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ABSTRACT 

The Borehole Plugging (BHP) materials development program which has been 
underway at WES under Sandia sponsorship for about five years is reviewed. 
Development testing data for candidate grout mixtures for the BCT plug are 
presented. Field batching, mixing, and placement operations are discussed. 
Data from field samples molded during the two plug placements incZude 
strength, expansion, compressional wave velocity, dynamic modulus, density, 
and porosity. Microstructure and composition are compared for grout samples 
at ages of a few weeks and one year. 
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BELL CANYON TEST (BCT) - CEMENT DEVELOPMENT BEPORT 

Background and Introduction 

Cementing materials development studies for the Borehole Plugging Pro
gram (BHP) have been underway at the U.S. Army Engineer Waterways Experiment 
Station (WES) Structure Laboratory (formerly Concrete Laboratory) since 
1975. The work is sponsored by the Waste Management Technology Department 
of Saudia National Laboratories which has technical responsibility for the 
studies supporting development of the Waste Isolation Pilot Plant (WIPP) in 
southeastern New Mexico. 

1 2 The purposes of the BHP are 

1. Development of techniques for plugging boreholes through and adja
cent to underground waste disposal facilities 

2. Sealing boreholes with plugs which will prevent movement of fluids 
and gases toward or through the salt beds 

3. Providing plugs which will maintain their integrity for £ime 
periods comparable to the life of the rock formations in which they are used. 

Several review meetings have concluded that the only material and 
technique currently available for plugging boreholes is high quality cement-

1 3 m g . These conclusions were the impetus and are the basis for the 
long-range development and testing program at WES. The two continuing tasks 
of the Materials Development Program have been to 

1. Combine an extensive laboratory program with field supervision and 
quality control of grouting operations 

2. Continue study of representative field samples prepared at the sur
face and, when possible, cores of downhole plugs. 
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Table I Hats some of the desirable grout properties that candidate 
plugging grouts should possess. The effect of water/cement ratio on the 
quality of cement products has long been recognized. Pumpable grouts gener
ally require far more water than is needed for complete hydration of the 
cement. The reduction in water/cement ratio has been studied and achieved 
by various combinations of the following items: coarseness of the grind of 
the cement, water reducers including superplasticizers and turbulence-
Inducing compound, retarder, and temperature of the grout slurry. The 
lowest possible water/cement ratio has a maximum effect on improving the 
first four properties: low permeability, low porosity, high density, and 
high strength (Table 1). 

Table I 

Desirable Grout Properties 

1. Low permeability 
2. Low porosity 
S. High density 
4. High uric on fined compressive strength 
5. Expansive potential 
6. Isotropy and homogeneity 
7. Fumpability and adequate working time 
S, Stability and durability 

Expansive cement systems have been included to provide a positive 
expanding force against the rock, surface of the borehole after hardening 
when shrinking during cooling takes place. This expansive force should 
reduce Che microfractures in the destressed annulus of rock around the plug. 
It should help achieve a "tighter" interface between the plug and the rock 
to improve bonding resistance to plug movement and the impermeability of the 
grout plug* particularly at the interface. Two expansive systems have been 
used during the program - Type K expansive cement and the DOWELL* Self 
Stress Cement. 

'Trademark of the Dow Chemical Company. 
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Both fly ash and natural pozzolans nave been included in the studies to 
determine their effects on permeability and durability. Fly ash has been 
included in all mixtures (30% by volume replacement for cement) tc reduce 
early age temperature rise and to contribute to later age strength gain and 
durability by combining with calcium hydroxide Co form the more stable and 
durable calcium silicate hydrates. 

Salt (sodium chloride) has been included in some of study grout mixtures 
because of the evaporite rock sections at the WIFP site. The salt brine 
mixing water is necessary to prevent dissolution of the evaporite rock at 
the interface while free water is present in the grout. 

Cements low in tricaleium aluminate (C-A) which are generally used in 
the Southwest have been the basis for the grout mixtures. Low C.A content 
is a major factor in the resistance of cement mixtures to sulfate attack. 
Fly ash in the grout mixture is also a factor in improving resistance to 
sulfate attack. The lowest possible water/cement ratio and its effect on 
the gel-pore structure of the grout also has a significant effect on the 
stability and durability of the grout plug. 

