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ARSTRACT

This veport discusses the backgraund and first vege's vesulis of the
grouting malerials development program for plugging borenol
ciated with the Nuclear Waste Isalatinr Pilat Plast, The preo
to be pummpable, impermeable, ard durable for many i isanes
vears. The work was done al the Cancrete Taboratory nf the ( .
Army Engincer Waterways Experiment Station (WES), Vicksburg,

Mississippi. The warkability, strength, porosity, hondine, expan-
sian, and permecability data are summarized and discassed. The

work 15 continuing at WES,
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BOREHOLE PLUGGING-MATERIALS DEVELOPMEXNT PROGRAM

1. Introduction

Representatives of Sandia Laboratories attended s Borehole Plugping Program Review
meeting in July 1975, vonducted by the Office of Waste Isolatinn {OWI) at the Oak Ridge Nationnl
Laboratory {ORNL), Industrial experts and ERDA personnel reviewed the accomplisiiments of

the program to that date,

The purpose of the program is to

® Develop techniques for plugging boreholes through and adjacent to underground

waste dispasal facilities

® Seal boreholes with plugs which will prevent movement of fluids and gases

toward or through the salt beds

® Provide plugs which will maintain their integrity for lime periods comparcble

1o lhe life of the rock formations in which they a~e used,

The concensus of the review meeting was that the only material currently availahle for
plugging boreholes is hjgh-quality cement. The desired approach is to improve the cementing
technology, primarily materials, to nweet the stringent quality standards required for waste

storage sites.

Subsequent to that mecting, a state-of-the-art rcporzl for borehole plugging was completed
and distributed. A second Barehole Plugging Review Conference was held in Tucson in Navemuer
1676, Apgain, the Ad Hoc Commitiee concluded that exisling state-nf-the-art methods, machinery,
materials, and knowledge arc adequate to ensure that boreholes can Je reentered and that horchole
plugs comparable to or stronger than the original rocks can be installed Lo prevent vertical move-
ment of fluids and gases. The commitice further concluded that the problem of credibility remains

ard must be addressed.

In a ietter dated Janvary 7, 19%7 i the US ERDA, Division of Waste Management, the Dir-
ector of OW1 listed three major programs for FY77 and FY 78:
1. Cement and Concrele Research and Development. Continue 10 support cement
research at Penn State and at ORNL. It was noted that this wark is complemcnted

by a Sandia-supported project at the U.S. Armyv Engineer WES, Vicksburg, MS,

2. In Situ Borehole Plugging Demonstration Project,
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3. Develop instrumentation to monitor the physical and chemical properties of the

plug and wall rock materials with telemetering systems and remole power supplies

for many years.

Sandia commented that several vears of development are needed for the third program and
its sucerssful completion is needed for the Jong-range monitoring of the second program to deveiop

the credibility necded for the Borchole Plugging Program.

The initial conclusions reached in 1973 were the impetus for initiating a leng-range develop-
ment and testing program at the WES Cancrete Laboratary. The program is to study and improve
cementing materials and to conduel expnsure tests of materials over an extended time period, This
report will summarize the preliminary discussions and the various activities both in the laboratory
anid 10 the field which have taken place in sup ort of the Borehole Plugging Deveclopment Program.

1t wild amphfy the ficst WES repart of studies for the Borchole Plugging Program. :




1I. Background

Discussions coucerning plugging boreholes and durability «. ¢ menting materals have been

held since Jely 1975 with individuals from (he following orgamzalinns:

B. J. Hughes, Inc.
Concrete Laboratory, WES
Dowell Division of DOW Chemical U.S. A,

Haliburtian Services

Malerials Reseatrch Laburaive y, Teainsyivania State
Portland Cement Association
Southwestern Portland Cement Company

U. S. Navy Civil Enginecring Laboratory

These discussions have been useful in finding previous and current studies about the behavior

of cementing materials and in obtaining ideas for possible improvements.

