make up the headwaters of the Upper Blackfoot River. A portion of the mine workings,
where water from Mike Horse Creek was determined to flow into the underground mine workings through the
subsurface fractures, was designated as the project area to be used for demonstration of the technology.

Figure 1. Clay-Based Grouting Demonstration site map.
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The Clay-Based Grouting Demonstration Project consisted of five major phases: 1) site characterization; 2)
grout formulation; 3) Phase l—Grout Injection; 4) Phase Il—Grout Injection; and 5) verification monitoring and

technology evaluation.

155



Technology Background
ite ripti

The site selected for the demonstration was the Mike Horse Mine, an inactive underground mine in the
Heddleston Mining District in Lewis and Clark County, Montana. The Mike Horse Mine was the largest and most
productive mine in the Upper Blackfoot Mining Complex. Silver, lead, and zinc-bearing ores of the Heddleston
Mining District were discovered in the late 1800's, and development of the district and the Mike Horse Mine
began in 1898 (Pardee and Schrader, 1933). ASARCO continued operation of the mine until 1955, when the
Mike Horse Mine operation was put out of production due to declining metal prices.

The Mike Horse Mine consisted of 10 underground working levels, which were driven along the veins/auits for

distances up to 610 meters (2000 ff) . The mine workings extend to approximately 305 meters (1000 ft) below
ground surface (bgs). The main haulage drift, at the 300-level, was accessed by a 335 meter (1,100 ff)
crosscut tunnel. For this project, the main workings of interest were at the 300-level drift and crosscut tunnel.
The elevation at the 300-level portal was the lowest surface expression of the mine. Water entered the mine
upgradient of the 300-level through either subsurface fractures or surface flows into the old mine working at
other levels. Review of existing mine maps confirmed that mine workings extend beneath the stream bed of
Mike Horse Creek; this area corresponded to a losing segment of the creek. This relationship strongly
suggested that the water lost from the losing section of the creek was infiltrating the mine workings through
fractures and joints in the rock structure underlying the stream and eventually was discharging from the 300-
level mine portal back into Mike Horse Creek. MSE-TA proposed applying clay-based grout under the losing
portion of Mike Horse Creek to control water infiltrating the mine workings.

Project Objectives and Scope of Work

The primary objective of this project was to demonstrate that the strategic placement of a clay-based grout
could control and significantly reduce the inflow of surface water and shallow groundwater to underground mine
workings. The primary objective was to control the influx of water into the underground mine workings; thus,
eliminating water contact with sulfide ore zones and as a result decreasing the formation of acid mine drainage.
The project was not to be viewed as a direct treatment of mine waste, but as a method to control one source
of acid mine drainage by managing groundwater flow. The project was designed to test and evaluate the
effectiveness of the grouting technology.

Succe riteria Establish

Criteria for the success of the grouting technology was established to define and measure the degree of
success the technology developers were able to achieve. Field tests were performed prior to grouting to
establish baseline conditions at the site. Postgrouting tests were performed, and results were compared to
baseline conditions to determine the performance of the grout with regard to hydraulic sealing of the fracture
system. Testing methods were modified during progression of the project, as required, to properly characterize
the grout effectiveness. The primary objectives used to define the success of the project were as follows
(SAIC/SITE, 1995).

1) To show grouting had a probable effect in reducing the hydraulic connection between Mike Horse Creek
near the project area (drill pad), the groundwater at a monitoring well (monitor well (MW) -4), and the 300-
level portal.

2) To verify MK/STG’s claim that their clay-based grouting process would reduce in sifu permeability within
known areas of the grout curtain to <1 x 10 meters per second (m/sec).

3) To determine MK/STG’s claim that exposure of the clay-based grout to acidic materials (pH <5.5) would

not increase the hydraulic conductivity of the grout by more that 15% at a confidence level of 85% (acid
resistiveness).
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4) To determine whether the clay-based grouting process reduced the permeability to 10® m/ssc in grout
holes, angle drill hole ADH -7 and ADH-8, in which permeability values were greater than 1.27 x 10° m/sec
based upon pre-grout packer injection tests (permeability for grout holes ADH-7 and ADH-8).

Although the main objective was to control point-source influx, the evaluation of the project’s success also
included the feasibility, cost-effectiveness, and flexibility of the technology to be used in other situations and
other applications.

Demonstration History

The clay-based grout technology and the Mike Horse Mine site were selected by EPA for the demonstration

in the summer of 1993 under the stipulation that the Mike Horse Mine would be accessible, as per ASARCO'’s
claims, and flow stations would be placed at the drifts in the 300-level to determine the flow produced from
each drift. In the spring of 1994, ASARCO decided not to open the Mike Horse Mine; furthermore, ASARCO’s
future plans for the mine included placing a bulkhead in the 300-level mine workings approximately 150 feet
in from the portal entrance. It was decided by EPA in July 1993 to proceed with the demonstration .

In September 1993, ASARCO constructed an earthen dam (referred to as the ASARCO dam throughout this
document) upgradient from the Clay-Based Grouting Demonstration Project site to contain and reroute (pipe)
water from Mike Horse Creek to an area below the 300-leve! Mike Horse portal. This system was designed to
decrease the amount of surface flow entering the underground workings. This dam was not keyed into the
bedrock, allowing for groundwater to move under the dam through the shallow alluvial material on which the
dam was constructed.

From spring 1993 to August 1994, pregrout site characterization was performed to provide the baseline
parameters necessary to evaluate grout emplacement. During May 1994, the grout formulation was developed
in laboratories in the Ukraine by STG using the kaolinitic clay from Troy, Idaho. On September 15, 1994, Phase
| of the grout injection was initiated. During Phase | grout injection, approximately 1224 cubic meters (1600
cubic yards (cy)) of clay grout were injected into the fracture system to reduce infiltration of water into the
underground mine workings. Due to severe weather conditions at the site, Phase I grout injection was
terminated on November 7, 1994. Once Phase | was completed, the technology developers stated that grout
injection was only 40 to 50% complete and proposed a second groutinjection phase be performed. The Phase
Il grout injection was scheduled for July and August 1995; however, on May 7, 1995, high water due to spring
runoff caused the 300-level portal, which initially was almost totally collapsed, to washout from the mine
towards Mike Horse Creek. All flow devices monitoring the 300-level discharge filled with sediment and
became inoperative. Since this main critical data source (the 300-level discharge) had been eliminated by the
high runoff event, EPA canceled the Phase l—Grout Injection on June 21, 1985.

Pre-Grout Site Characterization

Pre-grout site characterization was performed at the project site to establish baseline information and to
determine the locations at which water was infiltrating into the underground mine workings. With respect to the
pre-grout site characterization at the Mike Horse Mine site, the following observations and conclusions were
established:

« Historic flow and geological data provided surface water flow and fracture information about the Mike Horse
Mine drainage system. From this information, the annual averages for the 300-level portal flows were
estimated at 3.40 I/s (0.12 cfs), and the annual average stream fiow was estimated to range from 0.85 to
85 I/s (0.03 to 3 cfs). A down gradient seep observed flowing every year, was interpreted as a surface
expression of the original stream bed of Mike Horse Creek that was changed during historic mining events.

«  Stream gauging results illustrated that Mike Horse Creek began to loose water where it flowed directly over

the Mike Horse Mine 300-level workings, and the quantity of water lost in this region was less than the
quantity of water reentering Mike Horse Creek below the 300-level portal.
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Continuous stream flow measurements included a monitoring plan to provide a water balance for the Mike
Horse Mine drainage above the 300-level portal. The data provided baseline stream flow records.

The 300-level Mike Horse Mine portal discharge data were determined to be critical. Two continuous
monitors were placed at the portal. Data from the portal flow monitors supported the conclusion that Mike
Horse Creek was hydraulically connected to the Mike Horse Mine in the project area. Direct responses to
packer testing performed on August 18 and September 19-20, 1994 were very apparent on the daily flow

records provided by MSE-TA’s continuous monitoring station. The continuous monitors also provided
baseline data used in further interpretations for this project.

Precipitation data provided useful baseline information for interpretations concerning the 300-level portal
discharge and stream flows. The annual precipitation figures show that 1993 was a fairly wet year with
respect to long-term averages; however, annual precipitation figures for 1994 and 1995 were below
average.

Groundwater potentiometric elevations contoured for September 9-14, 1994, indicated an anisotropic
aquifer system and a significant cone of depression in the vicinity of monitoring well , MW-7. MW-7 was
located directly over a large stope that was located less than 7.6 m (25 feet) bgs and is directly connected
1o the 300-level underground mine workings. Additionally, the alluvial system below the project area was
on average between 3.6 and 6.1 m (12 and 20 ft) deep, suggesting a thin (less than 1.5 m (5 ) thick)
bedrock layer between the alluvium and the stope. The bedrock located between the stope and the alluvial
layer provided infiltration through the enhanced fractures. The fractures had been enhanced by
weathering, subsidence, and historic blasting and mining operations.

In addition to establishing direct connection between the mine workings and the project area, the packer
tests define the variability and magnitude of the hydraulic conductivity of specific intervals of the grout
injection holes. These hydraulic conductivity values provide baseline data to calculate and determine the
amount of grout that could be injected into the formation.

A baseline tracer dye study was performed by injecting dye at select points in monitoring wells. The dye
was detected in a monitoring well located approximately 9.1 m (30 ft) away from the nearest injection point,
in just a few hours. Tracer dye was also determined to be present at the 300-leve! portal on May 4, 1995.

Geophysical and geologic logging of the core holes were performed to define the geological units and
fractures. A borehole video camera was used to view the borehole walls and water table of grout hole,
ADH-7, which was at a drilled depth of 46 m (150 fi). The borehole televiewer measured the borehole and
viewed the water table of ADH-7, which was located at 46 m (150 ft) drill depth. The directional survey
provided the deviations due to drilling in ADH-7 and ADH-8. Cross sections using this and other surface
surveys illustrate that ADH-7 is located 0.8 m (3 ff) from the 300-level mine workings, and the water level
in ADH-7 corresponds to the middle of the 300-level mine workings.

The rock mechanic testing conducted on representative samples from the Mike Horse Mine evaluated the
sample density, tensile strength, compressive strength, elastic properties, and hydrofracture pressures
required to break the rock. The tensile strength of the rock samples was influenced by the various grades
of fracture healing, brecciation, and alteration. Samples with low compressive strengths <3,515,500 kgs/m?
(<5,000 pounds per square inch (psi)) usually failed along preexisting fractures. High-strength specimens >
17.57 million kgs/m? (>25,000 psi) tended to fail violently. It was apparent that the competent rock at the
Mike Horse Mine should withstand the forces exerted during grout injection. If maximum grout injection
pressures remain below 210,900 kgs/m? (300 psi), hydrofracturing should not occur in competent rock;
however, if unhealed fractures existed, then grout could initiate reopening of the fractures. At maximum
pressures of 421,800 to 464,000 kgs/m? (600 to 660 psi), even healed fractures could be reopened.
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Grout Injection Procedures

The Phase | field implementation of the grout injection began on September 22, 1994 and was completed on
November 7, 1994. A discussion of grout specifications, composition, and procedures is provided in this section.

Grout Hole Specifications

The STGWIK Joint Venture was the technology developer for the Phase | field implementation of the clay-based
grouting technology. The concept behind the STG/MK’s field implementation plan was to inject grout into the
35¢° (from horizontal) angle grout holes first. Grout injected into these holes would form a cap over the deeper
angled, 45° grout holes that would be grouted second; thus, the cap would force the grout to move deeper
rather than shallower in the fracture system. Steeper angled grout injection holes were to be grouted after
completing the 35° and 45° grout holes. See Figure 2.

Figure 2. Conceptual cross-sectional view of the
subsurface grout barrier design.

Grout Composition

The grout formulation for the clay-based grout was developed in the Ukraine by STG during May 1984. The
overall properties of the clay-based grout depend on the physical and mechanical properties of the clay. The
clay used for this demonstration was a kaolinitic clay from near Troy, Idaho. The kaolinitic clay along with water,
structure-forming cement, and proprietary chemical additives are formulated into a viscoplastic grout. The
grout's properties are such that it retains rheological properties, meaning it retains plasticity and does not
crystallize, unlike cement-based grouts. Also, since the pHs of the water at the site range from 5 to 7, the grout
composition was adjusted to structurally form and remain stable under lower pH conditions.

The composition of the grout used in the project by weight consisted of 30 to 35% kaolinitic clay, 6 to 7% sulfate
resistant cement (Class V), 1 to 1.5% proprietary additive(s), and 56.5 to 63% water; occasionally, sawdust was
added as a filler material. The density of the grout was 1350 to 1400 kilogram per cubic meter (kg/m°)(6.24
x 102 bs/ft), with a dynamic shear strength of 0.64 to 0.68 mm Hg (85 to 90 pascals), a structural viscosity of
37 to 40 centipoise (37 to 40 x 10 pascals/sec), and a compressive strength of 1.0 to 1.5 bars (0.1 to 0.15
megapascals).

The kaolinitic clay was transported by truck to a facility having the ability to crush the clay to minus 8-mesh, as

specified by the developers. Sawdust was the filler material designated for grout injection during periods when
minimum pressures and large amounts of grout were being injected into large voids.
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Grout Injection em

Field implementation was performed by Hayward Baker, Inc. (HBI), a ground modification company. They
injected the groutinto the subsurface at the Mike Horse Mine Project site per the direction of MSE-TA and the
developer.

The high-clay grout was mixed in two stages. The first stage consisted of making a clay-water slurry. Four to
five tons of clay were added to approximately 5.4 m® (7 cy) of water over 50 to 60 minutes, increasing the
density of the slurry from 1000 to 1350 kg/m?® (62.4 to 84.3 Ibs/ft%); the clay-water slurry was then tested for
density. The clay-water slurry mixing was performed using a colloidal mixer. After the batch of slurry was mixed
thoroughly, it was transferred to a large storage tank.

The second stage of grout mixing consisted of adding a binder material (cement) into a second shear mixer
0.43 m* (.56 cy). Volumes of binder were metered as they were added into the mixer. Then the clay-slurry mix
with the added binder was piped to a hopper containing a screw feeder where the proprietary additive(s) and
the fillers were mixed into the grout in proper proportions. In most instances, sawdust was the preferred filler
material used in the grout injection. The entire system enabled the continuous injection of grout into the grout
holes at the specified pressure until refusal was reached. Testing ports provided samples for grout density,
viscosity, injection pressure, and flow rate.

Initially, grout was pumped from the hopper and down the grout injection holes using a Moyno screw pump;
however, gravels, approximately % inch in diameter, clogged and ruined the screw pump. The replacement
pump specified was a positive displacement pump that had the ability to pump the gravels and other filler
material down-hole without binding the pump. The grout was pumped down a 3.8 cm (1%2-inch) flexline with
a flowmeter/pressure transducer placed at the top of the casing and tremie pipe. The tremie pipe was 3.8 cm
(1%-inch), rigid threaded pipe that was connected in 25.4 cm (10-inch) sections.

The grouting was performed in stages with grouted sections 6.1 to 12.2 m (20 to 40 ff) long. The injection rate
was anticipated to be 0.94 I/s (15 gpm), but actually varied between 0.06 to 1.26 I/s (1 and 20 gpm). The
upstage method of grouting (from the bottom of the hole upward using an inflatable packer) was used for grout
injection.

The anticipated allowable pressure for grouting was 703 kg/m? to 1054 kg/m? (1 to 1.5 psi per vertical foot) of
drilled borehole. The Aardvark Packer used for Phase | of grout injection was designed to function without
slipping up to pressures of 386,650 to 421,800 kg/m? (550 to 600 psi), usually if the grout hole had not been
grouted before. However, the nitrogen (piped through 0.64 cm (Y-inch) tygon tubing) used to inflate the packer
would start to compress above pressures of 386,650 to 421,800 kg/m? (550 to 600 psi), resulting in the packer
slipping in the grout hole. The pressure was measured at the end of the pump and at the well header.
Grouting was continued until refusal was reached or the packer slipped. If refusal was reached and the
pressure held for longer than 15 minutes, the packer was kept at the staged interval until the back pressure
at the header approached (0 psi).

Approximately 1224 m® (1600 cy) of clay-based grout was injected during the period from September 23 to
November 11, 1984. it was determine by the developers at the end of the injection period that only 40% of the
grout required had been injected.

Grout injection Results

During field implementation of grout, the main parameters monitored included continuous monitoring of the
discharge at the 300-level portal and continuous monitoring of the water level in the monitoring wells at the
projectsite. Results from the 300-level portal did not show a significant reduction in flow during grout injection;
however, this may have been due to the large volume of water blocked within the mine workings. During grout
injection, however, the monitoring wells did show significant water level changes during grout emplacement.

Resuits of the 1223 m® (1600 cy) of clay-based grout injected, were observed in the monitoring wells
continuously monitored. The water level in MW-1 rose approximately .76 m (2.5 ff) due to grout injected in
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ADH-14 which closed off a hydraulic connection that had allowed water to infiltrate into the underground mine
workings. The elimination of hydraulic connections was also apparent in water level measurements in MW-2.
The water level in MW-2 decreased almost 2 feet in response to recharge zones for MW-2 closed by grout
injected in ADH-14.

MW-3's initial water level was 33.8 m (111 ff) bgs; however, after grouting-at ADH-14, the water level in MW-3
rose and is presently between 5.2 to 4.3 m (17 to 14 ft) bgs. It was concluded that the previous water levels
in MW-3 reflected water infiltrating into the mine. This conclusion was made because DDH-3, an open core
hole located approximately 3.1 m (10 ft) east of MW-3, had a static water level of 11.6 m ( 38 ft) bgs. The steep
gradient is representative of a dewatering situation. While grouting ADH-14, the fractures hydraulically
connecting the mine workings and MW-3 were grouted shut and the water level in MW-3 rose to 52 m (17 ff)

bgs.

Also, the field implementation plan for the demonstration was modified during grout injection. The modification
consisted of drilling near-surface grout holes at steeper angles because cross communication occurred
between grout injection holes, and grout surfaced frequently when grout was injected into the shallower 35°
grout injection holes. As a result of the modification, the steeper grout holes were drilled closer to the 300-level
mine workings. ADH-7 was drilled approximately 0.9 m (3-ft) away from the mine workings. When grout was
injected atthe 37.2 m (122-ft) packer interval, back pressure did not exist (negative pressures). Sawdust filler
was added to the grout formulation to fill the void and try to raise the injection pressure. After 128 m* (168 cy)
of grout were injected into ADH-7, sufficient back pressures were not achieved; therefore, dead plugs were
placed at depths of 41 and 39 m (135 and 128 ft). The main quantities of grout (approximately 50%) were
placed in two grout injection hole.

A second modification to the field implementation plan was to increase the initial maximum pressures
suggested by the developer o a maximum pressure of 421,800 to 456,950 kg/m? (600 to 650 psi). With this
modification, the developer was able to hydrofracture healed fractures allowing larger quantities of grout to be
injected. Hydrofracturing was performed by decreasing the density of the grout formulation by adding water
at a point when high pressures and the grout injection rate had decreased. This allowed grout to penetrate
smaller fractures and extend the boundaries of the grout curtain. The higher pressures caused compression
of the nitrogen inflated packer, allowing the packer to slip up the grout hole. In some instances, the packer was
destroyed when it was shredded by sharp fragments or reached a void that allowed the packer to expand until
it burst.

Conclusions and Recommendations

Within the MWTP, Activily Ill, Project 2, Clay-Based Grouting Demonstration Project, Interim Report, (MSE-TA,
Inc., 1994) the ability of the clay-based grout, developed by MK/STG, to reduce and/or eliminate flow into
subsurface fracture systems was evaluated for its integrity, ability to inhibit water inflow, grouting method, and
potentiat for future implementation.

In summary, the recommendations and conclusions addressing kaolinitic clay-based grout for reducing the
permeability of a fractured bedrock system include:

« Kaolinitic clay can provide a substantial reduction in the permeability of a fracture system. From the
hydrograph created during this period, portal discharge was shown to have been reduced by up to 29% in
March 1995, and up to 42% in May 1995. However, high-flow conditions reflect larger reduction in flow
compared to small reductions during the low-flow conditions. Note, the amount of flow reduced is
proportional to the high/low-flow conditions of the mine.

« The reduction was also apparent when flow measurements recorded during the first week of April 1996,

as measured by ASARCO, read consistently 1.45 l/s (23 gpm). This value was approximately 0.63 I/s (10
gpm) lower than base flow conditions on pregrout years.
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Kaolinitic clay-based grout can provide reduced permeability in fracture systems, and it also maintains its
rheological properties in saturated/partially-saturated conditions. It also does maintain its continuity under
acidic conditions, this is an advantage when comparing the clay-based grout to other viable grouts.

However, primary disadvantages of this grout are that it does not provide structural strength for use in civil
projects and it should not be used in arid or unsaturated areas, because desiccation and cracking of the
grout occurs, allowing water to infiltrate through the grouted area. If the grout is specified for
implementation in such conditions, special consideration should be taken. Also, if the soil moisture is
significant enough in an unsaturated area, then this grout may be feasible for emplacement of a subsurface
barrier.
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DESIGN AND CONSTRUCTION OF A DEEP SLURRY TRENCH BARRIER

Peter W. Deming, PE1

Abstract

A 24 m (80 ft) deep slurry trench surrounding a former chromium manufacturing facility on the
Patapsco River in Baltimore, Maryland was constructed in 1995 to contain groundwater and site
soils, and to reduce the volume of groundwater extracted to maintain an inward gradient. In 1892,
an embankment made of crushed stone was constructed in the Patapsco River to make land for
barrier construction outboard of the bulkheads, and to protect the barrier. Stability of the slurry-
supported trench excavation in the embankment required construction from an elevated work
platform. An extended reach backhoe was used to excavate the deep slurry trench and to clean
the trench bottom. Soil-Bentonite backfill was prepared at a central mixing area and transported
by truck to the perimeter barrier. A synthetic membrane was inserted partially into the backfili for
connection to a multimedia cap, and for redundancy and erosion control in the tidal zone.
Hydraulic testing of the aquitard contained by the barrier demonstrated excellent performance of
the barrier and bottom closure. Detailed definition of subsurface conditions and the closure
stratum was necessary for the design and successful construction of the barrier, and is
recommended for comparable slurry trench construction projects.

Proiect Descripti

The AlliedSignal Baltimore Works is in the Fells Point area of Baltimore, Maryland, on the Patapsco
River waterfront. The 6 hectare (15 acre) site forms the eastern edge of Baltimore’s Inner Harbor.
In the 1860's the site was constructed by placing fill outboard of the original shoreline, widening a
narrow peninsula in the Patapsco River. Fill was placed to a bulkhead structure on the north side
of the site and was placed in fingers to create piers along the south side.

A plan view of the site as it appeared in 1988 is shown in Figure 1. Timber and steel bulkhead
structures constructed from the 1860's and 1950’s, functional but deteriorated, formed the
waterfront perimeter in 1988. A typical 1860 era bulkhead is shown in Figure 2. A low level timber
deck was constructed in 1948, and circular steel sheetpile cells were constructed in 1967 to
create land area for industrial development.

Chromium manufacturing ceased in 1986. Industrial structures were dismantled in 1990 under a
consent decree agreement between AlliedSignal (the Owner), the US EPA, and the Maryland
Department of the Environment. The consent decree required a layered multimedia cap over the
area enclosed by the hydraulic barrier. An inward hydraulic gradient was required in a deep sand
and gravel aquifer overlying bedrock and in the shallow groundwater along the land perimeter,
and a maximum chromium concentration was specified for the Patapsco River surface waters
along the river front perimeter. A subsurface investigation was performed in 1988 to evaluate the
feasibility of constructing a deep hydraulic barrier. The barrier alignment was outboard of the
bulkhead in order to retain contaminated fill behind the bulkhead structures. An embankment was
constructed outboard of the bulkheads to replace these aging waterfront structures, provide land
area for barrier construction, and provide long term protection of the hydraulic barrier in the marine
environment. The soil-bentonite backfilled slurry trench barrier was selected because of its cost
effective long term low permeability performance and the ability of field personnel to verify barrier
continuity and positive closure with the underlying bedrock during construction.

1 Mueser Rutledge Consulting Engineers, 708 Third Avenue, New York, New York 10017
Tel. (212) 490-7110, MueserEng@AOL.com.
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Subsurtace Geologic Condit

Miscellaneous fill along the waterfront perimeter is underlain with 3 to 6 m (10 to 20 ft) of soft
organic clay and alluvial sand deposits in the Patapsco River bed. These are underiain by
Cretaceous age deposits, consisting of a 5 to 10 m (16 to 33 ft) thick hard clay and compact fine
sand aquitard, and a 5 m (16 ft) thick layer of compact coarse sand and gravel aquifer. These
materials overly decomposed bedrock. The bedrock surface drops gradually from Elev. -15 m (-50
ft) NGVD at the north side of the site to Elev. -21 m (-70 ft) NGVD at the south perimeter. The
upper 1 to 3 m (3 to 10 ft) of bedrock is highly decomposed (locally termed “saprolite”) and
transitions to crystalline schistose gneiss at depths of 3 to 9 m (10 to 30 ft) below the
decomposed rock surface. A typical soil profile is provided in Figure 2. The groundwater level in
the Cretaceous gravel and sand aquifer is influenced by the tide, exhibiting ground water
fluctuations on the order of 30% to 65% of the measured tide level changes, and bedrock was
found to have a slight upward gradient.

Borings for the first deep site characterization and barrier feasibility study were widely spaced
around the perimeter of the contaminated site. Borings were drilled using mud rotary methods
with wash water and casing to advance and stabilize the boreholes. In situ falling head
permeability testing was performed on the deep aquifer and bedrock while advancing these
borings. Records of borings made for site development, dating to the 1930’s were used to plan
this investigation, and were incorporated into the profile depicting subsurface conditions. Split
spoon samples were taken to measure compactness of the soil within the excavation profile, and
to recover soil for identification and for backfill design mix testing. Laboratory permeability tests
were performed on cores of the hard Cretaceous clay and decomposed rock recovered with Geo-
Barrel and Pitcher samplers. Tube-a-manchette grout pipes sealed in the completed boreholes
were used to test the feasibility of creating the deep barrier with microfine cement grout.

The permeability of the underlying aquifer and bedrock was measured with falling head tests in
the boreholes; given the test flows were primarily into the side walis of the boreholes the tests
defined the horizontal permeability of each strata. The sand and gravel aquifer overlying bedrock
was found to have an average permeability on the order of 10-2 cmv/sec. The permeability of the
decomposed rock ranged from 10-5 to 10-6 cm/sec. Bedrock permeability decreased to 10-7
cm/sec with the transition to crystalline rock. The decomposed rock was chosen as the closure
stratum. Because the decomposed rock was relatively consistent, an analysis of seepage below
the wall through the decomposed rock found that increasing the depth of the barrier key into
bedrock would not substantially decrease inward flows.

The initial feasibility study borings were spaced approximately 122 m (400 ft) on center. A few
borings were added to define the soil profile along the final hydraulic barrier alignment when
making borings for embankment design, and a final series of design borings was made through
the completed embankment, to provide an understanding of that structure and for further
definition of the bedrock surface elevation. For design and construction bidding, the elevation of
the decomposed rock surface (“closure siratum™ or “key stratum”) was defined by borings at an
average spacing of 34 m (110 ft) along the barrier alignment. Boring spacing ranged from 27 m to
46 m (S0 to 150 ft). During construction two borings were added ahead of the trench excavation
to determine the surface elevation of the closure stratum.

EMBANKMENT DESIGN AND CONSTRUCTION

The embankment is a 580 m (1900 ft) long zoned structure made of crushed stone grading from
rip rap in the wave zone to a sand and gravel “wall zone” inboard adjacent to the bulkhead.
Embankment construction was preceded by dredging to remove soft compressible clay sediment
to expose a firm sand bearing surface. Temporary pile structures were constructed to support the
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bulkheads during dredging. A typical section of the completed embankment is shown in Figure
2. The core of the embankment is 150 to 230 mm (6 to 9 inch) diameter stone. Core stone was
placed by bottom dumping below Elev. -3 m (-10 ft) NGVD. Core stone above this elevation and
all of the sand and gravel fill inboard was placed with a 6 m3 (8 yd3) clamshell bucket. Fill placement
was monitored by sonar soundings below Elev. -3 m (-10 ft) NGVD, and by survey rod soundings
above. An essential requirement in construction of the embankment was to prepare the wall zone
for the future slurry-supported trench excavation by removing all piles and other obstructions and
controlling placement of the coarse stone core to prevent intrusion into the barrier alignment.

The embankment was designed to provide a minimum safety factor of 1.3 against static slope
failures, and a minimum safety factor of 1.1 under 0.05 g earthquake acceleration. Along the
south and west sides of the site, the embankment was 11 m (37 ft) wide from the bulkhead to the
crest of the rip rap slope. The outboard slope was 1V:1.75H from the crest to the toe, which
rested on medium compact sand. Along the north side the embankment was only 5.2 m (17 ft)
wide to provide 2.4 m (8 ft) of draft at the centerline of the former “Back Basin” defining the north
property line. The narrower north embankment required a toe berm below Elev. -3 m (~10 ft) for
stability.

The gradation of the sand and gravel fill in the embankment wall zone was selected to enhance its
performance during underwater placement and to minimize turbidity in the Harbor during
embankment construction. Gradation curves are provided in Figure 3. The fill developed an angle
of repose of 1V:4H during placement. Mud-rotary borings advanced through the embankment
found the sand and gravel fill to be loose and the borehole walls unstable. To enhance stability
and reduce future settlement of the embankment surface, the embankment was densified by
vibrating a pile probe in the wall zone before the slurry trench was excavated. A testing program
was performed to determine the amount of time the vibrating pile probe should be held at final
depth (2 minutes), and optimum probe spacing (1.2 m (4 ft)). The coarse gradation and low fines
content of the fill made vibratory densification feasible, and resulted in up to 760 mm (2.5 ft) of
setllement at the embankment surface (or 7% strain). The sand and gravel fill in the wall zone was
coarse enough to raise a design concern that a filter cake strong enough to prevent ravelling of
the trench walls would develop during excavation. The contract indicated the excavation rate may
have to be controlled for this purpose. However, after densification the trench walls were found to
be stable and excavation proceeded with the rate uncontrolled.

A 180 m (600 ft) long and 23 m (75 ft) wide slip along the north side of the site, the former “Back
Basin,” contained 6 m (20 ft) of very soft organic clay sediment, and was determined to be too
narrow for economic dredging. The Back Basin was isolated from the Patapsco River and filled.
Fill placement was stabilized with two layers of high strength reinforcing geotextile placed over the
soft sediment. Vertical wick drains were installed through a 1.5 m (5 ft) thick sand working platiorm
spaced 1.2 m (4 ft) on center in a triangular pattern to accelerate drainage of pore water from the
organic clay. Fill to final grade and 5§ m (15 ft) of surcharge was placed in controlled lifts.
Settiement occurred almost simuitaneous with fill placement, and a total of approximately 1.2 m (4
ft) of settlement was observed.

SLURRY TRENCH DESIGN AND CONSTRUCTION

In the late 1980’s when this project design began, slurry trenches deeper than about 18 m (60 ft)
were advanced by a combination of backhoe and clamshell equipment. Extended reach
backhoes were being developed which could reach to depths of 30 m (100 ft), making backhoe
excavation of this 24 m (80 ft) deep trench feasible. The design and contract documents for this
project considered the influence of an extended reach backhoe and the deep trench on the
performance of the slurry trench construction methods. The contract specified a minimum
separation between the excavation and backfill operations, required trench bottom cleaning,
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quality control measurement of the trench bottom, and limited the sand content of the slurry.

Key Into Closure Stratum

The slurry trench was designed to be keyed into the underlying decomposed bedrock.
Excavation depths ranged from 21 to 24 m (70 to 80 ft) below the surface of an elevated
temporary work platform. Closure with bedrock was mandatory for performance of the system
because even a small window in the sand and gravel aquifer would allow large inflows to the active
head maintenance system. A minimum 1 m (3 ft) key into the decomposed rock was specified.
This key depth was intended to permit some allowance for unknown subsurface conditions, and
to contain small amounts of trapped bottom sediment and debris while sealing the full thickness of
the sand and gravel aquifer with the low permeability soil-bentonite backfill. Trench depths.were
measured from a surveyed reference string line at the edge of the trench. Trench depth readings
were converted to elevation, and compared to the bedrock elevation defined by borings.

Trench Excavation and Bottom Cleaning

Operated by cranes positioned adjacent to the trench, clamshell equipment can excavate at any
location along the trench alignment. However, because the slurry-supported trench walls in the
embankment fill could not support the weight of a large backhoe, the backhoe must operate from
the solid ground at the leading end of the trench, and can only reach the trench bottom for a
distance of 10 to 12 m (35 to 40 ft) from the leading end of the trench. The bucket of a backhoe
tips as it is raised through the slurry column, and can spill excavation spoils onto the trench bottom
beyond reach of the backhoe for cleaning. If the backfill is pushed too close to the excavation
face, excavation debris falling from the backfill and sloughing off of the excavation face will mix with
the backfill and cover the bottom undetected. Also, the excavation depth, key material and trench
depth cannot be measured and verified. The contract specified a minimum 12 m (40 ft) separation
between the toe of the excavation slope and the toe of the backfill slope to obtain and verify
closure with bedrock. This separation allowed inspection to verify that the key was excavated into
bedrock. The separation permitted measurement of sediment and debris covering the trench
bottom. The specifications also required cleaning of the trench bottom, the lower third of the
backfill slope, and periodic removal of the backfill toe to remove accumulated sediments and
prevent debris entrapment. The contract essentially envisioned clamshell tools would be
provided for cleaning the trench bottom beyond the backhoe reach.

The trench bottom was checked for the presence of sediment and debris by measuring trench
depth with two weights at the same location (Poletto and Good, 1997). A 16 mm (1 in) diameter
steel 4 kg (9 Ib) weight was used to define the bottom of the trench. A 127 mm (5 in) diameter flat
steel plate weighing 4 to 5 kg (9 to 12 Ibs), with a lower bearing pressure was used to define the
top of sediment and debris resting on the trench bottom. When these two weights agreed within
150 mm (6 in) the trench bottor was approved for backfill placement. This check was performed
immediately before the backfill was advanced. Because both weights were used at the same time,
sediment and debris could be “lost” in a hole at the bottom of the trench. The contractor found
that a 7 tooth bucket with 200 mm (8 in) long teeth efficiently removed sediment and excavation
debris and was able to meet the measurement criteria. A 5 tooth bucket with 460 mm (18 in) long
teeth raked through the debris and could not obtain the 150 mm (6 in) sediment criteria.

The contractor requested (and was permitted) a physical separation of the excavation and backfill
operations so that the 12 m (40 ft) separation could be reduced, and the trench could be
excavated and cleaned with an extended reach backhoe. Excavation was physically separated
from the backfill by a 760 mm (30 inch) diameter open steel pipe called an “end stop.” The lower
half of the end stop pipe had 150 mm (6 inch) angles welded to the diameter; when rotated, the
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end stop would contact and disengage the trench side walls. The pipe rested on the trench
bottom, and was pinned at the top by steel beams placed across the trench. The end stop
prevented the extended stick from passing over the backfill surface and allowed bottom cleaning
and measurement before backfill covered the trench bottom. After the excavation reached final
depth, the trench bottom was sounded with the flat and pointed weights to check for sediment
and debris. With the trench bottom cleaned and approved, the end stop was lifted and moved
forward by a crane or backhoe operating at the side of the trench. The toe of the backfill slope
advanced with each move. The backfill toe was periodically pushed into the excavation end and
isolated there by lowering the end stop. The isolated materials were excavated to prevent
accumulation and reduce entrapment of scoured sediment and other debris.

When excavated below the slurry surface, the sand and gravel embankment fill ran to the bottom
of the excavation and travelled as much as 10 m (30 ft) from the cut. This occurred because the
granular fill had no fines to bind the particles together, and slurry quickly penetrate the clean fill,
lubricating particle contacts. Without the required separation or the Contractor’s end stop,
running sand and gravel would have covered the bottom and the backfill surface, resulting in
undetected gravel pockets within the backfill and below the wall. It is likely this would have
occurred with each advance of the excavation.

Backfill Placement

In slurry trench construction, backill is placed behind of the crest of the backfill slope to push the
backfill ahead in a mudwave which does not intermix with the trench slurry and is thought to scour
debris and sediments from the bottom. The scouring action is probably quite limited, especially
for bottom sediment, and can only be lessened as the depth of the trench increases. In a deep
slurry trench the large sidewall area may impart a drag force ‘on the backifill, reducing the force
pushing the toe of the backiill forward, and increasing the opportunity for entrapment of debris
and sediment. ldentification and removal of these undesirable materials to prevent entrapment
requires aggressive quality assurance and contract provisions supporting removal and monitoring.
Backfill was placed at slumps of 80 to 150 mm (3 to 6 inches) and was allowed to buildup to 3 m
(10 ft) thickness against the end stop. Progress of the advancing backfill was monitored daily.
Backfill placed aggressively at the crest of the backfill slope was observed to run down the face of
the backfill. The theoretical mudwave performance was observed only when backfili was placed at
one location until the trench could not take more backfill. This placement detail resulted in a slight
flattening of the backfill slope. Placing backfill at one location is recommended if mudwave
performance is desired in the backfill advance.

Slurry Sand Content

Natural fines and sand build up in the trench slurry during excavation, when the backhoe agitates
the slurry. More than one quarter of the slurry volume may be composed of sand. After
excavation, in a low energy condition, excess sand and silt which cannot be supported by the
slurry will fall out of suspension onto the trench bottom until the slurry gel strength acts to hold
sand in suspension. If the sand content drops by only 5% in a 24 m (80 it) deep trench, 1.2 m (4
ft) of sand will be deposited on the backfill surface or bedrock at the bottom of the key. For any
given slunty, sedimentation potential increases with time. Construction time increases significantly
with increasing depth of a trench excavation. Where a 12 m (40 ft) deep trench Because
excavation and backiill in deep trenches moves forward slowly, and because the large volume of
slurry in the trench is not agitated by the backhoe movements, the slurry column has ample
opportunity to drop sand. The contract specified active desanding of the slurry to maintain the
sand content below 15% for slurry sampled 1.5 m (5 ft) above the trench bottom; the sand
content ranged from 6% to 16% in construction, depending on desander use. Split spoon
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sampling of the trench bottom and backfill surface showed that sand did not build up on the
backfill surface, and the specified backfill slope cleaning was relaxed to a monthly occurrence.
When required, bottom cleaning beyond the reach of the backhoe was performed by aitlit.

The contractor developed a special desanding plant to control slurry sand content. The desander
incorporated a series of vibrating screens and lined cyclones which efficiently removed medium
and coarse sands from the slurry in a continuous flow. This desanding plant was able to reduce
the slurry sand content from 15% to 7% sand in one cleaning pass. One or two 100 to 150 mm (4
to 6 inch) pumps lifted slurry from depths of 12 to 18 m (40 to 60 ft) providing a continuous supply
of slurry to the desanding plant.