Results of the studies are available in References 4 and 5. A third 
report (number 3) in the series is in preparation and will include data 
through three years of exposure. More comprehensive and detailed studies of 
cement hydration phases and interactions with wall rocks of boreholes are 
being addressed in the Geochemical Program by Steven Lambert at Sandia 
Laboratories, by Catherine Mather at WES and Dr. Bella M. Roy at Penn State 
University. 

BCT Grout Mixture Development 

The first review and planning meeting for the Bell Canyon Test 
was held in January 1979. Based on previous laboratory development work 
at WES, Class H cement and a proprietary additive of Dowell Division of 
the Dow Chemical Company were proposed for the grout mixture. During 
the next month twenty-four grout mixtures were formulated and tested for 
time of efflux, workability, density, and strength (under accelerated 
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curing). From these studies a grout mixture designated as DHT-K9) was 
selected as having an optimum combination of properties. The mixture 
proportions in percent by weight are shown in the first column of Table 
2. Class H cement uaa chosen because of its coarseness (and low water 
demand) and appropriate amount of C,A for expansivity. The mixture 
also included 10.5! expansive additive, 30Z fly ash (by volume), salt 
(30% by weight of mixing water), and a superplasticizer. Salt brine 
mixing was used in the development mixtures because of unknown condi
tions of the surface of the wall rock at the plug location. Previous 
testing had indicated the desirability of including salt in the mixing 
water for plugs at locations where salt was the host rock and brine 
drilling mud had been used. 

Table 2 

Salt Grout Mixtures 

Proportions (Wt Z) DHT-K9) BCT-1F 
Class B Cement 50.6 50.1 
Expansive Additive 5.3 6.7 
Fly Ash 17.8 16.9 
Salt (NaCl) 5.8 6.5 
Superplasticizer 1.3 -
Dispersant - 0.2 
Defoamer 0.02 0.02 
Water 19.2 19.5 
Piopert ies 
Water/Cementitious Ratio 0.26 0.26 
Fluid Density, g/cm^ 2.06 2.04 
Fluid Density, lb /ga l 17.2 17 .0 

Using the mixture proportions developed by WES, Dowell adjusted the 
mixture by substituting a powder dispersaat instead of the liquid super
plasticizer. Mixture proportions for this mixture designated BCT-1F are 
shown in the second column of Table 2. The expansive additive was also 
raised to 13% (by weight of cement). The water/cementitious ratio 



(including cement expansive additive and fly aah) was similar for both 
mixtures, and the fluid densities were considered acceptable. WES con
tinued testing physical properties of the DHT-K9) mixture through the month 
of April. Unconfined compressive strength of the 5 cm (2 in.) cubes cured 
at 53°C (128°F) was 57 MPa (8375 psi) at 14 days' age. Expansion prisms 
conforming to ASTMC 806-75 were cast and cured in different environments. 
Linear expansion of the bars was generally in the range of 0.06 to 0.10% for 
all bars inundated in fresh or brine water at 56 days' age. 

During late April the plug location in the hole was selected to be in 
the anhydrite sequence. Boxes of anhydrite core were shipped from Carlsbad 
to WES and also to Peon State University (PSU)> Oak Ridge National Labora
tory (ORHL), and Dowell. At this time the BCT-1F mixture was selected as 
the plugging grout mixture. Quantities of the materials in the mixtures had 
been previously provided to the FSCT and ORNL Laboratories so that all four 
laboratories would be using the same materials and mixture. 

The temperature at the plug location was expected to be 53°C (138°F) 
which had been the reported temperature in another drill hole near the WIPP 
site at a comparable depth. The compressive strengths at 14 days' age were 
above 26 MPa (3800 psi) and as high as 34 MPa (5000 psi). Push-out bond 
strengths for grout-filled holes in the anhydrite were above 2.8 MPa (400 
psi) and as high as 6.9 MEa (1000 psi), depending upon laboratory curing 
conditions and size and age of specimens. All of the expansion data, push-
out shear bond strengths, and compressive strength data showed the BCT-1F 
grout mixture to be adequate and were in general agreement with previous 
development data. 

During June and July 1979 the results of permeability tests on anhy
drite cores with grout-filled holes showed a wide variability in results: 

—3 —6 These range from 10 to 10 darcy. Samples of BCT-1F grout consistently 
had water permeabilities less than 1 x 10 darcy. Anhydrite cores with 
grout-filled holes showed leakage at the interface and evidence of white 
powder (halite crystals) at the interface on some samples, particularly for 
samples cured at lab ambient temperatures of about 22°C (72°F). The 
push-out bond strength for these samples was still in excess of 2.5 MPa (360 
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p a i ) . This showed that push-out bond strength wee not an adequate measure 
of the quality of the grout/rock in ter face . Recent temperature measurements 
in the AEC-7 hole at the plug locat ion depth indicated an ambient tempera
ture of about 32°C (90°P), unexpectedly low for the depth of about 
1370 a (4500 f t ) . 

