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ABSTRACT

This task is a demonstration and evaluation of the in situ
hydrologic stabilization of buried transuranic waste at a humid
site via grout injection. Two small trenches, containing buried
transuranic waste, were filled with 34,000 L of polyacrylamide
grout. Initial field results have indicated that voids within
the trenches were totally filled by the grout and that the
intratrench hydraulic conductivity was reduced to below
field-measurable values. No evidence of grout constituents were
observed in twelve perimeter groundwater monitoring wells
indicating that grout was contained completely within the two
trenches.

Polyacrylamide grout was selected for field demonstration
over the polyacrylate grout due., to its superior performance in
laboratory degradation studies. Also supporting the selection of
polyacrylamide was the difficulty in controlling the set time of
the aerylate polymerization. Based on preliminary degradation
monitoring, the polyacrylamide was estimated to have a
microbiological half-life of 362 years in the test soil.
Additional work, using 14C-labeled acrylate and acrylamide
grouts, is being planned next , ••»ar in an effort to more
accuiately estimate the grouts' .nicrobiological half-lives and
polymerization characteristics in the presence of soil.
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INTRODUCTION

The objective of this task is to provide the field-scale
development and demonstration of in situ grouting of buried
transuranic waste for its hydrologic stabilization in humid
regions. It will provide documentation of the degree of
stabilization achieved from which the applicability of the
technique to other environmental situations can be assessed.
This information will enable grouting to be compared with other
long-term management options in a detailed plan for remedial
actions for buried transuranic waste.

Grouting is the process of forcing a fiuid into the void
space of a soil, rock, or waste formation which, after grout set,
results in a cohesive mass which is considerably less permeable
to water. The very heterogeneous and permeable mixture of waste
and backfill in burial trenches of transuranic solid waste would
make it an ideal candidate for grouting. If the permeability of
the waste-backfill can be reduced significantly, then leaching of
contamination from buried waste can be reduced. In addition, by
the filling of trench voids, grouting could also alleviate the
longer term problem of trench subsidence.

Many types of grout are commercially available (Herndon
and Lenahan 1976) but grout selection needs to be designed for
the particular operation under consideration. For grouting waste
disposal trenches, an ideal grout for the hydrologic isolation of
the buried waste would have the following properties: a low
pre-set viscosity, preferably similar to that of water; none,
few, or extremely small suspended solids; a controllable set time
from minutes to days; an inherently low permeability after set;
durability to resist the physicochemical and raicrobial stresses
in its applied environment; low toxic hazard; and low cost.
Actual grout formulations, of co>irse, will represent some
compromise among these properties.

Recently, a demonstration of grouting of low-level
radioactive solid waste was completed at ORNL (Spalding et al.
1985). Seven grout formulations were tested in the laboratory
for their ability to penetrate and to reduce the hydraulic
conductivities of soils used as backfills for shallow land burial
trenches. Three soluble grout formulations (sodium silicate,
polyacrylamide, and resorcinol-formaldehyde) were able to both
penetrate soil and sand columns and reduce the hydraulic
conductivities from initial values of about 10"* m/sec to less
than 10-8 m/sec. Three particulate-conbaining grouts (lime-fly
ash, fly ash-cement-bentonite, and bentonite slurry) could not
penetrate columns; such formulations, therefore, would be
difficult to distribute within a trench for assured hydrologic
isolation. Field demonstrations with both sodium silicate and
polyacrylamide showed that these grouts could be distributed
throughout l:10-scale burial trenches and that waste-backfill
hydraulic conductivity could be reduced several orders of
magnitude. Field grouting with polyacrylamide reduced the mean



hydraulic conductivity of nine intra-trench monitoring wells from
10-* to <10"8 m/sec.

The above tests were performed on 'pilot-scale' trenches
whose dimensions, waste characteristics, void space, and
hydrologic regime were either controlled or well defined.
Although this demonstration provided much information concerning
the technique of in situ grouting, it was somewhat unrealistic in
the sense that the knowledge about both the site and the waste
was so detailed. In a real disposal trench, dimensions and
location are usually uncertain, waste characteristics are, at
best, poorly defined, and the hydrologic regime, both of the
trench and its host soil formation, poorly understood beforehand.
Application and evaluation of grouting to a more realistic
situation, as described herein, will require considerably more
pre- and post-grouting characterization to establish
effectiveness.

The physicochemical and microbiological stability of the
polyacrylamide and polyacrylate grouts is also a key attribute in
predicting the long-term performance of grouted waste. The
quantification of rates of degradation of these grout polymers
has not previously been measured. The manufacturers and
distributors of these grouts offer much testimony for the
permanence of these grouts, based on their extensive field
experience, but no direct measurements of grout degradation rates
have been published to date. The degradation rates of these
organic polymer grouts can be measured from the rates of carbon
dioxide evolution from amended soils as microorganisms metabolize
the grout as a carbon and energy source. Under the environmental
conditions of the test, microbiological half-lives can then be
estimated from these rates of carbon dioxide evolution and
predictions made for the durability of the grouts in soil.
Additionally, by the use of 14C-labeled monomers, the expected
low rates of degradation can be measured more accurately by
utilizing high radioactivity grouts. The actual carbon dioxide
from polymer degradation can thereby be distinguished from the
comparatively high background contributions of indigenous soil
respiration and the microbial degradation of grout catalysts and
tracers. Measurements of these degradation rates requires
long-term (i.e., >1 year) monitoring of the grouts' carbon
dioxide evolution so that first-order kinetics can be verified
and cometabolic contributions from the degradation of monomers,
oligomers, and catalysts, remaining after polymerization ceases,
can be eliminated.

METHODS, MATERIALS, AND RESULTS

I. Laboratory Investigations

Soil for all laboratory tests was collected from recent
disposal trench excavations in Solid Waste Storage Area (SWSA) 6.
The soil used in this experiment was obtained from the C horizon
(1 to 2 m from surface) of a Typic Dystrochrept; loamy-skeletal,



mixed, thermic (Berks variant series) soil profile, developed on
residuum of Maryville Limestone (Conasauga Group), located in
Solid Waste Storage Area 6 of the Oak Ridge Reservation.
Detailed characterization of the soil sample (<2 HID size
fraction) showed a clay loam texture (28% sand, 35% silt, and 37%
clay), low organic matter content (0.17% carbon), moderate cation
exchange capacity (11 meq/100 g), and acidic pH (5.4).
Vermiculite and illite were the major clay minerals. Soil was
allowed to air dry and sieved to <2 ran.

Magnesiun acrylate grout (AC-400) and acrylamide grout (Q
Seal) were purchased from Cues, Inc., Orlando, Florida. Also
procured were ammonium persulfate and triethanolamine, the
catalyst and accelerator, respectively, for both grouts. The
source of materials is presented fcr identification purposes only
and does not represent an endorsement or recommendation for their
use. Potassium ferricyanide, technical grade, was obtained free?
MCB, Inc., and the Sequestrene 138Fe (Iron, Sodium salt of
ethylenediamine -o-dihydroxyphenylacetic acid) was manufactured
by Ciba-Geigy, Inc.

A. Microbial Degradation Studies

1. Grouts Labeled With **C

The polyacrylate grout components were prepared in two
flasks: the first contained 50 yl of 1*C-tagged acrylic acid (98%
by wt., 9.43 uCi total activity), supplied by Pathfinder
Laboratories, Inc., to which was added 125 mL of AC-400 acrylic
grout (40% solids by wt.), 4.5 mL triethanolamine (99% by wt.),
and 68 mg potassium ferricyanide, and water to 250 mL. The
second flask contained 250 mL of 0.1 M ammonium persulfate.

