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~— 2Q.-.p.nstration tests, static cone penetration test., pres.ur.meter tests,
bore hole permeability tests and shear wave velocity teats. Concurrently
laboratory tests were conducted to investigate the strength and creep behavior
of the grout.d sand. After completion of grouting. the site was excavated to
examine and evaluate the grouted sand. In the rock anchor teat , inclined rock
anchors were installed in limestone through 130 feet of alluvial and glacial
deposit, using a pneumatic down—the— hole ha .r with an offset reamer. Load
teats were conducted on three instrumentated rock anchors and the feasibility
of installation of the rock anchors was determined by evaluating loss of ground
during• installation, performance of the installation equipment, and rate of
installation. The drilled—in pile test consisted of installation of large
diameter high capacity pipe piles by the lenoto method.,. The feasibility of
installing these piles was determined by evaluating lo.áof ground during
installation, performance of the Benoto equipment, and rate of installation.
In the pile driving effects test, pile founded monoliths V~re const~xucted,
supported on either one, eight or twelve timber piles jett~4 and driven in al-
luvial sand to a depth of 35 feet. After applying lateral and vertical load to
the monoliths, steel piles were driven at varying distances f~rom th~ monoliths
while monitoring movement of the monoliqh and supporting pile~ ; sheir , moment.
and axial load in thp ti*ber piles; and pore pressure, moveme~t, and particle
velocity, in the soul. Parameters exam ned were pile type bein~~drtven (sheet,
pipe, or H—pile), pt~l. driving haimner ( lesel, air—steam , or vib~~tory), dis-
tance of driven piles from monolith, dr ving of multiple piles at the same
distance from the monolith, load level applied to the monolith, and poil
properties (grouted and ungrouted). Vertical and lateral load tests were con-
ducted on each pile founded monolith. Tests were also conducted to assess what
effect grouted soil has on piles. Piles were driven in both grouted and un—
grouted sand to examine driving characteristics and lateral load tests were con—
ducted on H and pipe piles in both grouted and ungrouted sand.
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0 SUMMARY OF CONCLUSIONS

0.1 CHEMICAL GROUTING TEST PROGRAM
The feasibility and effectiveness of Injecting silicate grouts into

Mississippi River alluvial sand were tested near Locks and Dam No. 26 from April
1978 through August 1978. The field test program was supplemented by a
laboratory test program undertaken in several steps fro m April 1978 through
January 1979. The test program involved testing four different grouting methods,
eight grout types, and two grout hole spacings. A total of 123,500 gal of grout was
injected through 74 grout holes to grout approximately 1440 yd3 of alluvial sand.
The test area was exp lored by borings and instrumented before grouting, grouted ,
reexplored by borings after  grouting, dewatered, and excavated to observe results
of grouting.

0.2 TEST AREA SUBSURFACE CONDiTIONS

The sand strata grouted during the test program comprised the upper
20 ft of the recent alluvium deposits of the Mississippi River valley. Initial
subsurface conditions at the test area were assessed before grouting by borings,
sampling, and in situ testing (standard penetration tests, static cone penetration
tests, pressuremeter tests, borehole permeability tests, and shear wav e velocity
measurements). The alluvial sand is generally fine- to medium-grained and
contained on the average no more than 5 percent fines (that is, 5 percent by weight
of soil particles passed through a No. ZOO US sieve). ‘he coefficient _sf perme-
abIlity in the zone that was grouted ranged from 5 x 10 cm/s to 3 x 10 cm/s.

During excavation of the test area, abundant concentrations of carbon-
aceous material (wood, charcoal, and lignite) ranging in size from silt to large tree -

trunks, were observed. The alluvial sand was always cross-bedded. Cross-beds
were usually gently dipping and were fro m several inches to a few feet thick.

0.3 GROUTING ACTIViTIES

Grout injection was done by a joint venture of Raymond International
Builders, Inc. and Soletanche and Rodlo, Inc., subcontractors to Woodward-Clyde
Consultants. A modular grouting plant was used to mix and pump silicate and
cement-bentonite grouts and monitor grouting parameters (grout pumping pressure
and pumping rate , and grout volume). Grout was pumped through open-bottom
pipes and through sleeve-pipes. The pumping pressure was kept at less than 1 lb/in2
per foot of soil above the bottom of open-bottom pipes. Grout was pumped at an
average rate of 800 1/h r (3.5 gal/mm ) through each open-bottom pipe. The average
grout take for open-bottom pipe was intended to be 25 percent of the volume of
soil to be grouted. Actually, it averaged 25.6 percent.