A Dowell study3 evaluated existing materials and techniques {in 1471} to delermine the most
suitable system for plugging boreholes. The recommended cements for the New Mexico area were

two from Southwestern Partland Cement Campany: El Toro Type V and El Tnra ChemComp {ex-

panding) sulfate-resistant cement. Both cements praduced excellent bonds o formation matertals
and are resistant to sulfate-water. The report staled that the trend was Lo usce expanding cerient
{ChemComp) in critical areas: however, the Burcau of Mines was the only onc publishing data 1o
back up the statement.4 Preliminary labnratory testing reported by the Burcau ¢f Mines showed
lower values of porosity and permeability and figher bulk density for the ChemComjs grout micture

than for normal portland cement and a flvash-and-portland cement mix.

The recommended cementing material in Reference 1 fnr the New Mexice arca is a special
Class C {SR) cement which coniains nn CaA and, therelore, has high-sulfate resystance. The onlv
two cements manufactured for the oil industry and meeting these requirements are l.one Star
Cement “Incor” from Maryneal, Texas and Sputhwestern Portland Cement "El Taro 35" from
Odessa, Texas, The addition of flyash and dispersant to lower the water content are also rerom-

mended.

The Portland Cament Association (PCA} conducted studics of the resistance of portland-
cement mortar and concrete to attacks by sulfate and other chemicals for several decades, 5.6
The laboratory studies of mortar bars in Refcrence ¢4 showed that El Toro Type V cement (calcu-
lated CSA content of 3.7%) is more resistant ta sulfate attack than the ntner zements. The field
exposure sludies5 showed that cements with less than 117, C3A coment performed withou!l concrete

detcrioration through 25 years of exposure ta sulfaie soils.



l.ra discusses the resistance of concretes to organic and inorgame chemicals, natural
7 . : .
waters, and sulfate soils,  In addition to the importance of law C,.’A content to resist sulfate

attack, he stresses the pozzolanic cements to increase resistance to chemical attack.

Tuthill staled that, in addition to low tricalcium aluminale conient being the most important
factor 1n improving resistance of conerete o sulfate, several other factors provide improvement:
(1} reduce water/eoment ratia, (2) reduee the feaching of hydrated lime by using an active poz.o-

- R 8
lanic materal as a 15% to 0% substitution of the cement contemt by weipht, Tynes reported data

a . aser
the effect of fly-ash replacement in corerete mixtures: he compared 25% and 357 replacement

by valunwe (@ppraximately 2895 and 297 by weight),  For the 90-day age comparisaos, the peeme-
abihty wos reduced for the fly-ash-replacement mixtures compared to the all -poriland-cement
mintare, Both amounts of Iy ash gave about the same permeability while compressive strengih
Aecreased shigatly and abrasion luss increased {or the higher fly-ash content, WES concladed that
Yor flv-agh-portland cement having a 1ineness o) anoul 4000 cmzi;z {Class C), the data sugpests an

optimam fiv-ash conlent of about 25% by weipght, 10

AMchia found that crpansive cement coreretes made with shrinkage-compueasating Type K
. 11
cements wore similar to the concrete made with Type V partland cement. The experimental
results and theoretical computativns showed that the resistarce to sulfate attack is related 1o the

amaount of Al {the A in C.QA) availahle.

Alikbarlov studied the duraimlity ane permeanlity of conerere made with self-stressing
CEpUNSIve Cemens, 1z He faund thai the great compactaess of steessing-cement concrete gives It
an e reased resistance to the passage of fluids and gases. Permeabilities of prpe made wnéh
stressing cement were reduced by an order of magnitude or greater than with normal portland
cement. When the propersly restrained specimens of siressing cement werce expnsed to suifate

attack, thev exhibited compacable sullate resistance to low-aluminate portland cement,

The data 1n the references and the discussions suggested the following approach to the pro-
bleor of providing maximum long-term durability, high resistance o groundwater attack, low

permeability, and adequate working iime for pumpable grout mixtures:

1. Select a Type K shrinkage-compensated cxpansive cement with a no tricaleium
aluminate content fur the "normal™ portland paction of clinker.
2 Include more highly expansive Type K self-stressing cement to possibly

1Mprove bonding 1o the rovk, reduce premeabilicy, and overcome the

«d rogk adacent o e borchole,

distress,
3. Include both fly »sh and natural pozzolans o study their effects on permeability
and durability,

4. Study water reducing admixtares (super plasticizers) to find those most

officirnt in reducing the water/cement ralio,
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5. Include a retarder to achieve a working time ol 3 hours for ny mixture selected

for extended testing.