In the case of the polyacrylamide grout, a **C-acrylamide
solution was first prepared by transferring 10 mg of dry
acrylamide-UL-1*C (94.2 uCi total activity), supplied by
Pathfinder Laboratories, Inc., to a tared bottle and dissolving
it in 10 mL distilled deionized water. From this solution, 1 mL
(9.42 uCi) was transferred to a flask which also contained 100 g
of Q Seal acrylamide grout (92% by wt.), 92 mg potassium
ferricyanide, 8.2 mL triethanolamine (99% by wt.), and 128.7 mL
distilled water to a total volume of 250 mL. A second flask
contained 250 mL of 0.1 M ammonium persulfate.

For each experiment, six successive 40 mL aliquots of grout
were prepared by mixing equal volumes (20 mL) from the two
flasks. The polyacrylate grout contained 10% solids while the
polyacrylamide grout contained 20% soilids. The l*C-tagged
polyacrylate grout was added to six 450 mL jars containing 50 g
each of air-dried soil which had been sieved to <2 mm grain size.
The same was done with the 14C-polyacrylamide. The 14C activity
added to each soil jar was calculated to be 0.620 pCi in the case
of polyacrylate, and 0.626 uCi in the case of polyacrylamide,
based on scintillation counting of 1 mL aliquots of the
unpolymerized ^C-acrylate and -acrylamide solutions.



After the grouts had set thoroughly, the soil and grout
mixtures in three of the jars (designated 4, 5, and 6) in each
experiment were macerated using a spatula. Jars 1, 2, and 3 in
each experiment were left undisturbed. An open scintillation
vial containing 1 mL of 1.0 M NaOH was placed in each jar; the
jars were then sealed and stored in an incubator at 25°C. The
scintillation vials were replaced at 3 to 5 day intervals
initially, later at weekly intervals. The absorbed **CCh in the
vials was determined by adding 1 mL distilled water and 18 mL ACS
scintillation cocktail to each vial, mixing, then measuring
radioactivity with a Packard TriCarb Model 3255 liquid
scintillation spectrometer.

In the course of the **C-polyacrylate experiment, it was
observed that as the carbonate contents of some of the vials
increased, precipitation of NazCOa began to occur upon addition
of the scintillation cocktail. To prevent this, two methods for
dilution were used. Initially, a 0.5 mL aliquot of 1.0 M NaOH
solution was transferred from a "problem" vial to a new vial and
diluted with 1.5 mL distilled water before addition
of scintillation cocktail. Mien this became insufficient, an
alternate method was used: 2 mL of 1.0 M NaOH were added to the
vials before OCfe collection, then 0.5 mL were transferred after
collection, and diluted as before. This prevented precipitation
and made for a four-fold dilution of the ^C-bearing NaOH
solution. Later, when activity levels in the I4C-polyacrylate
jars declined sufficiently, dilutions were reduced to twofold by
transfer of 1 mL of NaOH from the sampling vial, with addition of
1 mL of distilled water. After Day 417, it was possible to
eliminate the dilutions altogether and return to the original
sampling procedure.

A first-order rate law for grout degradation was calculated
by plotting concentration (radioactivity) versus time:

C = Co e-" , (Equation 1)

where Co = initial radioactivity of carbon-14, C = remaining
activity, t = time (days), and k = reaction rate constant. The
half-life (T) of the reaction was calculated using the equation:

T = 0.6931/k. (Equation 2)

Thus, the calculation of half-life of the grout is independent of
its initial quantity.

Several factors could affect the degradation of added grout
materials. The degradation rate of a given substrate will depend
upon its composition and the physicoohemical conditions in the
surrounding environment. Temperature, 0» supply, moisture, pH,
available nutrients, and the C:N ratio of indigenous soil organic
matter are the main environmental influences. In these
laboratory experiments, incubation temperature was 25°C, under
moist but unsaturated conditions, and aerobic conditions were
maintained by periodic opening of the jars duriag sampling.



Degradation of l«C-polyacrylate: When the results from
scintillation counting of the COi collection vials exposed to the
polyacrylate-grouted soil were plotted in terms of evolved 14C
activity versus time, the three undisturbed soil and grout
replicates (1, 2, and 3) showed an initially high activity,
followed by a gradual decline. Replicates 1 and 2 appear to have
"bottomed out" by approximately Day 40, but replicate 3 underwent
a sharp increase in evolved 14C activity, beginning around Day
30, peaking near Day 48, and declining gradually thereafter.
Near Day 60, replicate 2 began a similar pattern, peaking near
Day 75 at half again the activity of replicate 3. About that
date, replicate 1 also increased sharply, and peaked around Day
90 at well over twice the maximum level of replicate 3. In each
case, the increase in 1*C activity measured in the scintillation
vials coincided with visual observation of fungal mycelia growth
in the undisturbed soils.

The three macerated soil/grout replicates <4, 5, and 6)
displayed a similar pattern, but at a later time. All had a
sharp but relatively low I 4C peak within the first week after
grouting, followed by a rapid decline and gradual leveling-off of
activity. This was succeeded in each case by a period of rapid
degradation accompanied by the appearance of fungal mycelia,
beginning with replicate 6 on Day 150, then replicate 4 around
Day 210, and replicate 5 after Day 250. Activities released from
the macerated grout forms during these periods of rapid fungal
growth, though occurring later, were nearly twice as great (0.063
MCi average, as compared with 0.034 uCi for the undisturbed
grouts) (Table 1).

To calculate the grout degradation rates, the data were
plotted as concentration versus time, i.e. In (Co/C) versus t,
assuming the degradation processes to be first order reactions,
at least over the selected ranges (Figure 1). The slopes of
these curves represent different degradation rate constants, from
which grout half-lives can be calculated. "Steady degradation"
rate constants (ki-k7 ) were determined for the polyacrylate grout
replicates (Table 2).

Although "steady degradation" constituted an average of 59.3%
of the time-period measured, it generated an average of only
22.5% of the total *«C activity released from the polyacrylate
grouts. The remaining 77.5% of the l*C given off as 00* during
the monitoring period was released during short bursts of rapid
degradation by soil microorganisms. However, there has been no
repetition of this sort of activity since approximately Day 355,
and it appears that the rate constants (k2-k7) from the later
portion of the plot reflect long-term grout behavior. Monitoring
of these samples will continue, at least, up to 800 days.

Degradation of 1«C-polyacrylamide: Data for the first 117 days
of the 1«Opolyacrylamide experiment have been plotted as
In(Co/C) versus t (Figure 2). Two phases of grout degradation
based on 1*C-activity have appeared so far: an initial,



Table 1
Loss of l*C Activity from Polyacrylate Grout by Degradation Stages

Undisturbed

Replicate Days

1

2

3

0-74
74-161
161-445
Total

0-60
60-147
147-445
Total

0-28
28-161
161-445
Total

0
0
0
0

0
0
0
0

0
0
0
0

uCi

.0078

.0361

.0072

.0512

.0075

.0394

.0074

.0543

.0051

.0263

.0068

.0382

1
5
1
8

1
6
1
8

0
4
1.
6

loss

.26

.82

.16

.26

.21

.35

.19

.76

.82

.24

.10

.16

Replicate

4

5

6

Macerated

Days

0-208
208-355
355-445
Total

0-249
249-355
355-445
Total

0-147
147-347
347-445
Total

liCi

0.0097
0.0569
0.0018
0.0684

0.0110
0.0687
0.0015
0.0812

0.0089
0.0632
0.0019
0.0740

X loss

1.56
9.18
0.29
11.03

1.77
11.08
0.24
13.10

1.43
10.20
0.31
11.93

Table 2
Degradation Rate Constants and Half-Lives of Polyacrylate Grout in Soil

Rate Constant
day-1

k,

k2
ka
k«

ks
ks
k7

3.5 x

3.4 x
3.8 x
4.1 x

3.4 x
3.5 x
3.2 x

10-5

10-s
10-5
10-5

10-s
10-5
10-5

Half-life
(years)