Three grouting procedures were tested usIng sleeve-pipes. In one
procedure, grout was pumped us~ing a grouting pressure limiting criterion of I lb/in2
per foot of overburden. Grout take was very small for this procedure. In a second
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procedure, the intended volume of grout was injected in one stage using a pumping
rate less than 85 percent of the rate that would induce hydraulic fracturing of the
soil. This pump ing rate was usually between 300 1/hr and 450 1/hr (1.3 gal/m m and
2 gal/min) . The average grout take for the second sleeve-pipe procedure was
intended to be 45 percent of the volume of soil to be grouted. Actually, it
averaged 43.9 percent. In a third procedure, the intended volume of grout was
injected in several separate stages, also using a rate of pump ing of 300 1/hr to
450 1/hr. The actual grout take for the thi rd procedure was 52.6 percent of the
volume of soil to be injected.

0.4 INSTRUMENTATION MONiTORING

Ground instruments were installed prior to grouting to monitor the
effects of grouting (vertical and horizontal displacements of the soil mass, and
pore water pressure). The maximum observed heave was 0.02 ft , except for one
zone that heaved 0.048 ft. This localized, larger movement was attributed to
injection of cement-bentonite grout. The predicted maximum heave was 0.02 ft.
The maximum observed horizontal displacement was 0.018 ft as compared to a -

predic ted value of 0.1 ft. Generally, the horizontal displacements were only 
tslightly greater than the instrumentation accuracy. The maximum observed excess

porewater pressure was about 12 lb/in2 as compared to a predicted maximum
change of 30 lb/ in2.

0.5 EVALUATION OF GROUTING RESULTS
Grouting results were evaluated by exploration and testing in boreholes

drilled from ground surface, and by excavation, mapping, and in situ testing of the
grouted soil. Standard and static cone penetration tests were used to assess the
extent of grout penetration. Pressuremeter and borehole permeability tests, and
shear wave velocity measurements were used to measure in situ properties of
grouted soil. The in situ tests and measurements were found to be effective in
assessing grouting results from ground surface.

The test area was dewatered and excavated. The extent of grout
penetration was mapped and photographed. Observations indicated that open-
bottom pipe grouting method was generally unsuccessfu l in achieving complete
grout penetration. Low-pressure sleeve-pipe grouting was totally ineffective.
Single-stage sleeve-pipe grouting yielded better, but not complete grout pene-
tration. Multiple-stage sleeve-pipe grouting was generally very effective in
achieving almost complete grout penetration. Six-ft grout hole spacing was
sometimes not adequate, and 4.2-ft spacing was found to achieve the desired grout
penetration and uniformity. Cement-bentonite grout did not permeate the alluvial
sand. The small quantity of cement-bentonite injected resulted only in creating
bulbs along geologic discontinuities. Hydraulic fractures were found In almost all
grouted soil masses observed. The majority of the fractures were vertical or

• 
- 

coincident to geologic discontinuities. Consistency of grouted soil varied fro m
sandstone-like material for high-silicate-content grouts (55 to 45% silicate) to low-
strength, cohesive material for low-silicate-content grouts (28 to 25% silicate) .
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Index and engineering properties of grouted soil were assessed by in situ
and laboratory tests and measurements. Among the in situ testing methods, shear
wave velocity measurements appeared to be a most appropriate method to detect
both changes in soil properties and extent of grouting. In situ horizontal stresses
increased by two to three times due to grouting. In-place dry unit weight of
grouted soil averaged 1 to 3 lb/ ft 3 more than before grouting. Strength and
deformation modulus values were generally increased manyfold by grouting; the
actual increases depended on the strength of the grout injected. The strength
increase was due only to an increase in cohesion, the angle of internal friction
remain ing practically unchanged or decreasing slightly. Time dependent propertie s
of grouted soil were tested. Significant creep was observed in some grouted zones,
although tendency to creep failure was not generally pronounced. Siroc-type
grouts exhibited less creep than grouts containing aluminate reac tant. Grouts
containing R600 reactant were the most creep-prone. Grouted soil was found to be
much less permeable than un~~outed soil. oefficient of permeability of grouted
soil generally ranged from 10 cm/s to 10 cm/s. The reduction in permeability
did not appear to be a function of grout type, but rather it was found to be a
function of grouting method (that is, of grout penetration) . Zones showing no
decrease in permeability were zones left ungrouted.

A summary of grouted soil properties is given in Table 0.1. The data in
the table give representative of average values of the results of the various tests
performed on grouted soil during this program.

0.6 COST

The total cost of grouting (excluding earthwork, dewatering, and
• engineering) was $565,560. Grouting costs varied widely (from $210 to $618 per

cubic yard of soil to be grouted) depending on grout type, grouting method, and
grout hole spacing. When related to grout tak e, the range of cost variation was
almost as wide ($7 to $20 per cubic yard of soil to be grouted and per percent grout
take). Cost of open-bottom pipe grouting averaged $294 per cubic yard of soil to
be grouted and $10 per cubic yard of soil to be grouted and per percent grout take.
Cost of single-stage sleeve-pipe grouting averaged $425 per cubic yard of soil to be
grouted and slightly less than $10 per cubic yard of soil to be grouted and per
percent grout take. Cost of multiple-stage sleeve-pipe grouting averaged $437 per
cubic yard of soil to be grouted and slightly more than $8 per cubic yard of soil to
be grouted and per percent grout take.