6. Add salt, both diggolved iu the mixing water and as salt sand, 1o same mustures

for the grouts to be placed theough the "salt anction™ of a horehale plug,

As the sludy progressed, additional groul mixtires were added Which tvptiy the hest mix -
tures currenlly available for the soulhwest New Mexico arca - Class C (SR) cement.  Both lubora-
tory and field samples arc included in the exposure studies to cxtend the dala base foe fulure

dec s whenever a borehole is to be permanently plugged.

To wet this study in the proper persprctive, the [ollowing is quated from Bryant Mather,
13

Chief of the Concrete Laboratory at Wi "Conerete 18 a ronsirocuon material that is made by
mixing to a degree af homogeneily ingredients having an infinite varmety of praperbies of widely
varyiag significance, proportioned in accordance wilh a recipe selected aceording to poorly defined
rules.” The same idea i& applicable ta grouts in the cementing industry. Evea with the large
amounl of labaratory research including techniques o simulale conditions und.orground, the present
knowledge of actual behavior in situ is still far from complete. The goal of the Borcaole FPlugging

Materials Development P.ogram is to
1. Combine an extensive laboratory program with lield supervision and guality

control of grouting vper itions

2. Continue study of representative field samples of grout mixtures including
samgples prepared at the surface and, when possible, cares of the downhole

plugs.
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{1, AMatcnais Developmont Program wf B

The 1mtial phase of the work at WIS consisted of proportiomng several hundred groul mex-
tures with var sing combinations of materials, Included in thes - preliminacy mixtures woee cements,
£l ash and natural pozzolans, pel, sand, sali, super plasticizers, retarders, and water, This
effort rehied anthe experiences of the persannel in the grouting hranch at WES to reduce the many
poassible combinations down to a practical pumber which cauld he selected fur preparation amd

lesting, The smnal propartinoning included both caleulations of mixiore weiells and muxing of

Musd samples 1o check yvisensity (potential pampabidny) with a setung tme of up w0 3 hours, and

fog
The 3% nuxtures histed in Tables 1, 2, and 9 of Reference 2 werce doveloped to systematically
Jvok at differing amounts of cach material ina mixture, Table ! (Reference 2} lists the weipht of
vach material, density, cement content, and water/cement ratio fur companson. Table 2 {Refer -
rnce 2) lists the freshiy mixed and hardened data, The behavior in the freshly mixed state- -
viscasity and ume of initial and final set--provided data for selectian of mistures for further

np. The strength data a3 the standard 28-davs age were eompared with a reasonable Jower

Dt of 2007 MPa (1000 ps1) vneoufined comprossive strength to further narraw the selection of
mixtures. This sirength level is comparable to the expected upper level of in situ conditions for
plugeing foles at the WIPP site. Table © (Reference 2) lists the replacement nf cemen: with fly
2sh and otlicr pozzolans for comparison within this group and with data available from previous

srudies at WES and elsewhern,
As soon as most of these data were available, the mixtures for long-term durahility and
camprohensive tosting of phvsical properties weee selected. The mixture prapartians af the fwve

grouts seleored are shown an the first five columns of Toble £,

The first four ruxiures have o K shrinkage ~compensated sulfate-resistance ChemComp

as the hasye cement. The fifth mixtere has the normal Class € {SR) {Type 1) perdand cement,
Mixt.res R and 4 inclade the more highly expansive ChemStress coment b study the cffect of self-
s1tessing levels of expansion, All five maisiures have 237w 307 by volunie fiv ash replacement
{19710 257 by weights, Mixture 4 includes the natural pozzolan (a calcined tuff) to study the effects
«fa grout with the moximum practical content of pozzolan (f1v ash plus natural pozzolan), The v~

ashipozzalan repluzement as 557 by volune,
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TABIE [