Backfill Design

The trench was backfilled with a homogeneous blend of soil and bentonite. Excavation spoils
were utilized to prepare a well graded clayey sand and gravel containing from 20% to 35% passing
the No. 200 sieve. The specified gradation range is shown in Figure 3. The addition of dry
bentonite was required to reduce backfill permeability. Wyo-Ben Inc.’s salt water compatible
treated bentonite “SW-101" was specified for the dry addition because brackish Patapsco River
water (1,500 ppm chiorides) will leach through the backfill under the inward gradient with time, and
the pore water in the excavation spoils contained chiorides. SW-101 bentonite yields 180 barrels
per ton (42 gal barrels per 2,000 Ib ton) when mixed with fresh water and 90 barrels per ton when
mixed with sea water. Permeability testing of design mixes showed the measured permeability of
samples prepared with SW-101 to be five times lower than samples prepared with untreated
premium bentonite. Testing indicated a 2% addition by dry weight of soil blend was optimal for
permeability benefit, but a 3% addition was specified to accommodate field imperfections in
bentonite distribution and thoroughness of blending. The average permeability measured in 71
batches was 5 x 10-9 cim/sec, and ranged from 4 x 10-8 to 9 x 10-10 cm/sec. The low permeability
was attributed to the use of the SW-101 bentonite, and the contractor’s shredding of the natural
stiff clay materials and thorough homogenization of the backfill.

For design, gradation tests were performed on natural soils, to define the particle size range of
each strata. Particle sizes were numerically combined in proportion within their thickness in the
barrier profile to estimate the gradation range of backfill made from excavation spoils, and to verify
the desired backfill gradation could be obtained utilizing excavation spoils. This analysis
demonstrated materials needed for backfill preparation were present, but both clay and gravel
spoils would have to be stockpiled and selectively used during construction. A requirement to
stockpile materials and balance the gradation was included in the specifications. The presence of
the 8 to 11 m (25 to 35 ft) thick sand and gravel embankment fill along the waterfront perimeter
alignment assisted with management of backfill gradation because it provided a dependable
source of consistent coarse aggregate. The central mixing operation and truck transport of
excavation spoils employed by the contractor supported segregation and selective use of
excavation spoils, the gradation of each of the 71 backfill batches was within the specified range.

Backfill was prepared in 230 to 600 m3 (300 to 800 yd3) batches at a central location on a 100 mm
(4 inch) thick asphalt surface covering an abandoned concrete building floor slab. The firm mixing
surface was an asset to quality control because foreign materials were not picked up into the
backfill, but it showed considerable wear after 18,500 m3 (24,000 yd?) of backfill was prepared.
The contractor used a travelling hammerhead mill (Caterpillar SS-250 “soil stabilizer”) to shred the
stiff clay into particles smaller than 6 mm (1/4 inch), blend dry bentonite into the spoils, and
homogenize excavation spoils into prepared backfill. The travelling mill operated efficiently within
backfill up to 460 mm (18 inches) thick. On the first few passes, the rotating hammerheads
pushed a wave of wet spoils ahead and, as the machine walked out of the spoil pile, oversize
materials, cobbles, and timber, etc. dropped to the pavement surface for hand collection and
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removal. A high-track dozer moved spoils around the mix area to homogenize each batch and
mixed bentonite slurry into prepared backfill for final slump adjustment. Backill was stockpiled at a
low slump, and the dry addition was allowed to hydrate while the contractor performed gradation
tests and the Owner performed permeability tests for batch approval. Triaxially consolidated
specimens were permeated by the constant volume method, and permeability was determined
within 24 hours of sampling.. Backfill slump was adjusted by adding bentonite slurry, and tested
for slump, and approved immediately before loading transport trucks for trench placement.
Backfill was placed by direct tailgate dump onto previously placed backfill at the top of the trench
backfill.

Trench Stabilt

Stability of the slurry-supported trench excavation in the embankment fill was analyzed by
comparing active earth pressure driving forces with the resisting slurry fluid pressure. The two
dimensional analysis determined that a minimum slurry density of 1,160 kg/m3 (72.5 Ib/ft3) and a
slurry head 1.5 m (5 ft) above high tide would provide a safety factor of 1.29 against a sliding failure
of the trench walls in the embankment fill, and 1.15 in the fill and stabilized clay profile of the
former Back Basin. The contract required construction of the slurry trench from a raised work
platform at Elev. +2.7 m (+9 ft) NGVD, to provide 25 mm (1 ft) of freeboard above the minimum 1.5
m (5 ft) positive slurry head above a monthly high tide of Elev. +910 mm (+3 ff) NGVD. The top of
the work platform was 7.6 m (25 ft) wide to support the backhoe excavator and provide allowance
for shallow failures of the trench wall. The Contractor chose to use timber mats to support the
large excavator on the work platform.

While negotiating an outside corner of the trench alignment, where the embankment was not
adjacent to a bulkhead, the slurry trench excavation apparently encountered some of the coarse
stone fill at the embankment core and a rapid slurry loss occurred. The loss was stemmed by
adding cellophane flakes to the slurry at the excavation face but the large slurry losses continued
with two subsequent attempts to continue excavation. To prevent delays, the trench excavation
skipped over this segment of the alignment; a slurry overflow trench and lead-in slope were
constructed, and barrier construction on the embankment was continued to completion without
further incident. The skipped segment was excavated at the end of the project by isolating the
slurry loss area with steel sheeting driven across the trench, and moving the alignment inboard.

Approximately 25 m (80 ft) of the trench wall collapsed on the land portion of the alignment. The
failure was apparently caused by an unknown soft clay pocket below the fill, and may have been
aggravated by low slurry levels. The contract prohibited surcharging the side walls of the slurry
trench, therefore straddling the slurry-supported trench with the backhoe was not permitted.
However, at this location and at the skipped segment of the embankment, the backhoe was
required to straddle the trench alignment because a clamshell was not available to remove spoils
and excavate virgin ground. The trench was backfilled with spoils, and then excavated in 10 to 12
m (35 to 40 ft) “panels” isolated by steel sheeting driven across the trench. The sheeting retained
soil in place below the backhoe and provided a stable trench wall, but was costly as it was
accomplished at time and materials rates within a unit price contract. Slurry trench contracts
should include some provision for clearing the excavation of trench wall collapse spoils; overbreak
materials, and or other debris. Where stability is questionable, provision of clamshell tools should
be mandatory for deep slurry trenches.

Jrench Width Measurement

With the elevated slurry head and work platform design, a shallow collapse of the raised work
platform could have led to a loss of slurry to the Patapsco River which would have dropped the
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slurry head and resulted in a general trench collapse. To confirm that the trench wall was not
unravelling and undermining the work platform, the trench width was measured with depth. A
hexagonal caliper device was designed and assembled to measure trench width at depths up to
17 m (85 ft). The caliper was expanded to encounter the trench walls by pulling on a central cable.
It was lowered into the trench and oriented perpendicular to the trench wall with square aluminum
rods. The cable pull was calibrated to the width of the caliper. Readings of trench wall width were
taken at 1.5 m (5 ft) depth intervals in several locations, during and after excavation. The caliper
device worked well, the readings were repeatable, and this measurement verified the trench
sidewalls were stable. The trench was observed to gradually decrease from a typical width of 1500
mm (60 in) at the top to a width of 1000 mm (38 in) at a depth of 8 m (25 {t), and to remain constant
thereafter. The sloping side walls were believed to be a result of the long stick backhoe operation,
as the trench sidewalls were used by the operator to guide the excavator to the center of the
narrow slot with depth.

E ion Adi Bulkhead

Where the slurry trench excavation was adjacent to the abandoned bulkhead, the bulkhead
performed as an interior guide wall. Along the circular steel cells the inboard edge of the trench
was tangent to the outboard edge of the cells. The bulkheads remained stable, even with the
trench excavation adjacent below the tips of piles supporting the headwall, and the backhoe
never engaged the bulkhead framing timbers or support piles. Caliper trench width
measurements verified the embankment fill outboard of the circular cell bulkhead was stable and
remained in place in the sheet piling arcs. In the Back Basin, the two layers of high-strength
woven geotextile at the base of the fill were cut before trench excavation by vibrating steel
sheeting pairs along the outboard edge of the alignment. The geotextiles were cut in advance of
trench excavation to prevent an undermining of the trench side walls by disturbing the
geotextiles; the trench side walls proved to be stable throughout this area.

50 Mil VLDPE Syrthetic Memt Interim G

The design included a 60 mil very low density polyethylene (VLDPE) membrane at the top of the
barrier to Elev. -1 m (-3 ft) at the outboard edge. VLDPE was specified because its elasticity. The
60 mil thickness was utilized to enhance the endurance of the membrane under installation wear,
and to permit welding to the HDPE membrane of the multimedia cap. The membrane provides a
redundant barrier and reduces the potential backfill dessication above the water level. It also
provides erosion protection of the soft soil-bentonite barrier in the tidal zone within the sand and
gravel embankment fill. The synthetic membrane will be welded to the multimedia cap membrane,
closing the multimedia cap to inundation in high tide events.

The membrane was inserted into the backfilled barrier using a mandrel. The mandrel panels were
overlapped 0.9 m (3 ft) with a maximum separation of 100 mm (4 in) permitted between the
membrane panels. The synthetic membrane was inserted up to 4.5 m (15 ft) into the backfilled
trench, which appeared to be the maximum depth of the mandrel used. The insertion mandrel
and installation procedure were developed by the contractor and worked quite well. Insertion was
performed with an open pipe frame mandrel with a 300 mm (1 ft) deep steel plate along the bottom
edge. The VLDPE membrane was cut from a roll, laid on the ground outboard of the trench, and
aligned with 300 mm (1 ft) placed inboard of the trench wall. The steel plate mandrel edge was
pushed into the membrane and the tight radius and friction around the steei plate held the
membrane in place. A backhoe pushed the mandrel into the backfill and extracted the mandrel by
pulling chains at the top. The mandrel was pulled into the backfill, away from the outer wall, which
separated the mandrel from the sheet, leaving the membrane along the outside edge. String tell
tales were fastened to the tip of selected sheets to verify the sheet remained at the insertion
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depth when the mandrel was extracted. Each sheet was over-pushed 300 mm (12 in) because
the membrane typically came up 150 mm (6 in) when the mandrel was extracted. The overlapped
joints sometimes engaged an adjacent sheet, especially at depth, but the 100 mm (4 in) clearance
generally proved satisfactory if sheets were properly aligned and the mandrel was pushed vertical.
A reinforcing geogrid was placed along the top of the barrier to provide stability for working and
the membrane was extrusion welded above the backfill surface. The barrier was covered with 150
mm (6 in) of No. 57 stone as an interim cover awaiting construction of the multimedia cap.

Hydraulic Testing And Barrer Peri

Large diameter piezometer pairs installed for long term monitoring of the barrier were used to
evaluate barrier performance. The piezometers were installed and tested as the barrier was
completed and the interim cover was completed. Interior piezometers located 3 m (10 ft) inboard
of the barrier were pumped to lower the groundwater table as much as 7.5 m (25 f1) in the confined
aquifer, with no influence on the adjacent piezometer 10 ft outboard of the wall. This testing is
described and summarized by others (Ref. 2).

CONCLUSIONS

Successful construction of this deep slurry trench required a careful examination of the slurry
trench construction method. The specifications limited the slurry sand content, required trench
bottom cleaning, and required separation of the excavation turmoil from the backfill. The
contractor's implementation of the end stop, cyclone desander, backfill gradation control, and
travelling hammerhead mill supported the construction quality required by the contract
documents.

Quality assurance of slurry trenches is difficult because the slurry column prevents visual
observation and obscures soundings. Diligent and active field inspection of the trench was
especially necessary for this project due to the difficult site conditions, the unknown embankment
fill excavation performance, and the environmental sensitivity of the adjacent Patapsco River.
Borings on close spacing along the alignment were necessary for quality assurance of the key and
bottom closure. The contract drawings included a detailed soil profile along the trench alignment
which was used for quality assurance and to track the job progress. Inspection of the excavation
and bottom cleaning was difficult in the deep trench with the extended reach backhoe.

Hydraulic testing for performance assessment indicates the barrier performance is excellent. This
performance is attributed to consistently obtaining a key into the closure stratum and the cleaning
of the trench bottom which enabled the soil-bentonite backfill to positively contact and close with
the bedrock.
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MEETING THE CHALLENGE OF CONSTRUCTING
A UNIQUELY DIFFICULT BARRIER WALL

Robert L. Stamnes’, Howard M. Orlean?, Neil E. Thompson®

Abstract

A soil-bentonite vertical barrier wall with intersecting and round comers was constructed in complex
geology and steep terrain to enclose and dewater a 1.4 hectare (3.5 acre) area once used for
hazardous waste lagoons and landfills at the Queen City Farms (QCF) Superfund site in Maple
Valley, Washington. The barrier system, including cap and barrier wall, was designed to contain
light non-aqueous phase liquid (LNAPL), in addition to subsurface soil and ground water
contaminated with chromium, polychlorinated biphenyls, polyaromatic hydrocarbons,
trichloroethylene, dichloroethylene and vinyl chloride in the dissolved-phase. These contaminants
threaten a drinking water aquifer beneath the site. Constructing the vertical barrier was a challenge
due to steep slopes of 20 percent along the alignment (19.2 meter elevation change in the top of
the wall), a 22.5 meter (75 foot) design wall depth, heavily consolidated clays and silts, open works
gravels (gravel without finer soils), and geologic discontinuity. The barrier wall is keyed into either
a glacial till or thin clayey-silt aquitard. Extensive earth moving, stepped walls and many construction
techniques were used to enable construction of this barrier wall. Commonly accepted
constructability criteria would have discouraged the construction of this wall.

Site Conditions

The Queen City Farms Superfund site (the Site) is located about 32 kilometers (20 miles) south-
southeast of Seattle, Washington near the town of Maple Valley. The Site is situated in a
predominantly rural, wooded and hilly area located between a 360 hectare (300 acre) regional
landfill and a large gravel mining operation (Figure 1). The entire Site encompasses approximately
128 hectares (320 acres). Approximately 1.4 hectares (3.5 acres) in the northeast comer of the Site
historically contained three (3) unlined lagoons used for disposal of liquid wastes including paint,
petroleum products, solvents and oils. To prevent potential exposure to these hazardous
substances, the potentially responsible parties (PRPs) conducted an interim remedial measure
(IRM). The IRM included draining and clean up the lagoons, and capping the underlying
contaminated soils in place.

The Site, including the IRM area, is underlain by consolidated and unconsolidated glacial! ill, silt,
sand and gravel. These soil types pinch out or grade laterally over very short distances across the
Site. Four saturated units (aquifers) have been identified beneath the IRM area. These units in
order of increasing depth are; Aquifer 1, Aquifer 2, Aquifer 3, and the Deep Confined Water-Bearing
Zone (Figure 2). Locally, Aquifer 2 is used as a drinking water source by residences and
businesses adjacent to the Site. The hydraulic gradient is vertically downward, from Aquifer 1 to
Aquifer 2 and 3. Low concentrations of VOCs (below drinking water standards) have been found
in aquifer 3.

! United States Environmental Protection Agency, Region 10, 1200 Sixth Avenue, Seattle,
Washington 98101, (206)553-1512, stamnes.robert@epamail.epa.gov
2 United States Environmental Protection Agency, Region 10, 1200 Sixth Avenue, Seattle,
Washington 98101, (206)553-6903, orlean.howard @epamail.epa.gov
8 United States Environmental Protection Agency, Region 10, 1200 Sixth Avenue, Seattle,
Washington 98101, (206)553-7177, thompson.neil@epamail.epa.gov
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Figure 1
Preliminary Barrier Wall Alignment
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The deep water bearing zone has not been impacted. The deep confined aquifer (deep water
bearing zone) maintains a positive hydraulic gradient upward into aquifer 3.

Subsurface soil and Aquifer 1 ground water beneath the IRM area are contaminated with volatile
organics, dissolved phase polyaromatic hydrocarbons (PAHSs), polychlorinated biphenyls (PCBs)
andwater bearing zone has not been impacted. The deep confined aquifer(deep water bearing
zone) maintains a positive hydraulic gradient upward into aquifer 3. heavy metals. Free phase
dense non-aqueous phase liquid (DNAPL) has not been found. Ground-water monitoring performed
during the remedial investigation determined that water level elevations seasonally fluctuate by as
much as 6 meters (20 feet) during the year. Contaminants within subsurface soil and Aquifer 1
beneath the IRM are consequently “flushed” down into Aquifer 2.

Thus, the IRM area has continued to serve as a source of contamination to a drinking water aquifer
(Aquifer 2). To control the source and prevent further contamination of Aquifer 2, a Record of
Decision (ROD) incorporated the provision to place a vertical barrier around the IRM to control inflow
of ground water and reduce the transport mechanism for contamination to migrate.
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Figure 2
Generalized Cross-Section of Site
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Barrier Wall

Design Considerations

The Boeing Company (a PRP) selected a design and construction team (Kennedy/Jenks, design;
Hayward Baker, construction) to implement the ROD requirements for the vertical barrier wall.
Design and construction were intentionally combined to allow selection of the most protective and
cost-effective design for this Site. Several issues needed to be considered in design development.
They included open works gravel, hard consolidated glacial till, exireme depth of the vertical barrier
wall, the variable topography of the site, and the need for special working platforms to construct the
barrier wall.

A slurry wall construction technique using a soil-bentonite backfill with a permeability of 107

centimeters/second was selected. The depth of the vertical barrier from ground surface to
interception of the low permeable key layer required trench depths of 23.7 meters (79 feet) below
ground surface (bgs). This was deeper than the normal track hoe reach. Therefore special work
platforms needed to be constructed at or near the ideal slope of less than 2 percent as measured
parallel to the top of the trench (USEPA, 1984).

To meet these requirements, an 18 meter (60 foot) wide working platform (about 9175 cubic meters
(12,000 cubic yards) of soil) was cut through the upper portion of the site, lowering the highest
- elevation from 155 meters to 144 meters (516 feet to 481 feet). This reduced the upper elevation
of the wall 10.5 meters (35 feet), with a remaining elevation change along the wall alignment of 7.8
meters (26 feet) for an average slope of 3.0%.
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This reduced the depth of the slurty trench in this area from 23.7 meters to 15.6 meters (79 feet to
52 feet), within the 21.6 meter (72 foot) depth reach achievable by a modified track hoe (Koehring
1466). Additional excavations were needed at other areas to reach the required depth with this
equipment.

To address topographic changes along the wall alignment, steps were created in the working
platform. In several locations, to allow the equipment to follow the surface topography better, the
platform steps changed as much as 3.9 meters (13 feet). In most locations, the remaining 7.8
meters (26 feet) of elevation drop along the wall was accounted for by the natural 5:1 to 10:1
(horizontal to vertical) slope of the backfill when it was placed from the high end of the trench toward
the lower end of the trench. At one location, the 3.9 meter drop was maintained by placing the lower
section first and filling over that section with soil to form a work platform for the higher section. The
higher section was then excavated through the fill and past the interception with the lower wall
section.

The trench bottom was keyed 0.9 meter (3 feet) into an aquitard. The aquitard elevation varied
across the Site, requiring many steps in the bottom of the wall. Due to complex stratigraphy, the
aquitard elevation was difficuit to determine from boreholes spaced about 33 meters (100 feet) apart
along the wall alignment. An on-site geologist continuously logged the stratigraphy of the trench to
ensure the wall was properly keyed into the aquitard. Large boulders (3.3 meters in diameter) were
also encountered within the trench area during wall construction. Boulders were removed by
lowering a 12 meter (40 foot) long H-beam from a crane until the rock was chipped away.

Construction Methods

During slurry wall construction, several problems were encountered. These included, the type and
quality of soils which varied throughout the site creating trench stability problems, hard consolidated
glacial till that posed problems for the equipment and slowed the project down, and open works
gravels which caused significant slurry loss during construction.

The lower portion of the trench encountered consolidated glacial till which required a powerful track
hoe to cut. Even with this powerful equipment, progress was slow. Glacial till was hard on
equipment, resulting in cracks in the boom and replacement of a set of bucket teeth per day.

Where natural glacial till extended to the work platform, trench stability was very good. However,
in areas with open works gravels and softer surface soils, a dense slurry in the trench was needed
to reduce sloughing. Sloughing and cave-ins were a minor problem.

The following techniques were used to address the 7.8 meter (26 feet) elevation change in
topography along the path of the slurry wall. Work platforms were sloped slightly and stepped to
account for the remaining 7.8 meters of elevation drop in the wall. Slurry was maintained in each
section of uniform platform height until a step in the work platform was reached. Steel sheet pile
was placed in the trench to reduce the movement of backfill toward the excavation end of the trench.
This allowed placement of as much backfill as possible while the slurry was near the top of the
trench. These piles were lifted periodically to allow the backfill to flow under.them, metering the
amount of released backfill.

Since the steel sheet pile did not hold back the slurry, slurry dropped to the top level of the lower
trench and allowed as much as 3.9 meters (13 feet) of upper trench to be unsupported by slurry or
backfill. When a drop in the elevation of the platform was reached, the backfill was allowed to seek
the height of the lower platform by using its natural angle of repose (5:1 to 10:1, horizontal to
vertical). A minimal amount of sloughing did occur in the open, upper trench as a result of lowering
the slurry level. However, in glacial till soils, sloughing was not a problem.
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On one comer of the project, the lower wall was constructed first and a temporary soil platform built
on top of the constructed wall. This allowed the upper wall trench to be constructed through the
lower wall (which was already in place) without a loss of slurry. The soil platfiorm was then removed,
the surface of the lower wall trimmed, and additional backfill placed on the wall to bring it up to
finished grade.

Sloughing of filter cake from trench walls was noted during the operation. This was not unexpected
as it has been noted at other installations (Grube, 1992). This was not a concern at this site
because the backfill itself was designed to meet the permeability requirements of the barrier, 107
centimeters/second.

Surface cracks were noted between the natural soils and the wall backfill. These cracks ran parallel
to the length of the wall. This type of cracking has been noted by others, especially where fines
content in backfill is high (USEPA, 1984). A surface cap placed over the site extended past the
outside of the wall reducing the potential for wall failure due to shrinkage.

Excavation in unconsolidated gravels resulted in slurry loss, requiring addition of large volumes of
slurry. Excessive loss of slurry was generally controlled by immediate backfilling with side cast
materials or soil from previous earthwork. In one area, slurry loss was so significant that a truck load
of dry Portland cement, used as a thickening agent, was added to the trench to form a pudding seal
in the gravels. This was effective and slurry loss was stopped. Cuttings affected by the cement
slurry were side cast and not used in the backfill mix.

Potential loss of slurry to Queen City Lake was a concemn. Queen City lake is less than 6 meters
(20 feet) from the wall and nearly the entire site drains toward the lake. Special precautions taken
to address potential surface runoff problems included silt fencing, hay bales, and construction of
dikes between the slurry wall and the lake.

Construction Quality Control/Quality Assurance

Hayward-Baker performed the quality control function. The Boeing Company hired Golder and
Associates under a separate contract to perform quality assurance on the project. The quality
assurance function controlled the progress on the slurry wall. The Golder and Associates geologist
worked very closely with the track hoe operator to acquire and analyze soil samples, and to ensure
that design depth was met. As a result, this teaming approach ensured proper keying of the wall
into the appropriate aquitard layer. The geologist also kept records of trench sections cleaned prior
to backfilling. Testing of slurry and backfill was performed by both Hayward-Baker and Golder and
Associates. This confirmation process is similar to that recommended by others (Millet, 1992).

Post Construction Monitoring

In accordance with the ROD, the PRP must keep Aquifer 1 dewatered inside the vertical barrier wall
(USEPA, 1992). This is a much more restrictive requirement than that proposed for other sites
(Grube, 1992). The integrity of the wall will play a major roll in the cost of maintaining the de-
watered condition within the wall. If the wall, cap and underlying aquitard are tight, a single
dewatering of the groundwater within the wall may satisfy these conditions for a long time period.
If not tight, additional maintenance pumping will be required to ensure Aquifer 1 groundwater
evacuation inside the wall.

Water levels in three wells completed in Aquifer 1 and located inside the wall alignment area were

continuously monitored during and after construction of the wall. Daily fluctuations in the water
levels demonstrate the interrelationship between construction of the wall (the slurry) and Aquifer 1.
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These wells continue to be monitored to determine the impact of the wall on the ground water
systems. Post remedial groundwater monitoring is in design.

Ground-water monitoring has revealed the presence of bentonite in Aquifer 1. The effects of this
on the ability to extract water from Aquifer 1, inside the containment wall, has not been fully
evaluated. A full year of monitoring will be completed before the effectiveness of this wall can be
evaluated.

Conclusions

Although the Army Corps of Engineers design checklist limits application of soil-bentonite walls to
areas with 2 percent or less slope along the alignment, walls can be constructed in areas with much
steeper slopes (USACOE,1995). A number of additional problems are encountered, however, and
should be recognized and addressed during design and construction. Special precautions should
be taken in design and maintenance of such walls, particularly at wall corners, including an
extensive depth monitoring program in the area of wall intersections, overlapping intersections to
guarantee backfill joints to the bottom of the trench, and cutting back the wall being joined to reduce
slumping of backfill. Even with these precautions in place, there is still' some increased chance for
development of windows at comer joints. Intersecting walls at corners should be avoided if at all
possible and continuous walls used.

Potential surface loss of slurry to nearby waterways can be prevented, and requires installation of
berms around the project area and aggressive oversight. Silt fences, even if properly installed, can
become plugged with bentonite, creating a potential for failure.

Thickening agents, such as the cement used at this site, are available and should be considered,
especially where open works gravels are encountered. [f thickening agents are used, caution
should be exercised in the use of trench cuttings in backfill, as they may adversely impact backfill
characteristics. The selected thickening agent should also be readily available on-site for immediate
deployment to reduce slurry loss. Thickening agents may affect backfill density. Care should be
taken to maintain the suggested difference between the density of the backfill and that of the slurry
(USACOE, 1995).
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Use of Deep Soil Mixing as an Alternate Vertical Barrier to Slurry Walls

A. David Miller, P.E."

Abstract

Slurry walls have become an accepted subsurface remediation technique to contain contaminated
zones. However, situations develop where conventional slurry wall excavation techniques are not
suitable. The use of conventional containment wall construction methods may involve removal and
disposal of contaminated soils, stability concerns and the risk of open excavations. For these
reasons, other installation techniques have received further consideration. Deep Soil Mixing (DSM)
has emerged as a viable alternative to conventional slurry wall techniques. In situations dictating
limited soil removal for contamination or stability concerns, or where space is a limitation, DSM can
be used for installation of the barrier. Proper installation of a DSM wall requires sufficient monitoring
and sampling to evaluate the continuity, mixing effectiveness, permeability and key into the confining
layer. This paper describes a case study where DSM was used to cross major highways to avoid
open excavation, and along slopes to reduce stability concerns. The DSM barrier was tied to an
existing conventional slurry wall that had been installed in more stable areas without highway traffic.

INTRODUCTION

Underground vertical barriers are used to prevent lateral migration of contaminants and groundwater.
Most often, they consist of a variation of Slurry walls. Slurry wall types typically include: Soil-
Bentonite (SB), Cement-Bentonite (CB), Composites, or Bio-Polymer. Other techniques have been
used and other variations exist.

Underground barriers date back to the 1940's; most have been installed since the mid 1970's. In
recent years, American Society for Testing and Materials (ASTM) has established relevant test
stanagards (US Army (1595), USEPA (1984)).

Vertical barriers generally are used either ior new or remedial work. New work would include: new
cell construction of a waste facility, dam, or lagoon. Remedial work generally involves mitigating
existing conditions. This may include prevention of migration of a contaminant source or plume,
protection of existing groundwater, or as an aid in dewatering. Most barriers are installed using
hydraulic excavators. This entails excavating a trench while maintaining it full of slurry for hydraulic
support of the excavation walls. The trench is then backfilled with an impervious material, typically
a blend of soil and bentonite (Figure-1). In some instances, this technique creates an unstable soil
condition. Instability may be caused by a high water table or an unusually high surcharge loading
near the barrier alignment. Highly contaminated soils, property access or physical constraints may
also preclude the use of conventional excavation techniques.

DSM Technology

One method used to install a vertical barrier in situations involving unstable conditions or site
constraints is the use of DSM. DSM uses a multiple set of overlapping augers (Figure 2). As these
augers penetrate the ground, a fluid (bentonite slurry) is injected through the augers and out the

'com Engineers & Constructors, Inc., 1331 17th St.. Suite 1200, Denver, CO 80202
(503)-298-1311, MILLERAD@cdm.com
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SCHEMATIC SECTION THROUGH SB SLURRY CUT-OFF

Hydraulic Excavator
Keys Trench
Into Clay Layer

S8
Backfill
Placed =
Here 7
GW.L Y

U

Z .- -
T — Slurry Level

_ Backfill
Bentonite Slurry Sloughs

\l Forward

:///:///:///:/I/:%
S T=TT =T =TT = T =TT = = =T = =T/ =0 =07

FIGURE 1

¥ g vepanenen

1
¥
S5
¥
s \
i -“/'fs
1
A
i

FIGURE 2 MULTI-AUGER DSM MIXING MACHINE

183



cutting face. The augers mix the slurry with the in-situ soils to create a blend of soil - bentonite
forming a low permeability barrier. This is accomplished without open excavation, so stability
concerns are minimized. Also, a DSM barrier can be installed within inches of existing structures.

DSM creates the barrier in-situ by drilling in a linear arrangement. To assure continuity, the first shaft
redrills the print of the last segment (Figure 3). ltis a technique that is relatively new to the U.S. The
process was developed in Japan primarily for structural retaining walls and excavation support
systems. The same equipment has seen more uses for containment walls at contaminated sites in
the U.S.

The DSM technique has limitations due to cost. However, some of these costs can be recovered
since similar permeabilities can be achieved with DSM compared to more conventional containment
walls because DSM does not incur the additional cost of added dry bentonite. Also, due to saturated
soil conditions, some waste may be displaced that requires disposal. That is, as the slurry is injected
and fewer voids are available to accommodate the slurry, contaminated soils may be displaced.
Depending on the level of saturation, there may be spoils generated. These spoils can be disposed
of or graded on site.

A comprehensive monitoring plan helps to ensure continuity of the key into the aquiclude. This plan
includes monitoring vertical alignment, slurry intake, mixing time, and depth. The slurry properties
monitored during installation include viscosity, density, and filtrate loss. Samples of the mix can be
sent to a laboratory for permeability and gradation tests. Since immediate lab results are not
possible, field QA/QC plays a very imporiant role in the installation process.
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FIGURE 3

APPLICATION OF DSM FOR BARRIER WiTH STABILITY CONCERNS

A former chemical facility near Houston, Texas consists of approximately 11.3 acres near the
junction of a major Interstate highway and another heavily traveled highway. Historical activities at
the site included waste disposal and reclamation. Reclamation of discarded residuals took place
from 1958 until 1961, when the site was flooded by a hurricane. In 1964, the Texas Water Poliution
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Control Board issued a permit allowing a series of salvage ponds. On-site activities utilized open
“pits” as catch basins for spent or waste materials until 1968, when open pit disposal was prohibited
within the city limits. From 1968 to 1977, various property owners attempted to reclaim residuals.

In 1983, the remedial Investigation/ Feasibility Study (RI/FS) at the site was divided into two
components by the EPA. These are source control and management of migration (MOM). Source
control was defined in the ROD as contaminant removal within the site boundaries to remediate
surface impoundments and adjacent areas. Previous remedial activities completed included drum
disposal, diking and fencing of the site, removal of surface water, demolition and removal of above
ground tanks, and underground storage tank removal. Pit sediments will be stabilized and capped.
This combined with the containment barrier will completely encapsulate remaining site wastes.

The barrier wall was part of the remedy to prevent off-site migration of DNAPL and impacted
groundwater. DNAPL and groundwater recovery systems were also installed. The project’s
containment barrier was initially designed to be a conventional slurry wall constructed using a
hydraulic excavator. However, early in the construction of the slurry wall, it became apparent that
groundwater conditions combined with surcharge loads along the barrier alignment would prevent
project completion using slurry wall excavation techniques. After the start of construction, it was
discovered that the water table was confined and under pressure. in addition, the containment wall
crossed major highways and associated feeders in three locations. Concerns over the impact on
traffic from work platform and open excavation instigated an evaluation into the advantages of using
the DSM technique. DSM process was selected because less excavation would be required to
create the work platform, thereby minimizing impact on traffic. Also, the DSM process was able to
eliminate the risk of trench collapse from highway ramp surcharge loading.

The lithology along the slurry wall alignment consisted predominately of interbedded sands, clays
and silt. The aquiclude used for key material consisted of Upper Chicot clay. This formation was
found at depths of approximately 15 - 17 meters. Groundwater pressures effectively raised the
groundwater level to within one meter of the ground surface.

The containment barrier was planned as part of a complete encapsulation of the site. The total
planned length was approximately 1530 meters. Of this, approximately 400 meters were completed
with DSM. The intended key into the Upper Chicot clay was one meter.

Preconstruction laboratory studies were completed to determine the optimum mix ratio to meet the
permeability design requirement of 1 x 107 cm/sec. As strength was not a factor, the predominant
additive considered was bentonite. Due to the soil stratigraphy, which was mostly clay with
interbedded sands, mix variations in bentonite content had little effect on barrier permeability.

Construction began using conventional slurry wall techniques. After breaching an intermediate clay
layer with the hydraulic excavator, groundwater levels rose. A saturated sand layer was present
below the intermediate clay layer. This layer contained a confined aquifer under sufficient hydrostatic
head to cause an increase in groundwater elevation after breaching the clay layer. Eventually the
confined aquifer created stability problems. This combined with the surcharge effect of an adjacent
embankment, contributed to a trench failure at one location.

As a result of this failure, barrier design was reevaluated. The majority of the site was in open areas
where minor trench failures could be tolerated. Therefore, on most of the site, stability concerns
were alleviated by simply raising the working platform. This created enough elevation difference
above the groundwater to allow the bentonite slurry to develop a hydrostatic head that would support
the excavation and avoid trench failure. This proved to be very successful and relatively economical.
However, greater concerns for stability existed for highway crossings.
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The zero tolerance for failure and the additional work platform now required to accommodate the
higher work platform within the highway right of way facilitated DSM. It was determined that DSM
had specific advantages for this site, including the ability to install a barrier in a relatively
discontinuous construction sequence. Traffic could simply be diverted from each side of the highway
rather than completely rerouting it. In addition, considerably less effort and room were required to
construct a ‘work platform (Figure 4). This also accelerated traffic rerouting and highway
reconstruction.
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Since the ROD was already approved, it was necessary to obtain EPA’s approval of the
modification. Plan details, quality control procedures and sequencing were required for formal EPA
approval. In addition, EPA had concems over the minimum thickness of the barrier. The slurry wall
had a minimum thickness of about 1 meter, whereas the DSM has an average thickness of
approximately 0.8 meters. Initial permeability results alleviated these concerns as they were better
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than the 1x107 cm/sec requirement.

Although DSM was initially only planned to cross the highway in three locations, a small section of
barrier wall remained east of the highway (Figure 5). Right of Way concerns with the property owner
and the work platform required for a slurry wall in this location made DSM attractive for this zone

also.

Sequencing of DSM was such that all crossings involving traffic in the same direction were
completed first. Lane crossings involving traffic in the opposite direction were then completed. In
order to tie into existing work, the augers were drilled in perpendicular to the alignment of the existing
slurry wall. This technique assured a continuous wall between the two distinct installation techniques

(Figure 6).
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RESULTS

A rigorous quality control (QC) program was initiated by the owner. This included monitoring the
verticality of DSM strokes, overlapping configuration and depth. These were monitored through a
series of ground measurements. The angle of inclination was also monitored in relation to the
ground Slurry was monitored on-site for viscosity, unit weight and filtrate loss. Total slurry used
was recorded and compared with expected values. In addition, wet samples were taken from the
fresh soil-bentonite mixture and tested for permeability. Due to the 5 to 7 day turn around time for
lab permeability results, on-site QC was extremely important in the evaluation of the effectiveness
of the barrier.

This effort along with careful sequencing by the contractor made for an effective, safe, and timely
installation of the DSM barrier wall. Permeability results were all significantly lower than the design
target permeability of 1 x 107 cm/sec.

This project shows that the amount of bentonite needed for DSM can be limited. The blending action
of the augers combined with high clay content soils were able to create an effective containment
barrier. During construction of the DSM barrier, no stability problems were noted within the wall
alignment. An ongoing monitoring program will determine whether any long term stability problems
develop.

CONCLUSIONS

At this site, DSM proved to be an economical, safe and reliable way to address a difficult set of
constructibility issues that were aiso coupled with stringent regulatory requirements and right of way
and access concerns. DSM expedited project completion substantially.

Each site has its own set of access concemns, stability problems and soil stratigraphy. A high
quality, low permeability containment barrier can be constructed within narrow constraints using
DSM.
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INSTALLING A HDPE VERTICAL CONTAINMENT AND COLLECTION SYSTEM IN ONE PASS
UTILIZING A DEEP TRENCHER

William M. Bocchino®, Belinda Burson®

Abstract

A unique method has been developed to install high density polyethylene (HDPE) vertical
containment panels and a horizontal collection system for the containment and collection of
contaminated groundwater. Unlike other means of creating this type of system, this barrier wall
and collection system is installed in one step and in one narrow trench, utilizing a one-pass deep
trencher.

Originally HDPE vertical barriers were installed using conventional slurry trenching techniques.
Use of this method raised questions of trench stability and disposal costs for the trench spoils. In
addition, if a collection system was desired, a separate trench or vertical wells were required.

In response to these concerns, a trenchless vibratory installation method was developed.
Although this method addressed the concerns of trench stability and disposal costs, it raised a
whole new set of concerns dealing with drivable soil conditions, buried debris and obstructions.
Again, if a collection system was desired, a separate trench or vertical wells had to be installed.

The latest development, the one-pass, deep trencher, has eliminated or significantly reduced the
previously discussed construction concerns. The trencher methods reduce the amount of spoils
generated because a trench width of 61 cm (24") is constantly maintained by the machine.
Additionally, soil classification and density are not as critical as with a vibratory installation. This is
due to the trencher’s ability to trench in all but the hardest of materials (blow counts exceeding 35
blows/ft). Finally, the cost to add a collection system adjacent to the cutoff wall is substantially
reduced and is limited only to the cost of the additional hydraulic fill and 4" HDPE collection
piping. The trench itself is already constructed with the installation of the wall.

Introduction

The following is a review of the evolution of the HDPE Vertical Barrier market and the factors that
led to the development of the One-Pass Deep Trenching System.

Since 1980, interlocking high density polyethylene (HDPE) vertical barrier systems have become
increasingly utilized especially in areas of limited access,- high concentrations of chemicals, and
where a containment and collection system is desired in the same trench. Factors which have
attributed to the growth of this industry are the regulations and the improved methods of
installation.

‘Groundwater Control Inc., 11511 Phillips Highway, Jacksonville, FL 322586, (304) 886-3700,
GCl78@aol.com

*Groundwater Control Inc., P.O. Box 73327, Houston, TX 77273-3327, (281) 895-9765,
BBurson @compuserv.com
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Regulatory Influence

In the past two decades, substantial regulations have been enacted worldwide relating to the
management of wastes. [n the United States, the Resource Conservation and Recovery Act
(RCRA) of 1976 provides for the regulation of waste facilities, and the storage, treatment and
disposal of wastes. Under the authorization of RCRA, the US Environmental Protection
Agency(EPA) has adopted regulations governing the management and disposal of wastes and the
management of contaminated sites.

The Comprehensive Environmental Response, Compensation and Liability Act of 1980
(commonly known as CERCLA or "Superfund”) was enacted in response to the dangers of
uncontrolled hazardous sites. In an effort to accelerate the Superfund progress and control costs,
Congress and the EPA have prescribed “presumptive remedies” to prevent further groundwater
and soil contamination which include subsurface barrier walls and geomembrane caps. Under the
Hazardous and Solid Waste Amendments of 1984, it was prescribed that hazardous waste
landfills, surface impoundments, and ponds used in the containment of hazardous liquids use a
double lined system (two or more geomembrane liners with leachate collection and drainage
systems above and between each liner). These liner systems are required to be constructed of a
geomembrane resistant to the hazardous chemicals stored at the site, thus singling out HDPE as
an EPA approved material.