These costs are not representative of production chemical grouting
projects, especially for open-bottom pipe applications, because of the relatively
large effect of mobilization and contractor’s supervision costs inherent to the test
program. It is likely that these costs could be decreased by a factor of two to four
and be more representative of production grouting.

_ _  -~~~ .••-~~~~~ • • .- , - ~
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General Note
Urdess otherwise noted, iabora tory tests were mode on excava t ion
block and core sa mples.

Note.:
(1) From undisturbed borehole samples
(2) Reconstituted sample grouted in the laboratory
(3) From excavation block sample
(4) Laboratory permeability test
(5) Borehole permeability test
(6) CSR = 30%, tIme range = 10 to 100 mInutes
(7) CSR = 50%

CSR = Constant stress ra tio
(see Fig. 9.48 and 9.50)

(8) See SectIon 2.1.2 for definit ion of grouting method
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1 PURPOSE AND OBJECTIVES

1.1 PURPOSE

The chemical grouting tests described in Volume II of Phase IV Report
were part of an investigation and test program designed to provide comprehensive
technical bases for the evaluation of various overwater construction schemes and
techniques that could be used adjacent to existing loaded structures. Chemical
grouting may be used to improve the characteristics of the foundation soil. The
investigation and test program also included assessment of p ile driving ef fec ts
(Volume III), and evaluation of construction feasibility of drilled-in piles
(Volume 1V) and rock anchors (Volume V). Summaries of conclusions for each of
these tests are presented in Volume I.

The purpose of the chemical grouting test program was to assess the
feasibility, applicability, and effectiveness of injecting silicate-based grouts into
Mississippi River alluvial sand. Both low-strength and high-strength grouts were
used for the tests. The primary intent of low-strength grouts was to decrease
potential displacement and rearrangement of sand grains, and thus increase the
stability of the sand, when subjected to vibrations induced by construction
activities. The secondary Intent was to moderately Increase the strength of the
sands, which would significantly augment the lateral resistance of piles. The
tertiary intent was to increase resistance to erosion and to reduce the permeability
of the sand.

The primary intent of high-strength grouts was to Increase substantially
the bearing capacity and the stability of the sand. The increased bear ing capacity
must be permanent. The secondary intent was to increase the resistance to erosion
and reduce the permeability of the sand.

12 OBJECTIVES

The objectives of the chemical grouting test program were:
(1) to investigate the technical feasibility of satisfactorily grouting the

sand without inducing objectionable heave, lateral movement , and ex-
cess pore pressure;

(2) to compare various grouts and provide a basis for selection of chemical
grouts that will produce the desired grouted soil properties;

(3) to compare two common grouting methods, the open-bottom pipe and
the sleeve-pipe methods;

(4) to establish an optimum grout-hole spacing by comparing the effects of
two spacIngs, 4.2 ft and 6 ft , In achieving the desired grout penetration
and uniformity;

_____ ——. -~ I — - - — —~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _.- -
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(5) to provide bases for establIshing criteria for acceptable and optimum
grout quantities, grouting pressures, and optimum and maximum grout
flow rates; and

(6) to provide cost elements for future estimating purposes.

1.3 ORGANIZATION OF VOLUME U

The chemical grouting test progra m Is descrIbed In Section 2. The
subsurface conditions of the test area were thoroughly investigated and are
discussed in Section 3. Grouting was done using a modern grouting plant which is
described in Section 4. Several studies of grout and grout properties were
incorporated Into the program and are presented in Sect ion 5. The test grouting
procedures and the monitoring of the grou t ing activities during the tests are
discussed in Sections 6 and 7, respect Ively. The Instrumentation installed to
monitor the effects of grout ing on the soil mass and the results of these
measurements are presented in Section 8. The grouting results were thoroughly
evaluated by various methods. The evaluation Is discussed In SectIon 9.

4 - .
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2 CONCEPT AND DESCRIPTION OF TESTS

2.1 TEST VARIABLES

2.1.1 Couscçpt of Test Program

The intent of the test program was to Inject high-strength and low-
strength silicate grouts into the upper 20 ft of the recent alluvIum deposit
underlying the test area between ci 400 and ci 380. Attempts to injec t cement-
bentonite grout were also planned. Initially, the chem ical grout ing test program
had been designed to allow a comparative evaluation of three grouting methods,
two grout-hole spacIngs, and six grout types. During the course of the field
implementation, the program was slightly expanded to include testing of one
additional grouting method and two additional grout types. The actual combination
of the test variables is presented In Table 2.1.