Grout Aixture Proporions and Strespins

Metric Units

1 2 3 1
BPN-FA -
BPN-FA-  BS-SP- BPN-CS- BP-321  BS-SP-P-1 English Uans
SP-P P-1 FA-1 25MP {Type ) 2 K] 4 5
Class ¢ (Type UN . .
Cement Wl oy - - - HEa Ihfit - - - 1. 21
1 i
ChemComp Cement kefm E 884 g 07 - th/ 1t A1.12 4%.21 52,02 11 53
1 A
ChemStress Coement kaf/m - 14 1 - Ih/f - “«. N0 n.Q0 -
k 1
Fly Ash xefm® 320 208 268 Jun 2y ' 20,46 T8, 38 16 6 12.40 18,58
1 3
TUFA {poszolan) kigfm - . - 18 - /it - O
. 3 s
Fune Salt (tissalved) ka/m - Bt - [EX] [UYAT 11,41 - 11.43
\ t
Melment-1.010 kp/m 26 24 2R 34 24 U 1.8% 140 2. 10 1.4
4 3
Plastiment we/m 2.6 20 3.0 2.8 20 wzlin (2 & (2.9 (3.02) {2.78) {2.94)
4
Water wplm Vinl o 13 W et 1331 "o 12,66 ELE 31,73
1
Density pmfom 1,88 LoRT 1,04 1ocH TR LR Tt d 110 116.9
tea [RA 161 158 15.6
Cenuenl bactor 4 i
Al Coments wuf “tn Ay Tis s RURS [Ee) Taan (R (R [EINl 15491
t
Coment & Fis As ke/m 1408 [REss [ETIEY 1040 [§E) e RTRY 250 1Tt 1o
Ely Ash Heplas cment vl a,30 n, 40 0,24 0.1y 0.0 nowt n 2 a2, R ot
Water/Cement Ratio
WaterfComenn - n. Ak "o 046 oG [T noE (L [T N oFn
Water/Coment -
b1y Ash 0,42 04 0,47 (I 0ot ] [N woay ) [T
281y Uneonlined
Compressive Steength Miva (] [ i Vi I ] 0 R 540 ANRN




Mixtures 2 and 5 uscd saturaled brine mixing water. Mixture 2 is a direcl comparison with
Mixture 1 lo study the effect of saturated-salt grouts which may be required through the sall sec -
tions of borehole plugs. The effect on strength is notable for the same water/cement ratio. The
reduction in the unconfined compressive strength from $2.2 MPa to 37,1 MPa (7570 psi to 3380 psi
or 29°) is probably more scvere than the reduction in cement content of 1€ percent for Mixture 2

compared to Mixture 1 with fresh water,

All five mixtures have the superplasticizer Melment L-10 included ta reduce the water
conlent to the minimum while still maintaining adequate pumpability. This 18 expected to improve
strength, bonding, and durability, and to reducc permeability. The addition of the retarder,
Plastiment, maintains the pumpability {for these high-cement-content grouts) for the required 3

hours.

Mixture 3 had the bighest fluid density of all the grouts without salt or sand in the mixture.
It also had the highest 28-day unconfined compressive strength, The highest cement content and
lowest water/cement ratio accounts for this vrry high strength which is not normally found in

pumpable mixtures.

A comparison of ChemComp cement wilh Class C (SR) (Type [11} cement in brine grouts can
be seep in Mixwres 2 and 5. With all weightls of materials be'ng equal, the strength for Mixture 2

1s about 6% greater.

Some of the specime.s of each of the five mixtures have been submerged in water with a
chemical content similar tc the underground water samples of the WIPP site. The first criteria
and method of preparation {or the simulaied groundwater are listed in Table B (Reference 2), The
crileria was revised as listed in Table 10 {Reference 2), to simulated groundwater for the exposure

and permeability testing after the first vear of exposure for the current specimens.

The remainder of this section will discuss the data in Tables 3 through 7 (Reference 2). All
of the data and observations of the specimens confirm the excellent quality of the five selected lab-
oratory mixtures. There is no apparent deteriorution of any specimen either under the exposure

to simulated groundwaler or protected to prevent moisture loss in the laboratory environment.