Ii

I*
13
14

Is
Ie
IT

54

55
50
47

55
55
60

Remark

1st steady degradation

2nd steady degradation
2nd steady degradation
2nd steady degradation

2nd steady degradation
2nd steady degradation
2nd steady degradation
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relatively rapid phase (ks) lasting approximately 20 days, and a
slower, "steady degradation" phase observed from Day 21 onward.
During the initial rapid phase, average l*C loss among the
replicates was 0.048% of the total activity applied for each jar
(Table 3). The percent activity losses between day 21 and 117
were 0.048% for undisturbed and 0.064% for macerated replicates.
A feature of the "steady degradation" phase has been the
divergence of values for the undisturbed (k9) versus macerated
(kio) grout replicates, much as recorded in the 1*C-polyacrylate
experiment. The consistently higher rate of **C-release from the
macerated replicates appears to indicate that a larger surface
area facilitates microbial activity and/or diffusion of unreacted
monomer (Table 4).

,5ased on the results to date, polyacrylate grout had an
average decomposition rate constant of 3.6 x 10-s per day and an
average half-life of 54 years. On the other hand, polyacrylamide
grout had an average decomposition rate constant of 5.5 x 10-*
per day and an average half-life 362 years. The polyacrylamide
grout appears to have a half-life approximately 6.7 times that of
the polyacrylate grout under "steady degradation" conditions in
this test soil. It remains to be seen whether the polyacrylamide
will be more or less resistant to fungal degradation in the long
term.

2. Unlabeled Grout Specimens

Grout formulations, identical to the above but with 10%
solids and without l4C label, were employed for gross degradation
studies. To 50 g of air-dried soil was added 40 mL of grout (20
mL of either the Mg acrylate or acrylamide grout solution plus 20
mL of 2% ammonium persulfate) with gentle swirling to mix with
the soil. After allowing 3 hours for the grout to set, a
disruptive treatment was applied to a subset of triplicate
samples of both grouts. Maceration was achieved by slicing the
grouted soil in the bottom of the 1-L wide-mouth screw-cap bottle
into <0.5 cm blocks with a large spatula. The acrylamide grout
appeared to have set firmly but the Mg acrylate grout had not
completely set as evidenced by a lack of firmness experienced
when slicing the grouted soil samples. All treatments were
prepared in triplicate building an experimental matrix of two
grouts x with/without maceration. Blanks with unamended soil,
wetted with 30 mL of water, were also run concurrently. After 232
days of incubation, all specimens were inoculated with 50 mg of
fresh forest soil suspended in 0.5 mL of water. This treatment
was designed to stimulate degradation by providing microbial
inocula.

The evolution of carbon dioxide from the soil samples was
determined by adsorption into NaOH (Spalding 1977). Into a 30-mL
capacity wide-mouth glass vial, 10 mL of 0.1 N NaOH was pipetted.
The uncapped vial was placed into a 1-L wide-mouth bottle on top
of a small aluminum weighing pan to absorb carbon dioxide which
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Table 3
Loss of **C Activity from Folyacrylamide Grout in Soil

Replicate

1 to 3

4 to 6

Treatment

Undisturbed

Macerated

Days

0-21
21-117
Total

0-21
21-117
Total

1*C loss, wCi

0.0003
0.0003
0,0006

0.0003
0.0004
0.0007

% loss

0.048
0.048
0.096

0.048
0.064
0.112

Table 4
Degradation Rate Constants and Half-Lives of Polyacrylaraide

Grout in Soil

Rate Constant Half-life Remark
day 1 (years)

ks 2.6 x 10"5 U 73 Initial degradation
k» 4.3 x 10"6 I9 441 Steady degradation
kxo 6.7 x 10"6 x10 283 Steady degradation

11



evolved from the'soil and grout specimen. At intervals ranging
from 2 to 20 days, the vials were replaced with others containing
fresh NaOH solution. After addition of 2 mL of 1 M barium
chloride to the vial, residual alkalinity was determined by
titration with 0.8 M HC1 to the phenolphthalein endpoint using a
digital titrator (Hach Chemical Company). Three drops of a 0.5%
phenolphthalein in isopropanol solution were used. The amount of
COz evolved was calculated from the difference between vials
containing NaOH not exposed to soil (blanks) and that in the
sample.

The average cumulative CO2 evolution from the polymerized
grout specimens is depicted in Figure 3. The undisrupted Mg
acrylate grouted soil experienced considerably more degradation
than the undisrupted acrylamide grouted soil. Notably, the
totalamounts of evolved CO* totaled to only 5.6 and 2.8% of the
carbon added to the soil in the acrylate and acrylamide grouts,
respectively. The two macerated polymerized treatments evolved
considerably less CQ2 than their corresponding undisrupted
treatments. An unambiguous explanation for this difference
between undisrupted and macerated treatments cannot be
ascertained from the monitoring information accumulated to date.
The maceration of soil specimens may have increased the amount of
oxygen accessible during the final stages of grout
polymerization. The acrylate specimens, in particular, were not
completely set when they were sliced up about 3 hours after
adding the grout to the soil. In contrast, in the 14C-labeled
degradation studies, maceration of grouted soil took place 24-48
hr after grout addition to the soil. Because air is a retardant
to the polymerization process (Avanti 1985), sample disruption
could have increased the amount of unreacted monomer compared
with the undisrupted. specimens. Notably, both the acrylate and
acrylamide macerated specimens manifested an odor of acrylic acid
indicating the presence of unreacted monomer. Acrylamide has
been observed to hydrolyze enzymatically in soil at reasonably
fast rates (Frankenberger and Tabatabai 1982) so that such a
mechanism could well be a source of volatile acrylic acid from
the acrylamide amended soils. If this hypothesis is correct,
then once the inhibitory concentration of acrylic acid is reduced
in these specimens, cianulative amounts of evolved CCfe should
eventually exceed those in the undisrupted grouted specimens.
The beginning of such an upturn in the macerated acrylate
treatment may be starting in the latter measurements of the
twelve month observation period (Figure 3). Continued monitoring
should provide the required evidence to support or refute this
hypothesis.

These rates of 0Q» evolution can be used to calculate
tentative first-order biological degradation rates for the grout
polymers. Knowing the rate of CQ2 evolved in the last period of
observation, i.e., the slopes of the lines in Figure 3, and the
amount of grout carbon remaining, a first-order rate constant, k,
in units of fraction per day, and microbiological half-life, I,
can be calculated using equations 1 and 2, respectively. The

12
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half-lives for the undisrupted grouts calculate to 25 and 52
years for the acrylate and acrylamide grouts, respectively.
These biological half-lives are based on first-order rate
constants of 0.0000769 and 0.0000366 day 1, respectively. The
corresponding half-lives for the macerated acrylate and
acrylamide grout were 52 and 655 years, respectively. The initial
amounts of grout present for the acrylate and acrylamide
treatments were equivalent to 7130 and 8166 mg of CCfe ,
respectively. These totals include the carbon present as
triethanolamine and potassium ferricyanide although the later
ingredient makes only a minor contribution (0.04% of the total
carbon). The triethanolamine, however, makes a much more
significant contribution to the total carbon in the grouts (9.9
and 8.6%, respectively, for the acrylate and acrylamide). The
triethanolamine would not be covalently bonded into the polymer
in either grout and, hence, would remain free as a substrate for
microbial growth. The determination of the precise fraction of
the observed CCk evolution to ascribe to the metabolism of
triethanolamine or to any unreacted monomer cannot be discerned
from the present monitoring data. Use of the 14C-~abeled
monomers to prepare the soil grout is the only definitive method
to determine the actual contribution from grout degradation. The
average final rate of OO2 evolution from the macerated acrylamide
grouted soil was 0.024 mg/day which was just slightly greater
than the rate observed for unamended soil (0.014 mg/day). Thus,
the advantage of using 14C-labeled grouts would be high in order
to separate contributions to respiration due to grout degradation
and those due to indigenous soil sources.