2.1.2 Groutbig Methods

The four grouting methods tested were:

(1) the open-bottom pipe method with low-pressure criterion and single-
stage injection (Method Oi);

(2) the sleeve-pipe method with low-pressure criterion and single-stage In-
ject ion (Method S1);

(3) the sleeve-pipe method with maximum rate of grout flow criterion and
single-stage injection (Method S2); and

(4) the sleeve-pipe method with maximum rate of grout flow criterion and
multiple—stage Injection (Method S3).

Op~~s—Bottoin Pipe (Method One grouting method was tested with
open-bottom pipes in Subareas 1, 2, and 9; see Fig. 2.1. In this method, an AW
steel rod (i.75-in.-od, 1.22-ln. -id), fitted with an expendable bot tom plug, was
driven into the ground to ci 376 with a 140-lb or 360-lb drop-hammer. The cx-
pendable bottom plug was separated from the grout pipe when the initial grout
pressure was applied and the pipe was slightly raised. Grout was Injected through
the bottom of the grout pipe. The grou t pipe was raised 1 ft after each injection
step. During each injection step, grout was injected until a predetermined volume
of grout, equal to 25 percent of the volume of soil to be grouted, had been pumped
or until the grouting pressure reached or exceeded 1 lb/in2 per foot of soil above
the bottom of the grout pipe. Grouting was also discontinued whenever grout leaks
out of another pipe or along the grout pipe itself were noticed.

Sleeve-Pipe (Method Three grouting methods were tested with
sleeve-pipes. The sleeve pipes consisted of 2.36-in.-od, 1.77-in. -id PVC pipes.
The exterior w&il of the pIpes were ridged to minimize grout travel along the pipes;
see Fig. 22. The sleeve-pipes were fabricated in 13-In. sections. A number of
sectIons were screwed together to form the required grout pipe lengths. The pipes

~ 
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were provided with two diametrically opposed ports every 13 in. The ports were
covered with t ightly f i t t ing 3-in.-iong cylindrical rubber sleeves. The sleeve-pipes
were installed in 3.6-in. -dia boreholes drilled by rotary method to approximately
ci 378. Some boreholes were drilled with bentonite drilling fluid; others were
drilled with Revert. After the sleeve-pipes were inserted into the borehole, the
annular spaces between the pipes and the borehole walls were filled with cement-
bentonite grout (sleeve grout), having the following composition:

cement/water (by weight): 0.4

bentonite/water (by weight) : 0.03 to 0.04
When boreholes were drilled with bentonite, the cement-bentonite sleeve grout was
tremied to the bottom of the boreholes through a rubber hose lowered between the
pipe and the borehole wails. After the grout had completely displaced the ben-
tonite fluid , the rubber hose was removed. When boreholes were dr illed with Re-
vert , the degradation of the Revert did not allow this procedure to be used. In
these cases, the sleeve grout was placed by injecting it through the inside of the
sleeve-pipes, using packers to build up grout pressure and open the rubber sleeves.
The purpose of the sleeve-grout was to prevent upward travel of grout along the
sleeve-pipe during subsequent injections.

The procedure for inject ing grout through a sleeve-pipe involved the use
of a double packer; see Fig. 2.2. Rubber-cup packers were mainly used for in-
ject ing cement-bentonite grout. 0-ring packers were mainly used for injecting
chemical grouts. The double packer was connected to a grout pipe extending to the
ground surface. The grout pipe was in turn connected to a grouting pump through a
rubber hose. Grout injection proceeded from bottom of the sleeve-pipes upward
through one or two sleeves at one time.

In grouting Method S1, tested In Subarea 5a, chemical grout was in-
jected once at every sleeve level. The grouting pressure was kept below 1 lb/in2
per foot of soil above the sleeve being injected. This pressure criterion is unusually
low for sleeve-pipe grouting. Method S1 was tested in only two holes, mainly for
the purpose of demonstrating that the low-pressure criterion is incompatible with
sleeve-pipe grout mg.

Sleeve-Pipe (Method 5,). This grouting method, tested in Subareas 3, 4,
5, 10, and 11, Involved injection ora predetermined volume of chemical grout once
at each sleeve level, at a rate of grout flow not exceeding a predetermined
maximum allowable value. The volume of grout was determined as 45 percen t of
the volume of soil to be grouted. The maximum allowable rate of grout flow was
established on the basis of the contractor’s experience in alluvial grout ing and
attempts were made to con firm this maximum allowable rate by hydraulic
fracturing tests; see Section 6.2. The Intent was to estimate the rate of grout flow L.
inducing hydraulic fracturing during these tests and to establish a maximum
allowable rate of grout flow for subsequent Injection equal to 85 percent of the
fracturIng rate. In fact, interpretation of the frac turing tests results was difficult
and ambiguous, and the selection of the maximum allowable rate of grout flow
generally relied on engineering judgment. The reasons for setting the limiting

- - -
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criterion in terms of rate of grout flow rather than in terms of grout pressure are
discussed in Section 6.2. Injection was discontinued and restarted at a later time
whenever evidence of grout leaking along the sleeve-pipe or through adjacent
grout-holes was noted.

