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In Situ Grouting of Low-Level Burial Trenches with a Cement-Based Grout at Oak 
Ridge National Laboratory. C.  W. Francis, R. D. Spence, T. Tamura, and B. P. 
Spalding. ORNIJM-11838, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

A restoration technology being evaluated for use in the closure of one of the 
low-level radwaste burial grounds at Oak Ridge National Laboratory (ORNL) is 
trench stabilization using a cement-based grout. To demonstrate the applicability and 
effectiveness of this technology, two interconnecting trenches in Solid Waste Storage 
Area 6 (SWSA6) were selected as candidates for in situ grouting with a particulate 
grout. The trenches are -15 ft deep and measure 38 by 14 ft and 47 by 14 ft. The 
primary objective was to demonstrate the increased trench stability and decreased 
potential for leachate migration following in situ injection of a particulate grout into 
the waste trenches. Stability against trench subsidence is a critical issue. For 
example, construction of impermeable covers over the trenches will be ineffective 
unless subsequent trench subsidence is permanently suspended, 

Before the trenches were grouted, the primary characteristics relating to 
physical stability, hydraulic conductivity, and void volume of the trenches were 
determined. Before grouting, soil penetration tests revealed that at soil depths >5 
and < 15 ft, mean blows per foot within the trench averaged -20 blows per foot below 
that outside the trench, implying that considerable uncompacted soil and/or void 
space existed within the trench area which over time will lead to significant 
subsidence of the upper soil layers. Hydraulic conductivity tests within the trench 
area also revealed a high potential for the infiltration of water (hydraulic 
conductivities >O.Z cm/s). 

Void volume within the trenches was determined by two techniques: 
(1) water-pump tests and (2) a newly developed air-pressurization technique. 
Estimates of void volume using the air pressurization technique were - twice that 
determined by the water-pump test (230 yd3 vs 115 yd3). The void volume 
determined by the water pump test most likely represents the void volume that could 
be realistically filled by grout. Also, this test contained a correction for the quantity 
of water observed in adajent trenches whereas the pressurization tests did not involve 
measurements of pressures in the adjacent trenches. The development of the air 
pressurization technique was pursued because water-pump testing may result in 
serious leaching of radionuclides and/or hazardous wastes into groundwater and 
induce premature settling of soil overburden into the trench. 

After grouting, soil-penetration tests disclosed that stability had been improved 
greatly. For example, refusal (defined as > 100 blows to penetrate to a depth of 1 ft) 
was encountered in 17 of the 22 tests conducted within the trench area. Mean refusal 
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depths foe two trenches were 11.5 and 8.5 ft, respecti~ely. The postgrout 
sail-penetration tests revealed that the stability of the f r e ~ ~ h  was signifmntly better 
than pregramut conditions, and at depths >$ fti the stability was very near that 
observed in the n a t k  soil formation outside the trench, ‘I’he majar differences in 
results between postgrouting tests and tests conducted in native soil formations 
outside the trench were found at sod depths of 6, 3, and 8 fR. ‘rests within the trench 
showed Bower stability within this range probably because of the presence of 
intermediate-she soil voids (formed diiri-ilmg backfilling) that webre too srnali to be 
pcnetrated and filled by the conventional cement grout formulation. Hydraulic 
conductivity within the trench remained v e v  high (30.1 cni/s) and significantly higher 
than sutsidc the trench.. Postgrouting air-pressubaatiorn tests also revealed a large 
degree of iiIterYoid linkage within and between the two tr-enches. Thus, it appears 
that to ef€ectlvely reduce hydraulic conductivity and ta develop stability within the 
upper level of the trench it may be necessary to implement additional stabilization 
techniques. One pssihility i s  the injection of a chemical or microhe ceaent grout 
into the upper level of the grouted trench. 

Appr0xirnate:y 12 yd’ of the CMFC was injected inas the previously grouted 
tt e ~ c h e s  with the eqxessed purpose of lowering hydraulic conductivity within thesc 
trcmhesu Measuremsnts nf hydraulic canductivity after grouting with the CMFC 
grout averaged 3 -71. Y 10” a d s ,  considerably higher than average hydraulic conductivity 
in soil outsjrle the trenches ( 6 4  x 18-’ crnbs). Thusi these data indicate gttruting with 
the clay- microfine cement did not reduce hydraulic conductivity to levels commonly 
obseived in sum-ounding soils. The average hydraulic mndtictivity measi11 ed in the 
CMFC grouted trench was apprwiniately the same as that measaxed in the grouted 
151 and ?.IO trenches (1.7 x 10” cm/s) and much highex than the average mcasured 
in the surrozrnding soils, again indicating grouting with the CMFC pxwt did not 
appreciably iower hydraulic conductivity measuremetats iiii the trench. In addition, 
trench stabnlity was not increased using the CMFC grout. For exampile, 
soil-penetration data before and after grouting with the GMFC grout revealed no 
significant diffcrencc (P<O.S) in the number O € ~ ? O W S  to penetrate the distamc of om 
foot indicating no benefits in increased trench stability Trom the CMFC grout. 

Tliese in-situ grouting studies of low-level biaiid ti e-iiches with ceniewt-based 
gouts (using Portland Type I cement) have shown considerabk benefit in increasing 
tremh stability against potential future subsistence; however, little effect can be 

X 



expected with regard to lowering hydraulic conductivity within the trenches, even if 
clay-based microfine cements are used as grouting materials. 

xi 





1. INTRODUCTION 

Oak Ridge National Laboratory (ORNL) has recently finished placing an interim 
covering - 10 acres of Solid Waste Storage Area 6 (SWSA ti), where low-level 
radioactive wastes (LLRW) have been buried in shallow trenches (Ikchtel 1988; 
Lockwood Greene 1988). "he final closure of SWSA 6 awaits the completion of its 
remedial investigation into the nature and extent of contamination as well as the 
development of effective and safe techniques to stabilize the burial trenches. To select 
trench stabilization and closure alternatives, a group of 19 burial trenches in SWSA 6 
was identified as a demonstration and test area to (1) identify promising trench 
stabilization and closure techniques applicable to the ORNL setting, (2) carry out these 
techniques on a field scale in actual LLRW trenches, and (3) collect the necessary data 
to evaluate each technique relative to its feasibility, effectiveness, and cost. 

This project, called Test Area for Remedial Actions (TAM),  is being conducted 
on a small hillock in the northeastern comer of SWSA 6 (Spalding et al. 1989, see 
Fig. 1). The site was selected primarily on the basis of the following two criteria: (1) 
it is away from daily waste management activities and most important (2) it is located 
entirely on high ground and is isolated hydrologically from any peripheral recharge axeas 
that would complicate formulating a site water budget and conducting performance 
monitoring as part of the stabilization/closure evaluations. The water table at the site is 
at least 20 ft below the bottoms of the trenches, and the trenches in the area are, 
therefore, unsaturated throughout the majority of the year in contrast to being chronically 
seasonally inundated, as is the case with other trench areas within SWSA 6. 

Two stabilization and closure technologies have been demonstrated at this site. 
Five burial trenches have undergone a dynamic compaction demonstration (Spalding et 
al. 1989), and two have been grouted by the in situ injection of a polyacrylamide 
chemical grout (€3. P. Spalding and Fontaine 1992). Dynamic compaction is quite 
effective in improving the stability of SWSA 6 burial trenches (Spalding 19816)~ and in 
situ grouting with polyacrylamide significantly reduces the hydrologic conductivity within 
the trench (Spalding et al. 1987). Final closure requires sufficient stability within the 
trench area to ensure that subsidence will not occur after construction of trench caps and 
moisture barrier controls. Dynamic compaction appears to be a relatively inexpensive 
stabilization approach. On the other hand, in situ grouting of uncompacted trenches with 
polyacrylamide appears to be expensive because of the cost of the acrylamide grouting 
materials ($2/gal) and relatively large volume voids of uncompacted trenches (estimated 
cost is -$50,0o0 per typical burial trench). However, if the two are combined (Le., 
dynamic compaction followed by in situ grouting with acrylamide), the costs involved 
would be much less because - 80% of the trench void volume is reduced by dynamic 
compaction. Demonstration tests conducted during September and October of 1989 
revealed that the low hydrologic conductivity of compacted trenches limited the mobility 
of the acrylamide monomer and its setting catalysis to such an extent that in situ grouting 
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of compacted trenches was not possible (B" P. Spalding, ESD, ORNL, personal 
communication lo B. P. Spalding, ESD, O W ,  November 1989). 

Implementation of either stabilization technology-dynamic compaction or in situ 
grouting with acrylamide-may also present Serious environmental and safety 
consequences. Of most concern is the improper use of acrylamide, a toxic substance and 
suspected carcinogen. It poses a risk to those who prepare and inject the grout; also if 
conditions exist in the trench that inhibit polymerization, it might contaminate 
groundwater used for drinking and there by pose a potential health hazard. After 
acrylamide polymerizes (viz, after the grout sets), it becomes nontoxic and nonhazardous. 
Hence, the ability to control the polymerization process @.e., set time) after injection into 
the burial trenches is paramount in order to ensure that the process will not result in 
groundwater contamination. In many cases, considerable testing may be required to 
make certain that set time is not adversely affected by the inorganic and/or organic 
constituents contained in the waste trenches. These assurances will probably have to be 
demonstrated and documented before federal and state regulatory agencies grant the 
approval to implement. 

Dynamic compaction on trenches in SWSA 6 also presents some unique safety and 
environmental concerns. For example, resuspension of contaminated soil presents a 
potential risk with respect to the inhalation, ingestion, and absorption of radionuclides 
or toxic chemicals by site personnel. Even though previous demonstrations have shown 
this is not a significant concern, precautions and rigid safety rules need to be followed 
when the technique is used. T3ecause some of the burial trenches in SWS,4 6 hold 
incidental but unquantifid amounts of contained liquids, some of which may be toxic and 
hazardous, the environmental impact on groundwater as these liquids are released during 
the dynamic compaction process is inherently unpredictable. Also, many of the trenches 
in SWSA 6 are inundated with groundwater either seasonally of chronically (Solomon et 
al. 1988). Thus, many of the trenches will have to be dewatered, and the influence of 
dynamic compaction needs to be determined on these trenches containing soil backfill 
near field saturation. The chief issue at hand is the ability to demonstrate the recovery 
of liquid released during compaction. 

Because of the (1) high costs associated with in situ grouting of acrylarnide in 
uncompacted trenches, (2) the inability to use the acrylamide in situ grouting technique 
at dynamically compacted trenches, and (3) the unresolved questions relating to the 
release of contained liquids during dynamic compaction of burial trenches, the U.S. 
Department of Energy @QE) has asked ORNL to demonstrate if in situ grouting with 
a particulate-based grout is a viable alternative that will provide long-term burial trench 
stability (Tom Wheeler, DOE Oak Ridge Operations Manager for the ORNL 
Environmental Restoration Program personal communication to Ken Cook, program 
manager for ORNL Remedial Action Program, July 25, 1989). 

ORNL has previously conducted demonstrations using particulate grout in waste 
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2.1 SlTE DESC€UPTION 

Two trenches, Nos. 151 and 170 in the T A U  site (Fig. 21, were selected as 
candidates for in situ grouting with a particulate grout. The locations of both of these 
trenches have been surveyed and the corners of each marked. Each of the trenches are - 15 ft deep. Trench 15 1 measures 42 by 14 ft (- 583 ft2) and trench 170 measures 44 
by 14 ft (- 612 ft2). The two trenches are interwnnected; the south end of trench 170 
overlaps into the north side of trench 151 (see Fig. 2). These trenches were selected for 
grouting for two reasons: 

1. The void volume of each has been determined by filling with water, 
and there have been limited measurements of soil penetration within 
and adjacent the trenches. 

2. The water table is -20 to 30 ft below the bottoms of the trench and 
thus the trenches are unsaturated throughout most of the year, except 
possibly after an extended heavy rain in which ease water may 
accumulate for a short time in the bottom of the trenches. 

2.2 SOILPENETRATION TESTS 

A nonstandard penetration test has been developed for use over trenches to avoid 
auguring contaminated waste to the surface as would result if the standxd ASTM 
(D 1586-84) soil-penetration test were used. The nonstandard test uses a 140-lb 
drill-rig-mounted drop hammer to drive a 2-in.-diam 60" cone point attached to a 
1.75-in.-diam drill rod into the ground. The drill is marked at 1-ft lengths, and 
penetration is measured by the number of blows required to move the device 1 ft into the 
ground. In January 1990, 12 penetration tests were conducted in trench 170, and ten 
tests were conducted in trench 151 (Fig.. 3). Holes from the penetration test were used 
to insert casings which in turn were used both to conduct pregrouting hydraulic 
conductivity tests and to Serve as injection wells for pumping grout into the trench. In 
addition to those penetration tests within trenches 170 and 151, penetration tests were 
conducted outside the perimeter of the two trenches (see Fig. 3). 