The addition of microbial inocula at day 232 of the grout
incubation had a pronounced effect on the rates of OGj evolution
from the undisturbed polyacrylamide and macerated polyacrylp.te
grouts. However, after the induced microbial proliferation,
rates of CO2 evolution declined to values similar to those before
inoculation. No significant additional carbon sources were added
in the inoculfi as evidenced by the lack of response of the
unamended soil controls during the post inoculation period. The
induced degradation by the soil inocula probably resulted from
metabolism of unreacted monomer or the triethanolamine in the
grout specimens. Similar stressing of the 1*C-labeled grout
specimens will be attempted after stable degradation rates have
been attained.

B. Degree of Polymerization

The Mg acrylate solution was prepared by diluting 293 mL of
AC-400 (40% solids) to 500 mL with water after addition of 96 mg
of potassium ferricyanide. Two batches were prepared, with and
without the addition of 8.9 mL of triethanolamine. The
acrylamide solution was prepared by dissolving 100 g of Q-l {dry
powder) up to 500 mL of water after addition of 96 mg of
potassium ferricyanide. Two batches were also prepared with and
without the addition of 8.9 mL of triethanolamine. The catalyst

14



solution for both grouts was prepared by dissolving 10 g of
ammonium persulfate up to 500 mL of water. The soil samples were
grouted by adding a premixed 40 mL volume of grout (20 mL of
grout solution plus 20 mL of catalyst solution) to SO g of
air-dried soil contained in a 250-mL plastic centrifuge bottle.
After swirling the contents to mix the grout and soil, the
mixture was allowed to polymerize for 24 hours without
disturbance. The grouted specimens were then diced into <1 cm
blocks with a steel spatula and 150 mL of water added and the
tubes shaken for several minutes. The tubes were then
centrifuged for 25 min at 350 relative centrifugal force and 40
mL aliquots of the supernatant were decanted and filtered through
0.45 urn membranes. Samples of the various grout solutions were
also prepared without soil as well as soil blanks without grout
amendments. All treatments were run in triplicate. The
filtrates from the acrylate grout amendments were analyzed for
water hardness (i.e., for soluble magnesium) with EDTA (APHA
1980) using 5 mL aliquots (Table 5). Attempts to interpret the
titratable alkalinity (to pH 2) of the filtrates, as a measure of
residual acrylate, were ambiguous due to interference by the
triethanolamine. The acrylamide filtrates were analyzed for
their saponification equivalent as a measure of soluble
acrylamide. Aliquots of 10 mL were heated to dryness over a 15
min period after addition of 5 mL of 1 N NaOH. The residue was
then redissolved in 25 mL of distilled water and titrated with
0.1 N HC1 to the phenolphthalein endpoint. Additional 10 mL
aliquots with 5 mL of NaOH , which had not been heated, were also
titrated with the HC1. Both acrylaraide and
methylenebisacrylamide standards were saponified by this
procedure and found to hydrolyze to >96% of their theoretical
values. The polymerization of acrylamide was found to be near
complete both in the presence and absence of soil (Table 6).
Attempts to assay acrylamide colorimetrically using ninhydrin,
3,5-dinitrosalicylic acid, and p-dimethylaminobenzaldehyde showed
acrylamide to be nonreactive to these reagents.

Both procedures for determining the degree of
polymerization are subject to potential interferences which make
the assays of >95% polymerization uncertain. The assay of
hardness (Mg) as an indicator of the concentration of acrylate
present ignores soil cation exchange effects. It also assumes a
1:1 equivalent ratio between magnesium and acrylate in the
original grout formulation. The saponification equivalent, used
for the acrylamide assay, does not account for possible removals
of saponifiable species from soil by the acrylamide or possible
transamidification reactions with the triethanolamine present.

For determining the degree of polymerization of the two
grout formulations, using 14C-labeled monomers, a scaled-down
assay procedure was employed. Into a 50-mL screw-cap centrifuge
tube, was weighed 2 g of soil to which 2 mL of freshly-prepared
14C-labeled grout solution and 2 mL of 2% ammonium persulfate
catalyst solution were added. The acrylate grout solution
contained 60 mL of AC-400 liquid grout, 0.189 mCi of "C-acrylic
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Table 5
Polymerization of Magnesium Acrylate Grout

in the Presence and Absence of Soil

Treatment

Soil+Grout+
AP+ TEA

Soil+Grout+
TEA

Grout+AP+TEA
Grout+TEA
Grout+AP
Grout only
Soil only

Calculated Mg
Concentration

(Normality)

.025

.491

.013

.540

.547

.542

.0008

XMg
Recovery

4.6

90.1
2.4
99.0
100.0
99.0
<0«2

X
Polymerization

95.4

-
97.6
-
-
-
—

Grout = AC-400 (Ques Inc.), AP = Ammonium Persulfate,
TEA = Triethanolamine.

Table 6
Polymerization of Acrylamide Grout Formulation

in the Presence and Absence of Soil

Treatment

Grout+Soil+
TEA+AP

Grout+Soil+AP
Grout+TEA+AP
Grout+TEA
Grout+AP
Grout alone
Soil alone

Acrylamide
Recovery %

7.8
92.4
5.8

99.6
89.6
100.0
0.8

% Degree of
Polymerization

92.2
-

94.2
-
-
—
—

Grout = Q Seal (Cues Inc.), AP = Ammonium Persulfate,
and TEA = Triethanolamine.
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acid in 1 mL of water, 19 mg of K3Fe(CN)«, and 1.8 mL of
triethanolamine, diluted to 100 mL. The acrylamide grout
solution contained 20 g of acrylemide grout (Q Seal), 19 mg of
K3Fe(CN)e , 1.8 mL of triethanolamine, and 0.085 mCi of 1*C-
acrylamide in 9 mL of water, diluted to a total of 100 roL. The
contents of the centrifuge tube were mixed with a vortex mixer
and allowed to stand overnight. Controls without soil were also
run to check for any inhibition of polymerization by the soil.
Soil controls, without ammonium persulfate catalyst (substituting
2 mL of water) were also analyzed. Finally, controls without
either soil or catalyst solutions were run to determine exact
amounts of soluble activity in the unpolymerized grout solutions.
After the overnight period for grout set, 25 mL of water were
added to each tube and the contents shaken lengthwise at 100
oscillations per minute for periods of 1, 3, and 13 days. After
shaking, the tubes were centrifuged at 1,500 relative centrifugal
force for 10 min and a 2 mL aliquot transferred to a
scintillation vial with 18 mL of Aquasol liquid scintillation
cocktail. All samples were then counted for 10 min with a
Packard liquid scintillation counter employing a preset 14C
window. Degree of polymerization was calculated from the
difference in counts between the controls without soil or
catalyst solution and the various samples. The results are
presented in Table 7.