Sleeve-Pipe (Method S.1). This grouting method was tested in Sub-
areas 6, 7, 8, 12, and 13. It involved injection of predetermined volumes of chem-
ical grouts at two or more separate times at each sleeve level, at a rate of grout
flow not exceeding a predetermined maximum allowable value. The total volume
of grout to be injected was determined as 45 percent of the volume of soil to be
grouted. Two-thirds of the intended grout volume was injected in a first injection
stage. One-third of the intended grout volume was injected in a second injection
stage. Generally, the two injection stages were carried out a few days apart. In
some grout-holes, where low grout ing pressure was recorded during the second
stage groutIng, a third injection stage was implemented at selected sleeve levels.
The volume of grout Injected in this third Injection stage ranged from 1.2 percent
to 13 percent of the volume of soil to be grouted. During any of the grout ing
stages, injection was discont inued and restarted at a later time whenever evidence
of grout leaking along the sleeve-pipe or through adjacent grout-holes was noted.
This grouting procedure resulted in actual volume of grout injected greater than
45 percent of the volume of soil (see Section 7).

Injection of cement-bentonite grout was attempted as a first-stage In-
ject ion in every grout hole in Subareas 7 and 8, and in one grout hole each in
Subareas 12 and 13. Cement-bentonite grout take was small. These tests are
discussed in more detail in subsequent sections.

2.1.3 Grout Hole Spacing and Pattern

Two grout hole spacings, 6 ft and 4.2 ft , were used for the grouting
tests. The test subareas were designed such that the basic grout hole pattern was
6 ft by 6 ft. Intermediate grout holes, located at the mid points of the 6-ft by 6-ft
grid, were used to form the 4.2-ft by 4.2-ft pattern. The 6-ft grout hole spacing
was selected because it is consistent with the 3-ft spacing of the piles under the
existing locks and dam structures; however, it was felt that this spacing might be
too large to achieve uniform grout penetration and complete grout ing of the soil
between grout holes. The 4.2-ft spacing was selected because it is within the
range of grout hole spacings found to be successful in past alluvial grout ing
projects.

2.1.4 Grout Types

Eight grout types were tested; seven were sodium silicate grouts, one
was cement-bentonite grout. Three sodium silicate grouts, having sodium silicate
concentrations of 25, 28 and 35 percent by volume, were Intended to be low-
strength grouts. Four sodium silicate grouts, having sodium silicate concentrations
of 45, 46, and 55 percent5 by volume, were intended to be high-strength grouts.

* Both 55% Slroc 132 (calcium chloride reactant) and 55% Siroc 142 (sodiu m
alum m ate reactant) were used (Section 5.3.2)
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The cement-bentonite grout was Intended to fill the larger voids in coarse-grained
zones. Other chemical components used included sodium aluminate, formamide,
calcium chloride and di-methyl-succinate (R600). Mix ing water was pumped out of
a smaU diameter well located near the test area. The average compositions of the
eight grouts tested are given In Section 5.3.2.

2.2 CONDUCT OF TIlE TESTS

2.2.1 Sequence of Activities

The field implementation of the chemical grouting test program in-
volved four phases that are illustrated in Fig. 2.3 and described below.

Phase 1. Phase 1, implemented in March and April 1978 , consisted of
preparatory work. It included drilling of borings for confirming test area selection,
grading of test area and construction of an asphalt working surface or grouting pad
at el 423, measurement of initial ungrouted soil properties by borehole in situ
test ing and sampling, installation of surface and subsurface instrumentation, and
Installation of grout pipes.

Phase 2. Phase 2 was the grout injection phase. During Phase 2,
implemented in May and June 1978, the grout ing plant was installed, grout was
injected , grouting operations were monitored and documented, and the effects of
grouting were assessed by monitoring the surface and subsurface instrumentation.
The extent of the grouted zone and the properties of the grouted soil were
investigated after grouting by borings, sampling, and subsurface in situ testing
from el 423. During the grout injection phase, the groundwater surface in the test
area var ied between approximately el 420 and ci 407. The dewatering system was
constructed during the latter part of Phase 2.

Phase 3. Phase 3 was an intermediate phase of the test program, during
which the test area was dewatered to el 383 to 382, and excavated to el 402. This
phase was implemented in July 1978. Additional borehole in situ tests were made
from el 402.