The continuing laboratory grout development program had included com
parable freshwater grouts while the major development ef fort for BCT was the 
evaluation of the BCT-1F s a l t grout. A grout mixture with fresh mixing 
water was formulated as an a l ternate , subject to further t e s t ing . The 
freshwater grout mixture was designated as BCT-1FF. Relative proportions of 
i t s dry materials (except s a l t ) were about the same as the BCT-1F grout mix
ture. Mixture proportions and properties are shown in Table 3 . The water/ 
cementitious rat io was increased to provide an acceptable v i s c o s i t y and 
pumpability of the grout mixture which reduced f lu id density to 1.98 g/cm 
(16.5 l b / g a l ) . 

Table 3 

Salt and Freshwater Grout Mixtures 

Proportions (Wt Z) BCT-1F BCT-1FF 
Class B Cement 50.1 52.1 
Expansive Addit :ive fi.7 7.0 
Fly Ash 16.9 17.6 
Sal t (NaCl) 6.5 -
Disperaant 0.2 0 .2 
Defoamer 0.02 0.02 
Water 19.5 23.0 
Properties 
^atei/Cementitious Ratio 0.26 0.30 
Fluid Density, g/cm 2.04 1.98 
Fluid Density, lb /gal 17.0 16.5 

Studies at the three laboratories (WES, PSD, and 0RNL) showed 
that the freshwaL'jr grout had a higher strength and more expansions than the 
s a l t grout. Push-out bond strengths i n anhydrite cores were equal to or 
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greater thin for the salt grout. When split along the length of the 
specimen, the freshwater grout samples showed a tighter adherence of grout 
to rock, a reduction in permeability at the interface, and no discernible 
leakage paths. On the basis of these studies the BCT-1FF mixtures were 
chosen for the BCT plug. 

Samples were prepared late in August for permeability testing of the 
grout and interface in anhydrite rock cores. The type of specimen pre
viously used for push-out bond strength tests was used for water perme
ability tests - 5.7 cm (2.25 in.) diameter grout-filled holt in 10.2 cm 
(4 in.) diameter anhydrite cores. The core was restrained ii. a 15.2 cm 
(6 in.) diameter steel ring with the same grout filling the a.inulus between 
anhydrite rock and steel ring. Three curing conditions were used thrc -igh 
about 10 days' age and are described at the bottom of Table 4. In all cases 
the samples were surrounded by brine water while the grout was still fluid 
for the 10 days of curing. 

Table 4 

Hater Permeability Tests BCT-If Grout Lab Samples 

Water Permeability, 10 darcy 
Age, Days Curing Condir .on 

1 2 3 
25 2.26 13.1 0.8S 
50 1.37 3.3 0.73 
82 1.49 2.09 0.56 

110 2.25 4.12 0.73 
210 2.84 4.76 0.58 

Curing Conditions 
1. Curing temperature curve to 66°C (150°F) at 12 hours, reduced to 

38°C (100°F) at 24 hours and remains constant at 38°C for 10 days. 
Pressure cf 10 MPa (1500 psi) applied to fluid grout in the anhydrite 
core and confining ring through hardening and to 10 days' age. 

2. Constant temperature of 38,;>C (100°F) and pressure of 10 MPa (1500 
psi) applied to fluid through hardening And continuing to 8 days' age. 

3. Constant temperature of 100 F and ambient pressure to 10 days' age. 
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The samples were then placed in the permeability apparatus and sub
jected to freshwater at 1.4 MPa (200 psi) applied to the grout-filled 
central hole and to about a 1.3 cm (0.5 in.) annulus of the anhydrite core. 
WES equipment for permeability is described in Reference 8. 