Table 7
Polymerization of Acrylamide and Acrylate Grouts

in the Presence pnd Absence of Soil

Grout

Acrylamide
Acrylamide
Acrylamide

Acrylate
Acrylate
Acrylate

Soil

Yes
Yes
No

Yes
Yes
No

Catalyst

Yes
No
Yes

Yes
No
Yes

% Polymerization

1 Day

97.4
14.5
96.9

89.9
0.8
91.3

3 Days

96.7
7.2

95.9

87.4
0.0
89.5

After

3 13 Days

95.4
10.5
93.9

87.0
0.0
85.0

Soil does not appear to interfere with the polymerization of
either grout formulation because the degree of polymerization was
equivalent whether or not soil was present. Acrylamide appeared
to be more completely polymerized than the acrylate grout, i.e.,
95 versus 87% after 13 days, respectively. The magnitude of both
grouts' polymerization appeared to be similar to that observed by
the chemical assays (Tables 5 and 6) adding confidence to the
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interpretations of those assays. The slight decrease in the
calculated degree of polymerization of both grouts between 1 and.
13 days probably results from the slow diffusion of unreacted
monomer from the interior of the grout specimens. Additional
work with similarly-sized grout specimens, containing
unincorporated radioisctopes, indicates that 3 to 5 days are
required for concentrations within the grout to reach equilibrium
with the leaching solution via diffusive mechanisms. Thus, the
13-day leaching results should be interpreted as the most
accurate estimate of the degree of polymerization.

C. Effects on Soil Hydraulic Conductivity

Columns of soil (at 50 g oven-dried equivalent) were
prepared using the SWSA 6 soil moistened to 17.9% water content
by a procedure described previously (Spalding et al. 1985). The
columns were purged with carbon dioxide to eliminate trapped air
prior to permeation with 250 mL of water. Using a constant head
water delivery apparatus, the time required to collect two
successive 100 mL volumes from the soil columns was measured and
used to calculate the saturated hydraulic conductivity of each of
eight soil columns (Klute 1965). The hydraulic conductivity
averaged 2.2+0.3 x 10-2 cm/sec. The colunns were then grouted by
allowing 150 mL (ca. 2 column volumes) of freshly prepared grout
(a 1:1 mixture of grout and catalyst solutions as described
previously) to percolate through the colunn until the grout
solution was level with the top of the soil surface. The column
flow was then interrupted for 24 hours to allow the grout to set.
Measurements of postgroutiiig hydraulic conductivities were
attempted the next day after replacing the protective sand and
glass wool layers above and below the soil plug. Howevert no
water conduction could be observed in any colvmn over a week long
period indicating that both grout formulations had sealed the
soil columns. Four replicate columns of each of the two grouts
were tested.

The Mg acrylate grout was observed to partially polymerize
after about 30 min in the presence of triethanolamine and
potassium ferricyanide even without the addition of the ammonium
persulfate catalyst. Thus, solutions for the hydraulic
conductivity and microbial degradation experiments had to be
prepared immediately prior to use. This tendency of the Mg
acrylate to spontaneously polymerize was a critical attribute
which led to the selection of the acrylamide for the field
demonstration. Solutions of acrylamide, containing both
triethanolamine and potassium ferricyanide, have been stable for
periods of several months and their polymerization could be
controlled identically to freshly prepared solutions.
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II. Field Investigations

A. Site Selection and Characterization

Solid Waste Storage Area (SWSA) 4 at ORNL was selected as a
candidate disposal area to locate burial trenches of transuranic
waste. Although there are no records of surveyed trench
locations or waste characteristics for SWSA 4, which was operated
between 1951 and 1959, a crude area map which includes types of
trenches (Figure 4) is available (Huff et al. 1982; Davis and
Schoun 1986). The indicated trench orientations seem to be
correct as evidenced by the orientation of subsidence depressions
on the present SWSA 4 land surface. According to a description
of solid waste handling and disposal methods prepared during the
operation of SWSA 4 (Browder 1959), 'alpha' contaminated waste
was segregated from beta-gamma waste for disposal: "The alpha
contaminated wastes are buried in holes approximately 15 by 15
feet deep. The waste materials are placed in the hole and
covered by about a foot of earth. Approximately 8 inches of
concrete are poured over the earth in the hole. The concrete is
followed by an additional two or more feet of earth to fill the
hole to the surface level. The use of concrete is a precaution to
prevent anyone from inadvertently digging into the long-lived
plutonium-contaminated alpha wastes at some future date.
Beta-gamma wastes are buried in long trenches and covered with
three or more feet of earth." Thus, the areas in Figure 4,
which indicate that they contain trenches covered with concrete,
were considered likely to contain buried transuranic waste.

Surface 'outcrops' of concrete were visible in the area
onthe eastern side of SWSA 4 and several were located near the
eventual study area. The use of the shallow concrete caps over
these older alpha burial trenches was deemed a facile means to
precisely locate a trench for the grouting demonstration.
Between June 16 and 20, 1986, probing for the location of shallow
subsurface concrete was attempted using a trailer-mounted drill
rig (Giddings Drill Co.) fitted with an 18-inch long section of
3-inch diam auger. Several 50-m transects of the area were laid
out and augering was attempted every 2 m to a maximum depth of 50
cm. A refusal of auger penetration was tentatively interpreted
as evidence of concrete when several adjoining points on a
transect exhibited this refusal. Auger refusal was also noted
for abundant limestone cobble presumably from old access roads or
fill materials in the area. Notably, only two small areas of
concrete were identified in the whole eastern region of SWSA 4
which Figure 4 indicated would contain trenches which were all
covered with concrete. Thus, it appears that the use of concrete
caps in SWSA 4 was nowhere near as extensive or routine as
published records would seem to indicate. However, a probable
concrete-capped trench, of an appropriate size for the grouting
demonstration, was located by this probing method in the area
indicated in Figure 4. On July 10, 1986, the earthen cover over
the concrete cap was scraped off using a front-end loader. This
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uncovering revealed that the concrete cap was actually two
smaller roughly rectangular caps. The caps were neither level
nor smooth indicating that the concrete had been dumped rather
than formed and worked. Each cap was approximately 3.5 x 6 m and
subsequent drilling revealed that its thickness varied between 10
and 30 cm with an estimated area-weighted average thickness of 15
cm. The exact cap locations, within the DOE administrative grid,
are depicted in Figure 5. For discussion and identification
purposes, these two trenches have been designated as the east and
west trench.

Beginning July 24, 1986, several 17-cm diam holes were
drilled through the concrete caps using a carbide-tipped
'Bulldog' bit (Mobil Drill Co.) with 6-inch diam hollow stem
auger and a trailer-mounted drill rig (Mobil Drill Co., Model
B-24). Continuous wetting of the bit facilitated drilling and
about 30 min per hole were required to penetrate the cap.
Augering was continued into the backfill below the concrete until
the first evidence was encountered that waste constituents were
being brought to the surface. Cuttings were continuously
monitored for beta-gamma and alpha activity by ORNL health
physicists. Seven holes were placed in the west trench and six
were placed in the east trench. In an effort to minimize the
amounts of contaminated auger cuttings from the trenches, an
attempt was made to insert well casings by either pushing
manually or driving with a safety drop hammer. However, only two
stainless-steel, 2-inch diam well screens with pointed ends were
available at the time. These were used to prepare wells 1 and 2
in th«* 3ast and west trench, respectively (Figure 5). Attempts
to insert various types of plastic well screens and casings were
not successful. To make boreholes for these well casings, a
'cuttingless' auger method was devised by using a 3-foot
sectionof 4-inch diam auger with either a fishtail or drag bit
coupled to drill rod extension above. Thus, without the
continuity of augers no cuttings were brought to the surface but
the borehole was opened by allowing the auger to push trench
materials (waste and backfill) laterally into the comparatively
large voids within the trench. This procedure worked quite well
in the east trench where mostly soft waste materials (i.e., wood,
plastic, and cloth) were encountered. In the west trench, much
more metallic waste was encountered and resulted in the loss of
two bits and auger sections due to breakage within the trench.
Only one well casing could be fitted into the seven holes in the
concrete cap of the west trench. However, the remaining uncased
holes were still useful for visual inspection of the waste and,
later, for pouring grout into the trench. Well 4 (Figure 5) was
placed along the eastern wall of the west trench and behaved
hydrologically as though it were probably within the trench. The
characteristics of all wells constructed in the area are given in
Table 8.