Phase 4. Phase 4 was the test excavation phase. During Phase 4,
Implemented in August 1978, the test area was excavated from el 402 to between
el 385 and ci 382. This controlled excavation was carefully made in 3-ft to 5-ft
lifts to expose and document by mapping and photography the results of the
grouting tests. Block and core samples were taken, and plate load tests and in-
place density tests were made in grouted and ungrouted soil during this phase. The
dewatering system was shut down at the end of Phase 4, on the evening of
22 August, and was dismantled soon thereafter.

) 
Preceeding, concurrent with, and subsequent to the field implemen-

tation of the test program, several laboratory test activities were carried out.
These activities included grout mix property tests (April 1978); strength and
permeability tests on reconstituted sand samples grouted in the laboratory (April to
August); on-site grout mix tests (May and June) ; chemical neutralization tests
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(July); strength and permeability tests on grouted sand samples recovered in post-
grouting boreholes (July); grain-size analyses on samples recovered in the test
excavation (September); chemical analyses of groundwater sampled in the test area
after grouting (September and October); and strength and permeability tests on
block and core samples taken during test excavation (October 1978 to February
1979).

2.2.2 Test Area Coefiguration
The chemical grouting tests were conducted in an area immediately

adjacent to US Route 67 , downstream of the left abutment of the dam, on the
Missouri side of the Mississippi River; see Fig. 2.4. At that location, the natural
ground surface was at approximately ci 420. The test area was filled and graded at
ci 423. An 8-In.-thick asphalt grouting pad, 70 ft  by 67 ft , was constructed at
ci 423 at the cen ter of the test area to serve as a working surface. The grout
holes, installed from the asphalt pad, were arranged to form fourteen test subareas
as shown in Fig. 2.!. The test variables corresponding to each subarea are given in
Table 2.1.

Test Subareas 1 and 2. The test variables for Subareas I and 2 were
identical, except for grout hole spacIng. Grout hole spacings were 4.2 ft for
Subarea I and 6 ft  for Subarea 2. Both subareas were grouted by grouting
method O~ with 35% Siroc 142 grout (low strength) . Subareas I and 2 consisted of
seven and four grout holes, respectively.

Test Subarea 3. Subarea 3 consisted .,f four grout holes spaced 6 ft  
tapart. Low-strength 28% silicate/R600 grout was Injected by grouting method S2in this subarea. Grout was Injected only between ci 380 and ci 393 in this subarea,

because of limited supply of R600 reactant.

Test Subareas 4 and 6. The test variables for Subareas 4 and 6 were
identical, except for grout type and grouting method. Subarea 4 was injected with
35% Siroc 142 grout (low strength) using grouting method Subarea 6 was
injected with 25% silicate/aluminate grou t (low strength) using grouting method S~.
Grout hole spacing was 6 ft. Both subareas consisted of five grout holes each.

Test Subarea 5. Subarea 5 consisted of four grout holes spaced 6 ft
apart. High-strength grou t 45% Slroc 132 was injected by method s2 in this
subarea.

Test Subarea 5a. Subarea 5a consisted of only two grout holes spaced
6 ft apart. This was the only subarea where grouting method S1 was attempted.
The grout used was low-strength 25% silicate/alumlnate.

Test Subareas 7 and 8. The test variables for Subareas 7 and 8 were
Identical, except for grout hole spacing. Grout hole spacings were 6 ft for
Subarea 7 and 4.2 f t  for Subarea 8. Both subareas were grouted by grou t ing method
S1 with 25% sillcate/aluminate grout (low strength) . A very small volume of
c
~

ment-bentonite was injected in every hole of each subarea as a first-stage
grouting.
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Test Subarea 9. Subarea 9 consisted of six grout holes spaced 4.2 ft
apart. High-strength 55% Siroc 142 grout was inj ected by grouting method 01 in
this subarea.

Test Subarea. 10 and 11. The test variables for Subareas 10 and ii
were identical , except for grout hole spacing. Grout holes were spaced 6 ft apart
in Subarea 10 and 4.2 f t  apart in Subarea 11. Both subareas were grouted with
high-strength 55% Siroc 132/ 142 grout by method S2. Subareas 10 and I I  consisted
of six and eight grout holes, respectively.

Teat Subareas 12 and 13. The test variables for Subareas 12 and 13
were identical , except for grout hole spacing. Grout holes were spaced 6 ft apart
in Subarea 12 and 4.2 ft  apart in Subarea 13. Both subareas were grouted with
high-strength 46% silicate/R600 grout by method S~. A very small quantity of
cement-bentonite was injected in one grout hole oreach subarea as a first-stage
grouting. Subareas 12 and 13 consisted of four and five holes, respectively.

2.3 MEASURED ASPECTS OF PERFORMANCE

The significant aspects of performance of the chemical grouting test
program identified during design were displacement of the soil mass, extent and
properties of grouted soil, and cost of grouting. During implementation of the
program, the displacements produced by grouting were measured by means of
instrumentation installed in the soil prior to grouting (Section 8). Grouted soil
extent and properties were evaluated by means of borings, in situ measurements,
direct visual and photographic observations, and laboratory tests (Section 9). Costs
of grouting related to the quantity of grout injected, grouting method, grout type,
injection time, and amount of labor and equipment required were documented
(Section 10) .