Now, in 1996, twenty years following the initiation of RCRA, HDPE geomembrane is being widely
used to contain wastes above and below ground. Just as clay is no longer acceptable to control
the vertical migration of leachate and contaminants into the subsurface, it should also not be used
to control the horizontal migration of those wastes. Some industry professionals and regulators
believe that the same standards enacted for horizontal hazardous containment (liners used in
conjunction with a collection system) should be mandated for vertical applications aiso. Although
very few vertical barrier walls consist of a double lined system, the number of HDPE containment
and collection systems is steadily increasing.

Products

HDPE has proven to have a low permeability (2.7 x 10™ cm/sec to water), high chemical
resistance and a long service life. "Recent estimates of a 1000-year lifetime for HDPE are not
beyond reach. Indeed the time to subsequent half-life of the engineering properties of a properly
formulated HDPE geomembrane is many centuries and eminently suited for the containment of
waste sites.” (Koerner, 1996)

Although many EPA 90 compatibility tests have been performed on HDPE using a variety of
chemicals, most of which without failure, some hydrocarbons (aromatic or chlorinated) can reduce
the tensile strength of HDPE. Due to the critical nature normally associated with the performance
of these containment walls, the manufacturer recommends (and often requires) that a material no
less than 2.03 mm (80 mils) be used. This thickness limits the amount of absorption of the
chemical and thus the amount of change in tensile strength. In field applications, unlike
compatibility tests, the concentrations of contaminants and time of exposure are rarely high
enough to cause measurable changes in the physical properties or an increase in permeability.

The most widely used HDPE barrier walls in the world are GSE CurtainWali® and GSE
GundWall® as manufactured by GSE Lining Technology, Inc. Over 9 million square feet have
been installed to date. These products have been successfully utilized on projects to depths
exceeding 30.5 m (100' ). The patented interlocks for either system are extruded through a
proprietary method to create exceptional quality and consistency with tolerances less than .025
cm (1/100 inch). These interlocks are then joined to panels of 2.03 mm (80 mil) {minimum)
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HDPE geomembrane through fusion welding. The dual-wedge welding system used in this
process, allows for an air channel to be created which is used to test the integrity of the weld. An
added quality control feature is the fabrication of the panels to site specific requirements in a
factory-controlled environment.

Sealing of the interlocks is achieved with a chloroprene-based, hydrophilic seal. The seal is an
extruded profile which is 8 mm (.3 inches) in diameter. When exposed to water, it can expand up
to 8 times its original volume. In the case of the GundWall single channel, sheetpile like interlock
(also known as Geolock®), the hydrophilic cord is inserted in a 6 mm (.23 inches) groove in the
female profile. This condition creates a positive seal even before expansion takes place.

Unlike grouts or other types of sealants, continuity can be ensured because the seal is an
extruded profile and is installed as a continuous piece through-out the entire length of the panel
interlock. In fact, if the seal is broken during installation, the panel can be withdrawn and the seal
restarted.

The GundWall interlock has been tested by a third party laboratory to document the potential
leakage rate. Even at 1.36 bars (20 psi), in an apparatus designed to create a leak, the interlock
allows less than 10-7 gallons/min/foot to pass through (GeoSyntec, 1993). Thus, when the
geomembrane and interlock permeabilities are combined, the performance of an HDPE system
consisting of narrow panels will be less than 10 cnvs.

In the case of the CurtainWall System, this interlock consists of a multi-channeled profile. The
profile allows for multiple seals as well as an electronic method to verify that the panels are
interlocked properly to the full depth. This is accomplished by measuring resistance of conductive
contact plates. These plates are positioned at the bottom of the interlock. As one plate contacts
the other the technician, using a voltage/ohm meter, will note the current flow and insure the
continuity of the interlock. This patented system is commonly referred to as E.V.D. (Electronic
Verification Device).

Methods of Installation

A containment and collection system, can be accomplished utilizing one of four methods. The first
method developed, being to dig and install two separate trenches. The HDPE panels are installed
through a bentonite slurry in one trench and then another (usually shallower) trench is excavated
adjacent and backfilled with a hydraulic material. Vertical wells are then drilled and used as
sumps to extract the leachate collected . Excavating two trenches is obviously redundant and
costly.

A second, more recently developed method, utilizes a biopolymer or biodegradable slurry instead
of a bentonite slurry. These slurries allow the HDPE panels and collection system to be installed
in the same trench. Unlike bentonite, these slurries will either biodegrade or can be reverted.
This allows the collection media, placed in the trench with the HDPE panel, to drain clear and free
of fines. The largest HDPE cutoff wall in the United States, consisting of over 19 Km (12 miles) of

7.3m (24') wide panels, was installed using a biopolymer slurry.

Factors which control the effectiveness of these biopolymer slurries are groundwater chemistry,
depth, and soil classification. Trenches exceeding depths of 60' should be avoided due to the
intrusion of fines into the trench and thereby, restricting or clogging of the collection system.

The third method of achieving a containment and collection system in the same trench is in

utilizing a trenchless, vibratory method of installing HDPE panels. First, a collection trench is
constructed to the required depth. This is followed with the installation of the geomembrane using

195



modified pile driving techniques. Panels ranging in widths between .91 m and 1.83 m (3' -6') are
driven to depths up to 12.20 m (40'). If the design requires that the panels be driven past the
bottom of the collection trench, then the properties of the native soils are critical. This
construction method is most suited for sites on which the excavation and disposal costs are high,
access is limited, or where a collection system is not required.

The fourth and latest method developed for the installation of these systems, is the “one-pass”
deep trencher. To date, It has proven to be the fastest and safest method to install this system.
Using 1.83 m (6') HDPE interlocking panels this, proprietary, specialty trencher can install a
vertical geomembrane wall with a collection system consisting of HDPE pipe and a gravel fill in
one trench, in one pass. Production rates exceeding 76 m (250") per day have been documented.

The patented One-Pass trencher is designed and manufactured by the European company,
Steenbergen-Hollandrain. This equipment, which is driven by a 450 HP Mercedes engine, can be
modified to bring the minimum width of the machine to as little as 4.27 m (14). Although the
working weight of the trencher is 58,974 kg (130,000 Ibs), the 6.10 m (20') tracks bring the ground
pressure to less than .68 bars (10 psi). These physical attributes help to minimize the amount of
preparatory work required on most jobsites, as well as allow this installation method in a wide
variety of conditions.

Figure 1. A sump ready for installation using the one-pass deep trencher.

Another attribute that makes this method of installation appealing is the trencher's ability to install
an in-line sump (if required) and then trench forward (see Figure1) instaliing the HDPE barrier
wall, collection pipe and gravel pack in one application. The system performance is enhanced by
the adjacent location of the barrier to the trench. On a Superfund site in Indiana, the rapid
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capture of groundwater was visually evident by the rise in groundwater elevation upgradient of the
wall (see Figure 2).

Figure 2. Waste Inc. NPL site in Michigan City, IN. GundWall panels (foreground) seen exiting
the rear of the trencher (background). Collection pipe can be seen being fed in above trencher.

In terms of quality control, this method has several advantages. First, the 2.03 mm (80 mil) HDPE
panels are lowered into a separate compartment of the steel boot. The boot follows behind the
cutting chain of the trencher and acts like a trench box. This boot is sealed from the native soils
and allows the installer to visually inspect and.place the interlocks in a clean area (see Figure 3).
The gravel pack and HDPE collection pipe are placed in an adjacent completely separate
compartment of the boot.

Second, the interlock and seal are clearly visible throughout the installation of the panel. Should
the seal break, the panel is easily removed and a new seal installed without interference from the
surrounding soil.

Finally, the grade of the barrier wall and collection pipe is controlled by a dual laser guidance
system mounted on the trencher. The specified grades are programmed into the system and
allows for the capability of installing the materials to within hundredths of an inch.

Although this type of system can be installed utilizing a wide panel (exceeding 2.44 m (8'), it is
not recommended due to the lack of construction flexibility. Modifications to the work plan during
construction of a subsurface barrier are very common. Narrower panels help to make a changed
condition proceed more smoothly because they are individual units that can be easily modified.
Also, the chances of damaging a wide panel (commonly a roll of geomembrane up to 200' in width
with interlocks at either end) are greater due to the tendency of the HDPE to elongate and wrinkle
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more so than to deploy. This places undesired stress on the interlock, the weld, and the liner

itself. Unlike a narrower panel, if damaged, a wide panel cannot be individually withdrawn from
the trench.

B R T e AT £ A

Figure 3. Shown here close-up, the HDPE panels leaving the back of the boot at the Hunter
Ridge Subdivision, Jacksonville, FL.

Summary

The evolution of the HDPE Vertical Barrier and Collection system has been one which has seen
the many different and distinct installation methods be developed. Of these various methods the
one-pass method eliminates risks associated with slurry compatibility, feasibility of a vibratory

installation, or when constructing two trenches, the possibility of damage to either the containment
or collection system.
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Abstract

A new proprietary vertical barrier wall system has been developed to revolutionize the construction
process by eliminating many of the concemns of conventional installation methods with respect to
performance, installation constraints and costs. Vertical barrier walls have been used in the environmental
and construction industries for a variety of purposes, usually for cut-off or containment. The typical
scenario involves a groundwater contamination problem, in which a vertical barrier wall is utilized to
contain or confine the spread of contaminants below the ground surface. Conventional construction
techniques have been adequate in many applications, but often fall short of their intended purposes due to
physical constraints. In many instances, the economics of these conventional methods have limited the
utilization of physical barrier walls. Polywall, the trade name for this new barrier wall technology, was
subsequently developed to meet these needs and offer a number of distinct advantages in a variety of
scenarios by maximizing confinement and minimizing installation costs. Polywall is constructed from
chemically resistant high density polyethylene (HDPE) plastic. It has proven in a half-dozen projects to
date to be the most cost-effective and technically sound approach to many containment situations. This
paper will cover the development of the technology and will provide a brief synopsis of several
installations.

INTRODUCTION

The basic concept of vertical barrier walls is to separate two areas with an impervious vertical boundary.
This barrier affects the movement of fluids within or across a hydrogeologic unit so that groundwater flow

or other fluid transport is altered. Barrier walls offer a number of benefits, the most attractive of which is
the long-term cost-effectiveness of a passive barrier system.

Vertical barrier walls have been used in the environmental and construction industries for a variety of
purposes, usually for cut-off or containment purposes. The typical scenario involves a groundwater
contamination problem, in which a vertical barrier wall is utilized to contain or confine the spread of
contaminants below the ground surface. Conventional construction techniques have been adequate in
many applications, but often fall short of their intended purpose due to physical constraints. In many
instances the economics of these conventional techniques have limited the utilization of physical barrier
walls, so much so that it became obvious that a more cost-effective method was needed. An alternative
barrier wall system, Polywall, was subsequently developed by Horizontal Technologies Incorporated (HTI)
to meet these needs and offer a number of distinct advantages in a variety of scenarios by maximizing
confinement and minimizing installation costs.

DESIGN AND DEVELOPMENT

The initial efforts to develop Polywall were to design a cost-effective cut-off or containment system for
water table control and remediation purposes. It became apparent that additional applications could be
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developed to meet growing demands due to restrictions on water use and environmental regulations. The
barrier wall system evolved from the trencher technology developed for the installation of trenched
horizontal wells. For the installation of the trenched horizontal wells, trenchers were developed which
trench or cut vertically instead of an angle (typically 65 degrees) as with many other similar trencher
applications.

The challenge in developing a new and innovative method to install an impermeable barrier wall was to
come up with a cost-effective delivery system that was capable of installing the barrier wall equal to the
rate of travel of the trenchers and maximize the amount of continuous impermeable barrier wall with the
minimum number of joints. Joints in barrier wall construction not only take time to complete, but are also
the most common points of leakage.

The first step was to select the impermeable material for the barrier wall. High Density Polyethylene
(HDPE) was chosen as the most suitable geomembrane because of its resistance to a wide range of
organic and inorganic chemicals and its durability in the subsurface environment. In addition, HDPE has
wide acceptance in the industry, exhibits a degree of flexibility and strength, has excellent material
strength, and can be welded easily without compromising strength.

The second step was to develop a method to insert and backfill the geomembrane in the trench. The
research and development involved both technical and field staff members using standard and custom-
designed material and equipment. The method that was ultimately developed has been utilized
successfully in a number of applications.

The installation of the Polywall barrier wall involves trenching a nominal 40 cm (16 inch) wide trench with
the cutters in a vertical orientation and delivery of the HDPE geomembrane in a continuous one step
operation. The barrier wall is delivered from the installation box that is pulled through the ground behind
the cutter assembly and boom. The barrier wall is unrolled in the ground in a vertical orientation from the
pre-made rolls that are equipped with a female and male water tight joint system on the beginning and end
of the rolls, respectively. A high performance, hydrophilic interlocking waterproof joint system is welded
on to the rolls to create runs of virtually any length or configuration. These joints can be visually inspected
to insure their integrity. These initially tight fitting HDPE joints, after installation, become essentially
impervious when the hydrophilic seals hydrate with either soil moisture or groundwater. There are a
number of commercially-available joint profiles, all of which incorporate the hydrophilic seal concept that
are suitable for use and have been used successfully in Polywall applications.

Currently the maximum depth capability of the trenching equipment is approximately 10 meters (32 feet)
below the base of the installation machine. Installation depths of over 15 meters (50 feet) have been
achieved in the installation of trenched horizontal wells with benching. To date, the deepest Polywall
installation has been without benching with 8 meter (24 foot) sheets installed to a depth of 7 meters (22
feet) below land surface. Research and development are ongoing to provide greater depths as industry
demands. :

Polywall is unrolled in a fluid filled environment inside the installation box. A positive hydraulic head above
the surrounding strata is maintained on the inside of the box utilizing either water or a fluid additive. The
appropriate fluid to maintain a positive head inside the box is selected prior to the start of an installation
based upon the hydrogeologic properties of the strata to be encountered. Seals are utilized on the
discharge end of the box in order to minimize open areas where the HDPE is being delivered. This limits
the loss of fluids from the box and minimizesthe area for which cuttings can enter the box. During the
installation, constant pumpage is maintained from the bottom of the box to remove any solids that enter
the chamber.
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As part of the installation process, the strata’s cuttings may be partially fluidized and routed around the
installation box at the surface to provide a backfill for the barrier wall. Because the cuttings are fluidized,
the backfilling process places very little or no stress on the barrier. When metered slurry deliveries are
utilized in conjunction with the trenching process, significant reductions of the hydraulic conductivity of the
backfill that comes to rest on both sides of the sheets and joints are achieved. In this manner, an
additional degree of impermeability can be achieved. Using a slurry, the barrier wall can also be sealed
into underlying impermeable strata, when basal seals are required.

During an installation, when the end of a roll is reached, the forward motion of the trencher is stopped
before the end of the roll is pulled out of the box. The empty-roll and spool are removed and loaded with a
new roll. The full roll and spool are then inserted back into the box while the joint profile connection is
simultaneously made.

The HDPE geomembrane may be installed in thicknesses of 1 to 2.5 mm (40 to 100 mil). For most
applications either Tmm (40 mil) or 1.5 mm (60 mil) thicknesses are used. Using 1 mm (40 mil) thickness
material rolls, lengths of 57 meters (190 feet) have been installed, so that joint profiles are only required at
57-meter (190-foot) spacings. For 1.5 mm (60 mil) thicknesses, HDPE roll lengths of as much as 36
meters (120 feet) in length have been installed successfully. Obviously, as the HDPE geomembrane
thickness increases, the length of the sheet that can be rolled to fit into the installation box decreases in
proportion to the sheet thickness.

While to date, only HDPE has been used for Polywall installations, other geomembrane materials can be
utilized if needed. Examples of other materials that could be utilized are Very Low Density Polyethylene
(VLDPE), PVC, or other flexible geomembranes.

APPLICATIONS

The Polywall barrier wall system offers positive control of subsurface environments through isolation,
containment or separation. It can be used with in-situ treatment technologies such as physical, chemical
and biological reactors. This system can be combined with a variety of in-situ and above grade
remediation strategies. Other uses include prevention of leakage through levees, isolation of wetlands
and sensitive areas and the control of groundwater flow. A wide variety of civil and hydraulic engineering
applications can utilize this technique.

Virtually any length or configuration of the barrier wall can be installed without concemn of possible holes or
windows inherent in other subsurface cut-off or containment structures. Tight turns, as tight as a 10.5-
meter (35-foot) radius, have been accomplished using the delivery system.

This type of barrier wall system offers a number of unique features over other types of cut-off and
containment walls. For years, slurry walls have been constructed for this purpose with mixtures of
bentonite clay mixed with native soils. This type of “wall” has had varying degrees of success. Polywall
can be installed in high hydraulic conductivity material even where piping is a problem, without
compromising the integrity of the wall. This innovative subsurface environmental control technology
provides a cost-effective alternative to typical barrier systems. The installation costs are often less than
conventional techniques such as slurry walls. The installation process is rapid and consequently can be
used for emergency conditions where time is critical. The nominal 40-centimeter (16-inch) trench creates
a minimum of trenching spoils, most of which are returned into the trench as bedding material for the
barrier wall. The system does not require subsurface dewatering and essentially eliminates spoil disposal
requirements.
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Additional advantages include a lower cost than conventional techniques, rapid installation process, and
the accommodation of irregular geometry or topographies. This barrier wall system is compatible with
groundwater capture-and-control and contaminant removal strategies. It can also be used with in-situ
treatment technologies, such as physical, chemical and biological reactors. Joints can be visually
inspected as they are made to insure their integrity.

HYDROGEOLOGIC AND SURFACE CONDITIONS

The barrier wall system can be installed in a variety of subsurface materials with varying hydrologic
conditions. To date, applications have been in unconsolidated materials, typically sands, gravels, silts and
clays. Occasionally, cobbles, thin limestone or cemented sand and shell layers are encountered and
successfully trenched with little or no difficulty. Using a different boom, chain, cutter configurations, and
greater power-to-cutter ratios, the ability to trench consolidated strata has been expanded. However, the
greatest demand for barrier wall applications appears to be in unconsolidated surficial strata because of its
ability to readily transmit groundwater and subsequent contaminant loads.

The hydraulic conductivity of the strata to be trenched is dealt with by selecting the most applicable fluid
for the delivery system. In high hydraulic conductivity strata, it is often necessary to adjust the flow rate of
the fluid from the box into the formation. In applications where the post-installation hydraulic conductivity
around the wall can not be permanently significantly decreased, a bio-polymer additive is utilized. In high
hydraulic conductivity strata applications where permanent reductions in hydraulic conductivity are not an
issue, a slurry is utilized. High water table conditions are not an issue with the delivery system as long as
the load bearing capacity of the working surface is capable of supporting the machinery. All of the
machines are track driven so that they are able to traverse poor soil conditions. For example, machines
for 7-meter (22-foot) installations currently in use are capable of operating on surface conditions as low as
4900 kilograms per square meter (7 psi). Using equipment mats, this bearing requirement can be reduced
by 50 percent.

CASE STUDY ONE: Diesel Fuel Migration

The first commercial installation of this barrier system took place on the banks of the Little River in Star
Lake, New York in October 1993. The site was the third largest hydrocarbon plume in the state at the
time. In the warmer months, free product was migrating down gradient from an abandoned industrial
facility in\o the otherwise remote and pristine river. The Polywall barrier system was successfully
employed to cut off the migration of a free product phase diesel fuel plume into a river. The system was
continuously installed along the riverbank for a distance of 405 linear meters(1,350 linear feet). This
installation consisted of a 1 mm (40 mil) HDPE geomembrane placed vertically from land surface to
depths of 3.6 to 4.5 meters (12 to 15 feet) below land surface. The actual installation time was two and
one-half days. A trenched horizontal drain was subsequently installed to recover the free product that was
trapped on the upgradient side of the barrier wall installation.

CASE STUDY TWO: Fuel Leakage into Bay

Years of refueling naval vessels near Norfolk, Virginia, had left a pier front area contaminated from leaks
from a high pressure fuel line. A plume of light non-aqueous phase fuel oil was seeping into the adjacent
bay. Its visibility at the surface of the water attracted attention to the need for its remediation.
Subsequently, a cleanup system was designed that required a down-gradient barrier wall installed in
conjunction with a upgradient Light Non-Aqueous Phase Liquid (LNAPL) recovery trench system. The
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purpose of the down-gradient recovery system was to cut off the migration of the LNAPL, while damping
the significant tidal fluctuation upon the low groundwater flow rate recovery system. The Polywall system
provided the most cost-effective and technically sound installation. The area was a former fill area and the
underlying strata were unconsolidated consisting of sand, silt and gravel. The greatest challenge was
working adjacent to a bulkhead at the pier front, without having an adverse impact upon the surface water
quality of the bay.

The impermeable geomembrane was installed approximately 2 to 2.5 meters (7 to 8 feet) landward of a
waterfront bulkhead. The Polywall installation began with the cutting and removal of the concrete
pavement for the length of each of the five installation sites for a total width of 1.2 meters (four feet)
centered along the proposed location of the barrier wall.

The actual installation involved the removal of pavement and pre-trenching to expose the water table and
locate utilities. The minimal disturbance of the area was especially important as underground utility lines
were present. The barrier wall was installed in a single pass with 1.5 mm (60 mil) HDPE in five 6.5-meter
(22-foot) wide vertical continuous sheets at a depth of 4.5 to 5 meters (fifteen to sixteen feet) below grade.

The top of the wall was left two meters (six feet) above the surface and the trench was backfilled with the
excavated material. Approximately 150 linear meters (500 linear feet) of Polywall was installed at the site.

As a result of this installation, there has been a significant decrease in seepage into the bay. The light
non-aqueous phase liquid collection system has been installed up-gradient of the Polywall to capture fuel
oil and is operating successfully. The project was successfully completed in a minimum amount of time
without causing a significant disruption of the pier front activities. Polywall was deemed the only
acceptable technically feasible alternative that provided assurance of a leak proof non-reactive barrier
wall.

CASE STUDY THREE: Asphalt Refinery

An asphalt refinery along the riverfront in Georgia was the site of a complex barrier wall installation, as a
variety of obstacles were encountered or had to be worked around. The primary function of the plant is
the refinement of crude oil into asphalt products. The site had become suspected of discharging Light
Non-Aqueous Phase Liquids (LNAPL's) into the Savannah River and had received the attention of the
United States Coast Guard, due to the fact that a visible discharge was observed. In addition, Dense
Non-Aqueous Phase Liquids (DNAPL's) were also present and posed an additional problem.

The site was underlain by silty sands down to 4.5 meters (15 feet) below land surface. A clay layer was
present at this depth and extended to 12 meters (40 feet) below land surface. Polywall was selected for
this project over other technologies because this system provided the most economical answer to this
problem. In addition, this option could be installed in a very short time and could be navigated though a
maze of above and below ground obstructions. The barrier wall was placed at a depth of six meters
(twenty feet) below ground surface and extended approximately 330 meters (1100 feet) parallel to the
river front with two sixty-meter (hundred-foot) retums on either end providing 450 meters (1500 feet) of
continuous coverage. Interlocking, self-sealing joints were placed at 54 meter (180 foot) intervals using
1mm (40 mil) HDPE Polywall, allowing construction of the continuous wall with only seven joints for the
entire wall. Scheduling was critical because of other construction activities taking place that could not be
interrupted. The water table fluctuated widely due to the three meter (nine foot) tidal range in the
Savannah River without causing a noticeable impact on the installation process. The entire installation
was completed in five days.
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SUMMARY

The advancement of barrier wall technologies offers an alternative that improves the cost effectiveness

and reliability of traditional barrier wall installations, while saving time and streamlining the installation in
the process. The unique one-step process has the ability to assist with many challenges in the
environmental and construction industries by offering an alternative method of groundwater control.
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SEALABLE JOINT STEEL SHEET PILING FOR GROUNDWATER
CONTROL AND REMEDIATION: CASE HISTORIES

David Smyth?, Robin Jowett2 and Murray Gamble3

Abstract

The Waterloo Barrier™ steel sheet piling (patents pending) incorporates a cavity at each
interlocking joint that is flushed clean and injected with sealant after the piles have been driven
into the ground to form a vertical cutoff wall. The installation and sealing procedures allow for a
high degree of quality assurance and control. Bulk wall hydraulic conductivities of 108 to 10-10
cm/sec have been demonstrated at field installations.

Recent case histories are presented in which Waterloo Barrier ™ cutoff walls are used to prevent
off-site migration of contaminated groundwater or soil gases to adjacent property and waterways.
Full enclosures to isolate DNAPL source zones or portions of contaminated aquifers for pilot-scale
remediation testing will also be described. Monitoring data will be used to demonstrate the
effectiveness of the Waterloo Barrier™ in these applications.

Intr tion

Groundwater remediation most commonly involves groundwater extraction by wells or drains, with
subsequent treatment of the contaminated water at surface. This pump-and-treat approach can
be effective for the control and containment of groundwater but, as indicated by Mackay and
Cherry (1989), it generally requires long-term operation and is seldom effective for restoring
aquifers in contaminant source zones.

With the recognition of the limitations and inefficiencies of pump-and-treat, there have been
strong incentives to develop alternate approaches and new technologies for groundwater
remediation. Mackay et al. (1993) and Cherry et al. (1996) describe various methods by which
contaminant source zone isolation and plume containment might be achieved. As shown in
Figure 1, these methods include source zone isolation using low permeability cutoff walls, long-
term hydraulic control of the plume emanating from the source zone using an active pump-and-
treat system, or in situ treatment of contaminants emanating from the source zone using
permeable reactive walls or Funnel-and-Gate™ systems (patented). Hydrogeological conditions
and contaminant characteristics will govern the feasibility of these approaches at a given site, but
the potential for the use of vertical barriers in source zone isolation and plume containment is
apparent.

Renewed interest in recent years in the development and application of barrier wall technologies
has been described by Mutch et al. (1994). This has led to advancements such as improved
hydraulic performance, enhanced installation methods and extended capabilities at depth or in
difficult soil conditions. Given the variety of barrier technologies and the construction techniques
available, it is reasonable to assume that there will be technical and cost advantages of using

1Department of Earth Sciences, University of Waterloo, Waterloo, ON, Canada N2l 3G1
2Waterloo Barrier Inc., P.O. Box 385, Rockwood, ON, Canada NOB 2K0

3C3 Environmental, P.O. Box 188, Breslau, ON, Canada NOB 1M0O
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particular barrier walls in different situations. The remainder of this paper describes the
development, testing and application of sealable joint steel sheet piling (Waterloo Barrier™) for
cutoff wall construction.

Waterloo Barrier

In the late 1980’s researchers at the University of Waterloo (UW) required a secure means of
isolating portions of an uncontaminated sand aquifer for experimentation involving the controlled
release of DNAPL chemicals. Several conventional cutoff wall technologies were investigated
and found to be prohibitively expensive for the small scale, closed cell installations or insufficiently
watertight. Thus, other construction options for the test cells were explored.

Steel sheet piling has seldom been used in environmental applications due to an unacceptable
amount of leakage through the interlocking joints (McMahon et al., 1995). A method of sealing
the joints of conventional steel sheet piling to limit the leakage was devised and the construction
of a number of test cells using this prototype version of the Waterloo Barrier™ proceeded at
- Canadian Forces Base Borden in Ontario.

As shown in Figure 2, the Waterloo Barrier™ consists of conventional steel sheet piling with a
modified interlock. A sealable cavity is incorporated into the interlock between adjacent sheet
piles as the sheet is manufactured. Product specifications are presented in Table 1. The barier
can-be installed using conventional pile driving techniques. A foot-plate at the base of the cavity
reduces the build-up of compacted soil and the entry of obstructions during driving. After driving,
the entire length of each cavity is jetted clean using pressured water or air. The integrity of each
cavity can be evaluated for imperfections or blockages using the jetting hose, or using more
sophisticated techniques such as downhole fibre optic video equipment. Following the cleaning
and inspection of the cavities, the low permeability sealant can be emplaced from bottom to top in
each cavity. .

Table 1: Waterloo Barriert™ Profile Specifications

Section Thickness Height Nominal Moment of Section

in {(mm) in (mm) Width Inertia Modulus

in (mm) indwall ft. in3/wall ft.

(cmdwallm) | (cm3wallm)
WZ75 .295 8.17 22.25 64.8 15.9
(7.50) (208) (565) (8870) (860)
WEZ 95" .375 10.81 25.0 134 24.9
(9.50) (275) (635) ~ {18300) (1340)

Available June, 1997

Since 1989, more than 20 test cells have been installed by UW for field research purposes at
Borden and another site in southwestern Ontario. These have ranged in dimensions from 1 by 3
to 9 by 9 m, and have extended to depths ranging from approximately 3 to 15 m. Several of these
cells have been constructed with concentric double walls, a configuration which facilitates
rigorous hydraulic testing. Figure 3, after Starr et al. (1992), shows a schematic diagram of such a
double-walled cell in which a hydraulic test was undertaken. The cell extends to.a depth of 14.7m
through a surficial sandy aquifer into an underlying aquitard. The sealable cavities were injected
with a bentonite slurry. For the test, the water level in the moat bounded by the two walls was
maintained at a constant level. At the start of the test, the water level in the internal cell was raised
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by approximately 1 m relative to the natural water table in the vicinity of the cell. As the test
proceeded, the decline in water level in the internal cell was monitored with time. Corrections
were made to these levels to account for losses by evaporation.

In applying an analytical solution to assist in interpretation of the data, it was assumed that the
underlying aquitard was impermeable and that all leakage from the internal cell occurred laterally
through the barrier wall. In reality, some vertical leakage into the underlying aquitard would have
occurred, so this assumption would result in an overestimation of the hydraulic conductivity of the
barrier. As shown in Figure 4, the bulk hydraulic conductivity of the cell wall was calculated to be 6
x 109 cm/sec. Similar tests in other cells, including those sealed with organic polymers, resulted
in bulk hydraulic conductivities ranging from 108 to 10-19cm/sec.

Commercial Applications

The Waterloo Barrier™ became available commercially in late 1993 and has been used to provide
subsurface containment and control at 18 sites across North America. ~ With application in a
wide variety of site conditions, it has been necessary to develop a number of joint sealants to
meet project requirements. Issues that may be considered in sealant selection include
sealant/contaminant compatibility, the presence of unusual groundwater chemistry such as high
salt content, the ability of the sealant to withstand anticipated differences in hydraulic head across
the barrier, the effects of wet/dry and freezefthaw cycles on grout integrity, the removability of the
sealant for temporary installations, permeability characteristics, pumpability and thermal expansion
characteristics, design life of the system and cost. The types of sealants available include clay-
based grouts such as bentonite and attapulgite, cement-based grouts modified with expanding
agents, epoxy polymers, urethane polymers, and mechanical inflatable packers.

The ability to document quality assurance and quality control (QA/QC) during the construction
process is a desirable attribute of cutoff walls used for environmental applications. With
commercialization, QA/QC was another aspect of the Waterloo Barrier™ technology that needed
to be further developed. As potential leakage through the wall is limited to the sealed joints,
QAJQC procedures can be focused on joint integrity prior to sealing and the sealing operation
itself. Vertical alignment of piles monitored during driving, and the flushing and probing of the
sealable cavities provides documentation regarding the ability to inject sealant the full length of
the cavity. Records of grout volume, pumping time and starting depth provide assurance that the

entire cavity has been sealed.

Project costs are site specific and are dependant on many factors such as project size, location,
profile thickness of the sheet pile, type of sealant used, installed depth, and driving conditions.
Overall costs including mobilization, materials, pile installation, joint flushing and sealing, and a
QA/QC program and report generally range from $160.00 US to $ 270.00 US per square metre
($15.00 US to $ 25.00 US per square foot) of barrier wall.

Waterloo Barrier™ projects undertaken to date have varied considerably with respect to purpose,
size, geological conditions and special requirements, but the barrier has proven to be a robust
and versatile system for groundwater pollution control. It has been used to control the flow of
contaminant plumes to enhance in situ or pump-and-treat remedial measures, to isolate source
zones of contamination in the subsurface and adjacent to waterways, to isolate zones of
contamination in soils where dewatering and excavation operations were undertaken, and to
improve the performance and efficiency of a soil vapor recovery system in the unsaturated zone
adjacent to a landiill. In the following section, representative projects are described in more detail.
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Source Zone Isolation, Industrial Facility, Washington

At a large industrial facility in Washington, approximately 5,500 sq. m of Waterloo Barrier™ was
installed in three enclosures around zones of known subsurface contamination. The barrier was
driven to depths ranging from 8 to 15 m in soils that included fill materials, sand, sift and clay with
some gravel and organic matter. Installation procedures were disrupted by the occurrence of
buried wooden pilings requiring some pre-drilling to facilitate driving of the steel sheeting. A
second complication of the installation process, which was overcome by the flexibility of the
Waterloo Barrier™ system, was the need to align portions of the cells around existing utilities and
beneath parts of operating buildings. The latter entailed barrier installation through the floors of
buildings with fimited overhead clearance. An attapulgite-cement grout was used to seal the
interlock cavities.

Chemical monitoring conducted over the two year period since the barrier was installed has failed
to detect the presence of contaminants outside the enclosures. Although the implementation of
the ultimate corrective actions at the site has yet to occur, future options include enhanced
isolation of the source zone areas within the cells with active pumping, or the removal of a section
of barrier and its replacement with a permeable reaction curtain to treat in situ the controlled
discharge from the source zone area.

Venus Mine Site, Yukon Territory, Canada

A barrier wall was constructed for the Department of indian and Northern Affairs to isolate waste
rock and tailings at a former mine site from an adjacent surface water system . The waste area was
largely bounded by bedrock and natural soils. The barrier was installed to replace a dyke of natural
soils along a portion of the perimeter. The barrier was approximately 250 m in length, extending to
a depth of about 7.5 m. The dyke and overburden material was primarily a silty clay. A
cementitious grout was used for sealing the cavities. Subsurface soil conditions were favorable
for sheet pile installation, but unusual aspects of the project were the remote location of the site
and associated issues pertaining to mobilization, the influence of the cold climate and
temperature variations, the high dissolved solids content of the groundwater, and the sealing of
the barrier to the bedrock surface.

The general purpose of the barmier was to reduce groundwater flow and the associated
subsurface transport of dissolved contaminants including arsenic and zinc derived from the
weathering of the waste rock and tailings from the impoundment towards an adjacent lake. A
second function of the barrier was to enhance the stability of the dyke and reduce the surface
erosion of the tailings. Additional features of the remedial scheme include a cap to limit infiliration
of precipitation and erosion of the impoundment surface, and a decant system for surface water
drainage.

The remedial system was installed in September 1995. Preliminary findings of the surface water
monitoring program indicate a reduction in the level of contaminants of 80% for arsenic and a 50%
for zinc. Monitoring over a longer term will be required to determine the full effect of the barrier
wall and capping system on the surface water quality in the lake.

Former Kitchener Landfill, Kitchener, Ontario
In the mid 1970’s, methane gas was identified on the residential properties adjacent to a former
landfill site. At that time, some gas control systems were installed at the site perimeter. In the late

1980’s a decision was made to upgrade the facilities to improve the effectiveness of methane gas
containment. Site investigation determined that a perched water table in the landfill would
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interfere with conventional vertical extraction wells. A Waterloo BarrierTM cutoff wall was
incorporated into the design to provide a barrier to both water and landfill gas, and to direct the gas
to horizontal collection lines located above the water level.

In June 1995 approximately 3,125 sq. m of Waterloo Barrier™ was installed in two segments
along the boundaries of the landfill that adjoined residential neighbourhoods. The barrier was
driven to depths ranging from 4.5 to 9.5 m and extended through the unsaturated zone to
beneath the seasonally low water table. Soil conditions consisted of fine sand to silt, but
excavation of buried refuse was required at several locations along the wall path. Barrier
installation was achieved using a crane-mounted vibratory hammer. The crane was operated from
the margins of the landfill mound. Much of the barrier alignment was on the slope created by the
landfill mound and engineered cover. Access to the toe of the slope was restricted in the vicinity
of the residential neighbourhoods. The sealant used for the interlocks was a cementitious-based
grout. .

Since installation of the barrier wall, a vacuum has been maintained above the water level,
indicating that the gas from this area is being collected and that the Waterloo Barrier™ is
functioning as designed.

Lowry Air Force Base, Colorado

iIn November, 1995 a pilot scale Funnel-and-Gate™™ system was installed in the path of a TCE
plume at Lowry Air Force Base. Waterloo Barrier™ was utilized to construct the rectangular
treatment gate and the low permeability funnel that channels contaminated groundwater into the
subsurface treatment zone. The system extended through a fine sand aquifer to the bedrock
surface at a depth of about 5.5 m. A cementitious grout modified with silica fume was used to seal
the interlocks of the funnel and the two connecting walls of the treatment gate. Up and down
gradient sections of the gate were sealed temporarily with a prefabricated mechanical packer
system consisting of an injectable grout line and a rubber bladder that was pressurized by air. This
temporary seal was maintained while soil in the gale was excavated and the reactive media
emplaced.

The gate was excavated to within 10 cm from the base of the piles and remained fully open for a
period of at least 12 hours. During this fime there was no visible leakage of groundwater water
through the sealed joints. A small volume of water up to several cm deep collected on the floor of
the excavation, but it appeared that the source of this infiltration was from below. A hydraulic head
differential of about 3 m existed between the outside water table and the base of the excavation.

Once the gate was filled with reactive media the temporary mechanical seals were released and
the up and down gradient sections of barrier wall were removed thereby opening the gate to allow
the flow of contaminated water. The versatility of the Waterloo Barrier™ in constructing irregular
layouts on both large and small scale, its ability to form a watertight seal between the funnel and
the treatment gate components, and its potential for removability make it particularly useful in
Funnel-and-Gate™ construction.

Adv nd Limitations of W Barrier

Field applications have confirmed several advantages of the Waterloo Barrier™ system.
Installation is clean and rapid with minimal waste generation. The system is flexible and can be
installed to satisfy customized layouts; for example, the alignment and installation procedures can
be modified to accommodate existing infrastructure and natural features. Further, the barrier
system, depending on selection of sealant, can be compatible with a wide range of contaminant
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conditions. QA/QC documentation of driving, joint flushing and sealing operations may be an
advantage in complying with regulatory requirements. The barrier can function as a structural wall
facilitating source zone removal by excavation. Hydraulic performance and integrity of the barrier
system can be predicted based on the joint inspection and sealing documentation, and the
hydraulic test results of numerous enclosures.

There are applications for which the Waterloo Barrier™ may not be appropriate. The vibration and
noise associated with pile driving equipment may be a problem in densely populated areas.
Hydraulic pile driving equipment, however, can be used to reduce vibration and noise at some
sites. Waterloo Barrier™ installation is subject to the same limitations in terms of soils types and
attainable depths as conventional steel sheet piling. In bouldery terrain and very dense
unconsolidated sediments, the use of sheet piling will not be possible. Steel sheet pile
applications are generally restricted to depths of less than 30 m or so. Although installation
capabilities for sheet piling at depth can be enhanced by techniques such as the use of water jets
at the leading edge of the pile as driving occurs, or by pre-drilling along the wall path, these will
add to project costs. At some sites it is hecessary to seal the barrier system to bedrock. Ailthough
techniques have been developed for sealing the base of Waterloo Barrier™ to underlying rock
formations, special precautions will be necessary, and effectiveness of the sealing techniques
may be difficult to confirm.