A group of twelve monitoring wells were placed around the
two trenches Between August 4 and September 14, 1986. All well
holes were augered to a nominal depth of 6.5 meters using 6-inch
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Table 8
Monitoring Well Locations and Characteristics

at the Buried Transuranic Waste Immobilization Site
in Solid Waste Storage Area 4.

Well

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Grid

East

28347
28325
28335
28334
28322
28331
28347
28344
28350
28346
28348
28331
28355
28344
28317
28322
28356
28353
28319

Coordinates

North

feet )
19250
19253
19253
19257
19271
19269
19257
19253
19253
19244
19237
19237
19248
19267
19248
19238
19255
19265
19261

Elevation of

Top of
Casing

Ground
Surface

( m above NGVD )
245.47
245.23
245.35
245.55
245.33
245.23
245.17
245.22
245.13
245,05
245.19
244.76
245.89
245.92
244,80
244.72
245.90
245.51
244.79

244.85
244.25
244.10
244.19
244.74
244.88
244.31
244.86
244.82
244.78
244.82
244.63
245.03
245.16
244.30
244.43
245.12
245.20
244.43

Casing
Length

(m)
4.31
4.31
4.26
4.33
6.53
6.18
3.31
2.26
3.45
3.31
6.53
6.18
6.18
5.97
5.97
5.06
6.53
6.11
6.10

Inside
diam

(cm)
5.1
5.1
10.2
7.6
7.6
7.6
3.4
3.4
3.4
3.4
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6

Length of
screen

(m)
1.52
1.52
1.52
1.52
1.52
1.52
3.04
1.99
3.04
3.04
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52

Grid coordinates were calculated using well 407 as a reference as
given in Webster et al. 1981.
NGVD = National Geodetic Vertical Datum.
Wells 1 and 2 were made of stainless steel. All others were PVC.
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diam continuous flight auger and a carbide-tipped drag bit.
However, well 3, because of its location, was much shallower than
the other wells. All wells were cased with 3-inch diam,
threadedj flush-joint PVC casing {Timco Manufacturing Co.). The
bottom 5-foot section was slotted (0.020 inch) well screen with a
threaded PVC plug on the end. The annulus around the well screen
was filled with 45 kg of coarse sand. The remaining annulus
above the screened section was filled with the soil which had
been augered from the hole. Monitoring of the auger cuttings
indicated that the soil depths ranged between 4 and 5 m when
harder rock, usually limestone, was encountered. This limestone
was encountered in most locations but was usually only about
20-50 cm thick and under lain by a red and/or gray shale. The
augering confirmed the extent of trench borders inside the
perimeter of monitoring wells because all holes encountered only
undisturbed residuum including well 3 in the narrow band of
undisturbed formation between the east and west trenches.

Another transuranic waste disposal trench, without a
concrete cap, was identified immediately to the west of the west
trench during monitoring well construction. The initial attempt
to auger a hole on the western side augered up two small metallic
waste fragments at a depth of 1.5 m below the land surface.
These metallic pieces, each estimated at about 100 g, exhibited
low beta-gamma activity but saturated available alpha survey
equipment (i.e., >2 x 106 cpm). Later alpha spectroscopy of
several paper smears of the auger identified the active nuclides
as 239,24opu, i'he drill bit was successfully decontaminated but
one section of auger could not be decontaminated. This a;jger
section and the contaminated metallic pieces were placed into an
extra borehole which was later filled with grout. This incident
confirmed that this area of SWSA 4 does contain buried
transuranic waste in small trenches consistent with the records
(Figure 4). Occasionally, cuttings, which adhered to the
augerafter boring the holes in the east and west trenches,
exhibited very low-level beta-gamma and alpha activity although
no waste as radioactive as the metallic pieces described above
were encountered in these trenches. Samples of contaminated
backfill, when encountered in the placement of intratrench wells,
were stored for later analysis.

B. Trench Void Space Determination

When the monitoring of water levels within each trench was
initiated on August 14, 1986, both the west and east trench were
more than half full of water. Because the East Tennessee region
had experienced in the previous two years one of the worst
droughts in the historical record with the rainfall in 1986 less
than half the annual average, the water levels within these
trenches were likely near the lowest point achievable through
natural drainage. In the original experimental design, it was
anticipated that the demonstration trench(es) would be dry
initially and trench void space could be measured by a technique
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which filled the trenches with water (Spalding 1986). The water
would then be allowed to seep away from the trench prior to
filling with grout. However, the presence of so much standing
water within both trenches required that the water be removed
prior to filling with grout. Trench void space could still be
determined, however, by measuring the volume of water which could
be pumped from the trenches. However, before emptying the
trenches, additional water was added to each at different
intervals to measure trench void space above their ambient water
levels (Table 9). Water was pumped from White Oak Creek at a
point approximately 350 m to the east of the study site. The
delivery hose contained a water meter by which volumes placed in
each trench were measured. Both trenches were filled within a
relatively short interval (<8 hours) even at the modest pumping
rate of about 6 gal/min. After filling, subsequent seepage was
quite slow as evidenced by the very slow decline in the
intratrench water levels over the next several days.

The water removed from each trench was initially pumped into
three 1,500-gallon storage tanks at the site to measure its
volume. Subsequently, this water was transferred into two
trenches, just to the east of monitoring well 192 (Figure 4),
through several existing subsidence craters which provided access
to these trenches. The water was pumped from the trenches by
attaching a 2-inch diam intake hose of a self-priming
gasoline-powered centrifugal pump to the top of the casings of
either well 1 or 2 for removal from the east or west trench,
respectively. Once the water level had been drawn down to an
elevation below the screened interval as evidenced by air in the
discharge line, each well was pumped further by placing a
1.5-inch diam intake hose to the bottom of the well casing. All
but a few cm of water could be removed from the west trench by
this method. In the east trench, however, water levels could
only be drawn down to within about 80 cm of the bottom of the
casing which was assumed to be resting on the trench floor. At
this point, the pump would only remove small amounts of water
mixed with large volumes of air. Thus, well 1 may have penetrated
about a meter deeper than the actual trench floor and, hence,
could retain the observed 80 cm of standing water due to rapid
recharge from residual water on the trench bottom. The other
wells in the east trench were considerably shallower than well 1
and for most of the time after water removal, these elevations
were at or near the well bottom. Water levels within all
intratrench wells receded uniformly when the trenches were pumped
indicative of the large voids (hydrologic connection) between
them. Once water had been removed from both trenches, water
levels remained fairly steady for several days in spite of the
steep hydraulic gradient to the surrounding water table
indicating a very slow recharge from the surrounding water table.