Permeability values are listed in Table 4. The sample under the third 
curing condition of constant 38°C (100°F) temperature and no additional 
pressure has maintained the lowest permeability values - less than 1.0 z 
10 darcy through 210 days. The other two curing conditions were 
intended to bracket the downhole curing temperature and curing conditions 
for the field plug. The small sample size and confining ring may not pro
vide as much restraint (when removed from the curing chamber and prepared 
for permeability testing) as the in situ field plug. Values of less than 5 
x 10 darcy after 48 days and through 210 days' age for all three samples 
show evidence of a tight contact between the grout and the anhydrite. Water 
permeability values of grout samples have typically been less than 0.1 x 
10 darcy. These samples will continue to be tested at later ages. 

Field Operations During Plugging 

Field mixing of cement grout for the two BCT plugs took place on Sep
tember 26, 1979, and February 14, 1980. f though the actual volume for each 
short plug length was less than 0.3 m (10 ft ), batching and mixing 
operations were standardized for a volume of 200 sacks (cement plus fly 

3 3 ash), yielding about 5.4 m (190 ft ) of grout slurry. These mixing 
operations were used as trials in the development of quality control proce
dures for future and larger borehole plugs. 

Batching and blending of the dry materials took place at the DOWELL 
plant in Artesia, New Mexico, during the day previous to mixing at the BCT 
site. Operation of the batch plant was inspected by Sandia and WES per
sonnel, and the calibration dates of scales and equipment were noted. A 
sample of each of the materials used in the grout mixture was obtained, and 
the sources and dates of shipment were recorded. Dry materials were 
weighed, blinded, and loaded into a tier of a bulk truck for transport to 
the site. Each weighing operatic^ wis closely monitored by WES personnel. 
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On-site nixing waa done in one tank of a twin-tank, paddle mixing 
3 3 

system with a 6.3 m (225 f t ) capacity. Carlsbad c i t y water was pumped 

into the tank and used as the mixing water. The dty material was added, and 

the f inal amount of water was added during mixing for proper v i s c o s i t y of 

the mixture. For both mixing operations the f inal f luid density of the 

grout s lurry was 2.11 g/cm (17.6 l b / g a l ) . Measurements of density grout 

temperature, air content, and time of flow through a flow cone were made 

per iodica l ly for 3-1/2 hours. Grout slurry properties sui table for pumping 

(as measured by the flow cone) were maintained for 3-1/2 hours. 

Table 5 

BCT-1FF Grout Mixtures 

P-.oportlor.s (Wt Z) Lab 
Field 
9/26/79 

Field 
2/14/80 

Class H Cement 
L1TEP0Z* 3 Cement Extender 
(Fly Ash) 
Expansive Additive 
Diapersant (D65) 
Defoamer (Di7) 
Water 
Properties 
Hater/Cementitious Ratio 
Fluid Density, g/cm 
Fluid Densi'.y, lb/gal 

52.2 53.1 52.7 

17.C 18.1 18,2 

7.0 7.1 7.5 

0.2 0.1 0.2 

0.02 0.02 0.02 

23.0 21.6 21.4 

0.30 0.28 0.27 

1.98 2.11 2.11 

16.5 17.6 17.6 

Trademark of Che Dow Chemical Company. 

Weight percentages of the grout mixtures for the two field operations 
and the lab development mixture are listed in Table 5. Planning for field 
mixing has always involved using the minimum amount of water to achieve max
imum density and suitable flow characteristics of the grout slurry for 
adequate pumpability. Resulting water/cementitious ratios were 0.28 and 
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0.27 for the field mixtures compared to 0.30 for the lab mixture. Bitching 
of about 9000 kg (20,000 lb) of dry materials resulted in normal slight 
differences in the amount of each component as noted in the table. This 
slight variation is within acceptable quality control limits. Uniform fluid 
densities for the two field mixing operations attest to the successful con
trol of batching of dry materials. 

3 3 A dump bailer was used to place 0.08S m (3 ft ) of grout slurry at a the plug location, for the September 1979 placement . Preparation of the 
hole was limited to circulation and replacing all of the brint> fluid in the 
hole with clean brine water before placing the packet assembly and sand. 
The dump bailer was filled with grout slurry and lowered to the sand surface. 
It was raised about 0.3 m (1 ft), and the frangible glass nose window was 
broken to allow the grout to flow out and displace the brine water upward. 
The volume of grout should have formed about a 2 m (6.8 ft) plug. Measure
ments have indicated that Che hardened plug length is about 1.87 m (6 ft). 