The Waterloo Barrier™ technology has been available for less than three years and although
development, field testing and applications to date have demonstrated its effectiveness in the
control and containment of subsurface contamination, it is anticipated that the full capabilities
including the advantages and limitations of the technology will become more clear as more
projects are implemented.
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Figure 1: Contaminant source zone isolation using a) low permeability barrier enclosure: b)
hydraulic containment by pump-and-treat; and passive contaminant containment and in situ
treatment by contaminant containment by: ¢) permeable reaction curtain and d) Funnel-and-
GateTM system (after Mackay et al., 1993, and Cherry et al., 1996).

WATERLOO BARRIER STANDARD SHEET FILE
PLAN VIEW

WATERLOO BARRIER SEALABLE CAVITY DETAIL

Figure 2: The Waterloo BarrierTM system showing interlocking steel sheet piling and modified
joint with the sealable cavity.
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Figure 3: Plan and section view of test cell used to conduct hydraulic testing (after Starr and
Cherry, 1992).
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Figure 4: Observed response of representative hydraulic test of test cell showing bulk hydraulic
conductivity of barrier wall (after Starr and Cherry, 1992).
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USE OF A GEOMEMBRANE STEEL SHEET PILE VERTICAL BARRIER TO
CURTAIL ORGANIC SEEPAGE

John L. Guglielmetti and P. Brandt Butler
DuPont Environmental Remediation Services
Barley Mill Plaza 27
P.O. Box 80027
Wilmington, Delaware 19880-0027

ABSTRACT

At a Superfund site in Delaware, contaminated groundwater, seeping out of a riverbank,
produced a visible sheen on the river. As part of an emergency response action, a
geomembrane steel sheet pile vertical barrier system was installed to contain the sheen and
contaminated soil and sediments. The response action presented an engineering challenge due
to the close proximity manufacturing facilities, steep riverbank slopes, tidal fluctuations, high
velocity river flow, and underground and overhead interferences. A unique vertical containment
barrier was developed to stabilize the riverbank slope, curtail sheens on the river, and prevent
groundwater mounding behind the vertical barrier. In addition, the cost-effective vertical barrier
enables natural chemical and biological processes to contain the organic seepage without
requiring a groundwater extraction system.

SITE CONDITIONS

Seeps and sheens were observed along the riverbank immediately adjacent to the Newport
Superfund site in Newport, Delaware. The riverbank and the site are composed of fill material
placed during the early part of this century. The site was developed by filling in the floodplain.
Of particular interest, the fill was placed over a continuous clayey-silt deposit which underlies
both the site and river.

The seep area was a 213 meter (700 foot) length of riverbank immediately adjacent to the
operating facility as shown in Figure 1. The riverbank ranges from 1.5 to 6.1 meters (5 to 20
feet) above the rivers mean high-tide elevation and had steep, tree-brush-rubble covered
slopes. The tidal fluctuation of the river is approximately 1.7 meters (5.5 feet).

The seeps were generally located in the intertidal silt and coarse rubble zone. The fine-grained,
clayey-silt confining layer outcrops along the riverbank below the fill in this intertidal zone. The
seeps are the result of natural expression of groundwater at low-tide. Groundwater flow and
discharge in the intertidal zone at low tide produced a sheen on the surface water, necessitating
emergency action.

A field investigation determined that the seeps contained organic chemicals derived from heat
transfer fluids that were historically used in the site’s manufacturing process. These materials
have a specific gravity greater than 1, so the source material itself was believed to have flowed
through the fill material to the confining layer and followed the top of the confining unit to the
riverbank. It was concluded that the visible sheen was a surface tension phenomena created by
an interaction between the immiscible organics and the river water.

DESIGN OBJECTIVES
Several design objectives were established by the project team.

e Provide an interim solution which contains the organic contamination entering the river
and impacted soils and sediments.

e Avoid premature implementation of the full hydraulic containment and groundwater
extraction remedy established by the regulatory agencies.
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Plan for encorporationj of the interim remedy into the final remedy when implemented.
Minimize intrusion into the river to shorten agency review and approval time and to
simplify construction.

e Avoid groundwater mounding which would have impacted building foundations.

SYSTEM COMPONENTS
Figure 2 shows a cross section of the vertical containment barrier system designed to achieve
the objectives discussed above. The design included the following four elements:

Bulkhead Containment

The selected bulkhead was a cantilevered stee!l sheet pile wall (PZ-35 sheets) driven into the
riverbank at the low-tide elevation to the underlying clay unit. This location contained the
impacted soils and sediments and the portion of the riverbank where the sheens originated.
It also avoided construction in the river beyond the low tide point.

The sheets were 12.2 meters (40 feet) long and were driven 9.2 meters (30 feet) below
grade with 3.1 meters (10 feet) of stickup. The top of the wall was designed for a 100-year
flood event. To comply with the anticipated ROD requirement for the vertical barrier, the
sheet piles were driven deep below the marsh deposit into the aquitard at the bottom of the
Columbia aquifer (the aquifer immediately below the river, see Figure 1). The sheet pile wall
can be readily modified at anytime to establish full hydraulic containment.

A 1.0 millimeter (40 mil) thick high density polyethylene (HDPE) geomembrane was placed
against the plant side of the installed steel sheeting from the top of the sheeting to a depth of
0.6 meters (2 feet) below low-tide elevation to prevent sheen seepage through the interlocks
above lowtide elevation. A nonwoven, needlepunched geotextile cushion with a mass per
unit area of 541 grams per square meter (16 ounces per square yard) was placed against the
installed geomembrane for protection from installation damage during placement of the
stone backfill.

Groundwater Drainage System

Since the geomembrane-backed bulkhead would have prevented fill zone groundwater from
entering the river, a drainage system was designed to prevent groundwater mounding behind
the wall. The groundwater drainage system consisted of excavated trenches along the
length and both sides of the bulkhead and drain holes in the bulkhead below the low-tide
elevation. This allowed groundwater to drain from behind the barrier and eliminate the
buildup of hydrostatic pressure on the plant side of the structure. A nonwoven,
needlepunched geotextile filter with a mass per unit area of 271 grams per square meter (8
ounces per square yard) was placed in the trenches, and the trenches were filled with stone.
Riprap was placed on the river side at the bulkhead for erosion protection.

Contaminant Containment System

Contaminant containment consisted of two components. First, the geomembrane, extending
to below the low-tide elevation, prevented the sheen from entering the river through the
sheetpile joints. Secondly, the geotextile and vent holes served to enhance natural chemical
and biological degradation mechanisms. The contaminant readily hydrolyzes in water. In
addition, it is biodegradable. Daily tidal fluctuations behind the wall bring a ready source of
nutrients and microorganisms to speed natural degradation. The tidal flushing also assured
that residual dissolved contaminant levels were reduced to below protective levels before
entering the river.

216



The nonwoven geotextile creates a medium for chemical and biological degradation as it
disperses the immiscible contaminants exiting the riverbank. The geotextile chosen was a
nonwoven, needlepunched geotextile filter with a mass per unit area of 271 grams per
square meter (8 ounces per square yard) and 50-millimeter (2-inch) gravel backfill over the
bank.

CONSTRUCTION

The sequence and details of construction included utility relocation, slope preparation, barrier
installation, toe-drain installation, dispersion system installation, and backfilling. Actual site work
began with slope clearing activities and construction of a temporary road to gain access to the
lower riverbank area. Most of the work was conducted from the top of the riverbank, which
required access for large equipment. Installation of the drainage trenches was conducted when
the river was at or near low-tide elevation.

The initial design step involved the excavation of the drainage trench; however, concems
regarding the potential suspension of impacted sediment by tidal influence resulted in a decision
to install the sheet piles first to create a tidal barrier. Sheet pile panels were driven using a
vibratory hammer to within a few feet of the design depth. Holes were burned into the sheets
(one hole in each sheet), and the sheets were driven to the final design depth. At this depth, the
holes were exposed within the gravel drainage trenches to provide hydrostatic relief of
groundwater and communication with the river.

The drainage trenches were dug using a long-arm excavator. Access was gained through the
temporary road that was routinely regraded, as needed, to accommodate seftling and access
height needs. Impacted sediment was consolidated on the slope using straw bails and stone for
erosion control and drainage. The geomembrane was hung on the plant side of the sheeting,
fastened at the top of the sheeting with a nail gun, and fitted flush against the sheet-pile sections
as shown on Figure 3. After the geomembrane was installed, the geotextile cushion was hung
over the geomembrane and temporarily clamped to the top of the wall.

Before placing the stone backfill, hydrostatic relief was confirmed by observing water level
changes within the drainage trench in relation to the tidal cycle as shown on Figure 4. The stone
backfill was then placed behind the bulkhead, and the temporary clamps for the geotextile
cushion were removed. Figure 5 shows the completed vertical containment barrier system.

PERFORMANCE

Oil sheens have not been observed since the vertical containment barier system was installed.
The river is sampled monthly and, to date, sampling indicates concentrations of organics well
below the protective limit established in the order.

SUMMARY

Groundwater seeps in the intertidal zone of a riverbank were causing a release of organic
contaminants. A unique, cost-effective passive vertical containment barrier system was
designed and constructed to curtail sheens on the river and prevent groundwater mounding
behind the vertical barrier without the use of a pump-and-treat system. The barrier system is
compatible with the long-term site remedies and will be integrated into future containment
designs. The installed systems met all of the design objectives. The project was installed safely,
on schedule and under budget.

217



200 BULKIEA] €L.. 14.0°
IQF HIPK

(I0H WATEA E\- 4.5°

LEATERTICL:
COJSINDHIRS |

LOK WATER €L. —r.0*

218



219



3

W

%

3

I
et
,.kfw., :
mﬁ.

220



CASE HISTORIES PORTRAYING DIFFERENT METHODS OF
INSTALLING LINERS FOR VERTICAL BARRIERS

G.K. Burke, P.E.
Hayward Baker Inc.
Odenton, Maryland, USA
R.M. Crockford
Keller Colcrete Lid.
Wetherby, West Yorkshire, U.K.
F.N. Achhorner
Slurry Walls, Inc.
lrving, Texas, USA

ABSTRACT

The installation of liners for vertical barriers is difficult and has been a learning experience for every
contractor making the attempt. Soil stratigraphy and hydrogeologic conditions can vary over short
distances, creating a variety of problems. This is particularly so when working near landfills and
documentation of the as-built condition is poor. Successful installation requires detailed planning and
knowledge of what to expect, as well as alternate plans for potential problems. Several successful
methods of panel connection will be presented as well as a variety of installation techniques. Project
case histories will be reviewed, highlighting the challenges associated with specific construction
techniques.

INTRODUCTION

The in-place containment of hazardous materials has long been considered an excellent interim
measure to limit migration and assist with many forms of remediation. By constructing vertical barriers
around the contaminated area, keying the barriers into an established aquiclude, and capping the area,
an environment is provided that can be somewhat controlled. Hydraulic control and/or vapor control
systems can be designed for this closed environment to assist with remediation.

For thirly years, soil-bentonite walls have served well to furnish the required degree of hydraulic control.
But vapor control required that a moisture control system be added to this system to maintain a degree
of impermeability. This increased the atiractiveness but also the cost of the system. In the mid 1980's,
vertical geomembrane liners began to be considered as an option to remedy the drying condition that
soil-bentonite walls experience above the capillary zone. With the increased popularity of
geomembrane liners for capping, particularly high density polyethylene (HDPE) materials, vertical
geomembrane liners were increasingly considered. Their structural integrity combined with their
resistance to a very wide range of contaminants was seen as satisfying the technical requirements for
permanent containment as well as being eminently constructable. At about this time, manufacturers
focused on developing impermeable interlock systems to aid in the installation of these liner materials.
Study and field performance has proven that many of these systems perform satisfactorily if installed
properiy.

'George Burke, P.E., Hayward Baker Inc., 1130 Annapolis Road, Suite 202, Odenton, MD 21113
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LINER INSTALLATION METHODS
Trench Wall Technique

This method involves digging a slurry trench and unrolling the geomembrane liner in place prior to
backfilling, as shown in figure 1. For this system to work, the trench should be stable with relatively
smooth sidewalls. The bentonite or biodegradable slurry should not be too heavy so as to minimize
the buoyancy problems inevitable with installing liners under fiuid (note that nearly all liner materials
have a specific gravity less than 1.0).
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Figure 1. Trench wall technique

The liner roll must be manufactured to be as deep as the trench and be of a diameter so as to fit within
the wall’s trench width. As the liner is unrolled, it must be held in place. Since buoyancy and
displacement by backfill are difficult problems to overcome, methods using trench jacks, bottom
weighting, and heavy “key” backfills have all been employed, as well as some specialty systems.

Polywall Technique

Effective to a depth of about 7.5 m, the Polywall method uses custom-built machinery (similar to an
oversized utility trencher) to dig the trench, shield a section of wall, vertically install the continuous
HDPE liner from a roll, and backfill in one, single-step process (Horizontal Happenings, 1996).
Interlocking, self-sealing joints are used to join liner sections. The single-step, continuous pass
eliminates the need for trench-stabilizing fiuids.

Panel Wall Technique

This installation method is employed where bartier depths exceed easy to handle liner rolls (typically
>9 m). In this case, panels are excavated either by crane and digging tools or extended backhoes
(figure 2). Panels are typically dug of a size to complete in a shift the amount of liner that can be
installed. Forinstance, if the liner panels are 7 m long by 15 m deep, and two panels are anticipated
to be installed in a day, then the first part of the work shift will dig a slot 14 m long by 15 m deep. The
liner is next installed and key material placement and backfill is completed (figure 2). Specialty
interlock systems are used to join the liners, and stop end tubes protect the interlock for the
subsequent panel.
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Figure 2. Panel wall technique

Verticality control and trench stability are key factors for this system to work. Structural steel,
temporary support systems are used to hold and control the liner, and various “contractor experience”
methods are used to facilitate the liner interiock installation. Special care and patience are necessary
to assure a continuous barrier is constructed.

Gundwall® Technique

The Gundwall technique uses a vibratory installation method of narrow panels, typically 1.5-1.8 m
wide. This method has been proven successful in uniform granular soils to depths up to 12 m. The
installation equipment consists of a standard vibratory piling hammer, mounted at the top of a special
support frame/shield. The support machinery is typically a crane, but recently specialty attachments
for hydraulic backhoes are utilized to guide and support the vibratory hammer. The vibratory
installation shield can be enhanced with jetting nozzles in order to penetrate and liquefy denser soil
formations. For contaminated soils, the Gundwall method is extremely effective since soils need not
to be removed during the panel installation. The drawback, hewever, is the limitation with regard to
depth, and unforeseen obstructions which can block the shield penetration. Gundwall panels have
been installed from floating barges to stabilize levees.

INTERLOCK/CONNECTION METHODS

The conventional means of connecting liners and maintaining containment integrity are welding and
mechanical methods. Specialty interlock systems are also available.

Welding Method

Welding HDPE gives assurance of continuous integrity. The weld can be tested for impermeability and
is a strong connection. Unfortunately, it requires a clean environment and a long section of trench so
the end can be pulled out and aligned with the next sheet. Neither of these features make it easy to

construct in the field.
Mechanical Method
Mechanical connections have proven successful and easy to construct. These utilize a hydrophylic

gasket sandwiched between the liner sheets and opposing stainless steel strips, bolted 150 mm on
center.
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Specialty Methods

Specialty interlock systems include those developed by the manufacturer, as shown in figure 3:

Hydrolite Seal

Gundwall Interlock

SLT interlock
Figure 3. Specialty interlock systems

These also utilize a hydrophylic gasket system as the seal between panels. Specialty systems are
typically premanufactured to panel wall requirements to minimize any field welding. Quality of the
interlock is good: however, special care is required during installation. Occasionally, problems of un-
zipping have occurred in the trench, but generally experience has shown excellent end resulits.

CASE HISTORIES

To illustrate the challenges that can be encountered during installation, several case histories are

presented. In nearly every case, the site conditions were different or changed from that expected, and
methods were developed to overcome the difficulties.

Municipal Landfill, Oxnard, CA

After closing of the Santa Clara Landfill, an 18-hole golf course was constructed over the site.
Adjacent property development created a serious concern over methane gas migration from the
tandfill. The design remedy included a 7.5 m deep, soil-bentonite slurry wall for hydraulic control and
a 4.5 m deep, 1.0 mm HDPE liner (above groundwater level) to control gas migration (Burke, 1992).
As the bentonite slurry wall was constructed, the liner was unrolled in the trench prior to backfilling.

Challenge 1 Maintaining the liner in position was difficult. HDPE is buoyant and always subject to
float. Backfilling with well mixed soil-bentonite was difficult as this material displaced
the liner from the trench. Additionally, a 1.0 mm thick liner did not have enough
strength to withstand the rigors of construction handling, occasionally tearing.

Solution 1 Trench jacks installed to the full depth of the liner and set in position every 4.5 lineal
meters of wall. These were removed only after the backill had achieved 1.5 m of
cover as measured from the bottom of the liner.

Challenge2  The wall position was to be located near the property boundary, in existing soil. In

several locations along the wall, the alignment required excavation of up to 6 m of
municipal waste, an often unstable medium.
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Solution 2 Municipal waste encountered outside the landfill limits was transported to an active
landfill. Wall production was slowed so that the amount of open trench was
minimized.

Petroleum Refinery, Denver, CO

Over the years, leakage from an old existing refinery and tank farm had created a free product
(gasoline) plume on the groundwater table. The gradient caused the product to flow into an
environmentally sensitive stream at the property boundary.

A combined collection/containment system was designed to be constructed along the stream. This
used a biodegradable slurry wall system with a filter backfill and the HDPE liner installed on the down-
gradient side. In addition, wing walls and collection sumps were installed at about 15 m intervals to
pool the free product.

Challenge 1 The ground was marginally stable: the soil was a clean sand with high groundwater.
Space was limited, preventing construction of a higher platform.

Solution 1 A liner installation system was designed to unroll the HDPE above ground and wrap
it down and across an extended arm in the trench. This allowed for large rolls to be
used, involving very few, easily welded seams and minimized the amount of open
trench. The greater integrity of an 2.0 mm liner thickness eased handling and
installation.

Ash Landfill, Morgantown, MD

The leachate from an old, above-grade, closed ash landfill was disturbing the ecology down-gradient.
Investigation revealed small amounts of heavy metals leaking beyond the landfill. However, very low
pH water appeared to be the biggest problem.

A biodegradable slurry wall with filter backfill, collection piping and sumps, and a down-gradient
containment liner was designed, along with a series of treatment ponds for the collected leachate. The
wall extended along two sides of the landfill, to variable depth of 4.5 -17.5 m.

Challenge 1 The in-place soils were highly unstable. The wall alignment was expected to be
beyond the landfill, but intersected it at several locations. This caused a reversal in
hydraulic gradient (due to perched water in the landfill) into the trench.

Solution 1 Pre-excavate to a depth of 4.5 m, identify potential seeps, and sump these areas prior
to wall construction.

Challenge2  The leachate, being very acidic (pH of 2.0 as compared to groundwater pH of 4.0-
6.0) caused the biodegradable slurry to prematurely lose its viscosity, which reduced
the slurry unit weight, made it difficult to establish a cake zone, and the trench
became unstable.

Solution 2 The same as solution 1 plus greatly reduced productivity to eliminate any open trench.

Challenge 3 Installing liner panels 17.5 m deep by 6.5 m long is very difficult on even a moderately
windy day.
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Solution 3 A very heavy structural frame was built to minimize wind impacts, set and hold the
liner in position, and enable key and filter backfill placement, as well as installation of
horizontal piping, before frame extraction. Planning and close coordination of
activities enabled quality installation.

Municipal Landfill, City of Greenfield, Massachusetts

A biodegradable slurry wall was selected for a collection and cut-off system. The trench was 300 m
in length and 12 m deep. A 2.0 mm HDPE liner was installed with a double frame system, meaning
that panels are installed in an alternating method, leaving the primary panel mounted on a fixed frame
while the secondary panel is lowered. Once the secondary panel is at its final position it becomes the
primary panel.

Challenge1  To develop a composite membrane system that would allow the collection of the
methane gas and also cut-off migration from the existing municipal landfill.

Solution 1 A 6 mm thick non-woven Geofabric was attached to the 2.0 mm HDPE liner panels
and installed simultaneously into a biodegradable slurry wall.

Challenge 2 Installation of a methane gas collection system within the cut-off system

Solution 2 Once the liner was installed within the open trench, granular backfill was placed to the
invert elevation of the collection piping and the collection pipes were installed. During
this backfill operation, the Guar-based suspension fluid was collected through the
extraction system and biodegraded for final discharge.

Landfill Containment, Cardiff, UK

An impermeable barier was required around a new shopping and recreation mall, built adjacent to and
partially over an old landfill site, to isolate contamination and prevent gas and leachate migration from
the landfill.

A combined membrane/cement bentonite slurry wail 1,400 m long to 7 m depth was installed using
2.0 mm thick HDPE and 6, GSE channel interlocks. individual panels varied in depth from 3.5 to
7 m while panel widths were standardized at 7.5 m between interlocks over most of the walls length.

Challenge 1 The specification called for the membrane to be central within the trench to a
tolerance of 150 mm and to achieve verticality better than 1 in 75.

Solution 1 Great care was taken in tensioning each panel on the placement frame, with the top
horizontal steelwork support being kept as close as possible to the upper panel edge.
Once installed, the membrane panels were suspended in position from poles
spanning the trench until the slurry had hardened.

Challenge2  Ten live services had to be crossed by the slurry french line. This is believed to be the
first ime that live service crossings with a continuous membrane had been attempted.

Challenge 3 Electricity, telephone and fibre optic cables were encountered within 1 m of ground
surface. These were crossed by passing the free end of the installed panel beneath
the cables. The free end was left unsupported on the installation frame and folded
back upon itself until the top panel edge was lower than the underside of the cable.
The free edge with interfock attached was then pulled beneath the surface using top
and bottom ropes such that the interlock maintained verticality.
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In one location the cable lay between two right angle bends in the wall and hence the
panel was located in isolation beneath the cable. A join-up panel was placed,
interlocking onto the panel beneath the cable and the previous wall end panel, at right
angles to the installation axis. To marry up two interlocks simultaneously requires
considerable skill in the field, the more so when one of the receiving interlocks is on
a 90 degree axis.

One 0.6 m cast iron gas main crossing also had to be effected under stringent utility
working regulations. The trench was therefore dug dry to as deep as possible prior
to introducing a panel beneath the pipe to allow the site welding of a gap-filling
membrane panel above the pipe.

Though the wall was installed well within overall program, the service crossings
required disproportionate time periods to plan and execute given that the utmost care
must be exercised if the services are to remain unaffected by membrane slurry wall
construction.

Hydrocarbon Collection and Abstraction, Glasgow, UK

An unusual application of a vertical HDPE barrier was combined with a biodegradable polymer mud
trench support medium to fulfil this requirement.-

The membrane acted as a barrier to the passage of waterborne hydrocarbons while stone backiill was
able to act as a collector drain once the polymer mud, through which it was placed, had degraded.
Abstraction was then achieved using wells constructed adjacent to the collector drain.

Challenge 1

Solution 1

Challenge 2

Solution 2

Problem 3

Solution 3

Collapsing ground due to poor support characteristics of the polymer mud and
previous excavations in the area having loosened the ground.

Initially, mud levels were maintained as high as possible within the trench. When this
failed to address the problem, a pre-grouting exercise was undertaken using a
cement-bentonite slurry in a 2 m deep trench along the entire slurry wall line. This
was then excavated through and was found to support the ground well.

Several 5 m wide panels were installed prior to the introduction of stone fill such that
the angle of repose of the stone maintained with the dug sections rather than causing
“fow” into newly excavated lengths. This led to tension cracking of the ground either
side of the trench which generated concern for the stability of nearby buildings.

Trench sheets were placed either side of the last panel to be placed at the center
point of the panel length. Stone was then backfilled behind the sheets prior fo the
next panel being introduced. The trench sheets were then pulled and moved to the
center point of the new panel, and so on. This eliminated the surface ground
movements.

Abstraction wells had to be installed in pockets dug perpendicular to the wall.

To prevent stone slumping and membrane damage two sheet pile sections were
placed as a “V” at the point specified for well installation. These protected the
membrane and retained the stone while the well pockets were dug and the wells

installed and backfilled.
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SUMMARY

Different containment projects have different containment goals. In addition, ground conditions vary
greatly and are not always predictable. Groundwater has a significant impact also, including the
chemistry and contaminant concentration(s).

The following aspects should be taken into consideration during the design phase of a vertical
geomembrane installation:

Characterization: - to determine sfrata and landfill conditions
- to determine live and abandoned services (utilities)
- to determine ground contaminants
- to determine groundwater levels and variations accurately
- to determine aquiclude depth and suitability
Trench Stability - ground level relative to water table
- soils make up and state of compaction/consolidation
- likely slurry loss/over break into ground
- safety of installation crew next to trench walls
Liner Installation - need for liner or not
- services along route of trench
- likely obstructions
- gas or leachate containment
- complementary collection systems
Key Backfill &
Design Backfill - permeability if used to connect to the aquiclude
- tremie methods of installation required?
- filter characteristics for collection systems

In summary, many methods of liner installation have been developed, with proven effectiveness for
groundwater and vapor containment. The method selected is dependent on the many aspects
identified above, as well as cost and schedule requirements not included with this paper. The best
recommendation whenever working below ground is to expect the unexpected.
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CASE STUDY
INSTALLATION OF A HDPE CURTAIN WALL
WITH SHEETPILE TIE-IN ON BOTH ENDS

Robert M. Schindler’ and Peter C. Maltese®

Abstract

The plans for eliminating the off-site migration of non-aqueous phase liquid (NAPL) from a
refinery into a nearby river included the installation of a High Density Polyethylene (HDPE)
curtain wall and an underdrain system.

A 640 m (2100 lineal feet) HDPE Curtain Wall was installed along the river boundary, tying into
an existing sheet pile wall on both ends. The wall varied from approximately 4.5 m (15 feet)
deep at the northern end to about 7 m (23 feet) deep at the southemn end, running approximately
3 to 3.6 m (10 to 12 feet) inland of an existing wooden bulkhead. The curtain wall was
successfully installed through a slurry supported trench.

A 930 m (3050 lineal feet) interception/collection trench was installed parallel to the HDPE
Curtain Wall, continuing on beyond the curtain wall on the southern end. The depth of the trench
varied from approximately 3 to 4 m (10 to 13 feet) deep. A 20.32 cm (8 inch) diameter
perforated HDPE header pipe was placed in the trench to convey groundwater and product to
two sumps. The trench is 53.34 cm (21 inches) wide and contained aggregate to approximately
0.9 m (3 feet) below ground. This work was accomplished using the bio-polymer slurry drainage
trench (BP Drain) technique.

This paper briefly describes the construction methods utilized during this project, specifically
HDPE curtain wall installation thru a bentonite slurry and tie-in to the existing sheet pile wall.

Introduction

At the site of an active refinery, NAPL was entering a river, via groundwater, adjacent to the
facility property line. The area of flow was concentrated to a 640 m (2100 lineal feet) stretch.
Existing sheet pile walis along the river, upstream and downstream of this open section, directed
the NAPL to this area. An HDPE curtain wall was selected to contain the flow because of its
excellent resistance to the contaminants found on site.

The challenges presented by this project were the attachment of the curtain wall to the existing
sheet pile walls and the selection of an installation method for the curtain wall panels through the
soil conditions present, which were known to contain various construction debris and rubble.

'Geo-Con, Inc., 4075 Monroeville Bivd., Suite 400, Monroeville, PA 15146, (412) 856-7700,
mshind0@ccmail.wcc.com )

2Geo-Con, Inc., 4075 Monroeville Bivd., Suite 400, Monroeville, PA 15146, (412) 856-7700,
pcmalte0@ccemail.wee.com
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Curtain Wall Panel Installation

The curtain wall was installed through a slurry using frames. This method was selected because
of the soil conditions along the wall alignment, and the presence of the construction debris and
rubble along centerline. By installing the panels through a slurry supported trench, the integrity

of the HDPE could be assured.

Although there were no set procedures to install the wall, standard slurry wall techniques and
equipment were used. The initial step taken was to excavate a .6 m (2 feet) wide trench, using a
bentonite slurry to support the side walls. The slurry was produced at a mix plant which
consisted of a 3.82 cubic meter (5 cy) colloidal mixer, and two 15.24 cm (6 in.) trash pumps. A
nearby fire hydrant supplied the water used to fill the 3,785.4 L (1000 gallon) mixer.
Approximately 181.5 kg (400-lbs.) of bentonite powder was introduced into the water-filled mixer
and agitated. Once a fully hydrated slurry was produced (typically after 5 minutes of mixing) it
was then transferred to the trench using one of the trash pumps and polyethylene pipe. As the
excavator, a CAT 330L, removed the material from the trench, it was replaced with the hydrated
slurry from the mix plant.

The excavated spoils were cast to the inside of the trench, away from the river, and spread out.
A combination of a trackhoe and a rubber tired loader sorted through the spoils to remove the
abundance of construction debris. The debris included items such as brick clusters, wooden
lagging, wire, plywood sections and various other construction waste materials. This was a
critical step which required thorough removal of all foreign matter which could have possible
adverse effects on the integrity of the curtain wall. This debris was transferred to dumpsters in
close proximity to the trenching area for proper disposal. Once the debris was separated from
the spoils, the remaining material was mixed with a dozer to form a homogeneous mixture of
spoils and slurry. To accompilish this, the dozer tracked back and forth through the spoils, using
the tracks and blade of the dozer, to blend the materials. At times, additional bentonite slurry
was added to the spoils to form a slump which was adequate for-proper backfilling of the trench,
typically 5.1 to 10.2 cm (2 to 4 inches). Although this is a standard process to construct a low
permeability soil-bentonite cutoff wall, the makeup of the contaminants were not completely
compatible with bentonite as indicated by the trial mix program which was completed prior to the
job startup. Thus, the addition of a curtain wall provided the added impermeability necessary to
stop the flow of contaminated groundwater into the river.

Once a lead-in slope was excavated, normal slurry trenching continued. Due to several areas
along the centerine of the trench, which contained large pieces of debris, the top of the trench
became wider at those sections. Also, at several stations along the trench alignment,
abandoned utilities were encountered. All utilities were removed and plugged, prior to panel
installation, to avoid interference with the continuity of the curtain wall. This also resulted in
portions of the trench becoming wider at the top. In those areas where trench width was
increased, portable walkways were utilized to allow for easier access while installing the curtain
wall in the trench.

Another item which had to be considered during trenching, was the influence of the nearby tidal
river. Tidal influence caused fluctuations in the groundwater elevation, which varied from .6 to
1.8 m (2 to 6 feet) below the working platform. As the groundwater elevation rose, the stability of
the trench became a greater concem. Trench stability was controlled by the rheology of the
bentonite slurry, level of slurry in the trench, soil conditions, and by limiting the amount of open
excavation (portion of trench filled with slurry) prior to the panel installation procedure.

After approximately 21.3 m (70 lineal feet) of trench was excavated to full depth, the initial panel
of HDPE curtain wall, which had previously been secured to its frame, was lowered into the
slurry filled trench to the proper elevation. The panel was moved into place using a 35 ton,
rough terrain crane. Each panel was 12.2 m (40 feet) wide and as deep as required for each
section of trench in which it was installed. The geomembrane itself was 80 mil thickness.
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Attached to the geomembrane were 160 mil interlocking channels on both edges. These
channels were used to connect the series of panels together to form a continuous curtain wall

(Figure 1).

Once the panel was lowered to the bottom of the trench, it was positioned with the crane towards
the outside wall of the trench, nearest the river. The pane! and its frame were stabilized and left
in place. Excavation of the trench continued until there was sufficient open trench (trench
supported by sluiry) to install the next panel. Once this was accomplished, the succeeding panel
was attached to a second frame. The panel was elevated, using the crane, and interlocking
channels on both panels were aligned to connect the HDPE. A small diameter, hydrophilic, high
swelling gasket material was placed between the connections to assure that the joint is
watertight. The gasket material was a rubber joint seal which expands up to five times its
volume when exposed to liquid. During panel interlocking, the bentonite slurry was used to aid in
the lubrication of the HDPE joints and the gasket material to ensure that the gasket would not be
broken as the panels slip together.

At several instances during panel installation, wind became a concem. At all times, taglines
were utilized to guide the elevated panel into place. Due to the large area of each panel, small
amounts of wind would cause interference with typical installation, and create unsafe conditions
for employees attempting to restrain the taglines. In several instances, the taglines were tied to
equipment to stabilize the panel before lowering it into the trench. On a few occasions, all
installations had to cease because the sheets became uncontrollable in higher winds, creating a
safety concem.

Once the second panel was successfully installed and stabilized, backfilling of the trench could
begin. Previously sorted and mixed backfill was lowered into the trench via the lead-in slope.
Due to the low slump of the material, the slope of the backfill was maintained between 2:1 and
4:1. Backfilling continued until the toe of the backfill reached the far end of the first panel, at a
minimum. This was determined by regularly sounding the trench with a weighted tape measure.
To allow for the backfill volume, slurry trench excavation continued at the opposite end. Once
sufficient backfilling was complete, the frame on the initial panel was released and removed from
the trench, allowing the HDPE panel to remain in place (Figure 2). Another panel was secured to
the frame and prepared for installation. Once adequate trench was excavated, the third panel
was connected to the second and submerged under the slurry. This process was repeated until
the entire length of trench was complete with the interlocking, nonstructural HDPE wall. At both
ends, the curtain wall was tied into an existing metal sheetpile wall.

HDPE Curtain Wall To Sheetpile Tie-In

The most unique feature of this project was the HDPE curtain wall to sheetpile tie-in. It was
decided to leave the existing sheetpile in place as a barrier wall. The existing sheetpile
effectively cut off groundwater flow from the site to the river, except for a 636 m (2100 lineal
foot) section where the sheetpile was not installed in lieu of an existing wooden bulkhead. Over
time, the wooden bulkhead deteriorated and came to disrepair. The sheetpile, however,
remained in fair condition. The challenge was in coming up with a means of creating a
watertight connection between the existing sheetpile and the HDPE curtain wall.

After entertaining numerous ideas and connection variations, a connection using both a
mechanical joint and the manufacturers standard curtain wall joint was employed. The
manufacturers’ HDPE joint (SLT Curtain Wall Interlock ™) as shown in Figure 1 was attached to
the sheetpile by means of a mechanical joint (Figure 3). To make the attachment, the ending
sheetpile panel was removed using an excavator. A section of interiock was cut to the length of
the removed sheetpile section. The edge of the sheetpile where the connection was to be made
was thoroughly cleaned, using a wire brush attachment on a hand drill. Once the sheetpile was
cleaned, the HDPE interiock was ready to be mechanically attached.
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Standard mechanical attachments are most frequently used to attach HDPE liner to an existing
concrete structure. The major component of the mechanical attachment is the batten strip. The
most commonly used batten strip is made from stainless steel type 301 or 304. Typical
dimensions are 5.08 cm (2 inch) wide by 0.64 cm (1/4 inch) thick, coming in lengths of 3to 3.6 m
(10 to 12 feet). They can be cut to the desired length. To facilitate installation, the batten strip is
slotted with 0.85 cm (3/8 inch) wide by 1.11 cm (7/16 inch) long slots on 15.24 cm (6 inch)
centers. These slots receive the anchor bolts which hold the batten to the concrete structure.
The anchor boits which are most frequently used are 0.95 cm x 9.53 cm (3/8 inch x 3 3/4 inch)
anchor length stainless steel bolts. To install, the concrete is drilled and the anchor bolts are set
on 15.24 cm (6 inch) centers. A 5.08 cm (2 inch) wide by 0.32 cm (1/8 inch) thick neoprene
gasket with an adhesive backing is then applied continuously along the length to be battened.
The geomembrane being attached is then pulled into place, cutting undersized holes at the
anchor bolt locations, and forcing the membrane down over the anchor bolts. The stainless
batten is then positioned with the anchor bolts through the 0.95 cm (3/8 inch) by 1.11 cm (7/16
inch) slots and tightened down to create a watertight seal.

This standard mechanical attachment, with slight alterations, was used to attach the
manufacturers’ HDPE joint to the sheetpile panels. A standard head 0.95 cm x 5.08 cm (3/8 inch
x 2 inch) stainless steel bolt was used in place of the anchor bolts. Then, upon review of the
chemical resisitivity properties of the neoprene gasket, it was decided to use a nitrile gasket
instead. While neoprene offers moderate resistance to petroleum oils and gasoline, nitrile offers
excellent resistance to these products. To attach the interlock, the sheetpile panel and the
HDPE interlock were drilled on 15.24 cm (6 inch) centers. The nitrile was then applied
continuously along the edge of the sheetpile panel. The bolis were then fed through the
sheetpile panel from back to front. The interlock was next placed over the bolts, followed by the
stainless steel batten strip. The nuts were then tightened down on the bolts until the nitrile was
compressed enough to create a watertight seal.

Now, the section of sheetpile with the HDPE interlock attached to it was complete. The next
obstacle which had to be overcome, was driving this sheetpile panel back into the ground without
destroying the interlock itself. In order to do this, the next two adjacent sheetpile panels were
also removed with the excavator. The sheetpile alignment was then excavated to depth back to
the next sheetpile panel section which remained in place. Care was taken not to damage the
sheetpile joint with the excavator bucket during excavation. This excavation was done under a
slurry to support the trench due to the depth of excavation (approximately 5.45 m (18 feet)
deep), groundwater elevation (approximately 0.9 m (3 feet) below ground surface), and soil
conditions. The sheetpile panels were then re-installed through the slurry supported trench,
using a vibratory hammer. This method allowed the sheetpile panels to be easily installed with
no damage to either the sheetpile joints or HDPE interlock. The curtain wall installation then
proceeded as previously described.

Summary

The completed curtain wall, which was tied in on both ends to an existing steel sheetpile wall,
proved to be a very effective way to control the off-site migration of contaminated groundwater.
The addition of a soil-bentonite backfill, in conjunction with the curtain wall, amplified the
effectiveness of the cutoff system. After the wall was completed, an interceptor/collection trench
was installed approximately 4.6 to 6.1 m (15 to 20 feef) off of the centerline of the curtain wall.
This system was used to collect the groundwater which was cut off by the bamier wall. The
combination of curtain wall backfilled with soil-bentonite backfill, and the collection trench, was a
very successful combination.

Groundwater infiltration into the river has been deferred to the collection trench, therefore,
eliminating any future problems for the refinery in this location. The collected groundwater was
transferred to a treatment facility where it was conditioned and disposed of properly. This
system was installed efficiently and operates as intended.
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Containment and Recovery of a Light Non-Aqueous Phase Liquid
Plume at a Woodtreating Facility

Dan Crouse', Greg Powell?, Steve Hawthom® and Sara Weinstock®

Abstract

A woodtreating site in Montana used a formulation (product) of 5 percent pentachlorophenol and
95 percent diesel fuel as a carrier liquid to pressure treat lumber. Through years of operations
approximately 378,500 liters of this light non-aqueous phase liquid (LNAPL) product spilled onto
the ground and soaked into_the groundwater. A plume of this LNAPL product flowed in a
northerly direction toward a stream located approximately 410 meters from the pressure
treatment building. A 271-meter long high density polyethylene (HDPE) containment cutoff
barrier wall was installed 15 meters from the stream to capture, contain, and prevent the product
from migrating off site. This barrier was extended to a depth of 3.7 meters below ground surface
and allowed the groundwater to flow beneath it.

Ten product recovery wells, each with a dual-phase pumping system, were installed within the
plume, and a groundwater model was completed to indicate how the plume would be contained
by generating a cone of influence at each recovery well. The model indicated that the recovery
wells and cutoff barrier wall would contain the plume and prevent further migration. To date,
nearly 32 years later, approximately 106,000 liters of product have been recovered.

