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SUMMARY

This research program has designed, evaluated and demonstrated improved cementitious
grouts for completing vertical boreholes used with geothermal heat pumps (GHPs). Reduction of
required bore length and more efficient performance of GHPs can be achieved through enhancement
of grout thermal, physical and mechanical properties. Grouts were formulated to meet a number of
criteria including thermal conductivity, coefficient of permeability, dimensional stability, durability,
compatibility with conventional mixing and pumping equipment, environmental compliance and
economics. The program has involved extensive experimental characterization of grout properties,
field verification of grout performance, numerical modelling of grout behavior under thermal loads,
and interaction with GHP industry and environmental regulators. The culmination of the research
is successful use of the developed grout in commercial projects.

The optimized grout formulation (Mix 111) has a thermal conductivity up to three times
higher than that of bentonite and neat cement grout. The grout consists of cement, water, a
particular grade of silica sand, superplasticizer and a small amount of bentonite. The thermal
conductivity of Mix 111 was 2.42 W/m.K (1.40 Btu/hr.ft.°F) when mixed in the laboratory and wet
cured. The mean value for field mixed grout was 2.19 W/m.K (1.27 Btu/hr.ft.°F) This compares
with 0.80 to 0.87 W/m.K (0.46 to 0.50 Btu/hr.ft.°F) for neat cement grout, 0.75 to 0.80 W/m.K
(0.43 to 0.46 Btu/hr.ft.°F) for conventional high solids bentonite grout and 1.46 W/m.K (0.85
Btu/hr.t.°F) for thermally enhanced bentonite all of which refer to properties under wet conditions.
The thermal conductivity of bentonite drops to 0.40 W/m.K (0.23 Btw/hr.ft.°F) and that of thermally
enhanced bentonite declines to 0.50 W/m.K (0.29 Btu/hr.ft.°F) when dried out whereas Mix 111 only
decreases to 2.16 W/m.K (1.25 Btu/hr.ft.°F). Therefore, Mix 111 is particularly suited to conditions
where drying of the grout may occur. Bore length reductions may be up to 22 to 37% based on
calculations performed in FY 97 and depending on bore diameter, soil type and other variables.

Mechanical and hydraulic properties, shrinkage resistance, bond strength to U-loop and
durability are also better than neat cement grouts. Of particular importance from an environmental
concern is the ability of grout to act as an effective borehole sealant. Coefficient of permeability
measurements and infiltration tests on grouted U-loops have confirmed that Mix 111 has acceptable
sealing capability. Circulation of different temperature fluids through the U-loop was found to have
a relatively small impact on infiltration rate. As fluid temperature was varied from 3 to 35°C the
infiltration rate remained of the order of 107 cm/s. Infiltration rate was not greatly affected by
partial replacement of cement with ground granulated blast furnace slag or fly ash.

The structural reliability of ground heat exchangers of GHPs was investigated for different
thermal loading conditions. This task included two studies: (a) heat transfer and (b) thermal stress
analysis of the system. First, the heat transfer problem was investigated. Such investigations were
based on finite element modeling of the complete system i.e., the polyethylene pipes, the grout and
the surrounding formation. Both pipes were incorporated into the model. Using these models,
several heat transfer analyses were performed considering heating and cooling modes of operation
as well as a parametric variation of the materials involved. Following the detailed evaluation of the
heat response of the system, a thermal stress analysis was carried out. In the latter analysis, material
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properties obtained from our experimental investigations were input to the models for the grout
materials. Furthermore, soils were modeled to represent a range of soft to stiffer site conditions.
In addition, as part of our system reliability evaluation studies, a systematic investigation of the
effects in the system response due to formation of gaps at key interfaces was undertaken.

Debonding reduces the reliability of the ground heat exchangers. To quantify the impact due to
debonding on the performance of GHPs, a dual approach was employed. First, a set of simple one-
dimensional models were developed and used to perform variation of parameter studies considering
debonding at the grout/formation interface. These results were further investigated using two-
dimensional finite element analysis, which allows for a spatial variation of the gaps along the
interfaces considered. The latter analysis provided additional insights into the debonding problem
that cannot be obtained under one-dimensional assumptions. The above studies provided valuable
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(b) the thermal stress and deformation fields in the grout and (c) the influence of debonding in the
heat transfer characteristics of the system.

Field tests conducted at Oklahoma State University and Sandia National Laboratories on 250
ft deep boreholes verified the improved performance conferred by Mix 111. Thermal resistance was
reduced up to 35% compared with high solids bentonite grout and 16% compared with thermally
enhanced bentonite. The results confirmed the advantages of Mix 111 in different geologies and
climatic conditions and will give justification for designers to specify the grout on future projects.