A more normal cementing operation was selected for the plug addition in 
February 1980. Hole preparation consisted of circulating the hole through 
tubing with clean brine water to replace all the fluid in the hole while the 
grout was being mixed. The bottom of the tubing was located about 0.3 m 
(1 ft) above the top of the first plug. After circulating the hole, 3.2 
3 3 m (112 ft ) each of a chemical wash and spacer designed by Dowel1 were 

3 3 pumped down the tubing immediately followed by about 1.9 m (67 ft ) of 
3 • 3 grout slurry at a slow rate of about 0.3 m /min (11 ft /min). The grout 

3 3 slurry was displaced with 2.7 m (96 ft ) of brine water to equalize the 
level of grout in the tubing and annulus. After raising the Cubing 6 m 
(20 ft), the excess grout above that depth was circulated out by pumping 
brine water down the tubing and forcing the excess slurry up the annuity. 
Subsequent field measurements have indicated that the additional hardened 
plug length is about 3.6 m (12 ft) instead of the intended 5.5 m (18 ft). 

WES personnel cast a large number of expansion prisms, cylinder, and 
cube specimens for strength and other physical properties. Specimens were 
cured in a tank of brine water obtained during circulating the hole. Lack 
of a temperature control for the heater during September 1979 allowed 
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fluctuations of as much as 10 C (18°F) below the intended temperature of 
36 CC (100°F). During the first 24 hours the temperature in the tank 
reached 71°C (160°F> because of the exothe *m of the tightly packed 
samples. Water temperature in the tank in February 1980 was more closely 
controlled to within + 2°G (4 F ) . A larger tank, removal of insulation, 
and cooler starting temperature of the water reduced the peak temperature 
during rhe first 24 hours to about 49°C (120°F). Expansion prisms were 
measured daily. Some compressive strength testing at early ageo was done at 
the site on a portable testing machine in February. Samples were shipped by 
truck to the Vickaburg lab at 7 days' age for the first plug and 21 days' 
age for the second. 

Lab Evaluation of Field Samples 

WES personnel performed some testing of the samples at the WIPP site 
before shipment to Vicksburg. Expansion bars were measured daily through 14 
days, weekly through 28 days, and then periodically for the long term dura
bility studies. &. portable compression machine was available for the second 
pour so that early age strength gain could be determined. After arrival at 
tne Vicksburg lab, tests for compressional wave velocity, dynamic modulus of 
elasticity, compressive strength, density, and porosity have been performed, 

Pnconfined compi ssive strength of the grout is comparable for the two 
field mixing and plugging operations as shown in Table 6. Strengths at 14 
days' age are almost identical. 

Compressional wave velocity data show a slightly higher vciue **r the 
second plug at 28 days' age. The second plug dynamic modulus determined by 
the resonant frequency method is about 50% higher tha.̂  any previous field or 
lab data at a comparable age of 23 days. Testing is planned to determine 
the static modulus of elasticity of unconfined specimens during compression 
testing for comparison. Density and porosity data are consistent with the 
previous laboratory studies of borehole plugging development mixtures. 
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Table 6 

Physical Properties , BCT-1FF 

Unconfined Compressive Strength, MPa ( p s i ) 
Age/Days 

1 
3 
7 

14 
21 
28 
56 
90 

9/26/79 Plug 

75 (10,870) 

93 
88 

(13,440) 
(12,750) 

Compressional Wave Veloci ty , m/s ( f t / s e c ) 
Age/Days 9/26/79 Plug 

19 3,945 (12,945) 
28 
62 4,005 (13,140) 
99 4,149 (13,612) 

Dynamic Modulus, E 10 MPa (E x 10 p s i ) 

2/14/80 Plug 
33 (4,840) 

(8,410) 
(10,610) 
(10,670) 
(11,350) 
(11,445) 

2/14/80 Plug 

4,197 (13,770 

Age/Days 9/26/79 Plug 2/14/80 Plug 
19 16.3 (2.36) 
28 - 26.3 (3.81) 
62 16.5 (2.40) 
99 16.8 (2.44) 

Density and Porosity at 105 Days' Age for 9/26/7? Plug 
Dry density 

(g/cm 3 ) 

3x13 Cylinger, Top 1.878 
3x13 Cylinder, Bottom 1.724 
Grout i n Permeability Specimen: 

Tl 1.908 
T2 1.911 
B2 1.910 
Bl 1.900 

Grain Density 
(g/cm3) 

Porosity 
Z 

2.715 30.83 
2.668 35.38 

2.709 29.57 
2.860 33.18 
2.803 31.86 
1.773 31.48 
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Expansion data in Table VII are average values for two or more prisms. 
Initial datum for each bar was established at about 11 to 25 hours' age when 
the prism was demolded. A length comparator conforming to ASTM C-490 was 
used to measure length changes of the restraining rod or small metal bolts 
embedded in the ends of the unrestrained prisms. Volume changes were 
measured by comparing the weight of bars immersed in water to the weight in 
air. The 5.1 cm (2 in.) restrained prisms conform to ASTM C 806-75 and have 
the most restraint by a 0.64 cm (0.25 in.) diameter threaded rod. The rela
tive restraint factor is about 4 to 1 for the smaller prism compared to the 
larger prism. 