The water removed from both trenches contained only low
levels of dissolved and/or suspended radioactivity. Samples of
the interstitial water were obtained from the intratrench
monitoring wells between August 6 and 12, 1986. Five mL aliquots
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Table 9
Summary of Fluid Additions and Removals from the
East and West Transuranic Waste Burial Trenches

in Solid Waste Storage Area 4

Trench

East West

Water Pumped In
Water Pumped Out
Grout Added
Percent of Trench
Voids Filled

Estimated Trench
Dimensions:

Length
Width
Depth

Volume
Percent Void Space
In Trench

9,369 L
15,143 L
14,763 L

97.5%

4.49 m
3.96 m
3.63 m

78,849 L

19%

4,369 L
15,437 L
16,277 L

105%

6.40 m
3.66 m
3.26 m

76,351 L

21%

Table 10
Chemical and Radioactive Quality Characteristics of

Water Removed from the East and West Trenches
in Solid Waste Storage Area 4

Characteristic

Gross Alpha
Gross Beta/
Gamma
PH
Electrical
Conductivi ty

Dissolved and
Suspended
Solids

Units

Bq/L

Bq/L
-log[H*]

dS/m

mg/L

8/6/86

nd

280
6.5

400

300

Trench

East

8/11/86

nd

280
6.5

440

320

8/12/86

nd

280
6.3

580

'520

West

8/6/86

nd

nd
6.3

1120

1580

8/11/86

nd

nd
6.4

1420

2240

nd = none detected above the detection limit of 10 Bq/L for both
gross alpha and gross beta/gamma.
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were dried on tared 2-inch diam stainless steel planchets. After
drying, the weight of deposited solids was determined by
reweighing. Hie planchets were then counted repeatedly for one
min intervals using an end-window Geiger-Muller tube for
beta-gamma detection and an end-window alpha scintillation probe
for gross alpha detection. Certified standards of »°Sr(90Y) and
2•lAm were employed for the determination of beta-garana and alpha
counting efficiencies, respectively. Both radiation detectors
were connected to a ratemeter (Ludlum Measurements Inc., Model
2001) with a one min preset counting interval. Electrical
conductivity and pH were measured by procedures described
elsewhere (Spalding 1984). Results of these water analyses are
presented in Table 10. It should be noted that the samples from
each trench initially appeared clear and uncclored and exhibited
a strong anaerobic 'sulfide' odor. Within an hour of sample
collection, a reddish iron hydroxide floe appeared indicative of
ambient reducing conditions within each trench. The iron
hydroxide precipitate was redissolved by acid addition prior to
radioactivity determination to avoid any radionuclide scavenging
from solution. Both the pH and electrical conductivity were
determined before acid addition. In addition, samples from well
2 (west trench) contained an oily layer floating on top of the
aqueous phase. A sample of this oil was collected from the
interim storage tank used to measure the volume of water removed
from the trench. The amount of oil removed from the trench was
estimated to be no more than 10 gallons but was not transferred
to the eastern trenches with the bulk of the water removed from
the trench. It was incorporated in later batches of grout and
returned to the study area trenches. It is most likely that this
oil is residual machining oil as evidenced by the frequent
encounter of metallic shavings during the augering of well holes
in the west trench. A sample of this oil has been submitted for
analysis of its composition.

The fractional trench void space was also calculated from
the volume of water pumped from each trench and the trench
overall dimensions (Table 9). The east and west trenches were
estimated to contain 19 and 21% water accessible void space,
respectively. These estimates of the volumes of trench void
space are probably quite accurate;however, the expression as a
fraction or percentage of the total trench volume may be
considerably greater than presented in Table 9. The length and
width of the trenches were estimated from the dimensions of the
concrete cap and could be too large if the cap extends beyond the
actual trench walls. Conversely, several borings near the trench
cap indicate that the trench cap is at least no smaller than the
actual trench. Likewise, the estimated trench depth, as
discussed above, may be overestimated due to the extension of
well casing below the true trench floor. Thus, the actual
fractional trench void space may be greater than indicated above,
perhaps up to the 30% recently measured in an older low-level
waste trench in SWSA 6 (Spalding 1986).

The monitoring wells outside the trench exhibited a much
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slower hydrologic connection to the two trenches. Before water
was pumped into or out of either trench, the water levels within
both trenches were perched above the water table elevation in the
region. The perimeter monitoring wells did respond to several
precipitation events during the period of observation and also
responded slowly to fluid additions and removals from the
trenches. The hydraulic gradient at the site appeared to be
toward the south which is also the topographic gradient.

C. Grouting Operations

Field grout application consisted of mixing the grout and
catalyst solutions as they were fed into a trench under a gravity
head. Solutions of grout and catalyst were; made up in 1,500
gallon seamless, polypropylene tanks. Each tank was fitted with
a 2-inch diam three-way ball valve at its lower access port
(Figure 6). One side of the valve was used for delivery of
solution to the trench while the other side was used to
recirculate solution to the tank's top access port when grout
components were being dissolved in the tank.

A 10% acrylamide grout formulation was selected for the
field operations. Into the first tank was placed approximately
1,200 gallons of water which was pumped from White Oak Creek.
Fifty bags, at 50 pounds each, of AV-100 (Avanti International
Inc.) were then emptied into the tank (Figure 7) followed by 30 L
of AV-101 (triethanolamine blended with ethylerte glycol, Avanti
International Inc.), 1.14 kg of potassium ferricyanide, and 2.27
kg of Fe-EDDHA (Sequestrene 138Fe, Ciba-Geigy Inc.). The tank
volume was then made up to 1,500 gallons with water. Into the
second tank, was pumped 1,500 gallons of water into which was
added 57 kg of ammonium persulfate (AV-102, Avanti International
Inc.). Using two gasoline-powered centrifugal pumps, the
solutions were recirculated through each tank until all solids
were dissolved. Usually, complete dissolution required no more
than 30 min. Three tanks were used in a rotation which allowed a
second batch of grout to be prepared while the initial batch was
being delivered to a trench (Figure 8). It generally required
two people working about four hours to prepare a 3,000 gallon
batch of grout and an additional four hours to deliver the grout
to a trench under gravity head. Grout was delivered by mixing
the outflow of two one-inch diam hoses at the delivery point of a
trench. The final formulation contained 10% acrylamide grout
(actually, 9.5% acrylamide plus 0.5% methylenebisacrylamide),
0.3% triethanolamine, 0.01% potassium ferricyanide, 0.5% ammonium
persulfate, and 0.02% Fe-EDDHA. In the laboratory, samples of
the trench water were used to prepare test batches of grout to
determine what, if any, effect trench water constituents might
have on grout set times. No inhibitions of grout set times were
observed which indicated that there were no components in the
indigenous trench water which could inhibit grout set. In these
test batches, grout set times were actually decreased from 45 to
33 min by the trench water. Additions of
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Fe-EDDHA up to theO.02% concentration had no effect on grout set
times. In the field, a 1:1 test aliquot of each batch was
prepared for measurement of set time before adding that batch to
a trench. Grout set times varied from 26 min to about 90 min for
the various field batches prepared.

Grout was found to flow without restriction into both
trenches. In the west trench, grout was introduced through one
of the central boreholes in the concrete cap which could not be
used for well casing insertion. In the east trench, the open
annulus of well 7 was used for more than 95% of the grout
addition while in the final stages of trench filling the annulus
of well 10 was used. A total of about three batches was required
to completely fill both trenches. Grout was placed into the west
trench on August 27 and 28, 1986, while the east trench received
grout on August 29 and September 2, 1986. Grout elevations were
observed to rise quite uniformly into the open annuli of all well
casings and into the open boreholes in the west trench. The
total volumes placed in each trench are presented in Table 9.
The volume of grout placed into the east and west trench amounted
to 97 and 105% of their measured water accessible void space,
respectively.