Introduction

This paper presents a case study where a high density polyethylene (HDPE) cutoff barrier wall
was installed to contain a light non-aqueous phase liquid (LNAPL) product plume consisting of 5
percent pentachlorophenol (PCP) and 95 percent diesel fuel and prevent it from entering a
stream located approximately 15 meters away from the wall. This paper is not intended to be a
detailed technical presentation, but only to describe one project where a cutoff barrier wall was
installed to successfully contain a plume.

The theory of this cutoff barrier wall installation was to allow groundwater to flow underneath it
while containing the floating product. A dual-phase recovery system was also instalied to collect
the free-phase product and contain the plume by creating a hydraulic gradient towards the
recovery wells. Water recovered from the recovery wells was treated and discharged to the
receiving stream.

! Roy F.Weston, Inc./REAC, 2890Woodbridge Avenue, Edison, NJ 08837-3679, (908) 321-4222

2 United States Environmental Protection Agency, Environmental Response Branch, 26 West Martin Luther
King Drive, Cincinnati, OH 45268, (513) 569-7537 .

3 United States Environmental Protection Agency, Region VIII, 999 18" Street, Suite 500, Denver, CO
80202-2405, (303) 312-6061

4 United States Environmental Protection Agency, 155 West Granite, Butte, MT 59701, (406) 782-7415
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Background

Pentachlorophenol is a chlorinated compound used to pressure treat lumber for telephone poles
and other materials to prevent damage from termites, wood-boring insects, and rotting.
Pentachlorophenol is usually added to diesel fuel as a carrier liquid to allow for easier
penetration into the wood grain. This is done by placing the dried lumber into large cylindrical
vessels along with the PCP-diesel fuel solution. After treatment, the lumber is transferred to
railroad cars and pulled onto a concrete drip pad. From there, the lumber is transferred to drip
areas where any excess PCP solution is allowed to drain.

Due to poor handling procedures when transferring the lumber to the railroad cars, coupled with
the constant dripping of PCP in the drip area, thousands of liters of PCP have contaminated the
groundwater. Estimates of the amount of PCP product that contaminated the groundwater vary
from 378,000 to 1,130,000 liters. The contaminated groundwater and product entered a stream
located approximately 410 meters north of the facility. The product was visible as an oily sheen
that entered the stream at six identifiable seep points.

Prior to installation of the cutoff barrier wall, several seeps of PCP product had been found
entering the stream. To prevent this seepage, the contaminated material above the groundwater
surface and between the cutoff barrier wall and the stream was excavated, removed, and
backfilled with clean fill material. Following excavation, the seeps stopped, and have not
returned after 21% years. In addition, piezometers installed on the down gradient side of the wall
did not contain any free-phase product, while those upgradient of the wall did contain product.
This indicates that the cutoff barrier is effective in containing the free-phase product.

Recovery Wells

The United States Environmental Protection Agency/Environmental Response Team Center
(U.S. EPA/ERTC) tasked the Response Engineering and Analytical Contract (REAC) personnel
to complete the following tasks:

e Evaluate the various treatability studies and remedial investigation plans, determine if a
pump test is needed to adequately evaluate the effectiveness of a proposed cutoff trench
installation, and determine the impact of adjacent site activities on the product recovery
system.

e Determine the optimal treatment system for treating the groundwater that would be removed
from the cutoff trench, and develop a conceptual design for a total fluid recovery system
(including capital costs and operation and maintenance costs) while assisting the Region VIll
On-Scene Coordinator (OSC) with oversight activities during development and installation of
the product recovery system.

After reviewing previous reports and conducting treatability studies on the contaminated
groundwater to determine the optimum method for treatment, it was proposed to install two
recovery trenches to intercept the product. The decision for the locations of the two trenches
was based on information contained in a Remedial Investigation (RI) Report (Keystone 1992).
The first trench installation was stopped during the initial excavation because of poor stability of
the trench walls due to its composition of finely grained sands. Unsuccessful attempts were then
made to secure the walls with a trench box. it became apparent that the construction of cutoff
trenches was inappropriate for this particular condition (WESTON/REAC 1983).

In response, the U.S. EPA Region VIt OSC decided to install a product recovery system
consisting of recovery wells. Figure 1 shows the locations of the recovery wells. REAC also
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installed several piezometers and a recovery well and then conducted a yield test to obtain data
to evaluate the aquifer transmissivity data necessary to design the recovery system
(WESTON/REAC 1993).

In an attempt to install a recovery system before winter, a preliminary recovery well system was
first designed. Pilot borings were proposed for recovery well locations to ensure optimum
hydrogeologic conditions, and a preliminary groundwater model was constructed based on the
existing data. At that time, surveys, a full-scale pumping test, groundwater elevation data
collection, and a full-scale groundwater model were proposed by REAC to evaluate the
preliminary design. The baseline groundwater flow model was then developed with the single
layer analytical element model (SLAEM) developed by Otto D. L. Stack (WESTON REAC 1993).

Seven piezometers and ten product recovery wells were then installed. Eight of the recovery
wells were installed along the axis of the product plume and each of the other two wells were
installed along the ends of the cutoff barrier (see Figure 1). The two end wells were installed to
prevent the migration of the product around the ends of the cutoff barrier wall. Two pumps were
installed in each recovery well. One pump was used to extract contaminated groundwater to
create hydraulic containment. The other pump, fitted with a special membrane which only
allowed the PCP-diesel carrier fluid to enter, then removed the product. The recovery wells were
designed at production rate of 57 L/min each, but actual pumping rates varied from 15 to 170
liters per minute (L/min). The contaminated groundwater was pumped to a 1,135 L/min
treatment system built on site with granular activated carbon as the primary treatment method
for organics removal. The recovered product was then pumped to horizontal holding tanks for
subsequent disposal. After 4 years, the recovery system is recovering an average of
approximately 27,000 liters of product per year.

Cutoff Barrier Wall Specifications

To prevent additional migration of the floating product along the groundwater table interface and
into the stream, a free-phase product HDPE cutoff barrier wall was also installed (see Figure 1).
The average depth to groundwater was 1.5 meters and the thickness of product varied from 5
centimeters to 0.61 meters This 271-meter cutoff barrier was made of 60-millimeter-thick
HDPE, and it was installed to 3.7 meters below ground surface (bgs), approximately 2.4 meters
into the groundwater, and 15 meters from the stream embankment. Figure 2 contains a detailed
sketch of the HDPE cutoff barrier wall. The cutoff barrier wall panels were approximately 3
meter wide.

Cutoff Barrier Wall Installation

A special pneumatic hammer drove a steel plate into the ground to the desired depth to make a
slot in which the panels were installed. Each panel had an interlocking edge allowing one panel
to slip into another panel forming a solid impermeable barrier. Once the slot was made, the
machine would install a panel. Each panel had a slot at the bottom which held a steel plate
which was used to force the panel into the ground. Once the panel was installed to the desired
depth, the ground bound onto the panel boftom lip, and the steel plate was removed.
Successive panels were installed in the same manner as the previous one. The total price of the
contract was approximately $ 72,000 for the HDPE panels and its installation. Minor problems
were incurred during the installation. The main problem was that the site contained walls of
waste slag material approximately 2.75 meters high, 3.6 meters wide, and hundreds of meters
long. The ground surface on which the cutoff barrier was installed contained approximately 0.6
meters of slag which hampered the pneumatic hammer somewhat during installation of the panel
slots. Overall however, the installation was completed without major delays.
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Groundwater Model Calibration

After installation of the recovery wells, additional data were collected and used to calibrate the

preliminary groundwater model. The plume (large oblong shaded area) is outlined and the ten
recovery wells (EPA-1 through EPA-10) are shown on Figure 1. After entering the new data, the
groundwater model was updated and it was very similar to the preliminary model. The
groundwater model has been updated at regular intervals with the actual product thickness,
recovery pumping rates, and water table elevations input into the model. The results indicated
that the existing recovery system is still adequate to contain and remove the product.

Conclusions

The installation of a HDPE vertical cutoff barrier wall to contain an light non-aqueous phase
liquid (LNAPL) plume was very successful at this site. For other sites containing an LNAPL
plume this type of barrier wall could be appropriate if it was installed in conjunction with some
type of system to create a hydraulic gradient.

A unique quality about this project was the entire product recovery system was completed within
six months. This included the hydrogeological study, treatability studies, design, construction,
and startup.
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AN ECOLOGICAL ENGINEERING APPROACH FOR KEEPING WATER
FROM REACHING INTERRED WASTES IN ARID OR SEMIARID REGIONS

Jay E. Anderson’

Abstract

This paper describes application of a soil-plant cover system (SPCS) to preclude water from
reaching interred wastes in arid and semiarid regions. Where potential evapotranspiration far
exceeds precipitation, water can be kept from reaching buried wastes by 1) providing a sufficiently
deep cap of soil to store precipitation that falls while plants are dormant and 2) maintaining plant
cover to deplete soil moisture during the growing season, thereby emptying the storage reservoir.
Research at the Idaho National Engineering Laboratory (INEL) has shown that 2 m of soil is
adequate to store moisture from snowmelt and spring rains. Healthy stands of perennial grasses
and shrubs adapted to the INEL climate use all available soil moisture, even during a very wet
growing season. However, burrowing by small mammals or ants may affect the performance of a
SPCS by increasing infiltration of water. Intrusion barriers of gravel and cobble can be used to
restrict burrowing, but emplacement of such barriers affects soil moisture storage and plant
rooting depths. A replicated field experiment to investigate the implications of those effects is in
progress. Incorporation of an SPCS should be considered in the design of isolation barriers for
shallow land burial of hazardous wastes in arid regions.

Introduction

This paper describes an ecological engineering approach for preventing water from reaching
buried hazardous wastes in arid or semiarid areas. Ecological engineering is the building of
sustainable, self-maintaining ecosystems in which the energy supplied by humans is "small
relative to the natural sources, but sufficient to produce large effects in the resulting patterns and
processes" (Odum 1962, as cited by Mitsch 1993). Simply stated, this approach uses natural
materials and natural ecosystem processes to address environmental problems. Once
constructed, the system sustains itself indefinitely with only modest amounts of human
intervention; the system runs primarily on solar energy (Mitsch 1993).

Among the most serious problems associated with shallow land burial of hazardous wastes is
keeping water received as precipitation from reaching the waste zone. However, in arid and
semiarid regions, an elegant ecological engineering solution exists. Under such climates, the
potential to evaporate water far exceeds the amount of water received from precipitation.
Consequently, what is needed is a way to the store water until it can be evaporated. Many natural
aridland ecosystems do just that. The soil serves as a reservoir that temporarily stores any water
that is not immediately evaporated, and plants use solar energy to pump that water back into the
atmosphere.

We have been studying the potential for applying these concepts in the design of waste burial
covers at the ldaho National Engineering Laboratory (INEL) for over a decade (Anderson et al.
1987, 1991, 1993). The INEL is located on the Upper Snake River Plain in southeastern ldaho
where average annual precipitation is about 220 mm. At the INEL and similar cold-desert sites,
much of the annual precipitation is received during late fall, winter, and early spring while plants

! Department of Biological Sciences, Idaho State University, Pocatello, Idaho 83209-8007, (208)
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are dormant or just initiating growth. Thus, a cap of soil over hazardous wastes must be
sufficiently deep to store water received during that period. The other crucial component of this
ecological engineering design is a healthy stand of perennial plants to empty that storage
reservoir each growing season (Link et al. 1994). These two components constitute a soil-plant
cover system (SPCS). Our research has shown that at the INEL a soil cap 2.0 m thick would
more than suffice to store precipitation received while plants are dormant and that drought-tolerant
grasses or shrubs will use all of the plant-available soil moisture, even during an exceptionally wet
year (Anderson et al. 1991, 1993).

Design Criteria

To determine the depth of soil required in a SPCS, estimates of the water storage capacity of the
soil and of the maximum amount of water to be stored are needed. The effective storage capacity
of a soil is the difference between the drained upper limit and the lower limit of extraction (Ritchie
1981). The drained upper limit is the amount of water a soil will hold against the force of gravity.
This parameter is estimated by thoroughly wetting the soil and then allowing it to drain. The
amount of water remaining in the profile once excess water has drained (but no water has been
removed by evapotranspiration) is the drained upper limit (Ratliff et al., 1983). This parameter is
analogous to field capacity (e.g. Hanks and Ashcroft, 1980), but is determined in situ. The lower
limit of extraction is the minimum soil moisture content to which a particular plant species can
deplete soil moisture. The lower limit is estimated from the amount of water remaining in the soil
when plant growth and activity completely stop (Ritchie, 1981).

Precipitation and evapotranspiration are typically expressed as depths of water, whereas the
amount of water in a soil is expressed as a percentage of the total soil volume. Volumetric water
content is readily converted to depth. For example, if a soil contains 27% water by volume, a
meter depth of that soil will contain 270 mm of water. The INEL soil that is used to cap waste
sites has a drained upper limit of 28% (Anderson et al. 1993). The lower limit of extraction varies
little among the drought-tolerant perennial species that we have studied, averaging about 11% for
that soil (Figure 1). Thus, the effective moisture storage capacity of the soil is 17% by volume, or
170 mm per meter of soil (Anderson et al. 1993).

The second estimate required is the amount of water to be stored. If a good cover of perennial
plants is present, rainfall received during the middle and latter parts of the growing season will be
quickly evaporated or transpired. For the INEL, most rainfall received during June through
September is quickly lost by evapotranspiration (Anderson et al. 1991, 1993). Therefore, the
maximum precipitation that might fall from October through May was used to estimate the
minimum fill soil requirement. The maximum received during that period for 44 years of record
(1950-1994) is 277 mm. If 277 mm water infiltrated the soil, 1.6 m of fill soil would be required to
store it, given a storage capacity of 17%. However, the wetting front in a soil will extend below
that portion of the profile that is at the drained upper limit. Our data indicate that the wetting front
from 277 mm of water might reach 1.8 m (Anderson et al. 1993). Additionally, ponding due to soil
subsidence or deep snow accumulation could increase infiltration in local areas. Therefore, we
have recommended a minimum fill soil depth of 2 m for the INEL (Anderson et al. 1991, 1893). A
substantial portion of precipitation that falls while plants are dormant will be lost by evaporation or
sublimation, so a fill soil of 2 m should be quite conservative.

Successful performance of a SPCS requires that water infiltration not exceed the storage capacity
of the soil. Therefore, the site should be nearly level so that the potential for water draining onto it
from adjacent areas is minimal. Mounding of the cap is not recommended for several reasons.
Mounding increases the potential for soil loss by both wind and water erosion. It also increases
the potential for deep snow accumulations on leeward exposures, which could result in a large
influx of water from melting snow. Finally, mounding will increase runoff from the protective cap,
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which could result in insufficient moisture storage in the cap soil to maintain a vigorous stand of
perennial plants.

To insure long-term functional integrity of a SPCS with minimal maintenance requirements, it is
important to choose plant species that are well adapted to the area and tolerant of periodic
drought. The natural vegetation of the INEL typically consists of an overstory of big sagebrush
(Artemisia tridentata) and an understory of perennial grasses and forbs. We have evaluated
water use by four species of drought-tolerant perennial plants that are common at the INEL, big
sagebrush and three perennial grasses (crested wheatgrass, Agropyron desertorum; Great Basin
wildrye, Leymus cinereus; streambank wheatgrass, Elymus lanceolatus). Crested wheatgrass is
an introduced species that has become naturalized in western North America through extensive
use for rangeland rehabilitation and reclamation of disturbed sites; the other three species are
natives. All four species can remove water from a soil cap to a depth of at least 2.2 m, and a
vigorous stand of any of the species would likely use all of the plant-available water that might be
stored in the soil, even during an exceptionally wet year (Anderson et al. 1991, 1993). For
example, evapotranspiration from the plot of Great Basin wildrye shown in Figure 1 was over 540
mm in 1987, some 2.8 times the average annual precipitation for the INEL. We currently
recommend planting crested wheatgrass on soil caps at the INEL because it is easily established
and very persistent (Marlette and Anderson 1986), but, as explained below, we are investigating
the establishment and functioning of diverse species assemblages of native species.

Other Considerations and Ongoing Research

Researchers at the INEL and elsewhere have demonstrated that burrowing by small mammals
(e.g., Laundre 1993) and ants (Blom et al.1994) can increase water infiltration by decreasing the
bulk density of soil or creating channels for preferential fiow. Burrowing animals also may
transport contaminants to the surface (Arthur and Markham 1983, Arthur et al. 1987). A biological
intrusion barrier consisting of a layer of rock placed within a protective soil cap will restrict the
depth to which mammals can burrow (Hakonson et al. 1983, Hakonson 1986, Reynolds 1990).
Tunneling by ants can be obstructed by a layer of gravel placed in the soil (P. Blom, personal
communication). Thus, a layer of gravel and cobble placed within a soil cap should restrict animal
burrowing, but plant root growth may also be fimited to the soil above the intrusion barrier. If roots
were restricted to the soil above an intrusion barrier, the effective water storage reservoir of the
soil cap would also be limited to the soil above the barrier. In this case, depth of emplacement of
the intrusion barrier within a soil profile would be critical. On the other hand, if plant roots
penetrated through the intrusion barrier and extracted water from the soil below it, depth of
emplacement of the barrier would have little effect on the size of the water storage reservoir.

In 1993, researchers at Idaho State University in Pocatello, and the Environmental Science and
Research Foundation in Idaho Falls, Idaho, initiated a large-scale, replicated field experiment to
compare the performance of two SPCS designs that include biological intrusion barriers at depths
of either 0.5 or 1 m in a 2-m soil profile with that of a soil-only design (Limbach et al. 1994). The
major objectives of this study are to examine the effects of placing an intrusion barrier in a soil cap
on water percolation, water storage capacity, and plant rooting depths and to determine which
species of plants, if any, will grow roots through an intrusion barrier and extract water from the soil
below it (which would be necessary if the intrusion barrier were placed at a shallow soil depth).
Performance is being monitored under three irrigation treatments: 1) ambient precipitation, 2)
“heavy spring," in which sufficient water is added to the soil profile at the beginning of the growing
season to bring the total stored water up to approximately 300 mm (which exceeds the highest
October - May precipitation recorded at the INEL), and 3) "extended spring/summer," an amount
of water equal to that of treatment 2 is applied in 50 mm increments at bi-weekly intervals
(depending on natural precipitation events) through the spring and into the summer. These
treatments will be modified later in the experiment to determine the amount of water required to
cause failure of each of the experimental cap configurations.
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The effects of emplacing a biobarrier in a soil profile are shown in Figure 2, which contrasts the
moisture profiles during the 1996 growing season in a soil-only cap with those in a cap having a
biobarrier 1 m below the soil surface. The wetting front resulting from winter-spring recharge
reached 1.2 m in the soil-only cap and 0.8 m in the biobarrier cap. The increase in storage
between October 1995 and March 1996 was 130 mm in the soil-only cap and 170 mm in the 1-m
biobarrier cap. The capillary break due to the soil-gravel interface at the top of the biobarrier
restricted downward movement of water so that all of the recharge water was held above the
biobarrier. There was no appreciable change in water content below the biobarrier through the
growing season (Figure 2). Under ambient precipitation over three years, we have observed
percolation of water below the 1-m biobarrier on only one of 18 plots despite the fact that the 1995
growing season was the wettest on record, when some 250 mm of water were received from
March through June. The mean for that period is 100 mm. Percolation below the 0.5-m
biobarriers was observed on five of 18 plots in 1995.

The biobarriers clearly are an impediment to root growth We have evidence for extraction of
water below the 0.5-m biobarriers in four of 18 plots and below the 1-m biobarrier in one of 18
plots (Figure 3). We have only seen extraction below the biobarriers when volumetric water
content below the barrier was initially at least 25%. There is no evidence of root extraction of
water below biobarriers in any of the 24 ambient precipitation plots despite the presence of
modest amounts of extractable water below the barriers of most plots. These results indicate that
there may be a threshold water content below which plants are unable to detect the presence of
extractable water below a biobarrier. On the other hand, the results show that roots can penetrate
the biobarriers and extract water from the soil below them if water content is sufficiently high.
Future monitoring of our plots should reveal whether this is a predictable outcome and whether
water below the barriers will be depleted to the lower limit of extraction.

Regardless of the kind of plants that are initially planted in a SPCS, common native species such
as sagebrush and rabbitbrush (Chrysothamnus spp.) likely will occupy the site eventually (Link et
al. 1894). Furthermore, it may be desirable to establish a diverse plant community initially
because a diverse community may be more functionally stable than a monoculture (McNaughton
1977, Tilman and Downing 1994). Such diversity might help to insure the functional integrity of a
protective cap under threats from insect or pathogen outbreaks or disturbances such as fire.
Thus, developing techniques for establishing a diverse community and evaluating cap
performance with diverse species and growth forms present is necessary. Two vegetation types
were included in the present experiment. One is a monoculture of crested wheatgrass, and the
other consists of a mixture of 12 native species, including five shrubs, five perennial grasses, and
two forbs. Native species of shrubs and grasses were transplanted from natural stands within
about 2 km of the experimental site in November, 1993, after they became dormant. Forbs and
crested wheatgrass were seeded by drilling. Survival and growth of individuals representing all
species on all SPCS.configurations are monitored. We also are monitoring changes in species
composition under the three irrigation treatments. We expect that survival and growth of shrubs
may be lower while growth of shallow-rooted grasses may be relatively higher on the plots having
an intrusion barrier at 0.5 m than on other plots. Shrubs are expected to have the competitive
advantage under the heavy spring irrigation treatment which resuits in deeper soil recharge,
whereas applying a similar amount of water over an extended period during late spring/early
summer should benefit perennial grasses. The latter irrigation treatment was based on the
prediction that the northern portions of the Great Basin and adjacent Snake River Plain may
receive a larger portion of their annual precipitation during the summer months under global
climate warming (VEMAP 1995). Resuits from our studies should provide some basis for
predicting what effects climate change may have on vegetation composition of a SPCS. We
expect that directional changes in species composition on the native vegetation plots will be
apparent within five or six years.
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Conclusions

Research at the INEL has shown that a soil-plant cover system consisting of 2 m of soil
supporting a healthy stand of perennial plants should suffice to preclude water received as
precipitation from reaching interred wastes. Such an ecologically-engineered cover is relatively
simple and inexpensive to construct and should provide long-term protection with minimal human
intervention, provided that precautions are taken to avoid subsidence, drainage onto the site, or
deep accumulations of snow. Questions remain concerning the necessity of placing intrusion
barriers in the soil cap to limit burrowing by small mammals or ants and concerning the effects
that such barriers will have on SPCS performance. These questions are being addressed in a
large-scale, statistically replicated field experiment. Irrespective of the outcome of current studies,
however, it is clear that inclusion of a SPCS should be considered in the design of protective caps
used to isolate hazardous buried wastes in arid and semiarid regions.
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Figure 1. Changes in soil moisture over a growing season for an experimental field plot
supporting a stand of Great Basin wildrye (Leymus cinereus). Each line depicts volumetric water
content for a particular sampling date. The plot soil was a homogeneous clay loam to a depth of
24 m. Supplemental irrigation resulted in volumetric water content being near saturation
throughout the profile at the beginning of the growing season. Water content at the lower limit of
extraction was estimated from the data for September 2. Redrawn from Anderson et al. (1987).
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Figure 2. Soil moisture profiles for a soil-only cap and a 1-m biobarrier cap (a 0.5-m layer of
gravel and cobble placed 1-m below the soil surface) for the fall of 1995 and the 1986 growing
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Figure 3. Changes in soil moisture over the 1996 growing season for a 1-m biobarrier cap and a
0.5-m biobarrier cap (a 0.5-m gravel/cobble biobarrier placed either 1 m or 0.5 m below the soil
surface). In both cases, the moisture profiles indicate extraction of water by plants from the soil
below the biobarrier.
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WATER BALANCE OF TWO EARTHEN LANDFILL CAPS
IN A SEMI-ARID CLIMATE

by
Milind V. Khire', Craig H. Benson?, and Peter J. Bosscher’

ABSTRACT: Water balance data are presented that were obtained from two earthen cap
test sections located in a semi-arid region. The test sections were constructed on a municipal
solid waste landfill in East Wenatchee, Washington, USA. One test section represents a
traditional resistive barrier, and is constructed with a compacted silty clay banier 60 ¢m thick
and a vegetated silty clay surface layer 15 cm thick. The other test section represents a
capillary barier and has a sand layer 75 c¢m thick overlain by a 15-cm-thick vegetated surface
layer of silt. Extensive hydrological and meteorological data have been collected since
November 1992. Unsaturated hydraulic properties of soils, hydrologic parameters, and
vegetation have been extensively characterized. Results of the study show that capillary
barriers can be effective caps in semi-arid and arid regions. They are also cheaper to construct
and can perform better than traditional resistive barriers.

INTRODUCTION

This paper describes a field study of the water balance of two landfill cap test sections. The
study is being conducted for three purposes: (j) to study the dynamics of the water balance in a
semi-arid climate, (ii) to assess the relative performance of one-dimensional capillary barriers and
resistive barriers in a semi-arid region, and (i) to generate high quality and detailed field data that
can be used to evaluate water balance models. This paper describes the test sections, their
hydraulic properties, and the water balance data that have been collected. Inferences are also
drawn regarding design of capillary barriers in semi-arid regions.

BACKGROUND

Resistive Barriers

Current geoenvironmental practice for minimizing percolation into underlying waste or
contaminated soil generally consists of a prescriptive cover consisting of a barrier layer and a
vegetated surface layer. The barrier layer may be a layer of compacted clay, a geosynthetic clay
liner, a geomembrane, or a combination of these layers (Benson and Khire 1995). In some cases,
a drainage layer is included to promote lateral drainage above the barrier layer (Daniel 1994,
Melchior et al. 1994).

The prescriptive cover functions by offering hydraulic resistance to flow via low saturated
hydraulic conductivity of the barrier layer. Thus, the prescriptive cover is also called a “resistive
barrier" (Schulz et al. 1989). Although the premise of the "resistive barrier" design is based on the
barrier layer having low saturated hydraulic conductivity, field data have shown that earthen
resistive covers in semi-arid and arid climates are generally unsaturated (Khire et al. 1997). Thus,
the behavior of a resistive cover is governed primarily by its unsaturated hydraulic properties.

Capillary Barriers

Even though resistive barriers are more commonly used, recent field studies indicate that
capillary barriers can be effective at restricting percolation in semi-arid and arid climates (Gee and
Kirkham 1984, Gee et al. 1993, Nyhan et al. 1990, Nyhan et al. 1993, Hakonson et al. 1994,
Benson and Khire 1995). Capillary barriers are constructed in various forms, ranging from a simple
design consisting of two layers to more complex designs that include multiple layers of fine-

1 Asst. Proj. Engineer, GeoSyntec Consultants, Boca Raton, FL 33487 (Miles@GeoSyntec.com)
2 Assoc. Profs., University of Wisconsin-Madison, Madison, Wi 53706 (benson@engr.wisc.edu)
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grained and coarse-grained soils (e.g., Stormont 1995). In its basic form, however, a capillary
barrier consists of a fine-grained layer overlying a coarse-grained layer (Benson and Khire 1995).

At most water contents, except near saturation, fine-grained soils have higher matric suctions
than coarse-grained soils due to their different soil-water characteristic curves. As a result, the
apparent hydraulic gradient in a capillary barier near the fine-grained/coarse-grained interface is
normally upward, except when the surface layer becomes nearly saturated. In addition, infiltrated
water is stored in the fine-grained surface layer until the matric suction becomes low enough to
permit water entry in the coarse-grained layer. Because coarse-grained soils have very low
unsaturated hydraulic conductivities at low water contents, the coarse-grained layer impedes flow.
These factors constitute the “capillary barrier effect” which restricts percolation. In a system that is
approximately one-dimensional, water is stored in the fine-grained layer due to the capillary barrier
effect. This stored water is easily removed via evapotranspiration.

Capillary barriers can also be less expensive than resistive barriers because there is no need
for moisture-conditioning of the barrier soil. For example, the capillary barrier test section in this
study was approximately four times less expensive to construct than the resistive barrier. In
addition, capillary barriers are less susceptible to degradation caused by desiccation cracking,
because they do not have a wet compacted fine-grained layer. However, capillary barriers do
have a unique set of problems, including erosion and biota intrusion of the fine-grained layer and
vertical break-through of lateral flows (Khire et al. 1994, Stormont 1995). Nevertheless, the
advantages of capillary barriers can be significant for some projects.

TEST SECTIONS

Two test sections were constructed as part of capping activities at the Greater Wenatchee
Regional Landfill in East Wenatchee, Washington, USA. East Wenatchee is in central Washington
state (236 km east of Seattle). The average annual precipitation is 23 cm, and primarily occurs in
late fall and winter as rain or snow. Snowfall typically comprises 30% of annual precipitation.

A schematic of a test section is shown in Fig. 1. One test section is the prescriptive earthen
cover for the site. It is a resistive barrier with a 60-cm-thick barrier layer consisting of low plasticity
silty clay, covered with a vegetated surface layer consisting of 15 cm of silty soil. The other test
section is a capillary barrier. The lower layer of the capillary barrier is a 75-cm-thick medium
uniformly graded sand. The surface layer is 15 cm of uncompacted vegetated silt. All soils were
obtained on-site. Benson et al. (1994) describe how the test sections were constructed. Both

test sections are on a slope of 2.7 horizontal to 1 vertical.
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Fig. 1. Schematic of Test Section.
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Each test section is 30 m x 30 m, of which a 18.3 m x 12.2 m region is used for monitoring.
The test sections are instrumented for continuous monitoring of meteorological data, overland
flow, soil water content, and percolation. Percolation is collected using a lysimeter 12.2 m wide x
18.3 m long (Fig. 1) constructed from high density polyethylene geomembrane and a
geocomposite drain. Overland flow is collected via diversion berms. Time domain reflectometry
(TDR) is used to measure soil water content. A detailed description of the monitoring system is
contained in Benson et al. (1994). Soil water storage is computed by integrating soil water
contents over the depth of the test sections. Evapotranspiration (E) is computed by subtracting
daily overland flow (O), percolation (P,), and the change in the soil water storage (AS) from daily
precipitation (P). Lateral flow (L) is assumed zero when computing E. Because the soils have
relatively low unsaturated hydraulic conductivities and are saturated only for a small period of time,
lateral flow is expected to be less than 0.01% of total precipitation (Khire 1995).

SATURATED AND UNSATURATED HYDRAULIC PROPERTIES OF SOILS
Soil-water Characteristic Curves

Soil-water characteristic curves for the fine-grained cover soils were measured in pressure
plate extractors. A hanging column equipped with a Buchner funnel was used for the sand. Only
desorption curves were measured. Details of the preparation and testing procedures can be
found in Benson et al. (1993). The Haverkamp function (Haverkamp et al. 1977) was fitted
through the soil-water characteristic data. The Haverkamp function has the form:

50 o (1)
es'er o+ \lfﬁ
where 0 is the volumetric water content at matric suction v, 8, is the water content at saturation, 6,

is the residual water content, and o and P are fitting parameters. The fitted functions are shown in
Fig. 2, and the fitting parameters are listed in Table 1.
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Fig. 2. Soil-Water Characteristic Curves for Resistive and Capiliary Barrier Test Sections.

The soil-water characteristic curves for the fine-grained soils from the resistive barrier test
section and the surface layer of the capillary barrier test section exhibit a gradual decrease in water
content with increasing matric suction, which is expected for fine-grained soils (Hillel 1980). In
contrast, water content of the sand from the capillary barrier decreases rapidly for small increases
in matric suction due to drainage of large pores (Fig. 2).

254



Table 1. Haverkamp Fitting Parameters.

Haverkamp Fitting Parameters

Test Layer K, (cm/s) R 6, Matric Hydraulic
Section Suction Conductivity
o B(1/lcm) A B (1/cm)

Resistive | Surface | 45105 | 0.40 0.06 80 0.6 | 300 2.2
Resistive | Barrier | 004107 | 0.36 0.05 72 0.6 | 400 1.3
Capillary | Surface | 27 x104 | 0.42 0.015 | 650 1.0 90 2.2

Capilary | Sand | 2gx10-3| 0.40 | 0.01 |35000] 2.9 | 105] 2.9

Hydraulic Conductivities

Saturated hydraulic conductivities (K,) of the surface layer of both barriers were measured on
undisturbed block specimens. Geometric mean hydraulic conductivities for both surface layers
are listed in Table 1.

Saturated hydraulic conductivity of the resistive barrier layer was determined both by testing
specimens collected in 7.1-cm-diameter thin-wall sampling tubes and by back-calculation from
steady percolation during Winter 1993. The hydraulic conductivities obtained using the two
methods are essentially the same (Benson et al. 1993). The geometric mean saturated hydraulic
conductivity of the specimens is 2.2 x 107 cm/s (Table 1). Laboratory tests on re-constituted
specimens of the sand yielded a saturated hydraulic conductivity of 2.9 x 10° cm/s.
Comprehensive details regarding the sampling methods and testing procedures can be found in
Benson et al. (1993).

Unsaturated hydraulic conductivity functions (K,) for the surface layers were measured in the
laboratory using the instantaneous profile method on block specimens removed from the test
sections (Khire et al. 1995). The unsaturated hydraulic conductivity function for the barrier layer of
the resistive barrier was measured in the laboratory and field (Meerdink et al. 1996). The
unsaturated hydraulic conductivity function for the sand from the capillary barrier was measured in
the field using the instantaneous profile method and in the laboratory using a gravity drainage test
(Khire 1995). The Haverkamp function was fit through the unsaturated hydraulic conductivity
data. The Haverkamp function is:

Ky =Ks (A :\w") @)

where A and B are the fitting parameters. Haverkamp fitting parameters for unsaturated hydraulic
conductivity are listed in Table 1. The hydraulic conductivity functions are shown in Fig. 3.

The hydraulic conductivity functions for the resistive and capillary barriers exhibit contrasting
characteristics. In particular, for matric suctions exceeding approximately 0.5 m, the surface layer
of the resistive barrier has lower hydraulic conductivity than the barrier layer. In contrast, for the
capillary barrier, the sand layer has lower hydraulic conductivity than the surface layer when the
matric suction is greater than 0.5 m. Matric suctions in both test sections are almost always greater
than 0.5 m. Consequently, if water infiltrates the surface layer of the resistive barrier, it moves
downward into the barrier layer. In the capillary barrier, water that enters the surface layer is
impeded at the sand interface due to the low unsaturated hydraulic conductivity of the sand.” As a
result, water is stored in the surface layer of the capillary barrier, where it can be easily removed via
evapotranspiration.
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Fig. 3. Unsaturated Hydraulic Conductivity Functions for Resistive and Capillary Barriers.

FIELD WATER BALANCE OBSERVATIONS
Overland Flow

Cumulative overland flow for the resistive and capillary barriers is shown in Fig. 3a. Overland
flow is essentially the same for the resistive (12.6% of precipitation) and capillary barriers (11.9%
of precipitation). The primary reason for this similarity is believed to be the combined influence of
hydraulic conductivity of the surface layer and density of vegetation on both test sections.

The saturated and unsaturated hydraulic conductivities of the surface layer of the capillary
barrier are approximately one order of magnitude higher than those for the resistive barrier (Fig.
3). Thus, water should infiltrate more easily in the capillary barrier. However, vegetation on the
capillary barrier is fess abundant than on the resistive barrier. The percent bare area (area bare of
plants/total area) for the capillary barrier is 83%, whereas for the resistive barrier it is 40% (Benson
et al. 1993). Dunne and Dietrich (1980) report that the average runoff velocity decreases and the
residence time increases as the density of vegetation increases. Consequently, overland flow is
lower for slopes having denser vegetation. Apparently the effects of higher hydraulic conductivity
and less abundant vegetation for the capillary barrier compensate, and resuit in essentially the
same overland flow as occurs on the resistive barrier. The writers acknowledge, however, that this
combined influence is probably coincidental.
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Fig. 3. Overland Flow and Precipitation (a) and Soil and Air Temperature for Capillary Barrier (b).

Overland flow for both test sections was exceptionally high during late Fall 1994 and early

Winter 1995. The primary reason for this behavior is that the ground surface was frozen during
late Fall 1994 and most of the early part of Winter 1995 (Fig. 3b), which limited infiltration. Thus,
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water balance simulations conducted for design of caps should account for freezing of the
surface layer, and its effect on overland flow.

Soil Water Content

Volumetric water contents for the resistive and capillary barriers are shown in Fig. 4. For both
test sections, the water contents show a periodic behavior. An increase in water content occurs in
fall and winter, followed by reductions in spring and summer.

In the resistive barrier, water contents increase gradually at all depths during the winter, and
exhibit a time lag with depth corresponding to the slow downward movement of a diffuse wetting
front (Fig. 4a). These gradual increases in water content are consistent with the unsaturated
hydraulic properties of the soils used to construct the resistive barrier. That is, these soils exhibit
gradual changes in water content and hydraulic conductivity as matric suction changes. In
addition, because the unsaturated hydraulic conductivity of the barrier layer is greater than that for
the surface layer when v is greater than 0.6 m, water readily moves from the surface layer into the
barrier layer.

Different behavior occurs in the capillary barrier during winter seasons (Fig. 4b). The water
content of the surface layer increases gradually as the layer accumulates (“stores”) water. The
sand, however, remains dry until the surface layer reaches its storage capacity. This behavior is a
manifestation of the “capillary barrier effect.” After the storage capacity is reached, however,
water moves rapidly into the sand, which is reflected by a rapid increase in water content at all
depths.
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Fig. 4. Soil Water Contents in Resistive (a) and Capillary (b) Barriers.

The data illustrate that the surface layer of a capillary barier needs to have adequate storage
capacity (i.e., a sufficiently thick surface layer) to store water during the severest critical season.
Otherwise, breakthrough into the coarse layer will occur, which eventually results in percolation.
In Wenatchee, the critical season is winter, when precipitation occurs less intensely, but more
frequently and often as snow. Concurrently, evapotranspiration is extremely small. Other
seasons may be critical at other sites, but in most cases the critical season corresponds to the
period when precipitation is high and evapotranspiration is low. The severest critical season for
any site can be determined by evaluating historical meteorological records and performing water
balance simulations.

Soil Water Storage and Evapotranspiration

Soil water storage in both test sections shows a periodic behavior that reflects the changes in
water content described in the preceding section. An increase in soil water storage occurs in fall
and winter, followed by reductions in spring and summer (Fig. 5). At Wenatchee, precipitation is
higher in fall and winter, moderate during spring, and fairly low during summer. Conversely,
evapotranspiration is low during fall and winter and higher during spring. As a result, soil water
storage in the resistive and capilary barriers increases during fall and winter (low
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evapotranspiration), which is followed by a large decrease in spring and moderate decrease in
summer.
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Fig. 5. Soil Water Storage and Evapotranspiration for Resistive (a) and Capillary (b) Barriers.

Soil water storage (S) for the resistive barrier is always higher than that for the capillary barrier,
because fine-grained soils retain more water than coarse-grained soils under gravity drainage. In
addition, the annual change in soil water storage (AS max) is larger for the resistive barrier,
primarily because significant changes in water content occur at all depths in the resistive barrier,
whereas most storage (and hence any change in storage) in the capillary barrier occurs in the

surface layer.