2.3 INSTALLATION OF INJECTION WELLS 

The previous particulate grouting demonstration (Tamura et al. 1987) used lances 
made of 2-in.-diam Schedule 80 steel pipe as injection wells. These were placed at 
-5-ft centers over the surface of the trench (total of 36 injection wells). The lances 
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'ig. 3. Locations of soil penetration tests within and outside trenches 170 and 151. 

to 20 psi. 

Several changes were made in the installation of injection wells for this 
demonstration. The major changes included the use of (1) slotted pipe as injection wells 
and (2) considerably fewer injection wells [lo to 12 per trench compared with the 36 in 
the Tamura et al. (1987) study]. Slotted plyvinylchloride (PVC) pipe (threaded and 
flush-jointed, Schedule 80, 1.25-in. d i m )  constructed with three rows of 0.1-in.-wide 
slots (42 slo.ots/fi-row, effective filter area of 11.5 in2/&) were placed into the holes made 
during the penetration tests. Solid sections of similar pipe were installed to at least 2 ft 
below the soil surface. TRese pipe were obtained from Timco Manufacturing, Inc., 
Prairie du Sac, Wisconsin. To ensure that injected grout did not return to the surface 
along the pipelsoil interphase, a 1-ft section of 2-in.diam pipe was placed over the 
1.25-in.diam pipe and driven into the ground to -3 in. below the soil surface. A 
cement-based grout collar was then molded around the surface of the pipehi1 interphase 
(see Fig. 4). 

Several holes made during penetration tests could not be used as injection wells 
because the drill rods were contaminated to the extent that they were unsafe for handling; 
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thus, in these cases the drill rods were 
abandoned in the hole. This was the 
situation for penetration tests 4, 5, and 9 
in trench 170, resulting in only nine wells 
for trench 170 and ten wells for 
trench 151 (Table 1). In most cases, the 
injection wells reached to the bottom of 
the trench (Table 1). The technique was 
certainly better in this respect than the 
technique used by Tamura et al. (1987) in 
which only 4 of the 36 injection wells 
reached to the bottom of the trench. 

I 2.4 HYDRAULIC CONDUCTIVITY 
MEASUREMENTS 

Fi& 4. Photograph of slotted pipe and 
2.4.1 Pregrouted Trenches installed injection well (ORNL 7371-90). 

Hydraulic conductivity of pregrouted trenches was estimated. This was 
accomplished by pouring 6 L aliquots of water into the slotted injection wells. This 
technique was chosen because the ORNL Office of Environmental Compliance and 
Documentation prohibited the use of a constant head pump-test as demonstrated by 
Spalding et al. -(1985). The 
use of such a technique in the 
highly permeable pregrouted 
trenches would require 
considerable water; thus, the 
leaching of con taminants from 
the trench area would be 
promoted. Also, Spalding et 
al. (1985) have colle~ted 
c o n s i d e r a b l e  d a t a  
demonstrating that the 
hydraulic conductivity of 
ungmuted trenches average on 
the order of 1.5 x loz cds .  

The tests were 
conducted in the following 
manner. First, assume no 
greater than 13 ft of slotted 
pipe per injection well 
(consemative assumption based 

Table 1. Depth of injection web 

Trench 151 Trench 170 Outside Trencher 

A Well No. Well No. t Well No. A 

151-1 

151-2 

151-3 

151-4 

151-5 

151-6 

151-7 

151-8 

151-9 

151-10 

Mean 

15 170-1 15 

13 170-2 15 

15 170-3 15 

8 170-6 15 

15 170-7 15 

11 170-8 15 

13 170-10 12 

14 170-11 12 

14 170-12 15 

1s 

13.3 Man 14.1 

151-E 

151-NE 

151-NW 

1514 

l5lSE 

151SW 

151-W 

170-N 

lMNW 

17oSW 

M a n  

12 

13 

15 

7 

7 

15 

10 

15 

15 

5 

11.4 
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on well depths listed in Table 1). The area available for entry into the trench for such 
an injection well would be - 982 cm2 (filter area for the 1.25-in.-diam pipe is 74 cm2/ft). 
At a hydraulic conductivity of 0.1 cm/s, at least 100 mL would have to pass into the 
trench area within 1 s. The volume potentially contained in a 15-ft injection well 
(assuming complete closure) would be 3.62 L. Thus, if it were demonstrated that the 
well could take 6 L of water over a 23-s period (the maximum flow rate of 6 L of water 
through the funnel used to deliver water to the injection well), the hydraulic conductivity 
of the pregrouted trench woul .1 cm/s. Three wells from each of the two 
trenches were randomly selected and 6 L of water poured into them over a 23-s period. 
In no case were the well casings filled to overflowing, indicating that the hydraulic 
conductivity of pregrouted trenches was >0.1 cm/s (-0.8 cm/s, assuming 2.8 L is, 
delivered across a filter area of 982 cm2 in 23 s). 

2.4.2 Postgrouted Tre 

Wells for measuring hydraulic conductivity within the trench area following 
grouting were installed using the holes made during the postgrouting penetration tests. 
A total of 22 wells (12 in trench 151 and 10 in trench 170) were installed. Instead of 
using the O.l-in.-wide slotted pipe (as in the pregrout injection wells), 0.02-ina-wide 
slotted pipes were installed (1.25 in. ID, Schedule 80 PVC, see Tahle 2). The effective 
filter area for this pipe is 21 cm2/ft. 

Water was poured into nine of these wells (P-2, P-3,1"-4, P-7, P-11, P-17, P-18, 
P-22, and P-24) to estimate lower limits in hydraulic conductivity and to compare the 
hydraulic conductivity within the postgrouted trench with that outside the trench. These 
tests were conduc in a manner similar to those for pregrouted trenches (Le., 6 L were 
delivered through a flow cone over a 23-s interval). Only one well failed to take the full 
6 L (well P-2, which overflowed after 6 s). On the other hand, two wells outside the 
trench area (well P-1, which was 15 ft deep with 12 ft of 0.02-in.-wide screen, and well 
151-W, a pregrout monitoring well at the west end of trench 151) failed to take 6 L of 
water in the 23 s which indicates that the hydraulic conductivity within the trench area 
after grouting was generally > 0.1 cm/s and appreciably greater than that measured in 
undisturbed soil outside the trench. For example, mean hydraulic conductivity of 
undisturbed soil formation at the T A M  site in "driven" wells was 1.2 x loa5 cm/s. 
Previous measurements in SWSA 4 have resulted in mean hydraulic conductivities of 
3.5 x 10" and 2.0 x cm/s, Luxmoore et al. (1981) and Davis et al. (1984), 
respectively. 

2.5 VOID-VOLUME MEASUREMENTS 

The combined void volume of trenches 151 and 170 has previously been 
determined by filling with water and taking into account losses resulting from seepage 



'I['r-cnch -- 151 Trench 170 

No, ft k No. ft ft 
Well Depth S@fC@Ti weal Depth screen 

P-14 14.5 10 P-2 1s 12 

P-15 11.5 9 P-3 1s 12 

P-16 14.8 12 1)-4 9.2 5 

P-17 7.6 5 P-5 5.5 3, 

P-18 8.9 S P-6 8.2 5 

P- 19 8.3 6 P-7 7.7 4 

P-20 11.3 7 Hp-8 9.3 7 

I?-21 12.7 9 P-9 7.9 5 

P-22 11.3 7 1)-lo 10.4 7 

B-23 15 7 P-11 10.2 7 

P-24 13.8 7 

into thc surrounding soil ( s i x  description of water purnp-in t a t  irn Sect. 25 .3 ) .  This 
practice may result in s e r i o ~ s  leaching of mdionuclides a d o r  hazardous wastes into 
groundwater a d  induce premature settling of mil ave&urdeui hito the trench. It also 
leaves soil witkini the trench nea4' saaturatisn levels far a significant pixiad of time, which 
could have an effect on mlidifimiion of grout inntrodu& into the trench. Con.quently, 

aemptable ctim for determining trench 
void volume, rims> an alternative nondestmctive meth as n & d  for determining 
trench void volume. 

ing trenches with water i s  no longer 
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Table 3. Void-volume measurements eonductd using CO2 injection or N, 
pressurization techniques‘ 

Technique CO, or N, influx 
(ft3/min) 

Estimated 
void V O ~ U ~ ,  

(Y d’) 

CO, injection 

N, pressurization 

0.35-0.43 13 .S- 16.2 

13.6-15.1 1.02-1.12 

1.70- 1.79 14.5-15.2 

Mean = 14.7jt1.0 

0.51 14.3 

0.80 14.8 

0.89 17.4 

1.10 17.3 

Meatl = 16.0f1.6 

“Void volume measured in the Solid Waste Storage Area Six (SWSA 6) below-grade radwaste 
disposal silo, September 1989, by P. J, Hanson and C .  W. Francis. 

be calculated from the ideal gas law. Validation of such a simple technique to determine 
trench void volume would be a significant accomplishment. For example, one of the 
most important criterion in determining the effectiveness of in situ grouting is the extent 
to which the available void space is filled with grout. To do this, it is imperative that 
the total void volume of the trench be known. Trenches 151 and 170 were selected for 
grouting because trench volumes had previously been determined by flooding ,with water, 
a technique that can no longer be practiced. Thus, these trenches offered an opportunity 
to verify the use of alternative methods to determine trench void volume. 

2.5.1 Trench Pressurization-Theory 

This technique is based on the principle that small pressure differentials 
(< 0.5 psi) can be monitored within the trench as a known rate of gas is pumped into the 
trench. The technique assumes that the void volume of the trench remains constant and 
that air leaking from the trench occurs across a constant resistance to air flow. The 
measurement is based on the ideal gas law, where equation (1) describes conditions in 
the trench before pressurization, and equation (2) describes conditions in the trench after 
pressurization to a constant pressure, and 
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VO 
"0 
R 
T 
PO 
PC 
"1 

void volume of trench, 

id& gas constant, 
ambient absolute temperature in trench, 
pressure initially present in trench (assumed 1 atm), 
pressure in trench after pressurization to constant pressure, amd 
no + * I  

moles of gases after pressurization, where n, is equal to the moles 
of gas initially present and n, is equal to the net moles of gases 
added to cause increas pressure to Pc. 

ases initially present in trench, 

I'hus, the volume of gas added (VI) to result in Pc is q u a l  to 

Combining F ? s .  (1) and (2) and assuming no difference in temperature on pressurization, 

n V o  

O Pc-Po 

and substituting Eqs. (1) and (3), respectively for no and nI results in 

(4) 

The volume attributed to the pressure change in the trench (VI) catp be determined 
by monitoring the pressure increase in the trench (gage pressure in trench, Pig) over the 
time it takes to develop a constant gage pressure (Peg) from a constant flow rate of air 
pumped into the trench (Fig. S ) .  When the trench is at constant pressure, the outflow 
(leak rate) is q u a l  to the inflow rate. To illustrate, the pressure in the trench cata be 

mathematically 
Pl8 = P J l  -e -Q) (6) 
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where 

P18 = the gage pressure in the trench at time (t), 

Peg = the constant gage pressure in trench after 00 time at constant inflow, 

BI = a constant descriptive of the pressure rise in the trench. 

If one assumes the outflow rate (F,) is proportional to pressure differential over 
time, 

where 

then 
F, = constant pump rate into trench, 

from which one can calculate the outflow rate as a function of time. In this case, the 
outflow rate takes the same form as the pressure change in the trench. From 
conservation of mass, at any specific time the net flow rate that remains in the trench (FJ 
is equal to the flow into the trench (F,) minus the flow rate out of the trench (Po). Thus 

- 3.5 
rii 
2" 3.0 
o 2.5 

+-, 

Y- 

3 
2 2.0 S 

- - 
!i 1'5 
0 1.0 

0.5 

0.0 
0 30 60 90 120 150 180 

TIME (Seconds) 

R m  Rat. 

ig. 5. Reaching uniform pressure within trench using constant flow input 
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md the volume attributed to the pressure 
integrating the net flow rate (FJ with res 

ge in the trench (VI) can be dete 

To implement this technique, compres into each of the 
trenches using at least three injection wells for each trench. Pressure as a function of 

as alsa monitored in each of the trenches by ng pressure gauges installed in at 
least three monitoring wells for each trench. These ta provided estimates for VI from 
which V, can be calculated from 

where VI = volume of net inflow, Pc = trench pressure (Pea + Po) at constant inflow, 
and Po = initial pressure (1 atm). 

2.5.2 Trench 

Before any pressurization tests were conducted, the trench air was sampld for 
volatile organic corn nds. Analyses revealed detectable levels of acetone, 
tetrachloroethene, 1, trichloroe thane ethylbenzene, styrene, vinyl acetate 
trichloroethene, and benzene, none af which were judg to be in hazardous quantities 
(€3. A. Jerome, Industrial Hygiene Department, O W L  to C, W. Francis, FSD, 0 
June To conduct the trench pressurization tests, a high-volume compressor 

d, Model P-185-W-JD, capable of delivering 185 cfm at 100 psi) was used 
to force air into the trench. However, before any pressurization tests were carri 

ing trench air was monitored using real-time instrumentat 
volatile organic co lids and radionuclides. None was detected. 