In addition to monitoring the significant aspects of performance, other
technical activities were performed during the field implementation of the
program. These activities consisted of documenting the set -up and operation of
the grouting plant (Section 4), supplementing the understanding of grouts and grout
chemistry (Section 5), testing various grouting procedures (Section 6) , and moni-
toring the injection process (Section 7).

4.
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3 TEST AREA $UISUR~ACE CONDiTIONS

3.1 TESI AREA SELECTION
It was originally planned to conduct the chemical grouting test program

at the main test site5, which Is located near the downstream end of Ellis Island.
Several borings were drilled there for confirming the test area selection. Although
the subsurface conditions were found to be adequate for the chemical groutizig test
pw’poee, it became apparent that access to that remote location would remain very
difficult, and danger of flooding would be high until completion of the site
preparation work scheduled for June or July 1978. On the basis of these
considerations, it was decided to conduct the chemical grouting test program at
the upstream end of Ellis Island, at a location adjacent to US Route 67 (Fig. 2.4).
At this location, the natural ground surface was at approximately el 420, high
enough to minimize the risk of flooding, and access was easy.

Subsurface investigations were undertaken to confirm the suitability of
the new test area. On the basis of field visual clandficatlon and laboratory tests
performed on split-spoon samples recovered in one test boring (D-21), it was
concluded that the subsurface conditions at the selected location were repre-
sentative of the alluvial and glacial sand deposits found under Locks and Dam
No. 26, and that the area was adequate for the test program purposes.

32 SUESURYACE DIVESIIGAIIONS
32.1 PuRpose d Scope

A program of borings, sampling, and in situ and laboratory tests was
undertaken in March 1978 to measure properties of natural, ungrouted soil under-
lying the test area. Some of the boreholes were also used to install subsurface
Instrumentation. These initial properties were intended to serve as a base for
future comparison with grouted soil properties .

Boreholes were drilled at locations shown in FIg. 3.1. In situ testing
performed in these boreholes included dynamic and static penetration tests, pres-
sure meter tests, and falling head permeability tests. Grain-sin, analyses were
made on samples recovered in conjunction with dynamic penetration testing. Shear
wave velocity of the alluvial sand deposit within the zone to be grouted was
measured In four arrays of geophysical boreholes (Fig. 3.1).

3.2.2 Dy.e—Ic P.setration TeIt~~~
These tests consisted of driving a split-spoon into the soil. Two split-

~ - spoons were used: a 2-in.-od spoon driven with a 140-lb hammer falling 30 In.
(standard penetration test, ASTM D 1586-67), and a 3-in.-od spoon driven with a

* The other tests of the Foundation hwestigation and Test program were
cond.icted at the main test site beginning in September 1978 (Volume I) 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ha.... — - -  --_____ --——
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350-lb hammer fall Ing 18 in. (a procedure commonly used by the St Louis District
~~ in alluvial deposits). The dynamic penetration resistance was recorded as the

number of hammer blows N or N requned to drive the 2-in, or 3-zn. spoon,
respectIvely, 12 in. into the soil. ~n addition to yielding penetration resistance
values, these tests also provided a means for recovering disturbed soil samples used
for visual classification and laboratory index property tests.

Standard penetration tests were made In Boring D-2 1 for confirmation
of the test area selection, in Boring D-22 to correlate with pressuretneter test
results, In Bor ings D-23 and D-26 to correlate with static cone penetration test
results, and in Boring D-28 to correlate with failing head permeability test results.
Dynamic penetration tests using the 3-In, spoon were made continuously in Boring
D-25 and in the borehole drilled for installation of benchmark BM-1. Samples from
Borings D-Z1, D-ZZ, and D-23 were used for the preparation of reconstituted
samples for laboratory grouting tests (Section 5.1.3).

The results of standard penetration tests are compared with other
in situ test results in Fig. 3.2. The N-values measured in Boring D-28 are outside
the range of values obtained in the other borings. In Boring D-28, a steel casing
was driven and washed out with water for permeability testing. Water washing was
probably not successful in removing the coarser sand and gravel particles. These
particles probably accumulated at the bottom of the borehole and became lodged In - -

the sampling spoon, resulting In increased N-values above approximately ci 390.
Below ci 390, the hydraulic head became great enough to cause the sand to flow
into the casing, resulting in loosening and decreased N-values. These phenomena
were not experienced In the other borings, probably because they were drilled with
bentonite slurry.

A comparison between N-values and N3-values is presented in FIg. 3.3.
The N1-values fall within, but at the low end, of the N-value range. This is
consis(ent with previous results obtained at or near this site, and with the St Louis
District experience.