The 7.6 cm (3 in.) prisms from the first plug show the least expansion; 
howeverj the volumetric expansion is comparable to the second plug samples 
at 28 days' age (Table VII). All prisms show positive expansions after 7 
days' age. One factor that might account for generally lower expansions of 
the first plug samples was a peak temperature in the curing tank during the 
first 24 hours before demolding of at least 71 C (160°F). More closely 
controlled curing temperatures for the second plug samples should have 
resulted in more representative expansion data for the grout mixture. Beta 
show good positive expansion through at least 90 days' age for the first 
plug. These values for inundated prisms are upper limits of expansivity and 
will be monitored particularly for long term durability under exposure to 
brine water. Prisms have been cured by two other methods to try to prevent 
moisture addition and moisture loss. Protection by two layers of a "paint-
on" membrane and double layers of plastic bags have not prevented moisture 
loss for samples placed just above the water level or some water addition 
for submerged protected samples. These data will be included and evaluated 
in a future report. 

Long Term Durability Studies 

Five grout mixtures were selected for the beginning of long term dura
bility studies. Samples were molded between August 1976 and February 1977, 
and have been inundated in a tank of brine water that simulated the under
ground water at the WIPP site. During plugging operations of an exploratory 
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Table 7 

Expansion Data - BCT-1FF Field Pours 

Bar Size and Linear Expansion, Z Volumetric Expansion, Z 

Restraint, Age 9/26/79 2/14/80 9/26/79 2/14/80 

2.5 cm (1 in.) 
Unrestrained 

3 days + .010 + .271 - .04 + .10 
7 days + .026 + .372 - .25 + .22 

14 days + .059 + .416 + .82 • .54 
28 days + .063 + .455 +2.01 + .29 
56 days + .086 +2.37 
90 days +.098 +2.74 

5.1 cm (2 in.) 
Restrained 

3 days + .013 + .049 + .10 + .48 
7 days + .006 + .086 + .42 + .51 

14 days + .016 + .090 + .40 + .71 
28 days + .010 +.091 + 1.20 + .38 
56 days + .015 +1.25 
90 days + .024 + 1.62 

5.1 cm (2 in.) 
Unrestrained 

" 3 days + .001 +.325 + .18 + .60 
7 days + .005 + .435 + .68 + .68 

14 days + .022 + .446 + .72 + .97 
28 days + .014 + .457 +1.56 + .61 
56 days + .018 +1.40 
90 days + .018 +1.71 

7.6 cm (3 in.) 
Restrained 

3 days -.001 + .209 + .08 + .66 
7 days -.011 + .267 + .15 + .75 

14 days + .014 + .276 + .16 + .96 
28 day9 + .001 + .268 + .70 + .52 
56 days + .010 +1.32 
90 days + .010 + .73 

7.6 cm (3 in.) 
Unrestrained 

3 days -.004 + .283 - .06 + .70 
7 days + .004 + .386 - .02 + .86 

14 days + .017 + .388 + .09 +1.03 
28 days -.006 + .383 + .56 + .66 
56 days -.001 +1.04 
90 days + .001 + .86 
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drill hole near the WIPP site, EBDA Ho. 10, samples of the three grout mix
tures uere molded and shipped to WES for testing and inclusion in the long 
term studies. These samples have been cured in tanks of brine water at 
33°C (129°F) except for the freshwater grout samples from plug 1 which 
have been cured at lab ambient temperature. Similarly, samples from the two 
plugs of the BCT have been included in the long term durability studies. 

The physical properties of the aamplea as measured by ooapresaional wave 
velocity, dynamic modulus, density, porosity, strength, and expansion con
tinue to show good durability and no evidence of deterioration. The earlier 
data from these studies are included in References 3 and 4. A third report 
in the series is in preparation. 