Pressure at the top of the slotted injection wells was monitored using Magnehelic 
pressure gages (Model 2010 Dwyer Instruments, Marietta, Georgia) capable of measuring 
pressure ranges from 0 to 10 in. of water (&2% accuracy). The compressor was used 
to pump air into the trenches at rates ranging from 40 to 130 cfm. Air-pumping rates 
were determined using an in-line flowmeter (Hedland, Model 032281, which was capable 
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of direct readout of flows ranging from 20 to 220 cfm (&5% accuracy). Polyvinyl 
tubing (0.75 in. ID) was used to deliver air to the injection wells. Several configurations 
were used to pump air into the trenches [single injection at one end of the trenches 
(injection well 151-10) and in the center of the two trenches (injection well 190-lQ) in 
addition to a multiple injection configuration (injection wells 151-1, 151-7, 151-1 
170-1, 170-10, and 170-12, see Fig. 31. The principle of the technique required 
monitoring pressure response over time as a constant flow of air was pumped into the 
trenches (see Fig. 5) .  Pressure response was measured at four injection wells in each 
of the two trenches (total of eight wells). Four investigators manually recorded the 
pressure response over time (this had to be done rather quickly because constant pressure 
was usually achieved in <4  rnin). 

2.5.3 Water Pump-In Tests 

Trench void volumes can be determined by filling a trench or connected trenches 
with water (Spalding 1986; Tamura et al, 1987). To determine void volumes by this 
method, water levels within a burial trench were monitored as the trench was filled with 
water at a measured pump rate. The trench can be divided into several region or depth 
increments, starting at the trench bottom. Seepage rates out of each trench region can 
be calculated from the time of recession of water level as the trench drains. A seepage 
rate for each region can be calculated as 

where 
X, = seepage rate, yd3/h, 

= water delivery rate, yd3/h, 
5 = region’s filling time, h, 
T, = region’s emptying time, h. 

A net filling rate for each region was then calculated as 

X8 =xy-x, 

where 
X, = net filling rate, yd3/h 
Xf = water delivery rate, yd3/h 
X, = seepage rate, yd3/h. 

Finally, the region void volume was calculated as 



where 
5 = void volume f the region, yd3. 

The regional void volumes were then su to yield the total water-accessible trench 
void volume, and this, in turn, was exp s a percentage of the total trench volume. 
Table 4 summarizes the calculations of water-accessible trench void volumes made for 

ations of water-a void v d  d fro 

Region Elevation Region Row Region Region Socp Net Void 
height rate f i l l  empty rate fill volume 

Botto Top time time rate 
m 

Et fl h yd'h h h y d ' h  Y d ' h  Yd' % 
1 ......._.... I .... - ...... ".I ........... "."..... .,....... "."I ..,... " ..................... ".."" .... l.."~l..^l."l-"." ............. I_. ..... ".""..................,I....^.."" .... "."..";. 

Xf Tf T. 9 s 

1 

2 

3 

4 

Total 

1 

2 

3 

Total 

826.56 829.84. 

82934 833.12 

833.12 836.40 

836.40 R4Q.04 

624.46 828.59 

828.59 833.25 

833.25 834.8ri 

3.28 

3.28 

3.28 

3.64 

13.48 

4.13 

4.66 

1.61 

10.48 

Trench 6 

4.09 2-25 41.25 0.21 3.88 8.74 11.74 

4.09 4.25 20.75 0.69 3.40 14.44 19.40 

4.09 5.00 13.65 1.10 3.00 14.98 20.13 

4.09 4.25 3.50 2.25 1.84 7.86 9.51 

46.01 15.04 

Trenches 151 and 170 

5.65 13.67 150.8'7 0.47 5.18 70.75 33.63 

5.56 24.03 9.66 3.96 1.60 38.28 19.65 

11.14 2.98 0.72 8.99 2.16 6.46 9.07 

115.49 25.06 
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burial trenches 6 and 1511'170 using this method. 

Water was pumped from the emergency waste-holding bash to the north of the 
TARA site into the burial trenches. Trench 6 was fiUed between October 28 and 
November 2, 1987, and received 72 yd3 (14,440 gal) of water. Trenches 151 and 170 
were filled between August 3 and 6, 1987 and received 362 y d  (73,103 gal) of water. 
Water was delivered to the trenches through a 2.5-cm rubber hose run to the bottom of 
one of the intratrench wells. The water delivery was allowed to continue overnight under 
continuous surveiLIance until water level monitoring in additional intratrench wells 
indicated that the water was within 1.5 ft of the ground surface, When the pump was 
turned off, the water levels in the observation wells were monitored periodically until the 
trench was completely drained. This made possible the deternuination of seepage rates 
required to correct for seepage during the water delivery interval. Water levels, or more 
frequently the lack of standing water, in neighboring trenches were also monitored during 
the Nling and draining intervals to identify any hydrologic connection among the burial 
trenches. 

The pump-in test on trench 6 approached an ideal situation (Fig. 6). The pumping 
rate during filling was quite constant and uninterrupted. Water levels in the three wells, 
distributed over the length of the trench, rose and fell very uniformly. Not all these 
wells penetrated completely to the trench bottom; therefore, water levels did not recede 

1- 

: 28 

20 

: 1s 

; 10 

8 

0 26 SO t i  ,100 125 

n n . 0  

T6C 

kmp 
Rate, ! - -  Tramh 
Bottom 

*--- " e - 
_I 

a 

'ig. 6. Hydropph of water elevations dwing the pumph tests on trench 5. 
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below a small cup in the bottom of the well w ings .  Although not shown, water levels 

trench 6. 

not as id& as that 

on of the h e  had to 
such that to avoid 

nt;%rvals during the 
a sscsnd pump, with the: 
the end of trench filling. 

toring wells in trenc 
which water was pu with the well n9arest 

ibitod m even more 

sa x 

ph during water pum 
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trenches, particularly trenches 148 and 159. However, trench 15 
measurable water level until after the pump was turned off. Trench 148 did, however, 
exhibit about a 6-ft rise in water levei, indicating that it contributed a significant h ~ t i ~ n  
to the measured void volume (Table 4). However, because of the nature of the void 
calculation, the pumping tions can be, disregarded and an effective filling 
hydrograph (Fig. 8) carn be determine filling and emptying times and p u ~ p i n g  
rates. 

id not exhibit 

The “measured” voids in trenches 151 and 170 amounted to 115 yd’ (23,328 gal). 
However, this volume does not include the top region of trench 170 between 832.4 and 
834.7 fl above National Geodetic Vertical Datum (NGVD), but it does include voids in 
trench 148 between 824.3 and 829.2 Et above NGVD. Thus, the measured voids in 
trenches 150 and 170 are estimated to be within &20% of the calculated amount. 
Interestingly, the distribution of voids with depth in trenches 6 and 150 and 170 offered 
some contrast. Most of the voids in trenches 150 and 170 were in the bottom half trench 
regions, and the lowermost 4 4  region contained 38% voids. In contrast, trench 6 
exhibited about 12% voids in the lowermost region and was more uniform in distribution 
of percentage of voids with depth. This large void volume in the lower part of trenches 
150 and 170 may explain the frequent encounter with penetration resistant material at this 
depth below the ground surface after frlling the trench with grout. 

6 21 (IO ?S 100 121 

Tlmoo 

i& 8 An effective or compressed hydrograph of water pumpin test at trenches 151 
and 170. 
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2.6 G R O W W A m  MONITO 

The water table at this site is - 20 ft below the bottoms of the trenches. In June 
were wells 165-Nw 

Feb~uapy 8, 1991, 
(after grouting). The o wells on either of the 
sampling dates was < ells. Water taken 
from these wells i s  seepage water following heavy 
rainfalls. The perm ese wells. These 
samples were acidified to pH < 2  using Uitrex nitric acid and analyzed (without 
filtration) for radioactivity enmtions usin 
methods 900 and 905, res 
Inductive Coupled Plasma sptroimetry (EPA methd  200.7). 

only wells inside or ou 
sw. With the use of 
from these wells on 

water samples were 

2,7 GROUT FORMULATION TrnG 

The performance criteria established for grout formulation were the same as that 
used by Tamura et d. (1987): 

Apparent viscosity 
10-min gel strength 

28-d compressive strength 
2 8 4  phase separation 

<so CP 

0 volume 96 
>60 psi 

Other tests included penetration resistance and consistency. 

The dry solid materials used to develop the grout formulation indud 
wing: two cements (a Type 1 Portland cement obtain 
pany, Knoxville, Tennesw, and a mierofiine grade of ce 

from Dixie Cement 
t p r s d u d  by kilning 

as MC-100 by Geochemicd @g; slag which i s  ncrcchandi 
New Jersey), two mal-fired 
tucky, and an ASTM Class 

and a ~ m e n t - ~ ~ d ~  Wyomi 

represent the chemical analyses of the fly ashes and 
one for each af the fly ashes mixed at 395’6, Type I 

bentonite (CAS No. 131 
scren) from WyO-Ben, 1 , Billings, Montana. B 

bentonite, and one using 
and IF, respectively, and b 

weight of dry solids add 
containing the fly ashes w 

to a given volum 
12.0 to 12.5 Ib/gal, 

r the grouts made with the Me-fOO microfine cement. The standardized test 
res as indicated in the following were all rforrned in triplicate. 
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2.7.1 Phase Separation Tests 

Phase separation refers 
to a separate liquid or water 
phase that collects at the top of 
a freshly mixed grout. With 
proper formulation, the 
volume of liquid is usually 
found to increase for a short 
period (1 d) after the grout is 
mixed and then to decrease to 
dryness with additional cure 
time. The volume of liquid 
was determined by a settling 
test in a 250-mL graduated 
cylinder Uallent et al. 1987). 
A known volume of freshly 
mixed grout is poured into the 
cylinder; then &he cylinder is 
capped and allowed to stand 
for the time intervals of 
interest (typically, up to 28 d). 

Table 5. Chemical analyses typical of fly ashes and 
cements tested for grout formulation 

- 

Oxide Fly ash &men1 

ClaSSC C l w F  MC-100" Qp 1 

%w 

SiO, 50.5 45.0 31.8 21.0 

M*O, 17.2 22.3 15.1 4.6 

F%Q, 5.9 5.5 0.7 3.0 

cao 15.8 11.1 41.1 64.1 

M&Q 3. t 2.0 7.3 2.4 

so3 1.0 0.1 2.0 2.7 

Na,O 0.5 4.8 0.1 0.2 

K26 0.8 3.8 0.2 0.2 

"MC-100 microfine cement is a finely ground 
blast-€urnace slag. 

- -  
The phase separatian (in vol %) is calculated as the volume of clear drainable surface 

liquid (hereafter referred to as drainable water) divided by the original grout volume. 

The method (based on the standardized ASTM C192-81 procedure) for preparing 
grouts for the phase separation tests in which blends 1 and 2 were used are as follows: 
The appropriate weight of a given dry solid blend was added to 1.8 L of water containing 
0.300 g of delta-glumnolactone (sugar) in a Hobart Model N-50 mixer. The 
solids-to-water ratio was 12 lb/gal. The addition was made over a period of 30 s at low 
mixer speed (setting 1). The mixing was continued at low speed for another 30 s and 
then increased to medium speed {setting 2) for another 30 s. The procedure for blend 
3 (100% MC-100 cement) was different in that 85.25 mL of a 50% NaOH solution and 
9.5 ml, of CA-600 dispersant (marketed by Geochemical Corporation, Ridgewood, New 
Jersey) were added to 1250 mL of water, and the appropriate weight of the blend added. 
The mixing times were identical to those for grouts prepared using blends 1 md 2. 

2.7.2 Compressive Strength Tests 

Compressive strength is a measure of the ability of curexi grout to support an 
applied axial load. Low compressive strength (allowing easy crushing) usually 
corresponds to more porous grout with the possibility of increased leaching compared 
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with grouts having rnpressive strengths. T'he imens for unconfind 
compressive strength by purring prepared grout into 
2-in. -cube stainless s 
(90 R relative hu trenghs of the grout 
cubes were then dete inius-Olsen Testing 

used for the drainable water tests, 

s md allowing the molds to stay in a humidity cabinet 
m tempmtuee for 28 d. Cmshi 

Machine. The freshly grouts were preps 

ce i s  a method la& to masure ~ ~ e ~ ~ i ~ ~ ~ ~  setting progress 
ACME Penetrometer 

surements were 
amtion tests. Samples 

into PVC cups, and the pefle 
time intervals until setting, WCUK&. 