Table 3 (Reference 2) lists dynamic modulus apd compressional ~wave velocities for 7, 6-cm-
diam x 50. B-cm-long cylinders (3 x 20 in.). Even wilh the elevaled curing lemperature of 48°¢
(120°F) for 28 days, the initial representative values for mixtures with 36% or higher pozzolan
content should be the 56-day age values. Mixture 3 consistently has the highest unconfined com-
pressive strength, the highest dynamic modulus, and the highes, compressional~wave velocity.
Canverscly, Mixture 5 has the lowest values, The other three mixtures have consistent numbers
based within that range consistent with the relative strengths. The variation in dvnamic modulus
from 56 days (o one year for the same exposuce condition is {ess than 5% and generally has a slight

imcreasing trend as expecled for the continuing normal hydralion of the cement content of the grout.



k 8 . . .
The highest value is 23,6 x 10’i MPa (3.4 x 10 psi) for Mixture 3 with the highest strength. The
lowest values are about 13.8 x 103 MPa (2.0 x 10G psi) far the two lowest strength mixtures, 2 and

5. These are the two mixtures with saturated-sall mix water.

The cempressianal -wave velacity data shiow a similar pattern of the highest valucs for
Mixture 3. The variation with time for cach mixture 1s less than 5% and does not show an in-
creasing trend for all mixtures at later ages. This variatian is about the expected accuracy of

the soniscope far the 31-cm (20 in. )-long specimens.

The resonant-frequency methad for dynanue modulus and the sontscone metked for con-
pressionad -wave velocity are nondestructive tests, The same specimers will continue 1o be

tested at 1-year intervals to monilor improvement ar deterioration. There are three specimens

for each mixture submerged in the simulated grouad water.  Unpublished wenght-chanpe data

{which will be included in the next WES report) show the expoected slight gain in weight during the
first yeav of aboul 3% to 8" for Mixture 1 and less than 47 for the other {four muxtures. The dry
specimens were covered with a plastic coating at demolding and encased in double-plastic bags to
prevent moisturce loss, The weight lass is less than 17 for these specimens, most of which pro-

bably occurs when they are removed from the plastic hags for periodic measurements.

All of the above data indicale good quality grout with no evidence of deterioralion during the

first year of exposurce to the simulated groundwater.

The band-strength data in Table 4 (Reference 2) was ntended ta provide a preliminary indica-
tion of bonding characteristics for each of the mixtures. The Lest of banding to & smaoth steel sur-
facc is probably more severe than the bonding to rock with irregular surfaces, The values of bonrd
strengih which range hetween 5, 9 and 1.7 MPa (855 and 250 psi) show a good ught interface. The
successive cutting of specimens fram the grout-filled pipe and drying of the grout can explawn the
lack of definite trends, The current bond studies are concentrating on bonding to the formation

materials.

In Reference 3, bond strengths of grouts to sandstone, salt, and anhyérite were determined.
Drilling-mud ¢ontamination af the surface and Nushing with various agents preceded the grouating
of the 3.3-cm (1.3 inj-diam holes in formation cores shghily less tnan 10.2 ¢m (4 in. } o dhameter,
Values of hond strength to sandstone were 2,8 MPa to about 8.45 MPa (400 1o 1225 psi). Some of
the five study grout mixtures may show higher values of bonding to the stronger formation rocks
because of surface roughness and irregulacities comparced 1o smaoath stecd pppe. Cleaning the

drilling mud from formaton surfaces will he a key factor in achieving goad bond,

The volume -change data 1n Table 5 (Reference 2) 18 a measurement of the lergth change of
unrestrained 0.075- x 0.075= x 0,25=m (3= x 3= x 10~in.) prisms. The set of specimens coated with
a protective "paint-on' skin and stored in double-plastic hags at 24 -hour age slill show a "drying

out" length reduction for all five mixtures, Minture 3 with ChemStress cxpansive cement showed



a peak expansion at 14-day age and had the least length reduction of all five mixtures. The other
mixture with ChemStress and with the additional natural pozzolan (Mixture 4) reached a lower peak
cxpansian of 6 days and showed the next lowest leagth roduclion through 8 months, Mixture 5 with
brine muxing water and the normal Class C {SR) cement showed a slight expansion through 3 days
and a shghtly greater length redurtion through 6 months than Mixture 4, Mixtures 1 and 2 showed
na expansion and about 50% greater length reductions than the other three mixtures through 6-
months age. The data for Mixtures 1 and 2 show a continuing length reduction through 12 manths

of data.