The Petrography and X-Say Branch of WES has been performing studies in 
support of grout development and durability studies and as a prelude to the 
more comprehensive Geochemical program. Figures 1 and 2 stow partial K-ray 
diffraction patterns of freshwater rvnd saltwater grouts from the plugging of 
ERDA 10, In Figure 1 the composition of salt grout from plug 1 at about 16 
dayB and 1 year is compared. For this nonexpanaive portland cement grout 
there is a little ettringite at 16 days, but by 1 year it is gone, and the 
amount of tetra-calcium aluminate dichloride-10-hydrate (jhloroaluminate) 
has increased. Chloroaluminata is formed at the expense of the ettringite. 
The amount of calcium hydroxide (CH) has decreased with age, but it is still 
present. AF stands for residual calcium aluminoferrite from the ceme-it. HY 
is a small amount of what may be hydrogarnet (5.4A). 
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PARTIAL XRD PATTERNS 
OF SALT-WATER GROUT 

ERDA-1Q 

CHLORO. 
16-DAY AGE 

CHLORO 
CH I 
I PARTIAL XRD PATTERNS 

ERDA-10 

SALT-WATER GROUT I 
AT 1-YEAR AGE I t\J/ 

FRESH-WATER GROUT 
AT 1-YEAR AGE 

I 

Figure 1. Part ial XRD 
patterns o£ saltwater 
grout samples from 
ERDA 10 plug 1. 

Figure 2. Part ial XRD 
patterns of saltwater 
and freshwater grouts 
from ERDA 10 plugs 
1 and 4. 

In Figure 2 the freshwater grout fnm plug 4 and the saltwater 
grout from plug 1 are compared at 1 year. The 1-year-old saltwater 
grout is the same in both figures. The significant difference is the 
lack of e t t r ing i t e in the saltwater grout and the lack of chloro-
aluminate in the freshwater grout. 

An additional study was made to investigate the composition and 
integri ty of a plug taken from the Duval potash mine at a depth of 305 m 
(1000 f t ) 1 0 . While no XRD pattern of the 17-year-old sample of a 
saltwater grout is shown, i t s composition would be similar to the 
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1-year-old ERDA 10 saltwater grout. The Duval grout also contained some 
halite (NaCl) and sylvite (KC1). 

The next five figures (3 through 7) are SEM micrographs of ERDA 10 
grouts at different ages and, for comparison, one normal consistency 
Portland cement paste at an early age. The magnification of the five 
figure* (except figure 4) is about 2000X. Figure 4 is at about 4800X. 
These were selected to show 

1. typical porous microstructure of this saltwater grout at an early 
age (Figures 3 and 4) 

2. tabular crystals believed to be chloroaluminate in open space in 
Figure 4. This is the hydration product of portland cement when 
salt (NaCl) is present. 

3. typical dense microstructure of what are probably crystals of 
chloroaluminate. 

Figure 3. ERDA 10 Salt Grout Core, Plug 1, 28 Days' Age (X1700) 
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The grout in Figure 3 i s a 28-day-old core s tap le fron Che »a l t gri ut 
core from plug 1 which had 30Z s a l t by weight of mixing water (X1700). The 
open s t r u c t u r e is ev iden t . CSH coa t ing on residual ceeent grains i s shown 
and probably CH is present at right center-

Figure 4 . EHDA. 10 S a l t Grout Sample, Plug 3 , 28 Days' Age (X4750) 

The grout i n Figure 4 i s a 28-day-old sample molded from the s a l t 

water grout of plug 3 which was f u l l y sa turated— 36% by weight of mixing 

water (X4750). The open s t r u c t u r e i s again e v i d e n t . 

The g r o u t ' i n Figure 5 i s a 28-day-old sample of hydra ted , normal con
s i s t ency por t land cement pa s t e with 30% fly ash (X2000). This i s the same 
volume replacement as the ERDA 10 grout mix tu re s . The dense s t r u c t u r e i s 
e v i d e n t . Massive CH ia p resen t in the c e n t e r . Fly ash spheres and CSH can 
a l s o be seen . 
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Figure 5. Uormal Consistency Fort]and Cement Paste, 2S Days' Age (X2000) 

Figure 6. EBDA 10 Salt. Grout Core, Plug 1, Age - One Year (X2100) 
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The grout core sample in Figure 6 is the same as in Figure 3 but at 1 
year (X2100). After curing in brine water at 53°C (128°F) for 1 year 
the structure is now more dense. CSH and CH can be seen, and a relatively 
large cavity is at bottom center. No chloroaluminate can be seen, but XRD 
shows it .to be present. 