Viscosity of a grout (a non- nian fluid) varies with sh f rate" In these 
m with a Fmn Direct Reading viscometer, tests the viscosity was measured at 

Mcxlel l35A. This viscosity is commonly refe to as apparent viscosity. 

The 10-min gel strength is indicative of the force r q  to restart the flow of 
anent is made in the 
gical masurements. 

lowed to stand in the viscometer for 10 min without stirring, 
The 10-min gel strength 

urn deflection on the shear 

grout ;nfter it has remained stiitisnaq for 18 min. The 
e grout m p l e  following 0th 

stress scale, 

The viscosity or consistency of freshly prepad  grout varies as a function of time 
but usually remains fairly constant for a few hours after mixing and then increases 
rapidly as hydration reactions and setthg processes begin. Consistency was determin 
by using a Model 123 Ceinent Consistometer from €Miburton Services. 
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2.8 FIELD GROUT MIXING AND INJECTION 

Grout solids were dry-blended (using existing equipment at the New 
Hydrofracture Facility) and then mixed with water in a concrete mixing truck. Each 
truck-load contained 6.33 tons of dry blend (2.47, 3.52, and 0.35 tons of cement, fly 
ash, and clay, respectively) and loo0 gal of water containing I lb of delta gluconolactone 
(used as a dispersant and set retarder for the grout). The density of the grout was 
13.5 lb/gal; thus, each truck-load contained -7.7 yd3. Grout from the concrete mixing 
truck was transferred to the grouting module using a grout pump furnished by Can-Quip, 
Inc., Maryville, Tennessee. The grouting module was designed and constructed at 
ORNL in 1982 (ORNL engineering drawing No. J3DI2534). The module contains two 
500-gal mixing tanks (each with single propeller fighting mixers) and two progressive 
cavity pumps capable of pumping 30 gpm of grout at pressures up to 200 psi (see 
Fig. 9). One of the two pumps was used to pump grout from the grouting module via 
1-in.-diam. high-pressure hose to a single injection well. Pressure at the grouting module 
was maintained manually at levels ranging from 50 to 108 psi. Grouting pressure at the 
injection well was usually < 10 psi; however, as the available void space became full of 
grout, pressures up to 50 and 75 psi were obsrved, making it necessary to move to 
another injection well. 

Fig. 9. Grouting module used to inject grout in trenches 151 and 170. 





3. WUILTS AND DISCUSSION 

3.1 SELECTION OF GROUT FORMULATION 

Prototype development of grouting formulation was conducted by T. Tamura. 
Three blends were recommended for testing. Grouts made from each of the three blends 
met or exceeded established criteria (Table 6). Along with the criteria listed in Table 6 
two additional criteria, penetration resistance and fluid consistency, were tested. If one 
assumes that penetration resistance readings in excess of 4000 psi reflect complete setting 
of cements, then all three blends set in < 3 d (Table 7). Results from the consistometer 
tests revealed that grouts made from the Class F fly ash possessed a considerably longer 
field time before setting began. For example, the data indicated that grouts made from 

Table 6. Results of laboratory grout tests 

Blend" 

1 2 3 
Parameter Criteria 

Apparent viscosity c50 CP 35-C 1 372 1 10t 1 

10-min gel strength <IO0 lbdlW ft2 30&3 282.7 7.+1 

28-d phase separation 0 vol% 0 0 0 

211-d compressive strength >a psi l601+17 908228 20082253 

"Blend 1 contained 39% Type 1 Portland cement, 55.5% Class C fly ash, and 5.5% bentonite mixed 
at 12-12.5 Ib/gal of water. Blend 2 contained 39% Type 1 Portland ament, 55.5% Class F fly ash, 
and 5.5% bentonite mixed at 12-12.5 Ib/gal of water. Blend 3 contained 100% MC-100 microfine 
cement mixed at 7.5-8.0 Ib/gal of water. 

Class F fly ash could be pumped for periods up to 7 to 8 h, whereas grouts made of the 
Class C fly ash may display considerable thickening that would inhibit pumping at 
periods longer than 5 to 6 h. Grouts made from the microfme cement displayed 
substantially less consistency (bearden units < 5 )  during the first 6 h compared with 
grouts made of fly ash (bearden units > 10). The addition of 0.02% delta-gluconolactone 
to the water used to make the microfine cement grouts extended pumping times from 4 
to 10 h. Because of the longer pumping times of grouts made from Class F fly ash 
compared with those of the Class C fly ash, it was recommended that the grout 
formulation made from the Class F fly ash be used for grouting trenches 151 and 170. 
The grout made from the microfine cement appeared to be technically acceptable; 
however, there was concern that it may be difficult to develop sufficient shear to 
adequately mix this grout formulation in the field using a cement mixer truck. This 
factor, plus the fact that material costs for the microfine cement grout were on the order 
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Table 7. Grout formulation 

Blend tested 

Resistance 

Day 1 Bay 2 Day 3 

(P i )  

Blend 1 (Class C fly ash) 453511 4133k167 

Blend 2 (Class F fly ask) 247 42 

3 (Microfine cement) > > $0 > $000 

of ten times higher th 
microfine cement less attractive. 

conventional mment/fly ash grouts, made the choice of 

Pregrouting soil-penetration tests within the trench area revealed that as the depth 
to drive the cone 

fsot into soils outside the 151 mil 170 trenches. 
bPows per foot within the trench 
t outside the trench7 in1 

fic ;areas within the trench are more 
to some extent kst 10 in trench 170 

ottom of the trench where injection of grout may 
be more difficult than at other locations in the trench (Fig. 11). A similar p i n t  could 
be made about tests 4 and 6 in trench 151 (Fig.. 12). 

of penetration increa 
farther into the gro 

increasing num er of blows were r 
g. IO). Mean blows per fcmt inside the trench area were 

considerable uncomp soil or void space within the trench 

of all pregrcauting sd-penetmthn tests conducted in trenches 15 1 and 
Table 8. Again, tests 4 and 6 in trench 151 (22.3 and 19.5 mean 

blows per foot, respectively) indicate that injection of grout into the trench at these sites 
thwest end of the trench (tests 9 and 10, 
between 5 and 7, On the other hmd,  the 

12, whereas those at 
either end (tests 1 2, and 7, 8, 9, 10, md 11, see Fig. 3) were generally > 10 (Table 8). 

e less conllpacted than ei er of the ends. For 
10 for tests 3, 4, 5 ,  6 ,  
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Fig. 10. Summary of pregrouting soil penetration tests imide and outside trench area 
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Table 8 Summary of pregrouting soil-penetration tests in trenches 151 and 170 

Blows per foot 

Trench 151 Trench 170 

Mean Min Max SD Mean Min Max SD 
Test 

1 

2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13.1 4 24 6.9 9.8 4 20 

13.4 4 29 6.5 10.5 4 24 

11.3 5 22 5.8 8.4 4 14 

22.3 5 72 25.5 7.5 4 11 

6.8 4 12 2.2 9.7 3 1s 
17.5 4 72 19.7 7.3 3 13 

129 5 40 9.1 10.5 4 33 

9.3 5 16 3.5 9.6 5 19 

6.9 5 11 2.2 10.9 5 22 

5.4 1 11 2.7 9.2 3 18 

19.6 7 58 

6.9 4 13 

5.6 

6.1 

2.5 

2 2  

3.5 

2.6 

8.8 

4.2 

4.3 

4.2 , 

16.1 

2.7 

3.3 VOID VOLUME MEASUREMENTS 

3.3.1 Preliminary Pressurization Tests 

As an alternative to water pump-in tests, an air-pressurization technique was used 
to compare the accuracy and operational features of the two techniques. Preliminary 
pressurization tests included a series of tests to determine the extent of intervoid 
connection between trenches 151 and 170. For example, air was injected at one end of 
trench 151 (injection well 151-10, see Fig. 14) to determine if pressure differences could 
be detected in wells at the farther end of trenches 151 and 170. Other tests included air 
injection in a single well in trench 170 (170-10) and multiple injections at six wells 
(151-1, 151-7, 151-10, 170-1, 170-10, 170-12). Three flow rates were used in each test 
to confirm that pressure measured at the monitoring wells was a function of airflow into 
the trenches (see Table 9). 

In most cases, the monitoring wells were the wells constructed as injection wells 
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for grout (see Fig. 3); however, in 
several instances, air pressures 
were monitored at existing wells 
within the trench ara (labeled as 

and 170-2E in Fig. 14). Three of 
these wells (151-2E, 151-3E, and 
170-1) were constructed of 
6-in. -diam corrugated steel 
reaching to the bottom of the 
trench. The other existing wells 
were constructed of 2.5-in.-diarn. 
aluminum tubing, also to the 
bottom of the trenches. The width 
and interval of slotting or the 
overall length of screened section 
for either of these existing well 
types is unknown. Slotted PVC 
pipe with solid top sections, 
similar to that used for the 
grouting injection wells, were 
placed into these existing wells. 
Then a cement-based grout collar 
was molded to - 1 ft below the 
ground surface for the purpose of 
sealing the well. 

151-1E, 151-2E, 151-3E, 170-1E, 

The pressurization data 
measured at these wells (Table 9) 
verified that a direct linkage 
occurred between the underground 
void volurnes of the two trenches 
and that changes in flow rates in 
the range of 30 to 50 cfm would 
be adequate to detect significant 
changes in pressure at the well 
head. 

3.3.2 Trench Void Volume by 
Pressurization Tests 

Table 9. Preliminary pressurization data" 

Method Well Row rate (cfm) 

22 35 67 

151-1 0.2 

151-2B 0.3 
Singk well 

151-3 0.4 

151-10 151-5 0.5 

151-6 0.3 

151-7 0.4 

1514 0.4 

151-9 0.3 

170-1 0.1 

1706 0.3 

0.5 

0.6 

0.8 

0.8 

0.6 

0.8 

0.8 
0.6 

0.2 

0.4 

1.5 
1.5 

1.8 
1.9 

1.7 

1.8 

1.8 
1.6 

0.6 

1.2 

Row rate (cfm)i 
27 42 56 

151-1 
Single well 151-5 

170-10 151-7 
151-10 

170-1 

1?0-2E 

170-3 

1704 

170-8 

170-12 

0.3 

0.6 

0.5 

0.3 

0.3 

0.5 

0.6 

0.6 

0.5 

0.5 

0.5 

0.8 

0.7 

0.6 

0.4 

0.8 

0.9 

0.9 

0.8 
0.9 

1.1 

1.4 

1.4 

1.2 

1.0 

1.6 

1.9 

1.9 

1.4 

1.9 

Multiple 
wells 

151-1 
151-7 
151-10 
170-1 
170-10 
170-12 

Row rate (cfm) 

9 39 56 

151-2E 0.1 0.7 1.2 

151-5 0.3 1.0 1.6 

151-9 0.1 0.8 1.4 

170-2 0.2 0.8 1.3 

170-2E 0.1 0.8 1.4 

1704 0.1 0.7 1.3 

170-8 0.2 0.6 1.0 

'Pressure measured in inches of water at the top of the 
monitoring well. 

To determine trench void volume using the pressurization technique, it was 
necessary to determine the pressure change with time as a constant flow of air was 
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ig. 5). To do this, air 
trenches (one at each 

was pumped into six injection 
end and at the middle of the 

ells 151-1, 151-7, and 151-10md 170-1, 170-10, 170- 12) " pressure wa 
151-2E, 151-4, 151-5, t eight wells, four in each of ahe two trenches ( 

151-9, 17Q-2E, 170-2, 170- d 138-12, see Fig. 14). 

s 15 1 and 170 on pressurization at 4 
to time in Figs. 15 

fitted using a nonlin 

Where 
PIS = trench gage pressure in inches of water, 
t = time in seconds, 
PCe = constant gage pressure in trench in innelmes of water, 
B, == is a constant descriptive of the pressure rise in the trench. 

'The value B, is u.sed to deter ine wet inflow volume ( 
the trench from which the trench void volume (V,) m be 
8 in Sect. 2.5. I). Expressxi in the following units, the quatio 

where 
Fc = constant pump mte in cfm, 

= coefficient in d(as determined by cuwe fitting WIN p r d u r e ) ,  
VI = net inflow in ft!. 

0.03'9 VIPcg + 15.1 VI 
V, = 

Where 
Pc8 = constant trench gage pressure in inches of water, 
V, = trench void volume in yd3. 

The akulated trench void volumes md values for P,, and B, are tabulated (Table 10) 
far each of the flow rates u Calculated 
trench void volumes varied considerably (mge from 2229 to 298 yd3), md all are 

to detemnirne a pressure rise in the trenches. 
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Table 10. Pressurization constants and trench void volumes 
for four M o w  rates used in TARA trench presflihtion tests 

Flow p* 4 v o  
rate (inches 6-9 (Yd3) 

(cfm) of water) 

40 0.68 0.04% 298 

70 1.31 8.0478 281 

100 2.38 0. 23 1 

130 3.m 0.0466 229 

considerably higher than the 115 yd3 determined by water pump-in tests. Air 
pressurization at 100 and 130 cfm gave very similar void volumes, 231 and 229 yd3, 
respectively . 