D. Grouting Evaluation

Although grout appeared to be vmiformly distributed within
the annuli outside well casings and in open boreholes within
trenches, it was not as uniformly distributed inside well
casings. Because each trench was grouted in at least two
batches, the first batch apparently sealed the depth interval
which contained the slotted portion of the well casing so that no
further change in grout elevation within the casing was possible.
A small amount of water was often trapped within the casing above
the set grout. The grout is actually slightly more dense
(specific gravity = 1.05 g/cm3) than water so that, if it did not
mix completely with residual water within the trench, this water
could float over the grout. Solidified grout was noted in all
intratrench wells (Table 11). Several wells, which initially
accepted water as fast as it could be delivered to the casing,
became plugged after grouting (Table 11). These wells remained
nonconductive to water when periodically observed over the
following year.

Eleven weeks after grouting the trenches, sampling of the
grout in the trenches was attempted to determine the vertical
distribution of grout. Both split-spoon and thin-walled (Shelby
tube) samplers were driven into the trenches through either the
access holes in the concrete cap of the west trench or through
the annular space around wells 7, 9, and 10. However, in no case
was any significant amount of material retained within either
sampler even when a plastic core-retaining spring was employed in
the split-spoon sampler. Apparently, the grout fractured and
deformed around rather than entered into the various sampling
devices. When rotary coring tools were employed, the grout
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Grout
Thickness

1.80
3.32
0.40
2.21
1.01
2.80
2.60

Hydraulic
Conductivity

None
None
Very slow
*

None
None

Table 11
Grout Thickness and Hydraulic Conductivity of

Intratrench Monitoring Wells on September 22, 1986,
Three Weeks After Trench Grouting

Well

1
2
4
7
8
9
10

* Wells 7 and 8 had leaks in their casings near
the ground surface above the level of grout and
could not be measured.
All other wells at the site did not contain any
set grout.

behaved in the same way, i.e., deforming around rather than
entering into the core barrel. Thus, traditional soil and rock
sampling devices cannot be used to sample polyacrylamide grouted
trenches.

An alternate approach was used to obtain 'core' material
from these trenches. Because wells 7 and 9 appeared to be filled
with grout (Table 11) and because these wells were slotted
(screen open to the trench) for over 90% of their length (Table
8), it was presumed that their contained grout would be
representative of the grout formed at various depths in the
trench. Both well casings were pulled from the trench by lifting
with the hydraulic drive head of the Mobile Drill rig. The
removed casings were cut into 23 cm long pieces in the field,
returned to the laboratory, and frozen to facilitate removal of
the grout from the FVC casing. Using a ramrod, the frozen grout
was extruded from the casing into plastic bags, and weighed.
Samples from all sections appeared to contain solidified grout.
Each sample was dried to constant weight at 100° C to determine
moisture content. To determine organic matter content, i.e., the
percentage of polyacrylamide grout, samples were ashed for 48 hr
at 550°C and reweighed.

The results of this analysis for the sections of casing
'core* from well 7 are presented in Figure 9. A very similar
pattern was also observed in the sections from well 9. The
organic matter content (i.e., grout) was well above the target
10% for most of the core. The top three segments contained
significant amounts of soil as evidenced by the high ash content
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of these sections. On an ash-free basis, the grout content of
these sections is also well above the 10% target level.
Laboratory specimens of grout, analyzed by this procedure, were
found to be essentially ashless (<.003%, fresh weight basis)
whereas the test soil, described previously, contained 94.8% ash.
Samples of the residual ash from all segments of well 7 and 9
were analyzed for 137Cs and 60Co but no activity was detected.
These 'core' results confirm that the polyacrylamide grout was
both present and solidified throughout the depth of the east
trench.

The sampling of the monitoring wells around the two trenches
was performed twice after grouting (Table 12). Water samples
were filtered through 0.45 micron disposable filter units. Five
mL aliquots were dried down on planchets and counted for gross
alpha and beta activities as described previously. Samples were
also analyzed for pH, electrical conductivity, hardness,
alkalinity, and total dissolved solids (APHA 1980). Notably, no
gross alpha or beta activity was observed in any sample above the
routine detection limit of 10 Bq/L. The general chemical
characteristics appeared to be typical of a groundwater in
equilibria with excess carbonate. The dissolved solids contents
of these samples are low enough to preclude the presence of
significant amounts of grout components outside the trenches.
The grout formulation pumped into these trenches had a dissolved
solids content of 120 g/L. Recent samples from these wells are
undergoing analysis for traces of all grout constituents
(acrylamide, methylenebi sacrylamide, acrylic acid,
triethanolamine, and ethyleneglycol) via a recently developed
direct injection liquid chromatographic separation. In addition,
groundwater samples are also undergoing analyses for a variety of
elements as part of water quality screening for this area.

The cost of grouting materials ran about $1.83 per gallon.
Figuring labor at $40 per hour, would put grout preparation costs
at about $0»25 per gallon. This is based on two people working 8
hours to prepare and deliver a 3,000 gallon batch of grout.
Equipment costs for this demonstration ran about $5,000 for three
tanks, three pumps, and miscellaneous hoses and pipe fittings.
Actual site preparation and well placement costs are more
difficult to estimate. Recent experience with direct insertion of
well screens into burial trenches without concrete caps
indicatesthat about 50% of the time wells can be driven to the
bottom of a burial trench. Thus, well placement into trenches
for grout injection can be quite facile and inexpensive.

DISCUSSION OF FUTURE AMD CONTINUING WORK

Several characteristics of these grouted trenches need to be
monitored for several years to enable long-term performance on in
situ grouting to be assessed. First, the temporal persistence of
the apparent high degree of hydrologic isolation needs to be
documented. Periodic monitoring of the hydraulic conductivity of
intratrench access wells will be used to assess this attribute.
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Table 12
Chemical and Radiochemical Characteristics

of Waters from Monitoring Wells
Surrounding Polyacrylamide Grouted Trenches

Well

3
5
6
11
12
13
14
15
16
17
18
19

5
6
11
12
13
14
15
16
17
18
19

pH

6.3
7.9
7.9
7.9
7.9
7.0
7.7
7.2
6.6
8.1
8.2
8.0

6.8
6.6
6.1
6.3
6.1
6.6
7.1
6.1
6.6
7.0
6.4

Electrical
Conductivity

(dS/m)

600
280
312
580
670
505
470
1700
620
645
430
820

315
325
790
660
660
500
1650
660
650
440
1150

Hardness Alkalinity

( mg

Sampled

212
162
204
298
344
246
268
330
274
344
234
356

Sampled

146
168
298
290
318
232
228
240
258
200
440

CaCO3/L )

170
148
153
310
359
257
257
412
176
323
211
196

nft/od./ft7

159
152
310
260
274
214
431
124
210
168
248

Dissolved
Solids

(mg/L)

1600
200
240
420
440
360
360

2020
540
400
300
840

1980
1660
760
640
1520
1300
1540
160
260
460
3200

Neither gross alpha nor gross beta activity was detected
above the detection limit of 10 Bq/L for both gross
alpha and gross beta.
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Additional wells will be installed in the trendies to aid in this
determination. Monitoring wells around the trench will need to
be assayed for grout constituents in periodic samples to
determine if any unpolymerized grout components have migrated
from the trench. The durability of grout will also continue to
be monitored in the laboratory degradation experiments.
Additional 14C-labeled grouts will be prepared to accurately
assess long-term stability of the polyacrylamide. If the
concerns over actual field grout performance and long-term
stability can be answered by this work, then in situ
immobilization of buried transuranic waste with polyacrylamide
may become an appropriate and feasible remedial action.
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