Evapotranspiration is the most significant component of the water balance at this semi-arid
site (~80% of precipitation). Evapotranspiration is a function of soil water storage, hydraulic
conductivity of the soil, plant transpiration, and energy available to evaporate soil water.
Evapotranspiration is low during fall and winter, due to low air temperatures and solar radiation.
During spring, as solar radiation and air temperature increase and the growing season begins,
evapotranspiration increases rapidly. Evapotranspiration ceases when the water supply in the
barrier is exhausted. For example, evapotranspiration persisted into fall in 1993 and 1995
because water was available. In 1994, however, less water was available and evapotranspiration
ceased in mid-summer.

A key element of design for either barrier type is ensuring that adequate evapotranspiration
will exist to remove water stored during the critical wet period (winter at this site). Adequate
evapotranspiration can be achieved by choosing a surface layer having appropriate hydraulic
conductivity and thickness. If evapotranspiration is inadequate, water will annually accumulate in
the barrier, and percolation will occur (Morris and Stormont 1996). At this site, evapotranspiration
was adequate, because soil water storage was reduced to conditions corresponding to residual
water content each summer.

Percolation

Percolation for the resistive and capillary barriers is shown in Fig. 6. During the three year
monitoring period, the resistive barrier transmitted 3.3 cm of percolation (5.1% of precipitation),
whereas the capillary barrier transmitted 0.5 cm of percolation (0.8% of precipitation).

Significant percolation from the capillary barrier occurred only during Winter 1993 when the
record snow fall was received. If the surface layer of the capillary barier had been thicker (i.e.,
providing additional storage capacity), percolation from the capillary barrier could have been
restricted to nearly zero (Khire 1995).

Percolation from the resistive barrier in 1993 and 1994 occurred when the wetting front
reached the base of the test section towards the end of winter (Figs. 4, 6). At the end of Winter
1995, however, percolation occurred before the wetting front reached the base (Khire et al.
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1997). Percolation also increased dramatically in 1995. The primary reason for this change is new
preferential flow through vertical cracks, which apparently formed as the barrier desiccated the
previous summer (Benson and Khire 1995, Khire et al. 1997). Animal burrows, found during field
reconnaissance in Spring 1995, may also have contributed to the increase in percolation.
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Figure 6. Percolation from the Resistive and Capillary Barriers

SUMMARY AND PRACTICAL IMPLICATIONS

Water balance data have been described in this paper from two test sections representing
resistive and capillary barriers. The data show that the capillary barrier effect can be realized at field
scale and that capillary barriers can be more effective in restricting percolation in semi-arid and arid
climates than prescriptive covers designed as earthen resistive barriers. However, capillary
barriers do have a unique set of problems that should be considered during design, including
desiccation cracking, biota intrusion, and erosion of the surface layer.

The data also suggest that overland flow is affected by numerous factors, including hydraulic
conductivity of the surface layer, density of vegetation, and presence of a frozen surface. Each of
these factors should be considered when conducting water balance analyses during design.

Soil water storage capacity of the surface layer also affects the performance of a capillary
barrier. A surface layer must be selected such that it has adequate capacity to store infiitrating
water during each critical period throughout the design life of the cap. Frequently the critical
period occurs when precipitation is more frequent and evapotranspiration is low. However, each
site is likely to have a unique critical design period and critical design year. In addition, vegetation
must be selected which will yield enough evapotranspiration each year to remove the water
stored in the surface layer. Otherwise, water will accumulate and steady percolation will eventually
occur. The hydraulic conductivity of the surface layer should be low enough to promote runoff
and allow storage of an adequate quantity of water, yet high enough to permit adequate removal
of water by evapotranspiration. In addition, vegetation should be selected that is drought-
resistant and has a root structure that limits erosion.
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A WATER BALANCE STUDY OF FOUR LANDFILL COVER DESIGNS VARYING IN SLOPE
FOR SEMIARID REGIONS

J.W. Nyhan, T.G. Schofield, and J. A. Salazar
Environmental Science Group, Los Alamos National Laboratory, Los Alamos, NM 87544

Abstract

The goal of disposing of radioactive and hazardous waste in shallow landfills is to reduce risk to
human health and to the environment by isolating contaminants until they no longer pose a
hazard. In order to achieve this, the performance of a landfill cover design without an
engineered barrier (Conventional Design) was compared with three designs containing either a
hydraulic barrier (EPA Design) or a capillary barrier (Loam and Clay Loam Capillary Barrier
Designs). Water balance parameters were measured since 1991 at six-hour intervals for four
different landfill cover designs in 1.0- by 10.0-m plots with downhill slopes of 5, 10, 15, and 25%.

Whereas runoff generally accounted for only 2-3% of the precipitation losses on these designs,
similar values for evaporation ranged from 86% to 91%, with increased evaporation occurring
with increases in slope. Consequently, interflow and seepage usually decreased with increasing
slope for each landfill cover design. Seepage consisted of up to 10% of the precipitation on the
Conventional Design, whereas the hydraulic barrier in the EPA Design effectively controlled
seepage at all slopes, and both of the capillary designs worked effectively to eliminate seepage
at the higher slopes.

INTRODUCTION

Institutional control and maintenance of low-level radioactive-waste repositories are expected to
cease 100 years after the closure of a waste site. After this time the repository's engineered
barriers and geohydrologic conditions need to act passively to isolate the radionuclides for an
additional 300 to 500 years (US NRC, 1932). Even though the successful performance of the
entire landfill is very much a function of interactive water balance processes (Paige et al., 1996),
traditional remedial engineering solutions have ignored these processes, leading to nhumerous
landfill failures (Jacobs et al., 1980; Hakonson et al., 1982). Field water balance data for landfill
cover designs do not exist to enable the site operator to adequately define and engineer suitable
barriers to prevent the migration of waste materials out of the landfill.

Our approach to developing an effective landfill cover technology is based on the results of ten
years of individual shallow land burial studies at Los Alamos and Utah (Abeele, 1986a, 1986b;
DePoorter, 1981; Hakonson et al., 1982; Nyhan et al., 1984, 19903, 1990b). These studies were
combined with current European research (Nyhan et al., 1993) to design and emplace the
Protective Barrier Landfill Cover Demonstration at the Los Alamos National Laboratory in Los
Alamos, New Mexico. The objectives of the present study are: (i) to determine if hydraulic and
capillary barriers in three landfill cover designs can change water balance relationships over
those observed in landfill covers without engineered barriers; and (i) to determine how the slope
of the landfill cover influences water balance parameters.

MATERIALS AND METHODS

Plot Construction, Design and Rationale

The Protective Barrier Landfill Cover Demonstration was constructed to compare water balance
on the conventional landfill cover design, similar to that used in Los Alamos and by the waste
management industry for waste disposal (Jacobs et al., 1980), with that on three other designs
containing engineered barriers (Fig. 1). The performance of all four designs was evaluated at
dominant downhill slopes of 5, 10, 15 and 25% on plots without vegetation. These 16 plots were
installed in 1991 in our 8-ha field test facility (DePoorter, 1981) and were instrumented so that a
complete accounting of precipitation falling on the plots could be measured. The plots were
constructed and instrumented to provide measures of runoff and interflow, as well as seepage
and soil water storage as a function of slope length.
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Figure 1. Description of soil layers in the four landfill cover designs at the Protective
Barrier Landfill Cover Demonstration. A high conductivity geotextile was installed above
the medium gravel layer and the medium sand layer.

The Protective Barrier Landfill Cover Demonstration was emplaced on an east-facing slope
similar to the aspect of many of the local landfills where this technology will be applied. The
area was surveyed into four pads, each of which received crushed tuff to establish the varying
downhill slopes. Four 1.0- by 10.0-m plots were then constructed on each pad (Nyhan et al.,
1993). A seepage collection system was installed in the bottom of each of the plots consisting of
four metal pans filled with medium gravel (8.0- to 25-mm diam) overlain with a high conductivity
MIRAFI geotextile used in previous field studies (Nyhan et al., 1980a); an 11-cm-wide space was
left between the sidewalls of the plot and the pan to minimize sidewall effects.

The hydrologic properties of soils used in the field study are presented in Table 1. The soils were
analyzed for porosity and for hanging column and thermocouple psychrometric moisture
retention characteristics (Klute, 1986). Constant head determinations of saturated hydraulic
conductivity were performed as well as pressure plate extractor determinations of moisture
retention characteristics (ASTM, 1993). Van Genuchten’s RETC code (van Genuchten, 1991)
was employed to determine the van Genuchten factors for each soil using analytical procedures
described previously (Mualem, 1976; van Genuchten, 1980).

The technology for controlling soil water erosion on all cover designs consisted of applying a
70% ground cover of medium gravel (8.0- to 25-mm diam). The plots with the Conventional
Design, similar to that used at Los Alamos waste sites, contained 15 cm of a loam topsoil (Fig. 1)
consisting of a 2:1:1 (V:V:V) mixture of an uncharacterized topsoil, sand, and aged sawdust
(<9.5-mm diam). This topsoil was not underlain by an engineered barrier, only with 76 cm of
crushed tuff (Nyhan et al., 1984, 1990a).

One set of plots contained the EPA-recommended (US EPA, 1989) final cover design (Fig. 1).

These plots contained 61 cm of the loam topsoil described previously emplaced on top of 30 cm
of a medium sand (0.25 to 0.5-mm diam). The medium sand layer comresponds to the EPA
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Table 1. Hydrologic properties of soils used in field study as determined with van
Genuchten’s RETC model (van Genuchten et al., 1991) and laboratory analyses.

Or O¢ Saturated
van Genuchten factors conductivity
3 3
Soil description o2 n m (cm/cm’) (cm/s)
" -3
Loam topsoil 00271 1539 03504 00692 04209 >/ *x10
-4
Hackroy clay loam 0.0100 1548 03541 00730 04839 2°X10
Fine sand (0.05- . 1.2x 1072
0.425 mm diam) 0334 5472  0.8173 0.0700* 0.4180 1
Medium sand (0.25- 1.3x10°
0.5 mm diam) 0.0288 3.766 0.7344 0.0376 0.4184 )
Crushed tuff 0.0104 1707 04140 00031 04079 °S2x10
. i -8
Clay-tuff mix 0.00014 3.992 07495 00000 04415 ©-3%10
Medium gravel 2.0

* Constrained parameter in van Genuchten model.

"drainage layer" and was overiain with the MIRAFI geotextile to provide the EPA-recommended
filter layer necessary to prevent fine soil particles from migrating into the drainage layer. The
bottomn layer in the EPA-recommended final cover, called the "low-permeability layer,” usually
consists of a 20 mil (0.5 mm) minimum thickness flexible membrane liner (FML) on top of a 60-
cm-thick layer of soil with an in-place saturated hydraulic conductivity of <1x10"7 cm/s. Since
the plastic FML would last less than 35 years (US EPA, 1989), this feature of the EPA design
was omitted in our EPA Design. The results of previous research on mixtures of local crushed
tuff and sodium-saturated bentonite (Abeele, 1986a, 1986b) indicated that a 1:10 (W:W) dry
mixture of finely ground Aquagel (Baroid Drilling Fluids, Farmington, NM) and crushed tuff
(called the clay-tuff mixture) should easily provide the low saturated hydraulic conductivity
required for this layer (Table 1).

Two designs contained capillary barriers varying only in the type of topsoil (Fig. 1). One of the
designs contained 61 cm of the loam topsoil used in the previous designs, whereas the other
design contained 61 cm of a Hackroy clay loam classified as a Lithic Aridic Haplustalf (clayey,
mixed, mesic family) and used in two previous studies (Nyhan et al., 1984, 1980a). These soils
were emplaced on top of 76 cm of a fine sand (0.05-to 0.425-mm diam) made in the sand
classifier/blender. The fine sand was specifically chosen to complement the underlying medium-
sized gravel in terms of optimizing the relationship between the hydraulic conductivity and the
water-holding properties of the capillary barrier (Wohnlich, 1990).

Measurement of Seepage, Interflow, Runoff, and Precipitation

Runoff, precipitation, and seepage were collected year-round from December 1991 through July
1995, as well as interflow (flow occurring along the length of each plot through the medium sand
layer in the EPA Design, the fine sand layer in the two designs with capillary barriers, and the
crushed tuff layer of the Conventional Design). Water levels in each 100-liter tank used to
collect these data were measured with a microprocessor-controlled ultrasonic liquid level sensor
(model DCU-7, Lundahl Instruments, Logan, UT) connected to a multiplexed, automated system
described previously (Nyhan et al., 1993). The water levels in the tanks were routinely recorded
hourly, but much more frequently when the tank was either emptying or when it was nearly full.
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Precipitation was measured using a weighing rain gauge and a long-term event recorder.
Measurement of Soil Water Content

Soil water content was routinely monitored once every six hours from December 1991 through
July 1995, at each of 212 locations throughout the 16 plots using Time Domain Reflectometry
(TDR) techniques with the help of an automated and multiplexed measurement system.
Volumetric water content was measured with a pair of stainless steel waveguides (60-cm long, 3-
mm diam soil moisture probes; model number 6860, Campbell Scientific, Logan, UT), which are
buried parallel and 5 c¢m apart in the soil and are connected to a 26-m length of RG-8/U coaxial
cable. TDR waveguides were emplaced in the Conventional Design at depths of 5-10, 20-80,
and 80-86 cm, in the EPA Design at depths of 1-61, 61-91, 96-102, and 92-152 cm, and in the
two designs containing capillary barriers at depths of 1-61, 66-126, and 126-132 cm. These TDR
waveguides were normally emplaced at downslope locations of 2.63, 4.65, 6.62, and 8.69 m for
each soil depth, except at the deepest depths in the Conventional Design and the designs
containing the capillary barriers, where they were emplaced at downslope locations of 3.64, 5.66,

7.68 and 9.70 m (to coincide with the bottom end of each of the four seepage pans installed in
the bottom of each field plot).

Water Balance Calculations

Daily water balance calculations were performed by determining the daily change in soil water
inventory, by summing the daily amounts of precipitation, seepage, interflow, and runoff, and
then determining the amount of daily evaporation by difference. As an independent check on
these evaporation estimates, evaporation was also estimated from eddy heat flux data collected
from a fast-response hygrometer mounted at a height of 12 m on a 92-m meteorological tower at
Los Alamos; daily values were estimated from field data collected at 15-minute intervals.

In order to further evaluate the water balance data, daily shortwave radiative energy received by
field plots with slopes of 5, 10, 15, and 25% was estimated from pyranometer data collected at a
height of 1.2 m from the same meteorological tower described above at the same sampling
frequencies. The influences of slope and seasonality of shortwave radiative energy were
calculated using the SOLARFLUX model (Rich et al., 1995).

RESULTS AND DISCUSSION

Estimates of Precipitation and Soil Water Inventory

The overall significance of each year's water balance data can best be explained by
understanding the spatial and temporal occurrence of precipitation around Los Alamos (Bowen,
1990). Bowen showed that mean annual precipitation is 32.8 cm at White Rock, the only station
close to the Protective Barrier Landfill Cover Demonstration with a data base longer than the
data collected in this field study. We determined that 2.94-year, 5.56-year, and 20-year events
occurred in 1992, 1993, and 1994, respectively.

Soil water inventory data are presented for several layers of the Conventional Design (Fig. 2).
The inventory data for the loam topsoil represents the daily average readings of horizontally
placed waveguide pairs at a depth of 5 to 10 cm at downslope locations of 2.63, 4.65, 6.62, and
8.69 m. The frequent variations in the TDR measurements at this depth occurred because soil
water content usually increased with precipitation events as small as 0.5 cm. Similar data
collected at the 15-75 cm depths exhibited less frequent fluctuations because the small
precipitation events did not penetrate to the maximum depths over which the measurements

were integrated.

Large changes in soil water inventory were observed at both sampling depths in the crushed tuff
layer monitored with time in the Conventional Design with the 5% slope (Fig. 2), typical of the
changes observed on the three field plots containing this design with larger slopes. The soil
water inventories presented for the 15-75 cm depth decrease throughout the summer and fall of
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Figure 2. Daily soil water inventory as a function of time for the Conventional Landfill Cover
Design with the dominant downhill slope of 5%.

each year and increase during the cooler winter and spring months with snowmelt additions. The
data collected at the 75-91 cm depth of the tuff layer (Fig. 2) shows that soil water inventories
remained at values greater than 2.9 cm (corresponding to field capacity volumetric water content
of 18%) over 69% of the time. Since soil water inventory values greater than 2.9 cm for the tuff
correspond to soil water regimes dominated by gravity flow, these time periods represent periods
when seepage was observed to occur beneath this lower tuff layer with additions of water from
upper layers.

Water Balance Summaries

The most practical comparisons among the four landfill cover designs for a semiarid region, in
terms of their usefulness to the burial site operator, should be the overall performance
comparison of the water balance parameters for the duration of this field study (Table 2). Using
a Two-Factor ANOVA without replication (P <0.05; Steel and Torrie, 1960), there was a
significant effect of both landfill cover design and slope on all of the individual water balance
parameters listed in Table 2.

As might have been expected in a semiarid environment, 86 to 91% of the precipitation received
by all of the landfill cover designs was evaporated from these unvegetated landfill cover designs.
Since the soil in the vicinity of the meteorological tower was similar to the Conventional Landfill
Cover Design with the 5% slope, we were able to compare the tower hygrometer estimates of
water flux with the amounts of evaporation observed in this plot. We discovered that these two
estimates agreed quite well: the eddy heat flux data from the meteorological tower (collected
from December 1991 through July 1995) amounted to 131.1 cm water, compared with our field
plot estimate of 138.9 cm water for the same time period (Table 2). For the years 1992, 1993,
and 1994, the meteorological tower estimates were 36.5, 36.2, and 32.7 cm water, respectively,
compared with evaporation estimates from the Conventional Landfill Cover Design with the 5%
slope of 33.8, 39.6, and 34.7 cm water for the same years.

Evaporation usually increased with increases in slope within each landfill cover design (Table 2)
on our east-facing study site, because plots with large slopes intercepted more shortwave
radiative energy than plots with smaller slopes (Fig. 3). This effect was dominant during the first
and fourth quarters of each year, during times when seepage occurred i.e., during the fourth
quarter of 1993, plots with a 5% slope received 1339 MJ/m? shortwave radiative energy
compared with the 1561 MJ/m? received by the plots with a slope of 25% (Fig. 3). Consequently,
the sum of the interflow and seepage usually decreased with increasing slope for each landfill
cover design (Table 2).

Evaporation also varied inversely with the ability of each cover design to conduct water into the
soil layers in the design (Fig. 1). The smallest amounts of evaporation generally occurred on the
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Table 2. Water balance data for all landfill cover designs from December 1, 1991 through
July 31, 1995. Total precipitation for this time period was 171 cm.

Water balance parameter (cm)

Landfill cover Evapor- Change in soil
Design and slope ation Interflow Seepage Runoff water inventory

Conventional Design

5% 138.9 9.86 17.40 3.04 2.52
10% 143.8 15.12 8.16 3.19 0.45
15% 152.8 10.05 8.60 3.32 -4.57
25% 161.7 6.72 3.09 4.34 -5.69
EPA Design
5% 154.1 17.07 0.00 1.83 -1.12
10% 154.1 16.02 0.00 1.73 0.00
15% 154.4 15.10 0.00 3.94 -2.23
25% 154.4 12.95 0.00 6.14 -2.27
Loam Capillary Barrier Design
5% 145.0 14.59 7.62 1.41 2.09
10% 137.9 20.62 3.61 4.75 3.87
15% 150.6 17.85 0.00 3.37 -0.59
25% 155.9 10.69 0.00 5.66 -2.08
Clay loam Capillary Barrier Design
5% 150.3 10.71 4.84 2.95 2.03
10% 152.5 12.77 0.00 4.44 1.06
15% 156.9 6.83 ©0.00 6.19 0.21
25% 163.7 1.50 0.00 7.43 -1.39

field plots with the Loam Capillary Barrier Design (Table 2), where water could quickly move
through the loam topsoil and the fine sand layers, which had saturated hydraulic conductivities of
0.0057 and 0.012 cm/s, respectively (Table 1). Slightly larger amounts of evaporation occurred
on the plots with the Conventional Design than on those with the Loam Capillary Barrier Design,
because water had to move through the loam topsoil in the Conventional Design. This water
then migrated more slowly through the crushed tuff layer which had a saturated hydraulic
conductivity of 0.00082 cm/s (Table 1). The plots with the EPA Design and the Clay Loam
Capillary Barrier Design generally had larger amounts of evaporation than the plots with the
other designs, because of the low saturated hydraulic conductivities of the clay/tuff mix in the
EPA Design and of the clay loam topsoil in the Clay Loam Capillary Barrier Design.

Although runoff did not seem to be related to surface slope on a per event basis. runoff did
increase with increasing slope over the 44-month duration of this study for each of the designs.
Runoff generally accounted for about 2-3% of the precipitation losses across all of the plots
studied (Table 2).

The site operator usually prefers minimal seepage to occur on the landfill. Seepage was
definitely decreased with engineered barriers in this study over that observed in the Conventional
Design, which did not contain an engineered barrier. Although 9.86 cm of interflow occurred on
the Conventional Design with the 5% slope, 17.4 cm of seepage occumred over the life of the
field study. The hydraulic barrier in the EPA Design effectively controlled seepage at all slopes,
and both of the capillary designs worked effectively to eliminate seepage at the higher slopes
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Figure 3. Quarterly total shortwave radiative energy received by field plots with slopes
ranging from 5 to 25%. Data were estimated from 15-minute meteorological tower
observations that were corrected for slope using the SOLARFLUX model (Rich et al.,

1995).

(Table 2), many of which are commonly used on waste sites at Los Alamos and throughout the
waste management community.

Current state and federal regulations usually require an engineered barrier to be present in the
landfill cover design, a design criterion that is also impacted by risk assessmentis and cost
considerations. Capillary barriers can be used as alternative designs to the EPA Design (US
EPA, 1989), with the realization that seepage did occur at 5 and 10% slopes in the Loam
Capillary Barrier Design and in the Clay Loam Capillary Barrier Design with a slope of 5% (Table
2). Although the EPA Design does seem to eliminate seepage in field plots with 5 and 10%
slopes (Table 2), the EPA design is probably more expensive than alternative designs (Paige et
al., 1996). In the case of either engineered barrier, other field data sets similar to that collected
in the current study are needed in a variety of climates and with slope lengths longer than 10 m
to validate hydrologic models that can be used in design selection.
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THE IMPACT OF A SHALLOW BIOBARRIER ON
WATER RECHARGE PATTERNS IN A SEMI-ARID ENVIRONMENT

John W. Laundré’

Abstract

This study attempted to measure the effect of a shallow biobarrier of gravel and cobble on water flow
patterns during spring snow melt and recharge. The design consisted of 30 metal culverts 3 m in
diameter and 1.6 m long, positioned on end. Test culverts contained 50-cm biobarrier of gravel or cobble
and then an additional 50 cm of soil placed above the barrier layer. A neutron probe was used to measure
soil moisture above and below the barrier. Measurements were made in the fall and again immediately
after snow melt in the spring. During recharge, the biobarriers provided a capillary break which resulted in
a pooling of water above the barrier layer. With sufficient snowmelt, the water can penetrate the break
and possibly penetrate deeper than in the absence of the barrier layer.

Introduction

Some small mammal species can dig their burrows deep enough to potentially penetrate the protective
caps placed on hazardous waste burial areas (Reynolds and Wakkinen 1987, Laundré and Reynolds
1993). The intrusion of burrowing mammals into hazardous waste areas (biointrusion) can lead to
subsequent transport of waste off the burial areas (Arthur and Markham 1983) or possible intrusion of
water into the waste areas (Laundré 1993). To reduce this biointrusion, attempts have been made to
prevent small mammals from burrowing by placing a barrier (biobarrier) within the soil. Typically, this
biobarrier consists of a gravel or cobble layer of varying thickness usually placed within less than a meter
of the soil surface.

Such a layer establishes a capillary break within the soil that would not exist in the absence of the
biobarrier. Capillary breaks can have profound impacts on water movement through the soil profile.
These impacts can be especially evident when a pulse of water, typified by heavy rain or spring snowmelt,
is added to the soil. In cool semi-arid environments typically there is a large pulse of water added to the
soil during spring snowmelt. In these areas, it is unknown whether the presence of a biobarrier would
adversely affect the proper function of a protective waste area cap during this time. Consequently, it is
important to determine if the attempts to eliminate one compromising factor (small mammal burrows) from
a protective cap, inadvertently introduces a second (water intrusion). To this end, a study to investigate
the water flow patterns during spring snowmelt above and below a shallow (50 cm) biobarrier layer within
a simulated waste cap was initiated.

Methods and Study Area

The experiment was conducted at the Environmental Science and Research Foundation field station on
the Idaho National Environmental Laboratory (INEL). The INEL area, located approximately 80 km
northwest of Pocatello Idaho, is part of the Great Basin region and is typified by low annual precipitation
(20-30 cm) and sagebrush (Artemisia tridentata)/grass mixed vegetation. Much of the annual precipitation
falls as snow and provides a major recharge pulse of water to the soil during spring snowmelt.

Simulated cap areas consisted of metal culverts 3-m in diameter and 1.6m long positioned on end on local
clay loam soil normally used on the burial area of the INEL. The culverts contained a 50-cm biobarrier
layer of chipped roofing gravel or 5-10 cm cobble with an additional 50 cm of soil placed above the barrier
layer. A cross-section of the design is shown in Fig. 1. Control culverts consisted of 2 m of soil (Fig. 1).
All culverts were planted with a sagebrush (Artemisia tridentata) and crested wheatgrass (Agropyron
desertorurm) mixture. There were six replicate culverts for the control and 24 replicates for the treatment.

Five neutron probe access tubes were placed in a crossed pattern within the culverts. The tubes
extended through the barrier and into the underlying soil. Probe readings were taken every 20 cm in the

'Department of Biological Sciences, Idaho State University, Pocatello, ID 83209, (208)236-3914,
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tubes. Soil moisture measurements were made in the fall and again immediately after snow melt in the
spring. Volumetric moisture content was estimated from neutron probe counts for each 20 cm level of the
soil profile. Appropriate 20 cm sample intervals were summed to yield estimates of water amounts in
different sections of the soil profile, e.g. above the barrier. Soil water estimates from the fall of one year
were subtracted from estimates made the subsequent spring to yield estimates of water added to the
various sections of the soil profile.

The amount of water added to the soil profile for the various sample intervals of interest was compared
between the control (soil only) and treatment (gravel and cobble) with a t-test design. The null hypothesis
tested was no difference in amount water between treatment and control for the desired soil level. The
alternate hypothesis was that more water would be present in the treatment levels. Consequently, the
P<0.05 rejection level used was one-tailed. All statistical tests were conducted with Sigmastat® (Jandel
Corporation) statistical software.

Results

Water movement patterns above and below the biobarriers were measured during four spring recharge
seasons (1992-93 to 1995-96). Winter precipitation (December to February) varied from 4.0 cm to 12.2
cm. In 1995, the INEL received a record 24.7 cm of spring precipitation (March to June).

Soil water content in the upper 50 cm was significantly higher in the culverts with the biobarrier material in
1993 and 1996 (Fig. 2a). There was only sufficient recharge to penetrate beyond 100 cm in the first three
seasons (Fig. 2b). Immediately after snow melt (early March) in 1993, moisture levels immediately below
the barriers and at the same level in controls were equal. However, deeper in the profile there was more
soil water added under the biobarrier layer. Two weeks later water levels in the soil at the level
corresponding to 40 cm below the barrier were higher in the control culverts. At the 140- to 180-cm levels,
water levels averaged higher below the barriers but the difference was not significant. In 1994, water
levels immediately below the barriers were significantly higher than at this level in the controls. For 1995,
no water reached the 110-cm level in the controls compared to 0.17 cm at the same depth for biobarrier
culverts. In 1996, no water reached depths corresponding to below the biobarrier for treatments or
controls. For the post recharge spring precipitation in 1995, there was significantly higher water above the
barrier than at the same level in the controls (Fig. 2a). Below the barrier depth, there was significantly
more water in the controls (Fig. 2b).

Discussion of Results

Water pooled above the barrier layers, when there was significant amount of winter and spring recharge.

This would be predicted based on the impact capillary breaks are known to have on water movement
patterns within soils. However, there were two contradicting trends seen at depths below the barrier.

Regarding recharge from snow melt, water in culverts containing biobarriers seemed to penetrate more
rapidly and deeper into the soil profile than in control culverts. Likely, once water breaches the capillary
break, it can move rapidly through the gravel/cobble layer and beyond, as water tension levels are higher
in the underlying soil. This pattern is tentative and the opposite is seen when a large amount of water
enters the soil in the spring after recharge. )

The observed water movement patterns seen have several implications for hazardous waste caps.
Regarding spring recharge, the pooling of water above the barrier layer would tend to keep more water in
the upper reaches of the soil. This water could be advantageous to enhanced plant growth. There would
also be a greater probability of lateral flow of water. The presence of the barrier effectively reduces the
water holding capacity of the layer compared to an area without the barrier. Thus, if the capillary layer is
breached, water could flow to the waste area more readily than in the absence of the layer.

The volume of water reaching deeper into the soil is variable. For example, in 1994, there was an
average of 0.16 cm more water in the soil below the biobarrier than at the same level in control plots. For
a square meter area, this equals 1.6 | of water or for a hectare, 16,000 I. In March of 1993, there was 2.9
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m? (29,000 V/h) more water below the barrier. In these cases, the biobarrier may provide a deterrent to
burrowing mammals but may increase the risk of water lnflltratlon into a waste area. However, in contrast,
for the post recharge season in 1995, there was 29. 1/m? (290 000 I/h) more water in the deeper levels in
the controls. This reverse pattern in response to the spring precipitation is possibly due to spring plant
growth. Once plants start to grow in the spring, they utilize higher amounts of water. It is possible that
plants are using the excess water above the barrier rapidly enough to reduce the amount of water
reaching the capillary break. In these cases, the capillary break actually can reduce the amount of water
reaching deeper into the soil.

Conclusions

The interactions of biobarriers and water flow through the soil is complex. Biobarriers do more than just
provide a capillary break to water movement. Factors such as the amount of water recharge and the time
of the year it occurs are important. Barriers do retain more water in the upper profile than controls.
Consequently, they can have advantages in preventing water from penetrating deeper into the soil, if water
levels immediately above the barrier are not high enough to breach it. If biobarriers are used in a waste
management situation in semi arid areas, they should be placed deeper into the soil to prevent water from
reaching those levels. This deeper placement would provide more water holding capacity above the
barrier to contain water above and prevent breaching the capillary break. The recommended depth
should contain sufficient soil to hold the maximum precipitation an area may receive. At these levels, the
barriers would still function as barriers to mammal burrowing and provide adding protection against water
penetration into a waste area. We are currently testing these hypotheses with a design that contains
shallow and deeper biobarrier treatments.
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Figure 1. Skematic design (not to scale) of biobarrier test chambers. Each chamber
consisted of a metal culvert 3 m diameter and 2.5 m long set on end and filled with test
material.
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Figure 2. Mean soil moisture measurements for the various sample years and sample intervals.
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Numerical Simulations of Capillary Barrier Field Tests

Carl E. Morris'
John C. Stormont®

Abstract

Numerical simulations of two capillary barrier systems tested in the field were conducted to
determine if an unsaturated flow model could accurately represent the observed results. The
field data was collected from two 7-m long, 1.2-m thick capillary barriers built on a 10% grade
that were being tested to investigate their ability to laterally divert water downslope. One system
had a homogeneous fine layer, while the fine soil of the second barrier was layered to increase its
ability to laterally divert infiltrating moisture. The barriers were subjected first to constant
infiltration while minimizing evaporative losses and then were exposed to ambient conditions.
The continuous infiltration period of the field tests for the two barrier systems was modelled to
determine the ability of an existing code to accurately represent capillary barrier behavior
embodied in these two designs. Differences between the field test and the model data were
found, but in general the simulations appeared to adequately reproduce the response of the test
systems. Accounting for moisture retention hysteresis in the layered system will potentially lead
to more accurate modelling results and is likely to be important when developing reasonable
predictions of capillary barrier behavior.

Evaporation

Introduction Transpiration

Precipitataion

'

Capillary barriers, consisting of fine-over-
coarse soil layers, have been suggested as Fine Soil
an alternative component for surface cover
systems, especialy in dry climates
(Hakonson et al. 1994; Reed 1989). The
contrasting materials of the fine-over-coarse Coarse Soil R

. Breakthrough
arrangement serve as a barrier to downward ( Percolation)
flow. Infiltrating water is held in the fine layer ~«————— Lateral Diversion Length ————~
by capillary forces and does not move into Figure 1. Schematic of a capillary barrier.
the coarse layer until the fine soil near the
interface approaches saturation. Consequently, a layer of soil underlain by a coarse layer has a
greater soil water storage capacity than a simple free-draining system. Soil water is removed
from the system by percolation (breakthrough) into the coarse layer or by evaporation and
transpiration as shown in Fig. 1. If the fine/coarse interface is sloped, water in the fine layer can
also be diverted laterally out of the system under unsaturated conditions, providing another
removal mechanism. A capillary barrier acts as a suitable cover system when the transient
effects of evapotranspiration, soil water storage and lateral diversion exceed infiltration, thereby
keeping the system sufficiently dry so that appreciable breakthrough does not occur.

Infiltration

In order for capillary barriers to be more widely considered as a viable design alternative,
engineers need to become more familiar with their performance, and simplified design
methodologies need to be developed. An important part of this process is the development and
verification of numerical models which can be used to analyze designs. A numerical model
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used for design should be capable of reasonably reproducing the response of capillary barriers in
field tests.

The focus of this paper is to evaluate the use of a numerical model to simulate the behavior of a
pilot scale capillary barrier system. A discussion of several capillary barrier designs is given,
along with results of the pilot scale tests. The results of the comparison between the field tests
and the numerical modelling resuits are presented and discussed.

Test Configuration T

Two capillary barrier designs were constructed and tested in 1
above grade boxes in 1994-1995 (Stormont, 1996). The gomm |[F
boxes were 7.0-m long, 2.0-m wide and 1.2-m high, and were T
sloped at 10%. Six drains were installed in the bottomn of the
boxes to collect moisture that percolated into the discrete
sections of the test system. Drain 1 collected effluent from the

| Gravel F Geotextile

250 m
upslope 2 m of the capillary barrier system, drains 2-5 from 1- ki
m segments, and drain 6 collected all water that moved into
the last 1 m of the box. The upslope 6 m of the boxes were Fig. 2.
filled with 250 mm of gravel. The gravel was covered with @ gegigns.
local fine-grained soil in one box and with layers of local soil
and sand in the second system. An area to collect and drain laterally diverted water was created
in the last 1.0 m of the box by completely filling this region with the fine-grained soil. A 170 g¢/m’
nonwoven geotextile was placed between the fine and coarse materials to prevent migration of
fines into the coarse layer. The geotextile was observed to be hydrophilic, and subsequent tests
of similar geotextiles suggests it has a water entry suction of more than 50 mm. The gravel has
a water entry suction on the order of 10 mm, and thus it is the gravel, not the geotextile which
controls breakthrough.

Slope ~—alJ

Profile of system

Profiles of the two designs are shown in Fig. 2. The fine layer of the homogeneous design
contained 900 mm of a local, near-surface soil. The second design consisted of altemnating
layers of 100 mm of a fine-grained sand and 200 mm of the same soil used in the homogeneous
system. Initial water content of the

soil at the beginning of the tests Table 1. van Genuchten (1980) properties for test soils.

was between 15 and 18%. The

-1
properties of the soils used in the ' Km(misec) a(mm’) | n 6, 6,

test are given in Table 1. The soil '1.2X‘|0‘4 0.0021 1.87 | 0.08 0.40
methods used to derive the data in (.Sand | 2.1x10 0.0039 574 |0.06 0.39
Table 1 are described in detail in |gravel | 0.1 0.493 219 |0.005 | 042

Stormont (1996).
Lateral Diversion

Capillary barriers can be classified as sloped or non-sloped, depending on the angle of the
fine/coarse soil interface. In a non-sloped system, soil water is removed only by evaporation
and/or plant transpiration (collectively evapotranspiration, ET) or by percolation (breakthrough)
into the underlying coarse layer. If the soil water storage capacity of the fine layer is sufficient to
hold the expected infiltration within the ET zone at a particular site, then a non-sloping capillary
can provide satisfactory protection against precipitation moving into the underlying waste.

Lateral diversion within a sloped capillary barrier provides an additional means to remove soil
moisture from the system. The process is essentially gravity-driven unsaturated drainage within
the fine layer. Because the water content of the fine soil increases with depth, lateral diversion is
concentrated at the fine/coarse interface where the hydraulic conductivity is the greatest.
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Laterally diverting water will cause an increase in moisture in the downslope direction, which may
result in failure of the barrier. The downslope distance the water can be diverted before
breakthrough into the coarse layer occurs is called the diversion length, as shown in Fig. 1.

The simplest capillary barrier design is a homogeneous fine layer of local, near-surface soil over
a coarse sand or gravel. In this design, the fine layer of a sloping barrier system serves three
main purposes: (1) as a rooting medium for plants; (2) as a soil water storage medium; and (3) as
a lateral diversion medium (Stormont, 1996). Field tests and numerical simulations of capillary
barriers with homogeneous fine layers indicate that the effective diversion lengths are less than
10 m (Hakonson et al., 1994, Morris and Stormont, 1997). These short diversion lengths are due
to the relatively low hydraulic conductivity of the fine soil prior to breakthrough compared to the
infiltration rate during stressful periods when the soil is relatively wet (e.g., spring snowmelt).
Thus, local soils which are suitable as a rooting and a water storage medium, and are relatively
inexpensive, may not be conductive enough to laterally divert substantial amounts of water
downslope and out of the system. (l.e., their diversion lengths are expected to be short.)

The diversion capacity can be increased by utilizing unsaturated drainage layers within the fine
layer (Stormont, 1995, Morris and Stormont, 1997). Unsaturated drainage layers are one or
more relatively conductive layers which drain water laterally within the fine soil while remaining
unsaturated. Because soil water tends to accumulate near the fine/coarse interface and
unsaturated conductivity increases with water content, a transport layer at the interface will be
most effective in removing water from the system through lateral diversion. The two upper
unsaturated drainage layers in Fig. 1 provided little lateral diversion since no capillary break was
present below them.

This concept of using unsaturated drainage layers was incorporated into one of the pilot scale
tests conducted by Stormont (1996) with performance compared to a simple sloping capillary
barrier system. Measurements were made of water storage and lateral diversion in the fine soil,
and breakthrough into the coarse layer. The systems were initially subjected to a period of
constant infiltration and then were exposed to nearly 200 days of ambient climatic conditions.

Pilot-Scale Tests

The covered barriers were subjected to a period of constant infiltration which consisted of adding
130 liters of water to the top of each system over a period of 6 hours daily. The water was
evenly distributed over the entire 7-m length, which corresponded to 9.5 mm of precipitation.
After 26 days, the response of the layered design approached steady-state and infiltration was
halted. Water was added to the homogeneous system for a total of 43 days which was followed
by an additional 16 days of monitoring of both tests. The covers were removed from both test
plots and the barriers were subjected to ambient conditions for 193 additional days. During the
period that the barriers were exposed to ambient conditions, 63 mm of precipitation fell. Though
the response to ambient conditions was modelled numerically in this project it is not discussed

due to space limitations.
The Model

The numerical simulations of the pilot scale tests were performed using the TRACR3D code
developed at Los Alamos National Laboratory. TRACR3D is a finite-differences based code that
is capable of simulating transient, 3-dimensional flow in saturated and unsaturated porous media.
The model solves Richard’s equation using van Genuchten’s (1980) constitutive equations for
determining the relationships between soil moisture content, matric potential and hydraulic
conductivity (Travis and Birdsell, 1991). Upstream weighting of permeability is used in the model
to provide robustness under transient conditions, however it may allow more leakage across the
interface than actually occurs.
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The numerical model used in the study consisted of a grid that was 115 cells in depth, 1 cell wide
and 70 cells long. The vertical and horizontal components of the gravity vector were modified to
provide the 10 % slope required to simulate the field tests. Water was added to the system over
a 6-hour period by designating the top layer of cells as prescribed flow cells. No flow boundaries
were set for the top and sides of the model, while the bottom boundary maintained the initial
condition of 1% saturation. Flow into the bottom cells of the model was recorded and was
considered to be equivalent to the moisture collected from the drains of the field systems. The
geotextile layer was not included in the numerical model and no calibration was attempted.