In both of these data sets (at 100- and 13O-cfm flow rates), the data appeared to 
fit better with the regression equation than it did for 40- and 7 k f m  tests (see Figs. 15 
through 18). Also, the coefficients of variance (%) for the estimates of Is, in the 4 
7O-cfm pressurization tests were 23 and 14 % , respectively, compared with 
for the 100- and 130-cfm tests. The simple fact that the range in pressure readings at 
the 100- and 13eCfm tests (2.4 to 3.0 in. of water) were so much larger than the 40- to 
70-cfm tests (< 1.3 in. of water) made i the pressures as a function to 
time for the higher flow rates. Thus, -cfm tests probably represent 
better estimates of the trenches’ void volume than do the 40- and 70-cfm tests. It is not 
clear why the void volume for trenches 151 and 170 determined by the p r e ~ s u ~ ~ t ~ ~ ~  
technique is - 100% higher (230 yd3) than the 115 yd3 determind by water pump-in 
tests. These values expressed in percent void volume are approximately 25 and 49% (for 
the water-pumping and air-pressurization tests, respectively). These values are based on 
a trench depth of 10.4 ft from Table 4 and areas of 583 ft’ arnd 612 ft2 for trenches 151 
and 170 (a total volume for trenches 151 and 170 of 461 y8). However, if one keep 
in mind, that both methods involve considerable experimental error and that both are 
subject to a variety of boundary conditions governed by the conditions of the soil and 
distribution of pore volumes, the agreement between the two methods may not be so 
poor. 

The void volume determined by the water pump test most likely represents the 
Also, this test contained a void volume that could be realistically filled by grout. 

correction for the quantity of water observed in adajent trenches (viz, trenches 148 
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159) whereas the pressurization tests did not involve m ~ u r e m e n ~  of pressures in the 
adjacent trenches. 

The air pressurization tests assume that pressures in the adjacent trenches were 
not in the same population as those measured in trenches 151 and 170 (viz, the pressure 
responses in adjacent trenches would not fit the pressure response curves illustrated in 
Figs. 15 through 18). Differences in pressures between selected areas within trench 170 
and trench 151 were observed when air was injected into a single well of a trench 
(Table 9). In most of the eases, lower pressures were observed in wells farther from the 
well where air was injected. Thus, it would be expected that major differences in 
pressure responses (much lower and likely undetectable) would have een observed in 
trenches adjacent to those where air was injected making pressure responses as those 
illustrated in Figs. 15 through 18 unique to trenches 151 and 170. 

However, the water pump test did show a connect between trenches 151 and 170 
to trenches 148 and 192. The response to trench 148 was rather strong (a 6 ft rise in 
water level during the pumping stage, see section 2.5.3). Water responses were also 
observed in trenches 192 and 165. In these cases, minor levels of water were noted in 
the bottom of the trenches after pumping water into trenches 151 and 170. Trench 165 
was grouted with polyacrylamide prior to air pressurization tests. Thus, during the air 
pressurization tests, it is possible that there existed a unobstruc connection for air to 
move freely to trenches 148 and 192 (total trench volume equivalent to -360 yd3 
assuming a trench depth of 10.4 ft). Assuming this to be the case (viz, the pressure 
response curves for trenches 14 and 192 to be the same as that observed for trenches 
151 and 170), then the percent void volume for all four trenches would be -28% 
[230 yd’ + volume in trenches 151 and 170 (460 yd3) plus the volume in trenches 148 
and 192 (360 yd3)], a value equivalent to that measured by the pumping tests on trenches 
151 and 170 (see Table 4). 

The difference between the two tests is that the water test is based on the rate of 
leakage (which is a function of hydraulic head) from the trench compared to the rate of 

into the trench. In the air pressurization test, the outflow rate is assumed 
to be proportional to the pressure differential over time independent the spatial 
dimensions of the trench. It is also logical that void volume measurements determined 
by air would generally be greater than void volumes determined by wakr in that 
accessibility to the smaller pores (micra- and meso-pores) would be more limited to 
water than air because of the higher permeability and lower viscocity of air as compared 
to water. Most importantly, air being a nonwetting fuild does not exhibit a wetting and 
drying hysteresis as does water. 

3.3.3 Postgrouting Pressurization Tests 

Postgrouting pressurization tests were conducted to determine (1) if intervoid 
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linkage between the two trenches remained after grouting and (2) if sufficient void space 
remained, could its volume be estimated using the pressuriza ique. To do this, 
wells constructed from the postgrouting soil-penetration tests e 2) were used for 
air-injection and air-pressurization readings. The location wells within the 
trench area is illustrated in Fig, 19. 

To evaluate the extent of intervoid linkage within and between the two trenches, 
compressed air was injected into a well at the far end of either of the two trenches, 
namely, well P-6 in trench 170 and well P-16 in trench 151 
pressure readings at the other wells throughout the two trenches 
were then recorded at a specific flow rate of air 
measured at the monitoring wells appear to vary inversely with th 
point of injection (Le., the farther the distanw from the injection 
pressure). The mean pressure observed in trench 170 when air was i 
of trench 151 was €0.7 in. of water as compared 
adjacent the injection well. A similar rela 
of 0.26 in. of water) when air was injec 
phenomenon was not as apparent in pregrouting 
example, the mean pressure difference between t 
was -0.5 in. of water and was not appreciably di 

ship held true in trench 1 
in well P-2 of trench 17 

Table 11. Trench pressures develope 

Outside Tnnches Trench 151 Trench 1’70 

Well PreMUrc‘ Well Preecnrrc Well Plxssure 

P-14 

P-15 

P-17 

P-18 

P-19 

P-20 

P-2 1 

P-22 

P-23 

P-24 

P-25 

> 10 

8.3 

4.0 

3.1 

4.0 

1.9 

2.5 

I .s 
1 .s 
1.7 

1.8 

P-2 

P-3 

P-4 

P-5 

Pa 
P-7 

P-8 

P-9 

P-10 

P-ll  

0.2 

0.4 

0.4 

0.1 

0.6 

0.3 

1 .a 
0.6 

1.2 

1.7 

P- 1 

P I 2  

151-W 

141-sw 

151-13 

l5l-S 

17aw 

165-S 

0.0 

0.2 

0.0 

0.1 

0 .o 
0.2 

0.0 

0.1 

W 0 w  rate of 90 ft’lmin and preaarrr measud in inches of water at the top of the m i t o r i n g  well. 
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Trench 170 Outside Trencher 

Weli Preman9 WeU h s m n  Well h a s u m  

B-3 > 10 P-i1 0.0 B- II 0.9 

P 4  7.R B-25 0.0 165-NW 2.5 

F-5 5.3 P-16 0.2 151-W 0.0 

P.4 7.1 P-17 0.2 l5l-SW 0.1 

P-7 6.5 P-18 03 151-E 0.0 

P-8 3 .O P-19 0.2 165-SW 0.1 

P-9 2.5 P-20 0.3 

P-10 2.8 P-2 1 0.3 

P-11 0.6 P-29 0.4 

P-23 0.3 

P-24 0.7 

P-25 0.2 

'Row rntE of  100 Plmirn and pmee m a u s r d  in iwarrhcr o f  waer I t  the mp of the monimriiq well. 

An estimate of the void volume remaining in the two trenches after grouting was 
the pressurization technique (see Sect. 2.5.8, Trench 

ry). To determine void valume of both trenches (15 1 and 170), air 
was simultaneously injected into ells P-2, P-7, m d  P-1 1 of trench 170 m 
P-2 1 and P-25 of trench 15 P (F . 19). Pressure respngs as it. function 
recorded at the other 
volume within indivi 
P-14, P-211, arad P- 

11s at 110 and 1% c h  (see Figs. 20 and 21). To determine void 
trenches (e& air was pum@ into ?rench 151 thmu 
flow rate of 11s cfm). For trench 170, air was pu 
at a flow rate of 105 cfm. Pressure respa 

nction of time at the other wells (€5 s. 22 arid 23). Void volumes for 
these trenches were determined using Eqs. (16) and (17) (Table 13). 

rter response time and lager variation in pressures were record 

umes of Figs. 15 through 18 with those o sewed ire Figs. 20 
graute4.i trenches than at pregroutd trenches (e.& 9 compare 
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through 23). 

in pregrouted trenches closely si 
regardless of the location measured), the theory on 
example, the pressurization data from 
regression procedures with confiden 
were < 10% at flaw rates > 
(Le., coefficients of variance 
hand, coefficients of variance for 
void volume (trenches 151 and 1 
cfrn flow rates, respectively. Estimates of individual trench voi$ volumes were 37 and 
43 yd3 for trenches 151 and 170, respectively. Thus, the estimate of total trench volume 
determined by two different flow rates and combined volume determined for each trench 
independently is on the order of 80 yd3. The total mnc olume before grouting was 
estimated to be 230 yd3 (Table lo). Approximately 79 of grout was added to the 
trenches, leaving on the order of 70 y& sf trench 
However, it is entirely possible that 
is encapsulated or adjacent to the sides or bottom of the trenches. 

This probably results from much larger resistance af flow in 
postgrouted trenches versus pregrou cumpcs measur 

3,4 TRENCH GROUTING 

Grouting of trench 170 was s nished on June 29, 
1990. Grouting of trench 151 occu ough July 12, 1990. 
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:ig. 23. Pressure response in post-grouted trench 170 at a flow rate of 105 dm. 
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151 8c 170 110 

151 & 190 155 

151 115 

170 105 

4.74 O.oBh13 

6.94 0.081 

6.07 0.129 

8.25 6.072 

71 

37 

43 

a rdi-mix concrete tmck, auld tPamsprPed to SWSA 6. kc87 truckload contained 7.7 
yd3 (see Sect. 2.8). The grout injection operation p r - 4 4  rather smoothly. The single 
most troublesome rntionnl problem was the plugging of the delivery lines from t 

ut pump. The ging most often wcurrd at the raluce;~, coupling the 2-iw.-diam 
rout pump to the 1-in.-dim high pressure hose. u to delivery the grout 
ation wells. Small gravel (0.25 to 0.5 in. di 

from the rdi-mix truck or chips of dried grout from the mixin 
plugging. 'The line at the reducer cou q: had to be dismraww,td md cl 

is outlined in Tables 14 and 15. 
for coratitiu tion. '4 sumrrmq mation for trenches 140 md 15 1 

One of the pr served by Tamurn et dm (1987 in the grouting of trench 
150 in SWSA 6 was e or backflow of g ~ ~ t  betw~xn the lance used to inject grout 
md the soil. They had used a lance made of 2-im-diam Schedule $0 steel pipe to inject 

in this study, the Imce did iiot have slotted 
th was changed by pulling the Imw. up 1 ft 

20 psi or flow rates became < 4  gpm. This 
nd surrounding mil, often resulting in b2cMow 

t. Unlike the injection w 
ings to deliver grout, Th 

ueing pressure ex 
sed betwen the 

of grout outside and d o  g the Ime to the soil surface. 

In this study, to ensure that the injected grout did not return to the surface along 
the pipdsoil interphase, a 1-ft section of 2-in.-diam pipe was placd over the 
1.25-in.-diam injection well and driven into the grouml to - 3 in. below the soil surface. 
A cement -bad  grout collar was then molded xound the surface of the well/sail 
interphase:, Injection pressures used in this study were significantly gr 
pressure as high as 75 psi), yet breakthrough around m injection well 
(well 8 in trench 151). 
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A total volume of 79 yd3 of grout was injected into the two trenches (48 and 
31 yd3 in trenches 151 and 170, respectively). If one assumes the void volume to be 
230 yd3 as determined by the air pressization tests (Table lo), then 34 % of the available 
void volume was filled with grout. However, if 115 yd3 is taken as the void volume, as 
determined from water-pump test, then 68% of the void volume was filled with grout. 

Trench 170 is the larger of the two trenches, but more grout was injected into 
trench 151. Assuming the trenches to have an overall depth of 110.4 (as measured by the 
water pump test, Table 4), the volume of the trenches are 236 and 225 y d ,  respectively. 
In this respect, - 17% of the total volume was filled with grout (21 % for trench 151 and 
13% for trench 170). 

Tamura et al. (1987) injected 40 yd3 into a much smaller trench (Trench 150, 
measuring 56 x 9.2 x 11.8 ft) whose volume, assuming a 3 ft soil. cover, was 152 yd3. 
On the bases of these measurements, the volume of grout injected would constitute 26% 
of the trench. However, the final disposition of some of this grout was outside the 
trench because the breakthrough of grout to the surface was recorded at six to eight areas 
outside the trench. Also, the quantity of injected grout represented 109% of the 
measured void volume, indicating the volume of grout injected to be a high estimate. 
Most important, the void volume available for grouting is dependent on the waste 

Table 14. Operational description of grouting trench 170 

Time I Truck 

p.m. I 

p.m. 2 

a.m. 3 

p.m. 4 

a.m. 5 



Tmc 

a.m. 

a.m. 

p.m. 

a.m. 

p.m. 

a.m. 

p.m. 