Use of Mix 111 in consolidated and unconsolidated formations has been approved by the
New Jersey Department of Environmental Protection. BNL collaborated with the DEP and GHP
industry to develop permit conditions for the grout. A grout training session and field demonstration
of Mix 111 were performed in New Jersey in conjunction with the New Jersey Heat Pump Council,
Geothermal Resources Group, Geothermal Services and GPU Energy. Other technology transfer
activities included presentations at technical meetings and seminars, publication of research findings
and news articles to reach a broad audience, establishment of a web site describing the project and
provision of technical assistance and grouting guidelines to users and potential users of the grout.

The grout has been accepted and used successfully in commercial projects throughout the
U.S. One of the projects was for installation of a GHP system at a school and involved 130
boreholes. Interest in the material from the GHP industry has steadily grown due to the advantages
in thermal conductivity, potential reductions in bore length, improved bonding characteristics,
reproducible field performance and environmental compliance.
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1.0 INTRODUCTION

This project is concerned with the development and demonstration ty
cementitious grouts for use w1th geothermal (ground coupled, ground source, GeoExchange) heat
pumps (GHPs). Grouts are used to facilitate heat transfer between the U-loop and surrounding
formation, to protect groundwater from surface contaminants and to prevent cross-contamination
between aquifers. The research focuses on characterization, optimization, testing and analysis of
advanced cementitious grouts with improved properties compared to conventional neat cement and
bentonite grouts. The project was initiated in FY 97 and details of previous research are
documented in Allan (1997) and Allan and Philippacopoulos (1998). Research on grouting

materials conducted in FY 99 and a summary of prior work are provided in this report.

Initial research examined different thermally conductive fillers for cementitious grouts such
as silica sand, alumina, steel grit, silicon carbide and steel fibres (Allan and Kavanaugh, 1999). On
the basis of properties, availability and economics, silica sand was chosen for further investigation.

The influence of sand content and gradation on thermal conductivity and pumpability with the type
of equipment typically used throughout the GHP industry was studied. Other important properties
that were determined included shrinkage, coefficient of permeability, bonding to U-loop, durability
(sulphate and freeze-thaw resistance), exotherm, environmental impact, strength and elastic
modulus. The developed superplasticized cement-sand grout showed thermal conductivity up to
three times higher than that of neat cement and bentonite grouts. Furthermore, the grout retained
conductivity under drying conditions. The superior borehole sealing capability led to approval by
the New Jersey Department of Environmental Protection to use the grout in consolidated and
unconsolidated formations in that state.

FY 99 research included:
Long term infiltration tests on grouted U-loops.
Further coefficient of permeability studies.
Dynamic modulus tests.
Determination of the effect of age on splitting tensile strength.
Finite element analysis of thermal stresses and deformations
Finite element analysis to evaluate effect due to contact resistance on heat transfer.
Field tests of grout performance.

The field test data was provided by Oklahoma State University and Sandia National Laboratories
from boreholes that were grouted in FY 98. Owing to de-obligation of a portion of original FY 99
funding to the Geothermal Heat Pump Consortium, some planned experimental, modelling and
technology transfer activities were curtailed.



2.0 EXPERIMENTAL PROCEDURE
2.1 Materials and Mix Proportions

Type I cement (ASTM C 150) was used in most of the grout formulations. For one of the
boreholes in the field trials at Sandia National Laboratories Type V (sulfate resistant) cement was
used to take potential advantage of the lower heat of hydration. Ground granulated blast furnace slag
(BFS) and fly ash were used as partial replacement for Type I cement in some of the grout
formulations.

The superplasticizer used was a sulfonated naphthalene type with a solids content of 42%
by mass and was produced by Master Builders Technologies (Rheobuild 1000). This chemical
admixture functions as a dispersant and increases grout fluidity. Thus, superplasticizer allowed the
water content of the grout to be reduced while maintaining purnpability. The aim was to keep the
water/cementitious material ratio (w/c) as low as possible in order to improve thermal properties,
reduce permeability, and increase durability.

The silica sand was obtained from New Jersey Pulverizing Co. and the test card number is
3343-97. The sieve analysis for the sand is presented in Table 1, along with the specification. This
sand gradation was selected on its compatibility with paddle mixing and pumping equipment used
in the U.S. GHP industry and the thermal properties conferred on the grout.

A small proportion of Wyoming bentonite (sodium montmorillonite) was added to the
cementitious grouts to reduce bleeding, promote full-volume set, and improve sand carrying capacity

(i.e., reduce settling).