Field Test Results

Homogenous Capillary Barrier

g
B ow
1

The results of the constant infiltration portion of
the test of the homogeneous capillary barrier
are given in Fig. 3. The data ploited in the

Water (mm)
I
i

figure is the normalized quantity of water 051

produced from each drain over the test period. 0 -

The data was normalized by taking the total 0 10 20 30 40 S50 60
volume of water produced for each drain and Time (days)

dividing it by the total surface area of the box (7
m by 2 m) (Stormont, 1996). As shown in Fig. Fig.. 3. Wate.r co!lected from homogeneous
3, all drains produced water, indicating that the ;:gg:sllary barrier field test (from Stormont,
capillary barrier failed over its entire 6 m length. )-

There was some lateral diversion in the system, but it was less than 2 m, as breakthrough
occurred within the first collection cell which was 2 m in length.

Breakthrough first occurred in drain 6 on day 14, and was followed by drain 5 and then the
remaining drains. By day 22, all drains were producing water, indicating that failure had occurred
along the entire capillary barrier. Drain 6 produced the most water from the system, with the
quantity being more than that attributable solely to the infiltration occurring immediately above the
collection area (15 mm/day), which suggests that some lateral diversion was taking place. In
addition, drain 5 produced more water than drains 1 through 4, further suggesting that some
downdip water movement occurred within the fine layer (Stormont, 1996).

900
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600 + ( \5\

Bl
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In addition to monitoring the amount of 0 0.1 0.2 03 0.4

drainage from each system, soil moisture Moisture Content (vol)

content measurements were made

throughout the test period. These data Fig. 4. Soil moisture contents for field and model

showed that when water was initially added tests after 21 days (field data from Stormont ,1996).

to the barriers, an increase in soil moisture

content took place until breakthrough occurred and effluent was being produced. Fig. 4 shows

the moisture distribution on day 21 of the test. Even though extensive measurements were made

When addition of water to the barrier
ceased (day 43), water production from
drains 1-5 decreased rapidly and
approached zero within a few days.
However, drain 6 continued to produce
water at a decreasing rate, as some lateral
diversion of moisture from upslope was
probably occurring and no capillary barrier
was present to stop the downward flow.

Distance above interface (mm)
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on the system, about 25% of the added water is not reflected in either increased moisture content
or effluent production. The source of this error is unknown, but some may be attributable to
evaporative losses and problems with the effluent collection system (Stormont, 1996).

Layered Capillary Barrier 0
The response of the layered capillary barrier 8T o e Mo

system to constant infiltration was markedly
different than that of the homogeneous
system as shown in Fig. 5. All water was
laterally diverted to drain 6 in the system, 2
meaning that the capillary barrier did not fail
as no water was collected in drains 1-5. ' j

Therefore, the addition of the sand layers ’ 0 % nm:&ays) “ 50 0
into the system increased the lateral
diversion distance to at least 6 m. Once Fig. 5. Water collected from layered capillary
infiltration was stopped on day 26, the rate at barrier for field and model tests (field data from
which water drained from the system Stormont, 1996).

decreased rapidly and approached zero by

Water (mm)

day 50. 3

Moisture contents were measured to Az.s

determine the distribution of water in the E 21

system for comparison with the homogenous | = 15 -

barrier. Fig. 4 shows the moisture distribution 2

within the layered barrier on day 21 of the | & 19

tests. The upper two sand layers had a lower 0.5 -

moisture content than the surrounding fine 0%

soil, while the bottom sand layer had a higher 0 0 20 30 40 50 60
average content. Time (days)

Numerical Model Results Fig. 6. Drain outputs from the homogeneous

capillary barrier model test.
Homogeneous Barrier

The numerical modelling results for the homogeneous capillary barrier that are comparable to
Fig. 3 are presented in Fig. 6. The results shown in Fig. 6 are comparable to the field test data in
all but two areas. The shape and the amplitude of the curves are very similar, as are the times at
which the effluent begins to flow and diminishes to zero. However, the amount of effluent
produced by drain 1 in the mode! is much greater than that measured in the field, and conversely,
the model significantly underpredicts flow from drain 5. The numerical modelling results also tend
to be much smoother than the field test data and do not show the sudden decrease in output at
day 41 that occurred in all drains. However, the numerical results do show oscillations in drain
output that seem to correspond to similar trends in the field test data. The total effluent produced
by the homogeneous field barrier was approximately 175 mm versus approximately 300 mm from
the numerical model of the same system. However, about 25% of the water added to the field
test system was not accounted for and, thus, may explain the difference.

Moisture contents of the homogeneous numerical model and the field test at day 21 are shown in
Fig. 4. The field test data is a vertical profile from the middle of the box which was seen to be
representative as there was little variation in the profile along the length of the barrier (Stormont,
1996). The numerical data is a vertical profile in the same region, with data from each cell being
plotted. There is a definite difference in the soil moisture profile, but there is little difference in the
overall average soil moisture content (33 % for the field test, 35 % for the numerical simulation).
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The moisture content measurements were problematic throughout the field tests and, therefore,
may not accurately represent the actual soil conditions. This would account for the differences
between the observed and simulated values.

Layered Barrier

The numerical model response to the layered capillary barrier also proved to be good as shown
in Fig. 5. Like the field test, breakthrough occurred only in drain 6 due to the addition of the
lateral diversion layers which increased the diversion length to greater than 6 m. The shape,
magnitude and timing of the numerical data was similar to the field data, indicating that the model
can effectively represent a layered capillary barrier system.

Soil moisture content distribution for the numerical model and the field test is shown in Fig. 4 for
day 21. The soil moisture distribution is considerably different for the two systems, but this is not
surprising due to the limits of the field measuring equipment. The major difference between the
two data sets is in the fine soil moisture content, with the model giving much higher resuits. The
moisture contents of the sand layers are very similar, providing some confidence in the numerical
modelling data. Again, no water balance was conducted on the numerical model since mass
balance must be satisfied by the code. However, it should be noted that the numerical model
produced approximately 210 mm of effluent versus 150 mm for the layered field test.

Discussion

The difference between the numerical modelling data and the field test data is in most cases
likely due to differences between the physical and the TRACR3D models. Soil properties used in
the numerical model were based on values measured in the lab that were supposed to mirror
conditions found in the field tests. However, it is difficult to obtain uniform, homogeneous
placement and compaction of soils in the field. Differences in soil properties and actual
thicknesses could affect when breakthrough commences, explaining why the numerical model of
the layered system produced effluent 3 days before the field model. This could also be explained
by the fact that the numerical model had no losses in the drainage coliection system and no
water was lost in wetting the coarse layer and drainage system components. In contrast, the
numerical model of the homogeneous system takes longer to produce effluent, which could be
attributed to higher than lab-measured hydraulic conductivities in the field. In addition, the model
does not account for the geosynthetic layer in the field system, the effects of which are unknown.

An additional item that is not addressed that affects the results of the layered tests is the
hysteresis of unsaturated flow in the lateral diversion layer (sand). The unsaturated flow
characteristics of the sand are based on data from a drying curve which can differ significantly
from a wetting curve. Generally, the conductivity for a given moisture content on a drying curve
is greater than on a wetting curve. Using the drying curve likely leads to greater effluent
production which may be why the model effluent production is greater and starts earlier than the
field test. Though not shown in this paper, effluent production is strongly affected by changes in
the characteristics of the lateral diversion layer. Work is presently underway to obtain a wetting
curve for the sand layer for testing in the numerical model.

One discrepancy between the field test and numerical data that is not readily explained is the low
effluent production from drain 5 in the homogeneous model. In the model, there is large lateral
flow at the downslope end of drain 5 which causes significant amounts of moisture to flow into
drain 6. Water appears to be drawn into the drain 6 area rather than flowing into the underlying
coarse layer. This horizontal flow can be reduced by placing a no-flow boundary 200-mm high at
the interface at the drain 5-drain 6 boundary. This reduces the flow into drain 6 and increases
the flow into drain 5, but does not change the overall effluent production. The reason for this
discrepancy requires further investigation.
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The drain 1 effluent production for the homogeneous numerical model is much higher than that of
the field test data, and produces the most water. Several possible explanations can be
suggested for this significant difference, such as the lack of homogeneity in the drain 1 region of
the field barrier which causes significant lateral diversion, lateral diversion out of the drain 1
region, and problems with the drain 1 collection system. Some problems with the collection
system were encountered, but the difference between the field and model data cannot be directly
attributable to drainage difficulties. However, it is reasonable that drain 1 produces more effluent
since it services an area twice the size of the other drains.

The soil moisture content profiles determined by the model are significantly different from those
measured in the field, but these differences may be atiributable to a lack of homogeneity in the
field tests, evaporation from the surface, time of measurements, the field measurements, and
some problems with the FDR access tubes. The probe used to measure moisture content
senses a volume of soil around the probe and reports an average value for that volume. This
may have led to inaccurate values, especially for the layered system and near the surface.
Additionally, differences could be attributable to evaporation from the surface of the field system,
creating a different gradient. Also, the time at which the measurements were made compared to
when water was added to the system may influence the near surface soil moisture contents. On
the other hand, the numerical solution does not account for hysteresis, which could be
significantly affecting the magnitude of the soil water content. The current model does not
account for this hysteresis and therefore its affect is unknown.

In summary, it appears that a finite difference code (TRACR3D) can be used to simulate water
movement within a capillary barrier system reasonably accurately, including the layered system
with increased lateral diversion. However, since the comparisons in this paper are limited,
additional modelling of field systems needs to be performed in order to better determine the
accuracy and limitations of the model before it can be applied in practice.
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The Effects of Heterogeneities on the Performance of
Capillary Barriers for Waste Isolation

Clifford K. Ho and Stephen W. Webb!

Abstract

The effects of heterogeneities on the performance of capillary barriers is investigated by
simulating three systems comprised of a fine soil layer overlying a coarse gravel layer with 1)
homogeneous, 2) layered heterogeneous, and 3) random heterogeneous property fields. The
amount of lateral diversion above the coarse layer under steady-state infiltration conditions is
compared between the simulations. Results indicate that the performance of capillary barriers may
be significantly influenced by the spatial variability of the properties. The layered heterogeneous
system performed best as a result of horizontal features within the fine layer that acted as
additional local capillary barriers that delayed breakthrough into the coarse layer. The random
heterogeneous system performed worst because of channeled flow that produced localized
regions of water breakthrough into the coarse layer. These resuits indicate that engineered
capillary barriers may be improved through emplacement and packing methods that induce a
layered system similar to the layered heterogeneous field simulated in this study.

Introduction

Engineered and natural capillary barriers in the subsurface have been suggested as an
effective means of diverting water away from buried waste. These capillary barriers generally
consist of two or more interspersed layers of fine and coarse porous materials (such as sand or
soil). Because the fine layer consists of larger capillary pressures relative to the coarse layer in
unsaturated conditions, downward flowing water can be held in fine layers overlying coarse layers.
If the layers are tilted, water can be diverted down-dip along the interface of the two layers. This
phenomenon has applications and significant impacts in fields including nuclear waste
management (Prindle and Hopkins, 1990; Ross, 1990; Wilson, 1996), landfill cover design (Morris
and Stormont, 1996; Webb et al., 1997), and soil remediation (Ho and Udell, 1992).

Unfortunately, nearly all of the predictive models that have been used to assess the
performance of capillary barriers have assumed that the regions comprising the fine and coarse
layers are homogeneous (Ross, 1990; Prindle and Hopkins, 1990; Oldenburg and Pruess, 1993;

Wilson, 1996; Webb, 1996; Webb, 1997). The assumption of homogeneous materials allows
uniform, smooth interfaces between the fine and coarse layers, which may over-predict the
diversion capacity of actual heterogeneous systems. Homogeneous models also neglect small
scale behavior caused by heterogeneities within each layer that may positively or negatively
impact the performance of capillary barriers. Therefore, this paper presents a study of the impact
of intra-unit heterogeneity on the performance of capillary barriers. Three simulations are
presented that include homogeneous, layered heterogeneous, and random heterogeneous
representations of a system comprised of a fine soil layer overlying a coarse gravel layer.
Comparisons are made between the simulations, and conclusions regarding the effects of
heterogeneities are drawn based on the findings.

Numerical Approach

The computational domain is two-dimensional and consists of a fine layer of soil (1 m high x 6
m wide) overlying a coarse layer of gravel (0.3 m high x 6 m wide) as shown in Figure 1. The

1Both authors at Sandia National Laboratories, P.O. Box 5800, MS-1324, Albuquerque, NM 87185-1324,
(505) 848-0712, ckho@nwer.sandia.gov.
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Figure 1. Computational domain used in TOUGH2 (Pruess, 1991) simulations. The domain consists of 150
columns and 65 rows of equally spaced elements (9750 total elements). Each element is 0.04 m wide x 0.02
m high. The bottom coarse layer consists of 15 rows, and the top fine layer consists of 50 rows. The entire
domain is tilted 5 degrees clockwise.

domain is discretized into 9750 equally spaced elements that are each 0.02 m high x 0.04 m wide.
Boundary conditions include infiltration within each element along the top row at a steady rate of
4.62x107 kg/sec (1 mm/day), no-flow lateral boundaries, and a saturated boundary that is
connected to the ten right-most elements in the bottom row to allow outflow of water. The entire
domain is tilted 5 degrees clockwise by rotating the gravity vector in the simulations. The
numerical code TOUGH2 (Pruess, 1991) is used to simulate the water movement in the
unsaturated domains. TOUGH2 has been validated in numerous studies (Pruess, 1995) and can
simulate multiphase transport of air, water, and heat in porous media. In the current studies, the
gas phase is passive with a constant temperature and pressure (20°C, 1 bar). Only the transport of
liquid water is investigated using the TOUGH2 equation of state module EOS 9.

The properties of the domain are taken from two sources: an internal Sandia report? of typical
soils and gravel in Albuguerque, NM, and a paper describing capillary barrier experiments
performed at Sandia (Stormont, 1995). The means, u, and standard deviations, o, of four
properties (in natural log space) are listed in Table 1 along with the expected mean value, E, in real
space. The four properties that are allowed to vary in the simulations include the saturated
conductivity, Ksat (cm/sec), the van Genuchten curve-fitting parameters for capillary pressure and
relative permeability, oo and B, and the residual liquid saturation, Sr. For the homogeneous
simulations, the expected values, E, are used for the fine and coarse layers. For the
heterogeneous simulations, unconditioned sequential Gaussian simulations are performed using
GSLIB (Deutsch and Journel, 1992) with subsequent standardization to obtain a standard normal
distribution of values for all the elements in the domain. Exponential semivariogram models are
used with different ranges and anisotropy factors to produce two distinct fields (Figure 2): 1) a
layered heterogeneous field and 2) a random heterogeneous field. The layered heterogeneous
field displays horizontal features, while the random heterogeneous field contains a “salt and
pepper”’ distribution. The means and standard deviations in Table 1 are then used to map the
standardized variables, Z, in Figure 2 to corresponding properties, X, for the fine and coarse layers
of the computational domain using the following transformation:

X=0Z+u (1)

Because the mean, ., and standard deviation, o, are in natural log space, the real space property
values are found by taking the exponent of the property values, X, given in equation (1).

2McTigue, D.F., Moisture Retention Properties of Soils from the Chemical Waste Landfill, Sandia National
Laboratories, Albuquerque, NM, internal Sandia Letter Report dated 12/9/94.
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Table 1. Parameters used in the simulation of homogeneous and heterogeneous property fields. E is the
expected value in real space and [ and G are the mean and standard deviation in natural log space.

(Fine Layer) (Coarse Layer)

Et u o Ef i ]
porosity ' 0.4 — — 0.42 — —
Ksat (cm/sec) 1.43x104 -9.10 0.700 10 2.30 6.99x102
o (1/cm) 0.021 -4.24 0.864 4.9 1.59 4.52x103
B 1.87 0.609 0.184 2.19 0.772 0.157
Sr 0.21 -1.63 0.198 0.012 -5.67 1.58

TE=exp(p + 6%/2)

Numerical Results and Discussion

Steady-state liquid saturations and mass flow vectors for each of the three simulations are
shown in Figure 3. Recall that the infiltration along the top row of elements is constant and that
the domain is tilted 5 degrees clockwise. Also, it is worth noting that the criterion for steady-state
conditions is that the mass flow exiting the bottom right corner, which is connected to a saturated
boundary, must equal the total mass flow entering the system from infiltration.

The resuiting saturation profiles and mass flow vectors are very distinct for the different fields.
The homogeneous field (Figure 3(a)) displays a fairly uniform saturation distribution in the fine

Layered Heterogeneous

y (m)

x (m)

(a)

Random Heterogeneous

y (m)

2 4

Figure 2. Unconditioned normalized sequential Gaussian simulations using GSLIB (Deutsch and Journel,
1992) with an exponential semivariogram model (seed=1711) and the following range coefficients: a) a=1.0
m and b) a=0.03 m (effective range=3a). The layered heterogeneous simulation was created using an
anisotropy factor of 100:1 in the x-direction (anis1=100, anis2=1).
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layer, with saturation increasing near the interface of the fine and coarse layers. Water flow is
primarily vertically downward except at the interface, where lateral diversion exists. In addition to
diversion at the interface, the layered heterogeneous field (Figure 3(b)) also exhibits regions of
lateral diversion within the fine layer of soil. Local zones of high permeability (and low saturation)
within the fine layer at y~1 m act as localized capillary barriers that contribute to additional lateral
diversion. The random heterogeneous field (Figure 3(c)) shows localized channeling of
downward flow through high permeability zones. The saturation distribution is indicative of the
highly variable permeability field that causes the localized flow. The channeled flow results in
pulses of water that break through the interface of the fine and coarse layers at frequent intervals.

The diversion capacities of the different fields is quantified in Figure 4, which displays the
mass flow rate of water entering the coarse layer divided by the infiltration rate as a function of
distance along the interface. Figure 4(a) shows that the layered heterogeneous field has a longer
diversion length when compared to the homogeneous field. Initial breakthrough of water into the
coarse layer in the layered heterogeneous domain occurs at x~1.5 m, which is greater than twice
the diversion distance displayed by the homogeneous model. In contrast, the random
heterogeneous field (Figure 4(b)) displays breakthrough even earlier than that of the
homogeneous model with intermittent “bursts” of water. The results of a semi-analytical solution
using the method of Ross (1990) is also shown, where appropriate van Genuchten functions
have been used. Note that the no-flow right boundary causes significantly higher mass flow rates
along the right side of the domain, but for distances less than x~5 m, the influence of the right
boundary is minimal.

Another useful means of quantifying the performance of capillary barriers is to define a
breakthrough ratio, %, by integrating the mass flow of water entering the coarse layer with respect
to distance along the interface and dividing this quantity by the integrated infiltration with respect
to distance along the surface:

. J; m(x) dx

-1 {5
== =gx |, m(x) dx (2)
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Figure 4. Mass flow rate across the interface of the fine and coarse layers divided by the infiltration (1
mm/day): a) homogeneous and layered heterogeneous b) homogeneous and random heterogeneous. A
modified solution of Ross (1990) using homogeneous van Genuchten parameters is also shown.
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where m(x) is the mass flow rate of

water entering the coarse layer at a !

location x and q is the infiltration rate | g 3

(assumed constant in this study). *g R 0. |..._random heterogeneous

Figure 5 shows the breakthrough ratio, | £ §

%, for each simulation as a function of | & £

distance along the interface of the fine | & E 0.6 +-homogeneous P

and coarse layers. For any location, X, 5 § S ]
each curve gives the mass ratio of | T 5 il

water entering the coarse layer with é 204 a4 14 1
respect to the total infiltration entering 3 Y F /

the system upstream of that location. | & § 0.2 - % 1
The results in Figure 5 confirm that the é’ 2 L / f layered hiétérogeneous |
layered heterogeneous system [ —= [ Fad £ ]
performs best with the greatest 0 M

0 1 2 3 4 5 6

amount of diversion above the coarse % ()

layer, which results from the sub-unit

horizontal features acting as local
g Figure 5. Integrated mass flow across the interface of the

cap ilary barriers within the fine laygr of fine and coarse layers divided by the integrated infiltration
soil. The random heterogeneous field (equation (2)) for all three simulations.

performs worst, with breakthrough
occurring almost immediately as a
result of local channeled flow.

Finally, Table 2 presents average residual and steady-state saturations and water mass in the
fine and coarse layers for each simulation. The layered heterogeneous simulation yields the least
amount of water in the coarse layer at steady-state, whereas the random heterogeneous
simulation yields the most. In contrast, the layered heterogeneous simulation yields the greatest
amount of water in the overlying fine layer, which indicates a greater amount of storativity in the
fine layer. The features that act as capillary barriers within the fine layer of the layered
heterogeneous field increase the storativity, which may provide additional benefits during
episodic infiltration events. One final comment should be made regarding the computational
performance of each of the simulations. The homogeneous and layered heterogeneous
simulations took on the order of several hours to reach steady-state from residually saturated initial
conditions. However, the random heterogeneous field had difficulty reaching steady-state from
residually saturated initial conditions. A uniform initial saturation greater than residual was imposed
to allow the random heterogeneous simulation to reach steady-state. Different initial saturations
were imposed, and while the results were identical, the duration and number of time steps
required to reach steady-state were highly dependent on the value of the initial saturation.

Table 2. Predicted average saturations and water mass in the fine and coarse layers at residual conditions
and steady-state conditions (infiltration = 1 mm/day).

(Fine Layer) (Coarse Layer)

Homogeneous  Random Layered = Homogeneous Random Layered
Avg. Residual
Saturation 0.200 0.201 0.202 1.20x102 9.72x103 7.17x10°8
Avg. Steady
Saturation 0.764 0.785 0.825 4.65x102 4.95x102 3.92x102
Residual Water
Mass (kg) 479 482 484 9.06 7.34 5.41
Steady Water
Mass (kg) 1830 1880 1976 35.1 37.4 29.6
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Conclusions

Simulations have been performed to investigate the effects of heterogeneities on the
performance of capillary barriers. Homogeneous, layered heterogeneous, and random
heterogeneous representations of a system comprised of a fine soil layer overlying a coarse
gravel layer were simulated to determine the amount of lateral diversion above the coarse layer
under steady-state infiltration conditions. Results indicate that the performance of capillary
barriers may be significantly influenced by the spatial variability of the properties. The layered
heterogeneous system delayed breakthrough longest as a result of horizontal features within the
fine layer that acted as additional local capillary barriers. Random heterogeneous systems
performed worst because of channeled flow that produced localized regions of early
breakthrough into the coarse layer. In addition, the storativity in the fine layer of the layered
heterogeneous field was greatest, indicating the potential to hold more water from episodic
infiltration events. These results indicate that engineered capillary barriers may be improved
through emplacement and packing methods that induce a layered system similar to the layered
heterogeneous field simulated in this study. On the other hand, the results also indicate that
capillary barriers can perform poorly if the fine layer consists of randomly distributed properties.
Models of these systems, including conventional homogeneous models, may overestimate the
diversion capacity if the intra-unit heterogeneities are not considered.
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Comparison of Ross' Capillary Barrier Diversion Formula
with Detailed Numerical Simulations

Stephen W. Webb'

Abstract

Ross (1990) developed an analytical r¢ “on length of a tilted fine-over-
coarse capillary barrier. Oldenburg ar ation results using upstream
and harmonic weighting to the diver mula with mixed results; the
qualitative agreement is reasonable t poor, especially for upstream
weighting. The proximity of the wate at breakthrough is a possible
reason for the poor agreement. Intt d Pruess problem is extended
to address the water table issue. V' 1 far away from the interface at
breakthrough, good qualitative ana yu..... ed using upstream weighting.

l. Introduction

Capillary barriers, consisting of tilted fine-over-coarse layers under unsaturated conditions, have been
suggested as a means to divert water infiltration away from sensitive underground regions. The
capillary diversion formula of Ross (1990) (Steenhuis et al.,1991 and Stormont, 1995 present
additional variations) is of particular interest because it can be easily used in capillary barrier design
and evaluation. Oldenburg and Pruess (1993) compared TOUGH2 (Pruess, 1991) simulation results
using upstream and harmonic weighting with Ross' formula; the results were mixed. While the
comparison is reasonable qualitatively, the quantitative agreement is generally poor, especially for

upstream weighting. A reason that has been proposed for this poor agreement is the proximity of the
water table (Pruess, private communication, 1994). In Ross' derivation, the fine-coarse interface is
assumed to be infinitely far away from the water table. In Oldenburg and Pruess (1993), the water
table is only a few meters below the interface when breakthrough occurs. In order to address the
water table proximity question, the Oldenburg and Pruess (1993) model is extended in the present
study to allow for different initial water table locations. The applicability of upstream weighting to
transient unsaturated flow conditions including capillary barrier behavior is also discussed.

While comparison of Ross' diversion equation with numerical modeling results is of interest, it must
be kept in mind that capillary barrier leakage and breakthrough involve complicated unsaturated flow
phenomena including fingering (Hill and Parlange, 1972; Glass et al., 1989a,b,c) as discussed by
Oldenburg and Pruess (1993). Fingering phenomena are not treated in the analytical solution of Ross
or in the TOUGH2 numerical code at present. In addition, heterogeneities and their spatial distribution
may have a significant impact on the diversion length of tilted capillary barriers (Ho and Webb, 1997),
which are not included in Ross' expression. Therefore, while comparison of Ross' expression with
numerical results is of interest, comparison of modeling approaches to actual data is also needed.

Il. Ross' Capillary Barrier Diversion Formula

Ross (1990) developed an analytical relationship to calculate the diversion length of a tited fine-over-
coarse capillary barrier with constant infiltration, assuming that the upper boundary (infiltration
surface) and the lower boundary (water table) are far away from the fine-coarse interface. The only
flow in the system is due to the infiltration. The analysis assumes steady-state conditions and defines
breakthrough from the fine to the coarse layer as the occurrence of downward flow through the coarse
layer equal to the infiltration rate. This assumption, along with the infiltration surface boundary
condition, allows one to calculate the vertical relative permeability in the fine soil at breakthrough and,

'Sandia National Laboratories, P.O. Box 5800/MS-1324, Albuquerque, NM 87185-1324, (505) 848-0623,
swwebb @nwer.sandia.gov.
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therefore, the horizontal flow in the fine layer. This horizontal flow is equal to the total amount of
water diverted up until breakthrough

0. =K ta ¢fk, ay ™

where ¢ is the angle of the fine-coarse interface with respect to horizontal. If the relative permeability
is given by the quasi-linear function

k= et )

where « is the sorptive number and y is the moisture potential (y=P./ p g), then the equation reduces
to a closed form solution

] 3

where the starred value refers to the coarse layer parameter. For constant infiltration, the capillary
diversion length is simply the total water diverted by the capillary barrier divided by the infiltration rate

a/ *
ngﬂﬂKija—i] @
qo K> K

23 s

where L is the horizontal distance. Equation (1) above is general and can be used with any relative
permeability function. Equations (3) and (4) are derived from equation (1) using the quasi-linear
relative permeability function. The diversion length can be evaluated numerically for other relative
permeability expressions such as van Genuchten (1980) as discussed by Webb (1997).

. TOUGH2 Numerical Simulations

Oldenburg and Pruess (1993) analyzed a two-dimensional tilted fine-over-coarse capillary barrier with
a water table and vertical infiltration using TOUGH2 (Pruess, 1991). For consistency with the Ross
derivation, TOUGH2 was modified to include the quasi-linear wetting-phase relative permeability
function discussed earlier. A sketch of the capillary barrier problem is given in Figure 1; properties
and problem parameters are summarized in Table 1. A fine layer 50 m thick overlies a coarse layer
10 m thick; the layers are tilted at a 5° angle with respect to horizontal. Infiltration occurs at the top
of the fine layer at a constant rate of 0.60 m/year, and a water table is specified at 59 m along the left
boundary. For the conditions summarized in Table 1 (¢ = 0.1 m™; &’ = 4.0 m™), the predicted capillary
diversion length from Ross (1990) is 39.3 m.

The discretization employed by Oldenburg and Pruess (1993) consisted of thirty rows each 2 m high
with varying column widths. The column width was 4 m for the first 80 m downdip which increased
thereafter. A higher resolution grid was examined between 32 and 80 m downdip using 2 m wide
columns. The results from the original grid and the higher resolution grid are essentially the same.
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Figure 1
Comparison Problem Schematic

(after Oldenburg and Pruess, 1993)

Table1

Original Problem Parameters

Upper Layer (Fine) Lower Layer (Coarse)
Thickness 50 m 10m
Length 750 m 750 m
Permeability 10 m? 2x10" m?
Porosity 0.30 0.40
Relative Permeability k=€ a=01m" k=e%a =4.m"
Capillary Pressure P,=-10°(1.-S) P,=-10°(1.-S)
Boundary Conditions
Left Side No flow.
Right Side No flow.
Top Constant Infiliration rate (0.60 m/year).
Bottom Horizontal water table with a depth of 59 m at left boundary.

The results from the capillary barrier simulations are presented as a ratio of the leakage past the fine-
coarse boundary divided by the infiltration rate. A value of zero shows complete diversion of the
infiltrating water, while a value of 1.0 means no diversion. The ratio should increase with distance
downdip until breakthrough occurs, which is defined as a ratio of 1.0. Values higher than 1.0 are
expected further downstream when the diverted water flows into the coarse layer.

Oldenburg and Pruess (1993) investigated two different numerical weighting schemes for the
permeability-mobility product (k k. / ). The differences in the two schemes illustrate some of the
complexities associated with unsaturated flow modeling. Harmonic weighting, which considers
upstream and downstream parameters, is appropriate for steady-state one-dimensional flow without
phase change or phase propagation based on flux conservation. However, for transient conditions
involving phase propagation, flux conservation is not applicable, and upstream weighting is more
appropriate. Upstream weighting, which only uses the upstream parameters, is numerically much
more efficient and robust than harmonic weighting.
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TOUGH2 Leakage/Infiltration Ratio Results

The use of harmonic weighting for transient unsaturated flow can lead to large errors and upstream
weighting is preferable (Aziz and Settari, 1979; Tsang and Pruess, 1990). In fact, harmonic weighting
can lead to unphysical results in transient analyses of tilted capillary barriers such as the complete
saturation of the upper fine layer without any leakage or flow into the lower coarse layer. Upstream
weighting results are predominantly shown in the present paper.

The leakage/infiltration ratio as a function of distance downdip is given in Figure 2 for the Oldenburg
and Pruess (1993) problem with coarse and fine layer sorptive numbers of 4.0 m™ and 0.1 m™,
respectively. This ratio is shown for harmonic and upstream weighting as calculated by the present
author; the results are essentially the same as those in Oldenburg and Pruess (1993) The behavior
of the leakagefinfiltration ratio is significantly different for the two weighting schemes. The
leakage/infiltration ratio using harmonic weighting shows an initial breakthrough at about 40 m. This
ratio decreases slightly after this location because some of the water has flowed into the coarse layer.
The ratio then increases again. In contrast, for upstream weighting, the ratio increases monotonically
with distance. The agreement between the numerical results and Ross’ formula is mixed. The
comparison is reasonable qualitatively because the breakthrough location is in general agreement.
However, the quantitative agreement is poor, especially for upstream weighting, because the
leakage/infiltration ratio behavior is considerably different than the Ross (1930) model results for both
numerical weighting schemes.

As discussed earlier, one reason that has been proposed for the poor agreement between the
numerical simulations and Ross formula is the proximity of the water table. In Ross' derivation, the
fine-coarse interface is assumed to be infinitely far away from the water table, while the water table
is only a few meters below the interface when breakthrough occurs in the Oldenburg and Pruess
(1993) problem. If the water table is near the fine-coarse interface, the moisture content and relative
permeability of the coarse material will increase due to the added moisture from the capillary fringe,
and the capillary pressure will be reduced. The net effect is to decrease the contrast between the fine
and the coarse layers which will reduce the capillary barrier effectiveness. In order to address the
water table proximity question, the initial water table location is varied in the present investigation.

In order to perform the modeling with different water table locations, the model domain was expanded.

The depth of the coarse layer was increased from 10 meters to 50 meters for a total model depth of
100 meters. The vertical discretization was kept constant at 2 meters similar to Oldenburg and
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Pruess (1993), resulting in 50 elements in the z-direction. In addition, since the location of
breakthrough is expected to change with water table depth, the y (downdip) discretization was kept
at a constant value of 4 meters for a total distance of 800 meters (Oldenburg and Pruess had a total
distance of 750 meters) with a total of 200 elements in the y-direction. Therefore, the total grid
consisted of 10,000 elements.

The standard version of TOUGH2 (Pruess, 1991) employs a full two-phase treatment of unsaturated
flow with conservation equations for both the air and water phases. A Richards' equation treatment,
which only considers water movement, is also available (Pruess and Antunez, 1995). As shown by
Webb (1986), the full two-phase treatment and the Richards' equation resuits are essentially the same
for the Oldenburg and Pruess capillary barrier problem, and the Richards' equation solution time is
only 1/10 of the full two-phase treatment. Therefore, the Richards' equation version has been used
in the present study including Figure 2 above. The conjugate gradient solvers of Moridis and Pruess
(1995) have also been used.

The water table in Oldenburg and Pruess is at z=-59 meters along the left edge of the domain, or 9
meters (m) below the fine-coarse interface. In the present study, water table locations of 5, 9, 13, 19,
29,739, and 49 m below the fine-over-coarse interface have been considered with upstream
weighting. The problems were run in two parts. Initial conditions were established by running a false
transient to steady-state with the water table but without infiltration. The infiltration transient was then
performed by using the calculated initial conditions and applying the infiltration uniformly along the
top surface. The bottom boundary pressures remained constant during the transient, which provided
a sink for the infiltrating water that breaks through. The simulation was run until steady-state
conditions were achieved. Leakage across the fine-coarse boundary was then compared to the
infiltration rate to determine the leakagef/infiltration ratio.

Figure 3 compares the results from TOUGH2 and Ross' (1990) formula for the various initial water
table depths. For an initial water table elevation 5 m below the fine-coarse interface, the
leakage/infiltration ratio increases monotonically, reaching a maximum value of about 1.7 at 38 m.
For an initial water table elevation 9 m below the interface, the leakage/infiltration ratio increases
monotonically, and the ratio reaches a maximum value approaching 2.0 at 82 m. These results are
similar but not exactly the same as given by Oldenburg and Pruess (1993). Small differences
between the two results are expected due to the expanded computational domain employed in the
present simulations and the different treatment of unsaturated flow. For an initial water table 13 m
below the interface, the leakagef/infiltration ratio again increases monotonically, although the ratio
shows a tendency to "flatten out" slightly at intermediate distances. The peak ratio is about 2.0 at 126
m downdip.

Resuits for initial water table depths of 19 m, 29 m, 39 m, and 49 m are also shown in Figure 3. As
the initial water table depth increases, three regions are evident. They are 1) initial increase in
leakage/infiltration ratio, 2) leakage/infiltration plateau at a value of 1.0, and 3) increase in the ratio
above 1.0 as the water table is approached. (The downdip distance corresponding to the intersection
of the water table with the fine-coarse interface is simply the initial water table depth divided by tan
5° or 0.0875.) For example, the leakage/infiltration ratio from 0 to 100 m is essentially the same for
water table locations 19 m or more below the fine-coarse interface. The breakthrough location is
similar to that predicted by Ross (1990) although considerably more diffuse due to the numerical
behavior of upstream weighting (see, for example, Oran and Boris, 1987). The ratio then remains at
a value of 1.0 until the water table is approached. The leakage/infiltration ratio then increases to a
value of about 2.0 as water flows down to the water table in the capillary fringe region.

In summary, for initial water table depths of 13 m or less, the location of the water table significantly
influences the initial behavior of the leakage/infiltration ratio; this range includes the original Oldenburg
and Pruess (1993) problem specification of 9 m. For larger initial water table depths of 19 m or more,
the initial leakage/infiltration ratio is not affected by the location of the water table.
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IV. Discussion and Conclusions

Resuits from numerical simulations using upstream weighting have been compared to Ross' tilted
capillary barrier diversion formula for the Oldenburg and Pruess (1993) capillary barrier problem with
variable water table locations. For a sufficiently deep water table, which is consistent with the
assumption used by Ross (1990), the simulations are in good qualitative and quantitative agreement
with Ross' capillary barrier diversion formula. For shallower water tables, including the Oldenburg and
Pruess (1993) location, the results are significantly influenced by the water table. These results
indicate that upstream weighting can accurately model capillary barrier behavior as evidenced by
good agreement between the simulations and Ross' formula for the deeper water table locations.

These results are significantly different than Oldenburg and Pruess (1993). Oldenburg and Pruess
concluded that while upstream weighting may describe the general behavior of capillary barriers, it
is not able to model the details of capillary barrier flow; harmonic weighting is required to resolve the
details of breakthrough. Their conclusion is based on the difference between their upstream
weighting results and Ross' (1990) formula as shown in Figure 2. Their conclusion has significant
implications in unsaturated flow modeling for capillary barriers. As mentioned eariier, upstream
weighting is often required for transient unsaturated flow modeling. Therefore, according to
Oldenburg and Pruess (1993), modeling of transient unsaturated flow in capillary barriers involves
numerical compromises; while upstream weighting is often required for numerical efficiency and
stability, it is not as accurate as harmonic weighting. As mentioned by Oldenburg and Pruess (1993),
this compromise not only applies to engineered capillary barriers such as discussed in this paper, but
it also has important implications for simulation of natural capillary barrier effects such as encountered
in potential nuclear waste repositories.

In contrast, the present study has shown that the disagreement observed by Oldenburg and Pruess

(1993) was significantly influenced by the proximity of the water table. If the water table is deep
enough, which is consistent with the assumption made by Ross (1990), simulations using upstream
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weighting agree well with Ross' capillary barrier diversion formula. Based on the present results,
upstream weighting can be used to accurately model transient unsaturated flow including capillary
barrier behavior.
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V. Nomenclature

saturated hydraulic conductivity for fine layer
saturated hydraulic conductivity for coarse layer
relative permeability

horizontal diversion length

capillary pressure

infiltration rate

total horizontal flux

liquid saturation

sorptive number for fine layer

sorptive number for coarse layer

fluid density

viscosity

angle of the fine-coarse interface with respect to horizontal
moisture potential
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Prediction of Tilted Capillary Barrier Performance
Stephen W. Webb, James T. McCord, and Stephen F. Dwyer’
Abstract

Capillary barriers, consisting of tilted fine-over-coarse layers under unsaturated conditions, have been
suggested as landfill covers to divert water infiltration away from sensitive underground regions,
especially for arid and semi-arid regions. The Hydrological Evaluation of Landfill Performance (HELP)
computer code is an evaluation tool for landfill covers used by designers and regulators. HELP is a
quasi-two-dimensional model that predicts moisture movement into and through the underground soil
and waste layers. Processes modeled within HELP include precipitation, runoff, evapotranspiration,
unsaturated vertical drainage, saturated lateral drainage, and leakage through liners. Unfortunately,
multidimensional unsaturated flow phenornena that are necessary for evaluating tilted capillary
barriers are not included in HELP. Differences between the predictions of the HELP and those from
a multidimensional unsaturated flow code are presented to assess the two different approaches.
Comparisons are presented for the landfill covers including capillary barrier configurations at the
Alternative Landfill Cover Demonstration (ALCD) being conducted at Sandia.