Truck 

6 

7 

8 

9 

10 

11 

12 

5 

5 L B  

7, 8, ,& 
9 
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disposed of in the trench, which is quite variable from trench to trench within SWSA 6. 

3.5 GROUNDWATER MONITORING RESULTS 

Sampling of groundwater was very limited because of the site’s elevated position 
above groundwater. The only wells found to contain water were wells 165-NW and 
165-SW; however, a routine monitoring program (Le., weekly or monthly sampling) was 
not instigated. Tamura et al. (1987) observed that %r concentrations in trench leachate 
sampled from trench 150 decreased significantly (from >2O,OOO to < tOO Bq/L) after 
grouting with the same cement-based grout. The pH of trench leachate was increased 
from values < 7 to values > 9.5, presumably because of the elevated levels of sodium. 
No pregrouting levels of sodium were available for trench 150 leachate. However, 
concentrations of sodium in trench leachate of the adjacent trench (trench 152) were 
< 5 mg/L compared with sodium concentrations ranging from 50 to 130 mg/L in leachate 
sampled from trench 150 after grouting. These results strongly imply that sodium 
concentrations were greatly increased by grouting with a cement-baa grout. 
Concentrations of calcium and magnesium in leachate from trench I50 after grouting 
were also much lower than concentrations in leachate from an ungrouted adjacent trench. 
This suggests that as sodium concentrations rose, calcium and magnesium concentrations 
were lowered by grouting with a cement-based grout. 

Water sampled from 165-NW and 165-SW wells outside the trench area contained 
higher levels of radioactivity (gross-alpha, gross- , and 3 r )  afkr grouting (sampled 
in February 1991) compared with before grouting ‘(sampled in June 1990). The greatest 
difference was in the concentrations of gross-beta activity, levels between 1 and 2 m / L  
before grouting as cornpared with 7 and 10 after grouting (Table 16). Strontium-90 

Table 16. Radioactivity in water sampled from w e b  165- 
and after grouting 

and 165-SW before 

Radioactivity Before Grouting After Grouting 

Well Welt We1 I Well 
165-Nw 165-SW 165-NW 165-SW 03qm 

Gross alpha 0.27 0.10 0.23 0.20 

Gross beta 1.1 1.7 9.6 7.8 

WSr 0.63 0.62 1,2 1.3 
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concentrations were also higher in akr  Sa1npld after gra ng, but Ievels of 
unchanged. If the character of grsu akr were to be 

a mmeriat-$a,d grout, level 
ater or lachate from the 

contact with tlae ~~o~~~~~~~~ However, C O ~ C X X I ~ E ~ ~ ~ Q ~ S  of 
se wells after grouting were similar to those fou 

before grouting (Table 17). 
Sr were similar in water sa 
water quality before versus 
Concentrations of all of 

ns, the levels of ea, Mg, and 

levels of Al, Fe, Ni, md Zn. 

neenmtions of these m e a s  are groabab8y the result of incr 
the gr ter during Febm 
water June rather than 
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Table 17. Concentrations of metals (mg/L) in water 

Before Grouting AAer Grouting 

weu Well Well Well 
16s-NW I6SSW 1 6 5 - W  165-SW 

A0 

Al 

A# 

s 
Bc 

Ca 

Cd 

c o  

Cr 

CU 

Fe 

Li 

Mir 

Mn 

No 

Na 

Ni 

P 

Pb 

Sb 

se 

S i  

Sn 

Sr 

Ti 

V 

Zn 

Zr 

< 0.005 

0.46 

<0.05 

c0.08 

<O.O002 

85 

<0.005 

<O.W 

0.007 

0.009 

0.49 

< 1s 

15 

0.097 

CO.04 

13 

0.005 

c0.3 

< 0.05 

<0.05 

<0.05 

13 

<o.os 
0,2 

CO.02 

<0,002 

0.019 

<0.02 

<0.005 

co.05 

<o.os 

<0.08 

<O.O002 
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<0.005 

<0.004 

0.005 

CQ.005 

0.089 

< I5 
9.2 

2.2 

40.04 

14 

<0.005 

C0.3 

< 0.05 

<o.os 
<0.05 

8.8 

<0.05 

0.089 

c0.42 

< O . W  

0.006 

<0.02 

<0.005 

9 

c 0 .os 
c0.08 

0.0019 

83 

c0.005 

0.036 

0.025 

0.022 

29 

< 15 
26 

1 

CO.04 

10 

0.017 

0.8 

0.44 

<0.05 

C0.05 

14 

0.051 

0.22 

€0.02 

0.028 

0.1s 

c0.02 

<0.00s 

6.1 

<0.05 

<0.08 

0.001 

41 

<0.005 

0.057 

0.019 

0.017 

12 

< 15 

12 

1 3  

<Q.M 

19 

0.021 

0.64 

<o.os 
<0.05 

<0.05 

20 

€0.05 

0.091 

<O.M 

0.014 

0.21 

<O.M 



4. s U, CONCLUSION$, AND s 

A technology being evaluated for use in the closure of one of the low-level 
radwaste burial grounds at ORESL is trench stabilization usi 
demonstrate the applicability and effectiveness of this bec 
trenches in SWSA 6 were 
grout. The trenches are 

waste trenches. 
construction of impermeable covers to hes will be ineffectual unless 

A grout compos of 39% Type 1 Portland cement, 55.5% Class F fly ash, and 
bentonite mixed at 12.5 lb/gal of water was selected after laboratory testing of 

several grout formulations. Results of lab 
exhibited no liquid-to-solid phase separat 
after 28 d. Penetration resistance after 2 d was psi. Most imprtant,  the 
viscosity of the freshly made grout was <58 cP, netrate and fill 
intermediate-size trench voids, and the suspension was stab g and injection 

tory studies revgal& that this fo 
and a compressive strength of 

for up to 8 h. 

Before the trenches were grouted, the primany characteristics relati 
stability, hydraulic conductivity, and void volume of the trenches were 

physical stability 
ration tests reveal 
eraged approximately ten fewer than those outside the trench 
derable uncompacted soil and/or void 

over time will lead to significant subside layers. Hydraulic 
conductivity tests within the trench area also ntid for the infiltration 
of water (hydraulic conductivities > 0.1 crn/s). 

volume within the trenches was determined by two tec 
pump tests and (2) a newly develo 
olume using the air-pressurizati 

-pressurization technique. Estimates of 
nique were - 1W% higher than that 

determined by the water-pump test (230 yd3 a m p  
which of the two techniques is the most accurate 
operational constraints, Void volume estimates from 
the void volume available for groutin 
technique. The development of the air 
water-pump test could result in serious 
into groundwater and may induce pre 
The water-pump test also leaves soil within the trench 

pump test likely represent 
air-pressurization 

ursued because the 
ianuclides and/or hazardous wastes 
of soil overburden into the trench. 

saturation levels for a 
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significant time, which could have an influence on solidification of grout introduced into 
the trench, Consequently, flooding trenches with water is no longer an acceptable 
practice for determining trench void volume. The air-pressurization methad is fast and 
can be repeated under a variety of pressures and airflows. It is environmentally superior 
to the water-pump test in that it does not promote the leaching of contaminants to 
groundwater. The major concern in the use of the air-pressurization technique is that its 
accuracy has not been validated. More research is needed to demonstrate its accuracy, 
precision, and its theoretical and operating limitations under controlled conditions , 

Soil-penetration tests revealed considerable uneompacted soil or void space within 
the trench area. For example, at depths > 5  and < 15 ft, blows per foot within the 
trench averaged -10 blows fewer than those outside the trench. After grouting, 
soil-penetration tests disclosed that stability had been improved greatly. For example, 
refusal (defined as > 100 blows to penetrate one foot) was encountered in 17 of the 22 
tests conducted within the trench area. Mean refusal depths for trenches 151 and 170 
were 10.4 and 8.5 ft, respectively. The postgrouting soil-penetration tests revealed that 
the stability of the trench after grouting was significantly better than before groutings, 
and at depths > 8  ft, the stability (as measured in terms of soil-penetration) was very 
near that observed in the native soil formation outside the trench. 

Pregrouting tests ranged from 10 to 20 mean blows per foot whereas postgrouting 
tests ranged from 20 to 40 mean blows per foot. The major differences in results 
between postgrouting tests and tests conducted in native sail formations outside the trench 
were found at  soil depths of 6, 7, and 8 ft. Tests within the trench showed lower 
stability within this range (5 to 8 ft), probably because of the presence of 
intermediate-size soil voids (formed during backfilling) that were too small to be 
penetrated and filled by the conventional cement grout formulation. 

Hydraulic conductivity within the trench remained very high ( > 0.1 cm/s) and 
significantly greater than that outside the trench a Postgrouting air-pressurization tests 
also revealed a large degree of intervoid linkage within and between the two trenches. 
Even after grouting, the combined void volume of the two trenches by this test procedure 
was 80 y$(compared with 230 yd3 for the ungrouted trenches). Only 79 yd3 of grout 
were injected leaving 71 yd3 unaccounted for [Le., tot& void volume measured (230 yd3) 
minus the SUM of the grout injected (79 yd3) plus the void volume measured after 
grouting (80 yd')]. Thus, it appears that to effectively reduce hydraulic conductivity and 
to develop stability within the upper level of the trench, it may be necessary to 
implement additional stabilization steps. One possibility is the injection of a chemical 
or microfine cement grout into the upper level of the grouted trench which may fill voids 
too small for the conventional grout. 

Grouting of trenches with conventional particulate grouts typically fill only 30 to 
60% of the available void volume, allowing the trenches to remain vulnerable to a certain 
degree of leaching. On the other hand, chemical grouts typically fill all of the void 
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ide) are dw toxic and present. a ri 
inmts to drinking water 

i s  required to demsns”mte that the rhe ’s use will not presne 
tly, microfine-six cements have b m e  readily av 
made from finely ground blast-hrnace slag, 

19: of attaining pmeabilities on the order of 18’ ta 16‘ cm/s when 
highly pemeablc microfine grout formulations are 

cr=meaat grouts 
k n  times that 

s, their costs are similar to those 

attractive from the standpoint of being superisr to canwntiond  POI-^^ 
in providing hydrologic isolation. However, their 
of conventional Portland mnients, and in certain in 
of chernid grouts. 

ence with some microfine ce 
have to be used unless 

cliatd that low ratios (1: 1) of 

s containing high (3: 1) waterir:cement ratios (Tabale 18). For example, 

sufficient shew to fully dis the microfine cement) to avoid 
id phase separ.t“aon. atiive grout fornnulatiiomm was 

lends of bentonite clay and microfine csment with varying ratios 
of water, Cane formulation that was found to be stable m ~ ~ ~ ~ a ~ 1 ~  &$rough I 12-in. 
column of coarse sand was made using an 8:I: l  ratio of water, bentonite, and 

s quipmcnt was purchased to 
’ 

CIA high (3: 1) aaplakKCt=KIent oiald require high-energy mixers 

f .  Relative to cost, the formulation was much less 
or microfine cement grouts formuhted on a 1:l basis. 

lity , such a I f o r ~ ~ ~ ~ l a t b ~  will offer significantly better hydrologic isolation 
s than ~~~~~~~~~~ particulate grouts. Perhaps the best app 

use a combination of conventional particulate grout to 618 the large void spaces, sften 
m t  at the bottom of the trench, md a microfine grout to fill the intern1 

small void spaces in the upper levels sf the trench. This would be 
technically feasible, 

To bemomstrate the utility of this approach, it i s  pr 
pper satisas s f  trenches 
by rhe grmt module p ig .  6) into the trenches 

extion wells develo the postgrout ~ ~ ~ - ~ ~ ~ ~ a ~ o ~  tests pig.  19). 
(in wells P-3, P-’7, P-11, P-15. P-18, md P-20, and P-24) used, for the 
~ ~ - ~ r ~ s s ~ ~ i ~ a ~ ~ o ~  tests have beean repiaced with solid noanslotted pipe. After 
e ciay/rnicrofine cement grout through the remaining sbtted injection wells, 

the solid pipes wiil be removed md the holies usad etermine hydraulic conductivity. 
Additional soil-penetration tests will a h  be condu %a examine if the stability in the 
5- to 8-ft depths has improved as a ccanqueance of grouting with the clay/rnicrofine 

clay/microfine cement grout into t 
formulation will be mixed md p 



Table 18. Estimated material costs for various grouting scenarias 

Tgrpe 
of grout 

~ s t i m ~ ~ ~  costs 

Yd3 Trench 

wnven tional 
particulate grout? 