Table 1. Specification and Sieve Analysis of Sand Used

Sieve No. (Size, um) Percentage Passing (%)
Specification Sand Used

8 (2360) 100 100

16 (1180) 95-100 98.84
30 (595) 55-80 66.83
50 (297) 30-55 52.39
100 (149) 10-30 10.75
200 (75) 0-10 0.62




The ratio of sand to cement was selected on the basis of using two 100 Ib bags of sand (or
four 50 b bags) to one 94 Ib bag of cement. This was convenient for field mixing. The mix
proportions of Mix 111 are given in Table 2 along with other grouts tested in FY 99 for comparison.
The neat cement grout had a water/cement ratio of 0.6 whereas that for the cement-sand grouts was
0.55. Other grout formulations investigated throughout this project are covered in Allan (1997) and
Allan and Philippacopoulos (1998).

Table 2. Mix Proportions of Cement-Sand and Neat Cement Grouts Studied in FY 99.

11 114 115 eat

Cement (kg/m?) 587.7 349.4 346.2 1087
Blast Furnace Slag (kg/m®) | 0 233 0 0

Fly Ash (kg/m’) 0 0 230.8 0

Water (I/m’) 323.3 320.3 317.3 652.2
Sand (kg/m’) 1251.8 1240.5 1229 0
Bentonite (kg/m?) 6.5 6.4 6.3 0
Superplasticizer (1/m’) 8.8 8.7 8.7 0
Specific Gravity 2.18 2.16 2.14 1.74

The yield and proportions for a batch of Mix 111 grout based on one bag of cement are given
in Table 3. Note that the superplasticizer and bentonite contents may require adjustment depending
on the mixing equipment used. The given mix proportions have been found to be suitable for paddle
mixers typically used by ground loop installers. A high shear grout mixer may permit omission of
bentonite and reduction of superplasticizer.

Table 3. Mix Proportions and Yield for Single Batch of Mix 111.

Cement 1 x 94 Ib. bag

Water 23.5 litres (6.19 U.S. gallons)

Sand (conforming to spec.) 2 x 100 Ib. bags

Superplasticizer 639 ml (1.35 pints) (approximately)

Bentonite (recommended) 470 g (1.04 1b) (approximately)

Yield 72.2 litres (19.1 U.S. gallons)




A bentonite grout was used in the infiltration tests. The grout was mixed with a solids
content of 30% by mass.

2.2 Mixing

Depending on quantity, the grouts were either mixed in a Hobart planetary mixer, an air-
driven grout paddle mixer or an air-driven colloidal grout mixer. The paddle mixer was a
ChemGrout CG-550P model with a 34 gallon mixing tank and equipped with a 5 gpm capacity
piston pump. The high shear, colloidal mixer was a ChemGrout CG620 model with a capacity of
60 gallons. The properties of the grout, particularly in the unhardened state, depend on the type of
mixer used. Thus, some variation between the properties reported here can be expected if different
mixing equipment is used. Further details on required mixing procedure for Mix 111 are covered
in Allan and Philippacopoulos (1998) and Allan (1999).

2.3 Coefficient of Permeability (Hydraulic Conductivity)

The water permeability (hydraulic conductivity) of the grouts under saturated conditions was
measured in a flexible wall triaxial cell permeameter on cylindrical specimens 102 mm diameter and
70 mm long. The permeant was de-aired tap water at room temperature. The applied pressure
gradient was 207 kPa (30 psi) over the length of the specimen. The confining pressure applied to
seal a latex membrane to the side surface of the grout specimen was 414 kPa (60 psi). The
experimental set-up followed that given in ASTM D 5084-90.

Two series of permeability tests were performed. The first series was on bulk grouts. The
materials were cast in 204 mm high cardboard cylinders and cut to size after curing using a diamond
saw. The second series was on an annulus of grout cast around two axial lengths of 1 in. ID (1.3 in.
OD) HDPE Driscopipe®5300 (Phillips 66). The purpose of this was to represent grout surrounding
a U-loop and determine the permeability of the grout/HDPE pipe system. The centre-to-centre
separation of the two pipes was 50 mm. These specimens were cast as 204 mm high cylinders and
cut to a length of 70 to 80 mm prior to testing in the permeameter. All specimens were insulated
for 28 hours after casting so that thermal effects similar to those that may occur in a borehole were
simulated. Specimens were demoulded after 24 hours and cured for 28 days in a water bath.

The two embedded pipes were sealed with wax before conducting permeability tests so that
water would flow either through the grout or between the grout-pipe interface. This indicated how
permeability of the grout-pipe system might be influenced by grout shrinkage and bond quality. A
minimum of three specimens per grout mix was tested.

All specimens were vacuum saturated with de-aired water prior to measurement. Volumetric
flow rates in and out of the specimens were monitored and measurements commenced when
equilibrium was reached. ‘






















































































































