I. Introduction

The Altemate Landfill Cover Demonstration is a series of large-scale landfill test covers that have
been constructed at Sandia National Laboratories in Albuquerque, New Mexico (Dwyer, 1995). Each
cover is 13 m wide and 100 m long. The 100 m length is crowned in the middle, resulting in two 50
m long sections each with a 5% slope. One side is exposed to ambient conditions, while additional
water is added to the other side to stress the barriers to the desired storm events. Two traditional
cover designs and four altematives, including tilted capillary barriers, are being tested and are shown
in Figure 1. Plot 1, a RCRA Subtitle "D" cover, is simply topsoil over a compacted soil barrier layer.
Plot 2 is a Geosynthetic Clay Liner (GCL) cover with topsoil, sand and a geomembrane on top of the
GCL. Plot 3 is a compacted clay cover that simply replaces the GCL in Plot 2 with a compacted clay
barrier layer, or a RCRA Subtitle “C" cover. Plot 4 is a tilted capillary barrier consisting of topsoil over
sand and gravel layers followed by a barrier layer and another sand layer. Plot 5 is an anisotropic
barrier consisting of 2 soil layers over sand and gravel. Finally, Plot 6 is an evapotranspiration cover
and is simply topsoil over native soil. Assuming van Genuchten (1980) characteristic curves,
properties for the various soils have been estimated and are summarized in Table 1. The wetting
phase permeability as a function of capillary pressure, which is particularly useful in determining
capillary barrier performance, is shown in Figure 2.

Prediction of the performance of the ALCD landfill covers should consider all unsaturated flow
phenomena including precipitation, runoff and evapotranspiration under the arid conditions of
Albuquerque, New Mexico. While the HELP model (Schroeder et al, 1994a,b) considers precipitation,
runoff, and evapotranspiration, the simplified unsaturated flow modeling in HELP is inappropriate for
tilted capillary barriers (Morris and Stormont, 1997). In addition, HELP has demonstrated a trend to
overpredict percolation/leakage in semi-arid and arid conditions (Thompson and Tyler, 1984; Nichols,
1991; Fleenor and King, 1995), which are typical of capillary barrier applications. Because some of
the covers may experience lateral diversion due to capillary barrier effects, and the ALCD is located
in the arid environment of Albuquerque, HELP may not give accurate resuits. Conversely, many
multidimensional unsaturated flow codes suitable for tilted capillary barriers do not have precipitation,
runoff, and evapotranspiration models and the flexibility of HELP.

'All the authors are at Sandia National Laboratories. S.W. Webb's address is P.O. Box 5800/MS-1324, Albuquerque, NM
87185-1324, (505) 848-0623, swwebb@nwer.sandia.gov.
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Table 1
Estimated Soil Properties

Soil Type Saturated Saturated Residual Capillary Shape
hydraulic Moisture Moisture Pressure Parameter
conductivity Content Content Parameter
{cnvs)’ {(1/ecm)
Topsoil 3.0x10* 0.40 0.06 0.021 25
Native Soil 1.0x10* 0.40 0.08 0.018 2.0
Sand Layers 8.0x10% 0.39 0.04 0.018 3.3
Gravels 1.3 0.42 0.02 1.0 15.0
Compacted Clay 1.0x10°® 0.45 0.20 0.005 15
and GCL
Barrier Soil 1.0x10® 0.42 0.14 0.010 1.73
Geomembrane 4.0x10™ - - 0.001 1.2
Topsoil/Gravel 2.0x 102 0.41 0.04 0.14 6.1
'- 1 cmv/s ~ 1.08 x 10° m? for water at 20°C.
101 ————rr————rrr
zTopsoillGravel
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Figure 2

Wetting Phase Permeability vs. Capillary Pressure
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In the current study, simulations for the ALCD landfill covers have been performed using HELP
Version 3.06. In addition, two methods have been used to evaluate the capillary barrier diversion
length of these covers; Ross' capillary barrier diversion formula (Ross, 1990) and detailed TOUGH2
simulations. The results from these approaches are compared for the various landfill covers including
capillary barriers.

Il. HELP Simulations

For the present study, the HELP simulations have been run for 5 years using Albuquerque
precipitation and evapotranspiration assuming a maximum evaporation zone depth of 0.46.m (18
inches) and bare ground (Leaf Area Index = 0). Runoff, which is small for the present simulations,
is calculated using a 5 percent slope and a length of about 50 m (150 ft); a soil texture of 5 (SCs
Runoff Curve number = 84.5) has been assumed. Similarly, any lateral drainage layer had a 5
percent slope and a length of about 50 m (150 ft).

The layering sequence and appropriate properties for HELP input for each of the plots are
summarized in Table 2. The field capacity and wilting point moisture content input parameters, which
are used to define moisture storage and unsaturated hydraulic conductivity, are calculated using the
van Genuchten two-phase characteristic curves and the parameters in Table 1 for capillary pressures
of 0.33 and 15. bars, respectively, consistent with assumptions used in HELP. In all unsaturated
layers, the initial moisture content is assumed equal to the wilting point value. In general, the layers
are specified as vertical percolation layers. Subject to layering sequence restrictions in HELP, lateral
drainage layers are also used. Lateral drainage in HELP is not equivalent to tiited capillary barrier
behavior because it is based on saturated flow; capillary barrier diversion is an unsaturated
phenomena and is much more complex. Nevertheless, lateral drainage layers were specified where
possible.

The restrictions imposed by the HELP code for these simulations can be seen by comparing the
layering sequences for Plots 4 and 5. In Plot 4, the gravel layer is a lateral drainage layer. In Plot 5,
the gravel is specified as a vertical percolation layer even though the layering sequence of Plots 4 and
5 are very similar. The reason for this difference is that HELP does not allow a lateral drainage layer
to be the bottom layer in a layering profile. While the layer sequence restrictions may be adequate
for a horizontal landfill cap, which is after all the primary use of HELP, the restrictions may not be
applicable to tilted capillary barriers, which HELP is not designed to model.

The average annual precipitation, runoff, evapotranspiration, lateral drainage, change in moisture
content, and percolationfleakage for the simulations are summarized in Table 3 for the various covers.
The percolationfleakage values span a wide range. For an average annual precipitation of 24.3 cm,
the percolation/leakage for the various covers ranges between 0.002 cm to 15.9 cm. According to
HELP, the most effective covers are Plots 2 and 3 due to the geomembrane with a
percolation/leakage of 0.002 cm. Plot 5, which is a capillary barrier, is predicted to allow the highest
leakage at 15.9 cm. As discussed above, lateral drainage could not be specified for this plot due to
HELP restrictions on the layering sequence. Plot 4, which has a similar layering sequence to Plot 5,
has a much lower percolation/leakage of 4.8 cm probably due to specification of the gravel as a lateral
drainage layer.

lfl. Capillary Barrier Effect

To estimate the capillary barrier effect of the covers, Ross' formula (Ross, 1990) and the TOUGH2
code (Pruess, 1991) have been used to evaluate the steady-state diversion length of the covers.
While Ross' original formula is only directly applicable to the quasi-linear two-phase characteristic
curves, Webb (1997a) has recently extended Ross' equation to other two-phase curves including van
Genuchten (1980). Comparison of Ross' formula with detailed numerical simulations shows good
agreement (Webb, 1997b).
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Table 2

Layering Sequences

Plot 1: Soil Cover RCRA Subtitle "D"

Plot 4: Capillary Barrier

Table 3

Summary of HELP Simulation Results

Layer Properties HELP Layer Type Layer Properties HELP Layer Type
Topsoil Topsoil Vertical Percolation Topsoil Topsoil Vertical Percolation
Compacted | Barrier Soil Vertical Percolation Sand Sand Vertical Percolation
Soil Barrier
Gravel Gravel Lateral Drainage
Plot 2: GCL Cover Barrier Soil Barrier Soil | Barrier Soil
Layer Properties HELP Layer Type . .
Sand Sand Vertical Percolation
Topsoil Topsoil Vertical Percolation
Sand Sand Lateral drainage Plot 5: Anisotropic Barrier _
Geo- Geo- Membrane Liner Layer Properties HELP Layer Type
membrane membrane Pinhole Density -
1 hole/acre Topsoil/Gravel | Topsoil Vertical Percolation
Install Defects - . . . . .
10 holes/acre Native Soil Native Soil | Vertical Percolation
Placement Quality - Sand Sand Vertical Percolation
Good
GCL GCL Vertical Percolation Gravel Gravel Vertical Percolation |
Plot 3: Compacted Clay Cover RCRA Subtitle "C Plot 6: Evapotranspiration Soil Cover
Layer Properties HELP Layer Type | Laver Properties HELP Layer Type
Topsoil Topsail Vertical Percolation Topsoil Topsoil Vertical Percolation
Sand Sand teral Drainage . . . . . .
La ag Native Soil Native Soil | Verical Percolation
Geo- Geo- as above
membrane membrane
Compacted | Compacted | Vertical Percolation
clay barrier clay

] Piot1 | Plot2 | Plot3 | Plot 4 Plo; 5 { Ploté

Precipitation (cm) 243 | 243 | 243 | 243 | 243 | 243

Runoff (cm) 0.15 0.13 0.13 0.02 0.02 0.12

Evapotranspiration (cm) 17.4 6.0 6.0 ‘ 29 8.4 13.1
Lateral Drainage (cm) 0 17.9 17.9 16.6 0. 0.
Change in Moisture Content (cm) 0 0.31 0.31 0.01 0. 0.

| Percolation/Leakage (cm) 6.8 0.002 | 0.002 4.8 15.9 11.1
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Table 4
Calculated Capiliary Barrier Diversion Lengths

Net Infiltration Rate " Plot 1 Plots 2 and 3 Plots 4 and- 5 Plot 6 |
20 cmfyr " 3.4m 220. m 210.m 0.
2.0 cmfyr " 0.25 m 2200. m 2100. m 0.
| 0.2 cm/yr " 0.035m __17000. m 21000. m 0.

Table 4 presents the calculated capillary barrier diversion length of Plots 1-6 as a function of average
net infiltration rate (precipitation minus runoff minus evapotranspiration); note that the average total
precipitation from HELP is 24.3 cm/yr. Plot 1 shows a small capillary barrier effect at the
topsoil/compacted soil interface which, interestingly, decreases with decreasing infiltration rate. This
behavior is contrary to traditional fine-over-coarse tilted capillary barrier behavior which exhibits an
increasing diversion length with decreasing infiltration. Plots 2 and 3 show no capillary barrier effect
at the topsoil/sand interface. This behavior can be explained by comparing the characteristic curves
for the two layers on Figure 2. Since the sand curve is above the topsoil curve, there is no capillary
barrier effect for topsoil over sand using the present properties; the curve for the underlying layer
must be below the curve for the overlying layer for a capillary barrier effect. Neglecting the
geomembrane due to its low hydraulic conductivity and the possibility of local defects, the capillary
barrier effect was calculated for the sand/GCL or compacted clay interface. Plots 2 and 3 are
identical in this case because the GCL and compacted clay properties are the same. The calculated
diversion length for this interface is hundreds of meters or more and is significantly greater than the
length of the ALCD covers. Therefore, little, if any, percolation/leakage through the GCL or
compacted clay is expected for Plots 2 and 3 due to the capillary barrier effect. While the reality of
diversion lengths of 1000 meters or more is questionable, the magnitude of the calculated diversion
length indicates a strong capillary barrier effect and minimal percolation/leakage. Similar to Plots 2
and 3, Plots 4 and 5 have no capillary barrier effect at the topsoil(native soil)/sand interface. Plots
4 and 5 do have a large capillary barrier effect at the sand/gravel interface; the predicted diversion
length for Plots 4 and 5 is similar to Plots 2 and 3 and is significantly greater than the length of the
ALCD covers. Finally, Plot 6 has no capillary barrier effect at all.

The results from TOUGH2 simulations show similar results. TOUGH2 is a multidimensional
unsaturated flow code that is widely used for simulating flow and transport in fractured and porous
media in nuclear waste, environmental, and geothermal applications (Pruess, 1991). Simulations
were performed using TOUGH2 based on a net infiltration rate (precipitation minus runoff minus
evapotranspiration) of 1, 10, and 100% of normal precipitation of 20 cm/yr for up to 10 years similar
to Table 4. For Plots 1 and 6, minimal or no diversion was calculated by TOUGH2, while complete
lateral diversion was predicted for Plots 2, 3, 4, and 5 consistent with the results from Ross' formula.

The advantage of using TOUGH2 compared to HELP is the mechanistic calculation of unsaturated
conditions in the soil layers. Unfortunately, TOUGH2 does not include precipitation, runoff, or
evapotranspiration models or have the flexibility of HELP. Morris and Stormont (1997) attempted to
partially address the unsaturated flow issue by extracting the precipitation, runoff, and
evapotranspiration data from HELP and using it as input to a mechanistic unsaturated flow code.
However, this approach may not be adequate since the unsaturated conditions calculated by the
unsaturated flow code were not fed back into HELP. Therefore, we are presenting planning to couple
the precipitation, runoff, and evapotranspiration models of HELP with the unsaturated flow modeling
of TOUGH2 (Webb, 1996). When this coupling is completed, a more comprehensive evaluation of
the performance of the ALCD landfill covers, including capillary barriers, can be performed. Further
evaluation is also anticipated when the experimental data from the ALCD become available.
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IV. Conclusions

The predicted performance of the ALCD covers from the two approaches can be significantly
different. For example, HELP predicts that Plot 5, a tilted anisotropic capillary barrier, allows the most
percolation/leakage of any of the ALCD covers. In contrast, the capillary barrier results indicate that
Plot 5 is one of the most effective configurations and will allow minimal or no percolation/leakage.

Evaluation of tilted landfill cover performance should consider possible capillary barrier effects. If
there is little or no capillary barrier effect, HELP results may be appropriate, although questions about
the applicability to semi-arid and arid regions remain. If there is a significant capillary barrier effect,
the HELP results are not applicable. For the ALCD project, Plots 2, 3, 4, and 5 are expected to be
the most effective designs due to the capillary barrier effect, and fittle or no percolation/leakage
through these covers is expected. Plots 1 and 6 should allow significant percolation/leakage based
on the HELP analysis; no significant capillary barrier effect is expected for these two plots.

In the future, HELP and TOUGH2 are planned to be coupled. When this work is completed, the
effects of precipitation, runoff, and evapotranspiration based on HELP and the unsaturated flow
modeling of TOUGH2 will be combined automatically and should give much more realistic results than
either the HELP or TOUGH2 results by themselves.
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Surface Barrier Research at the Hanford Site

Glendon W. Gee, Anderson L. Ward and Michael J. Fayer’

Abstract

At the DOE Hanford Site, a field-scale prototype surface barrier was constructed in 1994 over an
existing waste site as a part of a CERCLA treatability test. The above-grade barrier consists of a fine-
soil layer overlying coarse layers of sands, gravels, basalt rock (riprap), and a low permeability
asphalt layer. Two sideslope configurations, clean-fill gravel on a 10:1 slope and basait riprap on a
2:1 slope, were built and are being tested. Design considerations included: constructability; drainage

and water balance monitoring; wind and water erosion control and monitoring; surface revegetation
and biotic intrusion; subsidence and sideslope stability, and durability of the asphalt layer. The barrier
is currently in the final year of a three-year test designed to answer specific questions related to
stability and long-term performance. One half of the barrier is irrigated such that the total water
applied, including precipitation, is 480 mm/yr (three times the long-term annual average). Each year
for the past two years, an extreme precipitation event (71 mm in 8 hr) representing a 1,000-yr return
storm was applied in late March, when soil water storage was at a maximum. While the protective
sideslopes have drained significant amounts of water, the soil cover (2-m of silt-loam soil overlying
coarse sand and rock) has never drained. During the past year there was no measurable surface
runoff or wind erosion. This is attributed to extensive revegetation of the surface. In addition, the
barrier elevation has shown a small increase of 2 to 3 cm that is attributed to a combination of root
proliferation and freeze/thaw activity. Testing will continue through September 1997. Performance
data from the prototype barrier will be used by DOE in site-closure decisions at Hanford.

Introduction

The U. S. Department of Energy (DOE) has been actively pursing surface cover design and
construction for the past decade or more (Wing and Gee 1994). A multi-year barrier development
program was started at the Hanford Site in 1985 to develop, test, and evaluate the effectiveness of
various barrier designs (Wing 1994). A series of reports, now totaling over 120, document the
progress of the barrier development work (e.g., Gee et al. 1996). These reports detail field tests,
natural analog studies, and modeling of surface barrier performance and provide information on water
balance, wind and water erosion, and biotic infrusions studies supporting surface barrier development
at the Hanford Site. This paper provides a summary of the surface cover work that has been ongoing
at the Hanford Site for more than 10 years. It details a barrier development program specifically
designed for 1000-year performance and describes current research activities at a prototype surface

barrier, located at the Hanford Site, that could be used at waste sites in arid climates.

Surface Barrier Design

Figure 1 shows the scope of work undertaken during the past 10 years that has been leading toward
a final barrier design. As part of the overall development effort, a prototype barrier, incorporating all
essential elements of a long-term surface barrier, was constructed at the Hanford Site in 1994.
Because of the demand for a barrier that could perform for at least 1,000 yr without maintenance,

>

'Pacific Northwest National Laboratory, P. O. Box 999 K9-33, Richland, Washington 99352
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Figure 1. Components of the Barrier Development Program.

natural construction materials (e.g., fine soil, sand, gravel, cobble, basalt riprap, asphalt) were
selected to optimize barrier performance and longevity. Most of these natural construction materials
are available in large quantities on the Hanford Site and are known to have existed in place for
thousands of years (e.g., basalt). The current barrier consists of a fine-soil layer overlying other
layers of coarser materials such as sands, gravels, and basalt riprap and is designed to limit recharge
to < 0.5 mm yr' (Figure 2). Each layer serves a distinct purpose. The fine-soil layer acts as a
medium in which moisture is stored until the processes of evaporation and transpiration recycle any
excess water back to the atmosphere. The fine-soil layer also provides the medium for establishing
plants that are necessary for transpiration to take place. The coarser materials placed directly below
the fine-soil layer create a capillary break that inhibits the downward percolation of water through the
barrier. The placement of fine soils directly over coarser materials also creates a favorable
environment that encourages plants and animals to fimit their natural biological activities to the upper,
fine-soil portion of the barrier, thereby reducing biointrusion into the lower layers. The coarser
materials also help to deter inadvertent human intruders from digging deeper into the barrier profile.
Low-permeability layers, placed in the barrier profile below the capillary break, also are used in the
barrier. The purpose of the low-permeability layers is (1) to divert away from the waste zone any
percolating water that crosses the capillary break and (2) to limit the upward movement of noxious
gases from the waste zone. The coarse materials located above the low-permeability layers also
serve as a drainage medium to channel any percolating water to the edges of the barrier. In addition
to testing the performance of a capillary barrier design, the prototype is being used to test two
different sideslope designs: (1) a relatively flat apron (10:1, horizontal:vertical) of pit-run gravel
(commonly called a clean-fill dike) and (2) a relatively steep (2:1) embankment of fractured basalt
riprap (Gee et al. 1993b; Ward and Gee, 1997). Figure 2 also shows details of the two sideslope
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Figure 2. Cross-Section of the Hanford Barrier Showing the Layer Sequence and (a) Interactive
Water Balance Processes, (b) Clean-fill Sideslope, and (c) Riprap Sideslope.

configurations used in the prototype barrier. A shrub and grass cover was established on the soil
surfaces of the prototype in November 1994. Shrubs were planted at a density of 2 plants/m? with
four sagebrush (Artemsia tridentata) plants to every one rabbitbrush (Chrysothamnus nauseosus)
plant. Designing a maintenance-free barrier requires an understanding how natural processes affect
barrier performance. A series of tests was designed to provide a better understanding of these
processes and enable the design of a barrier that passively meets performance objectives.

Results of Field Tests

From November, 1994 through October, 1996, soil (capillary barrier) plots on the northem half of the
prototype barrier were subjected to an irrigation regime of three times the long-term average annual
precipitation (3X). This treatment included application of sufficient irrigation water on March 24, 1995
and March 25, 1996 to mimic a 1000-yr storm event (70 mm of water) and periodic applications to
achieve a precipitation target of 480 mm/yr for the entire water year (November 1- October 31).
Survival rate of the transplanted shrubs has been remarkably high; 97% for sagebrush and 57% for
rabbitbrush (Gee et al. 1996). A heavy invasion of tumbleweed (Salsola kali) occurred in 1995 but
was virtually absent in 1996. Grass cover, consisting of a 12 varieties of annuals and perennials
(including cheatgrass, several bluegrasses, and bunch grasses), dominated the surfaces, particularly
those that were irrigated. Approximately 75% of the surface was covered by vegetation; a cover
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value typical of shrub-steppe plant communities. In all respects the vegetated cover appeared to be
healthy and normal. There was a surface response to irrigation, with nearly twice as much grass
cover on the irrigated surfaces compared to the non-irrigated surfaces (Gee et al. 1996).

Figure 3 shows the temporal changes in water-storage data at the prototype through October 1996.
All irrigation and natural precipitation plus all available stored soil water was removed via
evapotranspiration (ET) during the first year of surface barrier operation.
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Figure 3. Temporal Change in Soil Water Storage at the Prototype Barrier from 09/30/94
Through 10/31/96.

Water was removed from the entire soil profile so that by late summer (September) of 1995, water
content in both irrigated and non-irrigated plots had reached a relatively uniform lower-limit of about
5 vol. % throughout the soil profile. Correspondingly, water storage was reduced to levels near 100
mm (i.e., lower-limit of plant-available water), for both the irrigated and non-irrigated soil surfaces.
This is about one-fifth the amount of water required for drainage. Based on these observations and
considering the irrigation treatment to represent the extreme in wet climate, the soil cover would not
be expected to drain, even under the wettest Hanford climate conditions.

Figure 3 also shows that in 1996, water from the second 1000-yr storm was removed from the soil
profile. Since no drainage has occurred the change in storage is atiributed to water loss by
evapotranspiration, thus demonstrating the continued positive benefits of having vegetation on the
barrier surface. Evapotranspiration for the irrigated surfaces was nearly double that for the non-
irrigated (ambient) surfaces (Figure 4), suggesting that vegetation is capable of adjusting to water
applications. |t is apparent that the capacity of vegetation for water consumption has not been
exceeded even at the 3X precipitation rates, even after the second year of testing. This further
supports the hypothesis that the combination of vegetation and soil storage capacity is more than
sufficient to remove all applied water under the imposed test conditions .
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Figure 4. A Comparison of Cumulative ET From the Irrigated and Nonirrigated
Treatments for the Period 09/30/94 Through 10/31/96.

Drainage did not occur from the soil-covered part of the prototype barrier, even under the extreme
conditions of 3X precipitation. These observations from the prototype agree with the resuits of
extensive lysimeter testing of capillary barriers designs (Campbell et al. 1990; Gee et al 1993) and
suggest that the water storage capacity of the soil is well in excess of the 3X (480 mm) precipitation.
In contrast, both sideslope configurations drained although the amount of drainage was less than
predictions based on the lysimeter studies. Sideslope drainage was expected since the surfaces are
coarse and bare, with no vegetation growing on the basalt riprap and only a sparse (less than 10%)
cover growing on the clean-fill gravel (Gee et al. 1993a; Sackshewsky et al. 1995). Figure 5
compares cumulative drainage from the gravel and riprap slopes through 10/31/96. On the
nonirrigated treatments, the total amount of drainage from the clean-fill sideslope was greater than
that from the basalt riprap sideslopes A similar trend was observed on the irrigated slopes up until
November 1995. While irrigation of the soil surfaces started in February 1995, irrigation of the
sideslopes did not start until November 1995. A closer look at these results show a seasonally
dependence of drainage. While drainage from the clean-fill gravel sideslope was continuous, there
was essentially no drainage from the riprap in the summer. In the winter, both sideslope
configurations drained at similar rates. It is our hypothesis that advective drying similar to that
described by Stormont et al. (1994) and Rose and Guo (1995) may be partly responsible for the
lower drainage on the riprap sideslopes and may also have an effect on water storage in the fine-soil
cover. Additional testing and numerical modeling will be used to test this hypothesis.

The rapid establishment of vegetation on the soil surface was thought to be responsible for at least

three positive benefits to surface barrier performance. First, the vegetation was dominant in the water
removal process from the soil surfaces. Second, the surface was stabilized against water erosion
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Figure 5. Cumulative Drainage From the Prototype Hanford Barrier for the
Period 02/01/95 Through 10/31/96. No Drainage has Occurred From
The Soil-Covered Plots.

and runoff. Runoff from the 1000-year storm in 1895 was 1.8 mm (about 2% of the 70 mm applied).
There was no runoff in 1996. The improvement was attributed to vegetative growth and plant
establishment. Root growth has caused some changes in soil bulk density and likely was presence
of vegetation on soil surface Finally, there has been a positive benefit in controlling wind erosion.
After plant establishment in November 1994, there have been no measurable losses of soil from the
surface of the prototype by wind erosion. This is attributed to the vegetation and lack of surface
disturbance during the past two years.

A minimum of 3 years of testing is planned for the prototype barrier. Because only a finite amount
of time exists to test a barrier that is intended to function for a minimum of 1,000 yr, the testing
program has been designed to "stress" the prototype so that barrier performance can be determined
within a reasonable time frame. Continued. monitoring of prototype barrier performance for extended
periods is desirable because the succession of vegetation types, the full development of root profiles,
and the natural colonization of the barrier surface by burrowing animals will occur over a longer time
period. Long-term monitoring of the prototype barrier would be a valuable asset for hydrologic model
validation studies and in the assessment of the long-term performance of cover systems at the
Hanford Site.

Conclusions

The study of surface barriers at the Hanford Site has evolved into an integrated demonstration of key
features of barriers designed to minimize water intrusion, erosion, and biointrusion. The results of
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field tests, experiments, and lysimeter studies are providing a defensible foundation on which barrier
designs can be based. Test results show that for the Hanford Site's arid climate, a well-designed
capillary barrier limits drainage to near-zero amounts. A subsurface asphalt layer provides additional
redundancy. Data collected under extreme conditions (excess precipitation) provides confidence that
the barrier has the ability to meet its performance objectives for the 1,000-yr design life. Data from
the prototype surface barrier confirm earlier observations with lysimeters and field plots and show that
all available water can be removed from the soil surfaces by evapotranspiration, even under elevated
precipitation conditions. Sideslopes, in contrast, drain because they are barren. The sideslope
drainage is less than predicted because of advective heating and wind action but is non-zero, thus
this drainage must be accommodated in the final design. Asphalt sublayers can be successful in
extending areas of surface protection and can divert drainage water away from underlying wastes.
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PERFORMANCE CHARACTERISTICS OF A SELF-SEALING/SELF-HEALING BARRIER

R.G. McGregor' and J.A. Stegemann

Abstract

Environment Canada and the Netherlands Energy Research Foundation are co-developers of a
patented Self-Sealing/Self-Healing (SS/SH) Barrier system for containment of wastes which is
licensed to Water Technology International Corporation. The SS/SH Barrier is intended for use as
either a liner or cover for iandfills, contaminated sites, secondary containment areas, etc,, in the
industrial, chemical, mining and municipal sectors, and also as a barrier to hydraulic flow for the
transportation and construction industry. The SS/SH Barrier's most significant feature is its
capability for self-repair in the event of a breach. By contrast, conventional barrier systems, such
as clay, geomembrane, or geosynthetic clay liners can not be repaired without laborious
excavation and reconstruction.

Laboratory investigations have shown that the SS/SH Barrier concept will function with a variety of
reactive materials. Self- Sealmg/Self-Heahng Barriers are cost competitive and consistently exhibit
hydraulic conductivities ranging from 10° to 10™ m/s, which decrease with time. These
measurements meet or exceed the recommended hydraulic conductivity required by EPA for clay
liners (<1x1 0° m/s) used in landfils and hazardous waste sites. Results of mineralogical
examination of the seal, diffusion testing, hydraulic conductivity measurement, and durability
testing, including wet/dry, freeze/thaw cycling and leachate compatibility are also presented.

Introduction

The properties of an ideal waste containment system include low permeability, resistance to
contaminant diffusion and long-term physical and chemical stability. Hydraulic barriers, such as
compacted clay and synthetlc flexible membrane liners, are most commonly used to obtain low
hydraulic conductivities (<10° m/s). These barriers, especially the compacted clay liners, are also
resistant to diffusion, although diffusion of some contaminants can remain significant (Johnson et
al. 1989, Mott and Weber 1991). The major concern with clay and synthetic finers is their long-
term stability against chemical reactions with leachates (Farquhar and Parker 1988, Schackelford
1994) and resistance to weathering processes such as freeze/thaw and wet/dry cycling (Othman
et al. 1994, Bowders and McCielland 1994).

The Self-Sealing/Self-Healing Barrier technology is based on micro-scale properties of diffusion
and chemical reactions as shown in Figure 1. The process begins with the reaction of dissolved
compounds to form a precipitate at the interface between two materials (i.e. parents). Precipitation
reactions at the interface result in a decrease in the aqueous concentrations of the reactive
components and thereby create a concentration gradient. This gradient leads to diffusion of
additional reagents to the interface, thus resulting in further precipitation until the pores between
the two parent materials are completely filled. If the barrier is damaged the remaining parent
materials will once again react at the new interface and restart the self-healing process, leading
ultimately to a new barrier between the two parent materials (van der Sloot et al. 1995).

' Water Technology International Corporation, operator of the Wastewater Technology Centre and
the Canadian Clean Technology Centre, PO Box 5068, Burlington, Ontario, Canada, L7R 4L7,
richard.mcgregor@cciw.ca
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The parent materials used in forming the barrier are dependent upon numerous factors such as
material availability, transportation costs, mixing facilities, native soil properties and intended
barrier application. To reduce costs, waste materials and/or leachates derived from waste
materials are incorporated into the barrier design either as a parent material or as matrix material.
An example of waste utilization includes using mine tailings to form liner/cover systems for the
containment of acidic drainage. Other experimental liners currently being tested use leachates
from a variety of waste materials including municpal landfills as one of the parent materials.

Figure 2 shows complete encapsulation of a waste by the Self-Sealing/Self-Healing Barrier.
Disruption of the barrier leads to renewed formation of the barrier at the site of the breach. The
self-healing ability of the sealis an unique feature of the Self-Sealing/Self-Healing Barrier. By
contrast, conventional barrier systems, such as compacted clay/soil, geomembrane or

geosynthetic clay liners provide limited self-repair and are extremely costly and difficult to repair if
significant damage occurs.

Figure 1 - Microscopic view of self-sealing Figure 2 - Schematic showing the
process showing two parent materials (A and B) application of the barrier as a cover and
reacting to form precipitates C and D. liner with a self-healed breach.

Experimental Methods

A number of experimental methods were applied in the laboratory for a wide variety of parent
combinations. These tests included diffusion testing to measure the resistance of the barrier to
contaminant diffusion and hydraulic conductivity testing, to measure the resistance of the barrier
to water and leachate flow as well as the effect of wet/dry and freeze/thaw cycling on the barrier's
integrity. The results presented in this paper are for a Self-Sealing/Self-Healing barrier system
developed for the isolation of mining wastes.

Diffusion tests

Diffusion experiments were conducted to evaluate, both qualitatively and quantitatively the
performance of the seal as a diffusive barrier. Experiments used tartrazine dye as an unreactive
tracer to indicate the presence of a barrier. These experiments were performed in glass test
tubes. Parent materials were placed and allowed to react for a period of 14 days. After a
formation period of 14 days, dye was added to the surface of the sample and allowed to diffuse to
the interface between the two parent materials. After pre-determined periods of time, the samples
were sliced and sampled for chemical and mineralogical analyses. Using colourimetric analysis
techniques, the concentration of the indicator was determined for quantitative assessment of the
barrier performance.
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Leachate compatibility tests

Numerous studies of the interaction of leachate pore water with conventional liner materials have
shown that reactions between the two may significantly alter the hydraulic conductivity of the liner
(e.g., Shackelford, 1990). To examine its compatibiliy with leachate, the Self-Sealing/Self-Healing
Barrier was permeated with various leachates containing a variety of organic and inorganic
compounds. The effect of the leachates on the barrier was evaluated by measuring hydraulic
conductivity in a 7.62 cm (3") diameter flexible-wall permeameter. This paper will discuss the
resuits of two leachate tests; one acidic leachate containing elevated heavy metals and the other
leachate obtained from an active municipal landfill. The method used to measure the hydraulic
conductivity of the barriers is outlined in ASTM Method D5084, “Measurement of Hydraulic
Conductivity of Saturated Porous Materials Using a Flexible Wall Permeameter”. Bladder
accumulators were used to isolate the leachate from the panel and a sampling port was installed
in the permeameter outlet in order to obtain pore water samples from the barrier sample.

Parameters measured for the leachates included; pH, E,, alkalinity, temperature, cations (Al, As,
Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Si and Zn), anions (Cl, NO,, NO;, PO, and SO,)
and, in the case of the municipal iandfill leachate, ammonia (NH3) and total organic carbon (TOC).
Measurements of pH, E,,, temperature and alkalinity were made immediately after sampling using
a flow-through cell to isolate the pore water from atmospheric oxygen. Before each reading the
pH electrode was calibrated using pH 4.0 and 7.0 buffers (NBS standard) and E,; measurements
were checked using Zobell's solution (Nordstrom 1977). Alkalinity determinations were made
using standardized H,SO, and a digital titrator. Table 1 provides partial analyses of the two
leachates.

Table 1- Partial analysis of two leachate samples used for compatibility experiments

Leachate pH As Cd Co Cr Cu Fe Pb NO, TOC

Mun. Landfil 655 <0.1 0.001 0.08 0.022 0.003 045 <0.04 <15 345
Heavy Metals 218 281 111 244 253 263 535 108 225 <10

All units mg/L except pH.
Weathering tests

Two sets of experiments were carried out to determine the effect of wet/dry and freeze/thaw
cycling on the integrity of the barrier. Freezefthaw procedures used 3-D freezing methods as
discussed by Zimmie and LaPlante (1990). Previous studies of the effects of freeze/thaw on clay
have indicated that maximum increases in permeability generally occur within five cycles of
freezing and thawing (Othman and Benson 1992, Zimmie and LaPlante 1990). Specimens of the
Self-Sealing/Self-Healing Barrier were submitted to one cycle per day of -18°C (+4°C) to 22°C
(#5°C). To test for damage due to freeze/thaw, frozen barrier specimens were extruded from the
molds, jacketed in thin flexible latex membranes and placed in a 7.62 cm (3") diameter flexible-
wall permeameter. Hydraulic conductivity was measured as described in ASTM Method D5084,
using distilled water as the permeant. The effective confining stress was kept constant for the
tests while the hydraulic gradient was adjusted in order to compensate for decreases in hydraulic
conductivity as the samples self-healed.

The effects of wet/dry cycling on the barrier were examined in a second set of experiments. The
barrier samples were subjected to one wet/dry cycle per week. During the wet cycle the sample
was saturated with distilled water for a period of four days. On the fifth day the sample was
placed in an oven and allowed to dry for a period of three days at a temperature of 60°C (+5°C).
The specimens were tested in a flexible-wall permeameter as described for the freeze/thaw
experiments.
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Self-healing tests

To evaluate the self-healing capability of the barrier, two experiments were carried out. The first
experiment involved fracturing the barrier using hydraulic pressure by increasing the hydraulic
head on a specimen in a flexible-well permeameter until the sample fractured. The second
experiment involved mechanical fracturing of the barrier using a blow with a sharp tool. In both
cases, the hydraulic conductivity of the barrier was then measured over a period of time to
determine if and how fast the barrier would self-heal. Both experiments used ASTM Method
D5084 with a distilled water permeant and a varying hydraulic gradient to compensate for the self-
healing of the barrier.

Results and Discussion
Diffusion tests

Figure 3 shows the results from diffusion tube experiments using the tartrazine dye. It is clear
from the sharp discontinuity near the middle of the profile (i.e. at the interface of the two parent
materials) that a barrier had formed. Due to the minor role of advection and the relatively
homogeneous nature of the parent materials, the migration of the tartrazine can be predicted by
diffusion models based on Fick’s second law:
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Calculations of the effective diffusion coefficient (D,) give values ranging from 0.9-1.5x10° cm?s.
These values are lower than those values reported by Johnson et al. (1989) (4x10° cm®/s) and
Barone et al. (1989)(7.5x10°® cmzls) for Cl diffusion through clay-lined disposal sites.
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Figure 3 - Diffusion test results showing a tartrazine profile through the barrier. The shaded area
represents the interface (cemented) between the two parent materials.
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Leachate compatibility tests

Leachate compatibility tests done on samples of the barrier have shown no evidence of negative
reactions between the leachate and the barrier. Monitoring of the hydraulic conductivity and
outflowing leachate chemistry indicate that neither the acidic, heavy metal leachate or the
municipal landfill leachate has an effect on the hydraulic conductivity of the barriers. In addition,
the quality of the leachate which is forced through the barrier by the high hydraulic gradient of the
hydraulic conductivity test is dramatically improved with many of the potential contaminants being
removed from solution through precipitation/adsorption reactions. Results of the first leachate test
using an acidic solution containing elevated concentrations of heavy metals showed no
breakthrough of the heavy metals (C/C,>0.01), with the exception of Zn which reached a
maximum concentration of C/C,=0.011. after eight pore volumes of flow at which point the test
was stopped. The second compatibility tested using municipal landfill leachate as the permeate.
This test is on-going with the hydraulic conductivity unaffected after two pore volumes of flow and
the leachate outflow showing decreased concentrations of heavy metals, nutrients and total
organic carbon.

Weathering tests

Figure 4 shows the resuits of the two weathering tests completed on the barrier. The resuits for
both the freeze/thaw and wet.dry cycling indicate that the barrier's hydraulic conductivity remains
well below the United States Environmental Protection Agency’s suggested hydraulic conductivity
of 1x10° m/s for compacted clay liners (CCL) in Subtitle D landfils after 20 cycles. The
weathering tests used are conservative in three respects: 1) the amount of parent provided for
rehealing in a laboratory sample is finite, 2) there is no time provided for rehealing between
cycles, and 3) even in cover applications, a barrier would not be expected to undergo more than
one freeze/thaw cycle annually, and the field conditions for wet/dry cycling would not be as
extreme.
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Figure 4 - Plot showing the effect of freeze/thaw and wet/dry cycling on the hydraulic conductivity
of the barrier. The suggested EPA limit for compacted clay liners is provided for reference.
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Self-healing tests

Figure 5 shows the results of the self-healing test where the barrier was mechanically fractured
and then allowed to heal. Prior to and after the fracturing event the hydraulic conductivity of the
barrier sample was measuredcontinuously under a constant confining pressure. The results show
that the barrier had a hydraulic conductivity of 8.8x10™" my/s prior to fracturing. The initial
decrease in hydraulic conductivity is due to healing reactions occurring at the interface between
the two parent materials. Immediately after fracturing, the hydraulic conductivity increased to
8.9x107 m/s, representing the hydraulic conductivity of the parent materials. Within 0.05 pore
volumes of flow the hydraulic conductivity of the barrier had decreased to 1.4x10° m/s indicating
that healing was proceeding. After 0.63 pore volumes of flow the hydraulic conductivity had
decreased to its original value prior to fracturing.
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