Microfine (MF) 
cement grout 

Microfine (MF) 
cement grout 

Clay & MF 
cement grout 

Polyacrylamide 

8.7: 1 

1: 1 

3: 1 

$2: 1 

Water: dry blend $42 $2,lSOb 

Water:MF cement $550 $35,750" 

Water:MF Cement $260 $16,830" 

~ ~ ~ e r ~ ~ ~ n ~ ~ ~ ~ t ~ : ~ ~  cement $1 $lO,lQO" 

Chemical $650 $42,300" 
~ 

%muting formulation used in SWSA-6 trenches 151 and 170 in 1 
'Assumes 65 yd3 void space in trench and M)% of void volume i s  filled with grout. 
c A s s u ~  65 y& void space in trmch and 100% of void volume is filled with grout. 



Grouting trenches 170 and 15 1 with a paticulate-baxd grout made from 'Portland 
ed to make a significant improvement in 

closure of the SWSA 6 .  However, measurements conductd after 
that hydraulic conductivity within the trench area rernaiiand much 
i l k  conductivity of the natural soil formation outsid 
ctivity within the trench area i s  to be significzintly d 
of entering md permating srndBI void spaces w 
ing et (1989) demonstrat that plyacPylaJtnide- 

t, fly ash, and bentonite 
stability; thus, the prwdure pr assurimm against trench subsideam= after 

grouts were capable of reducing hydraulic condi~tivities within SWSA 6 burial trenches 
to values as law as 7.9 x cnds (as compared with values of 4.0 x lo4 c d s  for 
natural. soil formations). One alternative to chemical based grouts is a particulate-based 

from very fine grained cement (Zebsvitz et A. 1989; Krizk and Held 
1989). These microfine cements have grain-size distributions (XI% by weight) of < 5  

MC- 100 Me-5816 

Cernentitious material Slag SIag/PortlXld 

Fineness (crn2//g> 13,000 9,m 

SpE"Gific gravity 
(g/cm') 

3.0 3.0 

35.4 

16.0 

0.3 

43.3 

3.5 

0.3 

98.8 

30.6 

12.4 

1.1 

48.4 

S " 8  

0.8 

98.1 

52 
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pm as compared with <20 pm for Type T Podand cements. 

The principal manufacturer of 
Corporation of Japan, and Geochemical 
States under the names of MC-5 
and Held,  1989). The major d 
Me-500 contains significant quantities of Portland cement and does not require the use 
of sodium hydroxide as an activator for the cementitious-hy~ration 
information is available about their preparation and performance. 
recommends shear mixing at water-to-eement ratios of 1:1 to 3:l. At low 
water-to-cement ratios, the bleeding rate ( ~ i m e n ~ t i o n  rate ~ o l l o w i n ~  mixing) is small 
(at 1: 1 water-to-cement ratios us f the initial volume), but as the ratio of 
water-to-cement is increased to ng rate can be as high as 50%. The 
amount and rate of bleeding ses in shear mixing time. This 
may be because of the incr n shear mixing which in torn 
accelerates the hydration process, resulting in a sha~er  set time and less ti 
for sedimentation. The MC-100 is less affected by mixing time than MC 
the set time of the MC-IOQ formulations is more dependent on the amount of sodium 
hydroxide used as an activator. The intensity of bleeding can reduced at higher 
water-to-cement ratios (2: 1 and 3: 1) by adding bentonite or silic 

ly decrease with 
ernpemture gene 

One of the major advantages of using the higher water-to-cement m t b ~  i s  the 
reduced material costs for the microfine cement. For example, material costs for 
grouting with a 1:1 water-to-cement ratio sf m i c r o ~ n e  cement. are nearly that for 
polyacrylamide chemical grouting (see Table 18). However, with respect to material 
costs (and reduced bleeding rates), grout f o ~ u ~ a t i o n s  using microfine cements in 
combination with bentonite clays may be an attractive alternative, T investigate their 
potential use for grouting S trenches, ~ ~ ~ ~ i ~ i t y  studies were initiated for 
the formulation and testing of CMFC grauts . 

5.1 CMFC FORMULATION S 

The intent of the initid studies was to form stable suspensions of bentonite clay 
using sodium hydroxide and sodium hex ~~~~0~~~~~ as dispersants to which quantities 
of microfine cement (MC-100) were added. g l ~ ~ n o ~ a ~ t o ~ e  (a set retarder and 
dispersant) was also added in varying amounts to 0.6 g/L) to test its influence on 
fluidity and set time (pumpability over time). Mary performance criterion involved 
the pumpability of the freshly made grout up ugh 12 in. of coarse-textured sand 
(contained in a 2 in. d i m  column), Approximately 30 tests were conducted covering 
ranges in water-to-cement ratios of 1 to 16, -cement ratios of 0.5 to 2, sodium 
hydroxide concentrations ranging from 2.8 to sodium hexmetaphasphate ranging 
from 3 to 37 g/L, and concentrations of de nolactone ranging from 62 to 621 
mg/L. These tests were canid out by firs g solutions containing the sodium 
hydroxide, sodium hexametaphosphate, and delta gluconolactone, Clay suspensions were 



mL of these walutisns in a 
made in three 

to make the grout 
ons containing 180 g 
hining an the order 

12-in. column of 

define more precisely the influence of 

ment was conduc 

Grout formulations whose fluidity was > 15 cm after 2 h of mixing were poured 
into small plastic cups (-35 mL) and ag 
chamber ta, evaluate their setting characteristics (Table 21). P 
grout forms was determined using a hmdh 
at 28 g/L appeared to prevent setting (Tab 

to be those c 
iUlle~~hQSphil 

>24 cm and a penetrability of >4.5 kg/em3). Additions of gluconolactone (up to 
ility of grout formulated at these 
~ p h ~ s ~ ~ ~ ~  (Table 2 1). 
uidity, a formulati 

to influence flu 
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g of bentonite 
Bostwick consistom 
that loading rates o 
compressive strength of 
2-in.cube molds (see S 
chamber. The averag 
66.3f11.6 psi. 

5.2 LEACHING S 

additions of sodium h 
leaching rates of 

4.2 0.4" 

23.3" 

Sodium hex 9.Sb 

D Sb 
16.1" 

8 

0.17 

Q.42 

1Q.d" 

18.7" 
14.1" 

'Fluidity values far a specific chemical with different au~rscr ip ts  are significantly different at the 
5% level. 



(cm) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3 

1 .o 
2.3 

2.5 

4.3 

9.5 

17.8 

18.0 

24.0 

a.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

24.0 

0.223 

0.28 

0.23 

2.81 

2.81 

23.09 

28. 

0.28 

2.81 

28.m 
0.2.8 

2.81 

2.31 

2.81 

0.28 

0.28 

28.w 

2g.m 

2a.w 
0.28 

0.28 

2.81 

2.81 

2.91 

28.m 
28.09 

28.09 

(@I 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

18.3 

13.3 

4.2 

18.3 

4.2 

18.3 

18.3 

41.6 

18.3 

18.3 

18.3 

18.3 

41.6 

41.6 

41.6 

41.6 

41.6 

41.5 

41.6 

41.6 

0 

0.17 

0.42 

0 

0.17 

0 

0.17 

0 

0 

0.42 

0.17 

0.42 

0.17 

0.42 

0.17 

6.42 

0 

0.17 

0.42 

0 

0.42 

0 

0.17 

0.42 

0 

0.17 

0.42 
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ND 
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NU 

ND 

ND 
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ND 

ND 

m 
ND 
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NS 
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three grout formulations 
1986). The methods to rn 

forms. After setting for 2 
submerged into de 

. Activities of the 
gamma emitting radionuclides were 
activities added to the solidified forms in 

leach solutions were d 
counting efficiencies of 

The leachability i 
of the effective diffusivit 

where @ is a defin 
L a dimensionless p 
over ten discrete time ink  
information about 
expressing the leaching index as 
90 d). These values were deter 
leaching an abbrevi 
intervals) was condu 

f r ~ m  the three grout 
formulations are prese slowly leached 
from all three formulation fferen'ces in the 
leaching chmcteristics of much lower teaching indexes 

d cement-basedl grout as 
ut. The lower leaching 

er the first 120 h, n=7) 
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Method of Fomula~sn _._ Formulation 

CMFC 200 g of kntotute and 100 g of MC-100 m 
mlutaon contammg $1.6 gL of sodium hydronds, 281 g/h of dain 
hexametaphmpbate, and 0.17 gL of earnnolactone wth a Wanng 
Blender 

Microfine cement 643 g sf MC-100 pawed 1~1th 700 di of w r i a t t ~ ,  50 n.IE of 50% ~ ~ U I Y I  

hydrmde, and 5 5 inL of Ca-600 (a comcraal dlsgersant marketed 
by Geoehernrcal Cnqmation, Ridgcwlod, New Jersey) vat$ a Warnng 
Blender 

585 g of portland Type I cement, 825 g of ASTM C l m  F fiy ash, and 
82 g of bentomte mexed wch lo00 EL of water m a table top rotaary 

Conventional grout fOmIUla 

(used in trenches 151 and 
170) mlxer 

for tritium did not appear to v q  SQ muc 
However, closer evaluation of the data r 

e t w e n  tbe different gro 
that the leaching index 

for tritium was highly ~~~n~~~~ on time (Fig. 24). For example, the 
dex for HTQ from the microfine MC-100-b 

h to wear 11 after 100 h of leaching. Leaching of HTO fro 
grout similar trend. In contrast, the Peaching of 
grout uniform over time. 

100% of the MTO had lacha4 from 
grouts after -38 h, whesa >88% of 
rout after 120 h of leaching ( s e ~  Fig. 25). "hese dah clearly show that 

of my of these radionuclides from the 

In kms sf  quantity of r n O  1 

grout W Q d d  be ClGX'ly S xior to tho* made wlely from Portland or 
rnicrofime cements in reducing the l a &  
grouted form, 

The cementitious 
setting action of microfine 
cements is activated by adding 
caustic to the fomulaljon. In 
contrast, Portland-based 
cernet1ts contain sufficient 
quantities sf exshmge;sble 
calcium to activate the 
eemenritiolms reaction; thus, 

itians oE caustic are not 
n e e d e d .  O f  s o m e  
~ ~ ~ v ~ ~ o ~ ~ ~ e ~ ~  concern is the 
resulting caustic effect of 

1 
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Formulation c o  ss TO '%cs ar 51 *1 

Portland nype 1) 

1 13.1 Ifi6.S 6.3 k 5.33 k0.05 

2 7.Q+0.4 

Microfine MC- 1 

1 12.1 +2.1 9.150.8 10,3+0.6 5.69+Q.O5 

2 11.3 +0.9 9. a f0.7 10.3 10.7 

Clay-microfine 

1 12.8-t. 1 ~ 1 9.7p0.7 10.5+O.6 .9+8.2 

2 12.5&1.1 9.7+ 10.510.7 

from the use of microfine ditions to initiate their 
cementitious reaction. For th hates generated 
ANS-16.1 test was monitored. Cener dues measured on leachate 
generated from the Portland ce r ~ ~ ~ o ~ g h o u t  the 90 
period than those leachates ge ent-based grouts (see Fig. 
26). During the early stages 
grout was generally from 0.5 to 
Portland Type I cement. After 9 
11.0 (see Fig, 26). Thus, t microfine cements that 
require caustic to activate the sf the ~ u ~ ~ ~ ~ ~ ~ n g  media 
my more than grouts made from P~~~~~ Type I cement. 

5.3 TII_ENCH GROUTING 

Wells formed from 
CMFC-based grout into tre 
to those in the Phase I stud 
injected in trenches 151 rn 

stgrsut soil-pernetratism tests were u 
es 170 and 15 t (Fig. 
hose where a Portlan 
in the summer of 19 

cement-baseQ grout was 
ceptions. One, the 



PVC piping (Sa: 
1.25-in. ID d i m  

of cmc was 
of Q.02-ina-wide 

slots rather than the 

field tests ~~~~~~t~~~ that 
CMFC mu18 easi 

of 20 g d m i n  with pressure 
drops c 10 psi at the grouting 

soil interface at the 
In Phase 1 studies, to ensure 

au.se of the high flu 
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cement-based grout collar was installed around each of the wells. 

5.3.1 Preparation of CMFC at the Field Site 

In the laboratory, bentonite clay suspensions (25% by weight) were made using 
a high shear laboratory blender. For field studies, a cyclonic-action-type blender was 
used (Sidewinder Mixer"', Model SW-100 manufactured by Swaco Geolograph, 
Oklahoma City, Oklahoma). This type of blender is routinely used to prepare drilling 
muds in the oil drilling industry. To do this, 150 lb of flaked grade caustic soda, 10 lb 
of sodium hexametaphosphate (Calgon, powdered grade), and 0.61b of delta 
glumnolatone were blended with 400 gal of water in one of the 500-gal tanks of the 
grouting unit. This solution was circulated through the cyclonic blender, while 800 lb 
of cement-grade bentonite clay (Big Horn" Chemical Grade, 80% passing a 200 mesh 
screen purchased from Wyo-Ben, Inc., Billings, Montana) were added in 50-lb 
increments. MC-100 was then blended (444 lb in ten 44.4 lb increments) with the clay 
suspension using the "lighting type" mixers mounted on the 50egal tanks of the grouting 
unit. Preparation of the clay suspension and addition of the microfine cement were 
carried out by personnel wearing full face-masked respirators and chemical splash jackets 
(Fig. 27). 