The second sel of spectmens which had the initial length reading afler remaining in the steel
molds for 28 days were then submerged in the simulated gronndwater.,  Mixture 4 kept its ipitial
length through 6 months, Mixture 2 (with brine mixing waler) showed the greatest expansion for
the submerged specimens,  All of the oxpansions stabwlized by 6 moaths and have maiatained the
Iength through 12 months, There is no apparent deterioration of the surface of these submerged
samples. The effect of the expansion on bond strength will be evaluated during the tond-to-
formation testing since a definitive trend for the bond-to-steel pipe speeimens 1s nol apparcent at

uus ume.

Boa concluded that the data on porosity may be misleading since Mixture 5 had the lowest
porosity and was the only mixture which had a nieasurable permeability for flow through the
specimen.  All mixtures had waler flow initially into the specimens.  Mixtures 1 through 4 showed
permeability rates of less than 0, 0002 md during the initial flow of water into the specimens
through about 1 to 2 weeks time. The data for Mixture 5 in Table 7 {Reference 2) shows perme-
abilities o 0. 0008 md and less for Ihe four specimens. Tne eifective porosity 1s receiving addi-
tional study. Gas permeability testing of samples has recently heen iniiated: also porosity
determinalions by grinding of specimens to a fine grain size and comparison with the pressure
pyvenometer data in Table 6 (Refrrence 2) are underway, These studies will receive more empha-

sis during the current vear and wil} ke discussed further in the next report.,



IV, long-Term Development Program

The studies at WES and numerous discnssions wilth individuals have gencrated wdeas for the
long-term materials ~developmant program. Part V (Reference 2) hists many of the 1deas which
have been discussed and seem ta be practicable, They will be considered during cach periodic

review of work in progress and in planming for the program,

At the present ume, work is underway or planoed during FYT8 for the followine arcas hsted
on pages 13 through 16 of Reforence 20 8, by o, d, o, 1, ¢ ko, o0, 0, pyo5, v, 4w, x, N, 2, an,
bb, and ce. The tlems to be mtated during FYT are f, g, 1, s, u, and w. ‘T"he wdea of possible
use of chemical matching grout (item h) is not being actively pursued under this program, How-
ever, WES maintains an up-to-date knowledge of chemical grouts available thraughout the world
for thear many other RaD programs.  Now products with properties which scom advantageous will

be discussed at periodic review meetings.

This report described the background and some of the Unnking and discussions which gener-
2
ated the work underway, the data available, ~ and a list of activilies prapased for imtiation during

the next vear and a half,

Aramporiant part of the averall program [or any borehole plugging prajeet 1s ithe guality
1 I prog A i 2 pray) 9 A

control progranm:. Personnel from the grouting branch of WES will participate in ali field activities

and supervise the operations af the cementing contractor. Qualily control will also involve pre-
himinary anspections of the equipment to be used at the job gite and in the bateh plant. Samples of
all growting will be obtained tn addition o samples of the hlended materials before mixing.,  Sam-
ples of the mixed grouts will he cast and tested at the job-site field lahoratory for rapid evaloation,
Additianal samples will he shipped to the WES 1.aly and will be included in tae lang-term durabibity
stedies. Physical properties of the ficld samples will be evaluated for a data base of field mate-

rials compared with laboratory-prepared specimens.

The first field-learning acuvity took place 1in October 1977, during the plugging of ERDA 10
borchole. Data from the studies of these fic)d samples continue 1o be generated. Samples cast at
the surface of the three different grout mixtures placed in a total of four plugs, cores from hardencd
grout in the bo'tom plug, and return grout during the placement of the third plug werce oblained.
These studies are considered a part of the development program and are ncluded in the lorg-term-
durabdity testing. A report of the dota from these ficld samples and the significance related to the

development program is in preparation.
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