Figure 7. ERDA 10 Freshwater Grout, Plug 4, Age - One Year (X2300) 

The sample in Figure 7 is freshwater grout from plug I in ERDA 10, 
cured in freshwater at lab ambient temperature for I year (X2300). The 
structure is also dense when compared to Figures 5 and 6, CSH residual fly 
ash spheres and massive calcium hydroxide can be seen. 
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Figure 8. Simulated Borehole Specimen (SBS) for BCT 

During the BCT development, samples with BCT-lFF grout were cast in 
anhydrite cores to simulate and study the grout/rock interface and are 
called simulated borehole specimens (SBS). Figure & shows the appearance of 
such a sample. I t is necessary to remove the top surface to see the . ••ual 
contact. The next four figures (9 through 12) i l l u s t r a t e some o£ the prob
lems in trying to study this contact surface. A.B a result of this work i t 
ii believed that such specimens are satisfactory simulations and that the 
vay to study the contact between grout and rock is to 

1. keep the metal restraining ring io place to prevent stress 
rei i f cracking (Figure 0) 

2. examine a fracture surface (Figure 10) 

3. examine the contact with a steromicrosope (Figure 11) 

4. keep the specimens wet to avoid drying cracking (Figure 12) 
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5. not examine with SEM unless precautions can be taken to pre
vent the cracking that occurs with drying. 

This type of specimen (SP-S) is used in the laboratory to determine 
the permeability along the contact of grout to rock. Examination of speci
mens before and after this testing can serve to characterize the contact 
before testing and determine if it changed during testing. 

Figure 9. Sawed Surface of SBS Specimen with "Restraining Ring Removed 

A sawed surface is shown in Figure 9. When the metal restraining 
ring was removed, the anhydrite rock cracked (radially) in several places 
within a few hours because of stress relief. The grout is not cracked. Its 
''marbled" appearance is caused by pouring the grout through brine water 
standing in the center hoJe and annulus. The white lines in the grout are 
believed to be regions of higher water contend or salt concentrate. 

A fracture surface of the same specimen with the roetal restraining 
ring still in place is shown in Figure 10. The anhydrite rock did not crack. 
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A portion of the contact of grout and anhydrite and a sawed surface 
of another SBS is shown in Figure 11 (X6). The metal restraining ring is 
still in place, and no cracking is seen. There is evidence from XRD that 
the white material at the contact contains some gypsum (hydrated calcium 
sulfate). If so, it indicates some dissolving of the anhydrite rock and 
later precipitation of gypsum in the contact surface. 

The same sample as in Figure 11 is shown in Figure 12 after overnight 
vacuum drying at 60 C (16 F ) . A prominent crack at the contact can be 
seen. Several radial cracks are present: in the grout but may not be evident 
in the figure. 

XRD work has shown that penetration of chloride into the freshwater 
grout during storage of the SBS specimens under brine is limited to the 
upper 1/4 in. of the specimen in the samples which have been examined. 

Figure 10. Fractured Surface of SBS Specimen with Restraining Ring in 
i>lace (X0.7) 
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Figure u . Por t ion of. Figure 10 Bnfore Drying (X0.6) 

-28-



Figure 12. Same as Figure 10 after Overnight Vacuum Drying (X0.6) 

Conclusions 

The continuing laboratory grouc development program provided mix
ture data to rapidly respond ta the BCT plugging requirements. Both sa l t 
water and freshwater grouts with acceptable physical properties in the fluid 
and hardened states were developed. The freshwater BCT-1FF grout was chosen 
because of permeability tests shoved a higher leakage for the saltvatet 
grout at the interface, and because i t had higher strength and expansivity 
than the salt-water grout. Field batching, mixing, and placement of the 
grout at the plug location were satisfactory. The freshwater grout mixture 
maintained adequate flow characteristics for pumpability for 3-1/2 hours 
during the two field operations. Physical property and expansivity data 
for the field samples are in general agreement with the lab development 

11 12 data . The high density, low water/cementitious rat io expansive grout 
(BCT-lFF) is considered an excellent candidate for plugging boreholes at 
most locations (except through hali te sections). 

A large number of samples were obtained for inclusion in the long 
term durability studies and the geochemical programs. 
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