5.3.2 Trench Injection of CMFC 

CMFC was injected into the trenches by pumping the grout from the 5Wgal 
holding tanks using the grouting unit pumps at operating pressures C50 psi. A 
description of these injections is presented in Table 24. Approximately 4 yd3 of grout 
was injected into trenches 170 and 15 1. The total quantity injected was severely limited 
because of continued leaking of grout to the soil surface at the pipelsoil interface of the 
injection wells. Except for well P-17, grout broke through at the base of dl wells after 
pumping 3 to 4 min. Pumping rates (10 to 20 g u m i n  at grouting pressures <25 psi) 
exceeded the hydraulic capacity of soil, thus causing grout to be forced upward along the 
injection pipe and breaking through to the soil su r f aa  around the cement-based collar 
installed to prevent the bleeding of grout back to the soil surface. In the Phase I studies, 
to ensure that injected grout did not return to the surface along the pipelsoil interphase, 
a 1-ft section of 2-in.-diam pipe was placed around the 3.25-in.-dim injection pipe and 
driven into the ground to -3 in. below the soil surface. The same procedure should 
have been used for these studies even though the fluidity of C W C  approached that of 
water. Estimates of hydraulic conductivity within the trenches after Phase I grouting 
were in excess of 0.1 cm/s [i.e., 6 L of water could be poured into the wells formed 
from soil-penetration tests over a 23-s interval without overflowing the well casing (a 
flow rate of - 4 gumin)].  However, grout injection rates were - 10 to 20 g d m i n  and 
resulted in considerable backflow of grout upward along the injection weLls. 
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L 1 
Fig 27. Prepration of the grout formufatiopl using a cyclonic mixer a d  grouting 
unit at the field site (ORNL 7m91). 

Approximately 8.1 yd3 of CMFC was pumped into well 151-SW (see Table 24). 
This was a well installed outside the trench 151 area to monitor groundwater. However, 
because of the quantity of grout that could be pumped into the well at such high flow 
rates (2.3 yd3 over a 20-min interval, >20 gamin) it was apparent that the well was 
either in or directly linked to the adjoining trench (trench 148). 

During the last week of July and first week of August, the injection wells in 
trenches 170 and 151 were modified (using the procedure implemented in the Phase I 
studies) to ensure that any additional injections of grout would not return to the soil 
surface dong the pipelsoil interface. This involved removing the previously installed 
cement-based grout collar from around the injection wells and the installation of a 1-ft 
section of 2-in.-diam pipe around the 1.25-in.diarn injection pipe. After driving this 
section hto the ground to - 3 in. below the soil mrface, a new cement-based grout collar 
was then molded around the surfbce of the pipdsoil interphase. In addition, four 
injection wells (using PVC O.l-in.-wide slotted pipe) were installed in trench 148 
(Fig. 28). 

Grouting of trenches 151 and 170 was resumed on August 8,1991 (see Table 24). 
The total quantity of grout pumped into these two trenches on that date was 8.3 y8.  
This quantity added to that injected July 22 and 23 (4 y&) totals to slightly more than 
12 yd3. Modification of the pipe/soil interphase of the injection wells eliminated the 
lealring of grout to the soil surface at the pipeldl hte~~ha$e. Breakhaugh of grout to 
the mil surface was usually several feet away from the injection well. In a number of 
cases, grout surfaced out at the top of adjacent isljectiofi wells (see Table 24), indicating 



Table 24. FRM grouting notes 

Tsjed wiah little wwss of injecting grout because of breakthrough of grout at the well base 
ahet 3 10 4 min of pumping (about 1.1 yd’ pumped into trenches 151 and 170). Pumped 
remainder of krad inlo well 151-SW {apprtv~ 1.2 yd’). 

P.3, P-7 & 
P-I 1 

P-11 8( P-15 

slartcd pumping into P-3 at 7u) am (pressure apprcx, 25 psi) aad stopped at 7% due to 

much bctttr). Stecred purnpiag into P-7 at I32 am und stopped at 934 because grout cam 
out of the top of well I44 (vir, dmrl wcuiting from wtll P-7 to well P-6). At 135 am took 
rornpk far c ~ n p r w k  urcngth measurements. Began pumping mo P-11 at 738 and 

At 9% am continued pumping inla well P-11. Pressure as high as 75 pa were encountered. 
At 948 am grmt hoke lthrwgh the sa l  surface (apprm 5 A from wc9t P-11) directly tn kont 
of the grout unit (Iota1 pumped inlo P-I1 was 1.4 yd’). Pumped remainder of load inio P-1s 

&C.atthroUgtl d gKlUt appro& 1 k3 2 ft &Om W d l  ( t b  d l f k d  W&S 6pptafed 10 hOkt g a t  
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routed with C W C  at interrni 

grouting on a &y-to-&Fay basis dBow 



grout the following day or several days later. A total of 25.7 yd3 of grout was injected 
into trench 148 during August t h roug~  October (see Table 24). This quantity added to 

e 8.1 yd3 of gro into well 151-SW (assumed to be linked to trench 148) gives 
a total of 33.8 yd3 inj void volume of trench 148 was not 
determined; thus, cy in filling its void volume can not be 
made. For comparison, trenches 151 and 178 received 91 yd3 of grout (79 yd3 of 

Portland Type I-based grout and 12 yd3 of CMFG). 

5.3.3 Field Testing ob GIMFQ= 

Soil-penetration and h y d ~ u l i c  conductivity tests were conducted within trenches 
after grouting with GMFC. Compressive strength and 

viscosity measurements of samples were also determined. For example, the 
s taken during the August 8, 1991, field injections 
% relative humidity chamber) considerably lower 

a b o r a t o ~ - ~ e n e ~ t ~  samples (see sect. 5 11, Field 
were made by comparing flow rates through a 

a 72% glycerol solution. Estimates 

and 148 prior to 

than the 66.3 psi m 

manner were 5 to 6 cF. 

Soil-penetration tests from the Phase I studies showed a marked improvement in 
trench stability following grouting with the conventional Portland Type 'I-based cement 
grout (see Fig. 13 of Phase I studies). Soil-penetration tests in trenches 151 and 170 

in Fig. 29) after grouting with CMFC gave the indication that the 
nches was less than that after grouting with Portland Type I based 
z ,  the average number of blows per foot for penetration tests after 
was c ~ n s ~ d e ~ b l y  less. However, s cal analyses (using Proc 

significant differences 
At the 7 ft depth, the 

as significantly less than 
utside the trench, but it was not 
ws per foot f ~ l ~ o w i n g  grout 
the grouting with GMFC 

bs in trench 148 indicated that grouting with GMFC did not 
s ~ b i l i t ~  (see Fig. 3Q), Statistical andyses of the soil 

o s i g n ~ ~ ~ t  differences in the average number of blows per 
ng; however, at soil depths >5 ft they were significantly 
mber of blows per foot in soil outside the trench (see 
so indicate that grouting with CMFC did not significantly 

foot before and a 
lower than the 

affect the stability of trenches. 

ISydrauBic eon uctivity measurements following grouting with CMFC were 



M-2 
I 

where 
K = kydmulc csnductivity in cmdm, 

in C1.n of water w 6h q l s  tlne height of eke 
water iw t k ~  casing above the water table, 
diameter of well casing in cn, met 
msfomatian ratio, i3Ssurnd eo be 1. 

D =: 

m = 



6 

The average ~ y d r a ~ l ~ ~  
conductivity in trenches 

CMFC, the average 
hydraulic conductivity was 

cm/s. TWQ 
measurements of ~ y d ~ u ~ ~ ~  
conductivity in soil outside 

mil penetration tests, 

and adjacent to the trench 
by either of the two met 
itseif) did not result in measurement 
equivalent to that of the natural mi 

’ cm/s i n ~ i ~ t i n ~  grouting of the trenches 
fdlowed with CMFC or with CMFC by 

lic conductivity within the trench area 

Table 25. 
trenches; 

Location 

Trench 17 F- 1 

F-2 

P-3 

F4 

1.1 x 18-3 

1.1 x 10” 

1,s x 18-4 

1.1 x 10“ 

Trench 151 F-5 

FA 1.7 x I@’ 

Trench 158 F-9 22x 1 0 3  

F-10 7.1 x 1iO-4 

F-11 1.3 x 10’ 

F-13 2.4 x 16’ 

Outside trench arca -1 1,B K 104 

h4-2 1.8 x IO-’ 

- 



6. SUMNARY A N D  CONCLUSION§ 

Low-level radwaste burial trenches were grou 
improve stability against long-term subsistence and to 
the water into the trenches and potential trmsp~3 of 
During the summer of 1990, two trenches (trenches 151 
particulatebased grout made from P 
bentonite. Soil-penetration tests condu 

Type I cement, flyash, and Wyoming 
fore and after grouting of these trenches 

profound increases in trench s 
remeents before and after grouting i 

major impact in lowering the hy 
follow-up studies were recomme 

lic conductivity within the trench area and some 

The following summer (1991), the same two trenches (trenches 151 and 170) 
previously grouted with the Portland Type L cement-ba grout, were grouted agkn 
with another particulate-based grout made from a microfine cement (a fine grained 
cement > 5Q% by weight to be < 5pm diam) and Wyoming bentonite to fill the unfilled 
void spaces and reduce hydraulic conductivity wit these trenches. The Same 
clay-microfine-cement (CMFC) grout was also injm into a mother trench (trench 
148). The Portland Type I cement grout filled - 17 of the trench volume (trenches 151 
and 170) and the CMFC grout filled - 13 of trench I48 volume: (assuming trench depth 
of 10.4 ft). 

Approximately 12 yd3 of the CMFC was injected into the reviously grouted 
trenches 151 and 170 with the expre of lowering hydraulic can 
within these trenches. Measurements onductivity within trenches 
170 after grouting with the CMFC grout .2 x 10’ cm/s, considerably higher 
than average hydraulic conductivity in soi e trenches (6.4 x los c d s ) .  Thus, 

indicate grouting with the clay-microfine =me t did not reduce hydraulic 
ommonly obselrvd in surround g soils. The average h 
n the CMFC grouted 148 tren was approximately the 

that measured in the grouted 151 and 178 trenches (1.7 x IO3 c d s )  and much higher 
than the average measured in the surrounding soils, again indicating grouting with the 

uctivity measurements in the 
using the CMFC grout. For 

example, soil-penetration data from trench 148 before and after grouting with the CMFC 
grout revealed no significant difference (P < 0.5) in the number of blows 
distance of one foot indicating no benefits in inergas 
grout. 

grout did not appreciably lower hydraulic 
In addition, trench stability was not incr 

trench stability 

These in-situ grouting studies of low-level burial trenches with cement-based 
grouts (using Portland Type I cement) have shown considerable benefit in increasing 
trench stability against potential future subsistence; however’, little effect can be expected 
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with regard to lowering hydraulic conductivity within the trenches, even if clay-based 
microfine cements are used as grouting materials. 
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Appencilbn A 

Soil Penetration Data after Grouting with Portland Type I a m e n t  

I B I 5.1 10 3 33 22 



46 
~~~d~ A 

Soil Penetration Data after Grouting with Portland Type I Cement. 

I B I 14.8 7% 4 I 1 01 I 21 Pre-Gnwx 

I1 1 I 

I A I 100 I 11 I 52 I 18 Oumids 

I f  I Eo I 35.7 I 61 I 15 I 69 I 7 

'For cach soil depth, ~ C I N  with the urn letter am rrol significrnrly diffcma st P<O.O5. 



AALr Portland Trpc I A 19.1 71 6 93 22 I 

9 



Significance I Location 
a d  

! I 
I ll 

I I 
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APPENDIX C 

Soil Penetration O& from Trench 148 

Significance Blow# per Fmt I Location 
and I I 

2s .a I 51 Outside T'rcnch B 5.1 8 2 

I A 15.8 18 I 12 18.2 I 4 
1 

16 I 11 I 18.5 ! 4 A 12.8 

Outrido Trench A 11.9 37 1 67.8 50 

II I A 9.0 13 5 40.6 4 
1 I I 

I 4 A 7.0 10 6 28.6 

5 148.0 5 
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APPENDIX C 

Soil Penetration Dad from Trench 148 

'Far each soil depth, means with the same letter are not significantly different at PcQ.05. 
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