3.2.3 StatIc Cone Penetration Testing
Static cone penetration tests were made in two borings (D-Z3 and

D-26). The cone system used was developed by WCC. The cone has a 10-cm 2 cross
sectional area, and an angle of 60°. The load applied on the cone to push It into the
soil at a constant rate of penetration of 4 ft/mm was measured by a load cell and

- 
- was recorded on a strip chart. Continuous cone penetration profiles were otained

by alternately pushing the cone 5 ft to 10 ft into the soil at the bottom of the
- 

- - borehole, and reaming the borehole after each cone run by rotary drilling.

The results of the two static cone penetration soundings made before
grouting are shown in Fig. 3.2, together with other in situ test results. The
correlation between cone penetration resistance q and standard penetration
resistance N measured in the test area Is presented inCFig. 3.4. ThIs correlation is
approximated by:

~~ 
(t/ft~ = 5 to 6N (bl/ft)
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32.4 Pressuremeter Test~~~
Pressuremeter tests were made in two borings (D-2Z and D-27). The

Menard type GAm pressuremeter used for the measurements consisted of a
BX-size probe that were expanded at the bottom of a borehole. The volume
change of the probe was measured as a function of the applied pressure. The data
were used to obtain elastic and plastic characteristics of the soil. The boreholes
were carefully prepared by slow drilling with a drag bit and thick Revert or
bentonite drilling fluid.

An idealized pressuremeter volume change vs applied pressure curve is
shown in Fig. 3.5. At the beginning of the test, the probe begins to expand through
the drilling fluid with little lateral restraint, until it makes contact with the
borehole walls. This corresponds to the steep initial portion of the volume change
curve. As the probe cont inues to expand, the soil resistance is mobilized and the
volume change curve is linear (pseudo-elastic response). At higher pressure, plastic
deformation occurs. The soil then sustains large deformations for small pressure
increases. The asymptote of the volume change vs pressure curve corresponds to
the ultimate strength of the soil (or limit pressure).

The results of the actual pressuremeter tests performed in Borings
D-22 and D-27 are presented in Fig. A.1 through Fig. A.8, Appendix A, Volume UA.
A lesser degree of disturbance was experienced in Boring D-27 than in D-22,
resulting in higher measured soil modulus and strength. Boring D-22 was drilled
with bentonite slurry which, if not cleared of suspended sand particles, tended to
scour the borehole walls during drilling. Revert, on the other hand, was used in
Boring D-27 and appeared to provide more lubrication during drilling, yielding a
more uniformly sized hole.

3.2.5 Borehole Permeability Testing

Falling head permeability tests were performed in Boring D-28. The
tests were conducted by driving an NX-size, flush-joint casing into the soil to the
desired testing depths, cleaning out the soil with a rotary drill bit and circulating
water, and flushing the casing with clean water to remove bottom sediment. The
casing was filled with water and the elevation of the water surface in the casing
was measured as a function of time. The coefficients of permeability obtained
from these tests are given in Fig. 3.2, together with other in situ test results.

32.6 Crosehole Shear Wave Velocity Measurements
Crosahole seismic shear wave velocity measurements were made in the

test area shortly before groutlng started (23 April 1978). Seismic wave velocity
depends on the elastic and density characteristics of the soil medium through which
the waves propagate. These characteristics are modified by grout ing. Shear wave
velocity measurements were selected because in loose sand below the water table,
compresslonal wave velocities of the soil deposits would be masked by the much

• higher velocity of the groundwater. On the other hand, shear wave velocity is only

— a —— — —
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affected by the characteristics of the soil. The equipment used was developed by
WCC and is manufactured by Bison Instruments (Mirafuente et al 1975 , Auld 1977,
and Statton et al 1978). The energy signal source consisted of a downhole hammer
jacked against the wall of a 5-in.-dia steel casing grouted with cement in a
7-in.-dia borehole (Borehole S-0, Fig. 3.1). The borehole hammer is designed such
that an un iax ial impact is imparted along the axis of the borehole. The direction of
impac t, however, can be in either direction (upward or downward) , providing for
symmetrical reversal of impact motion. The polarity of the first arrival shear
wave can be reversed by reversal of impac t direction, because the shear waves
being measured are in a common plane with the impact motion. The shear wave
motions detected along the vertical ax is of the source are uniquely reversed with
source reversal, while other seismic waves generated have constant polarity
independent of source impact direction. The signal generated by the hammer was
detected in four sets of geophysical boreholes (S-i through S-8) drilled along lines - -)

radiating from S-O, using pairs of vertical geophones placed at the same depth as
the hammer in two adjacent boreholes. The geophones were housed in PVC
capsules containing both a geophone and a pneumatic bladder that was inflated to
couple the capsule firmly to a 3-in.-dia PVC casing. Seismic wave data detected
by the geophones were fed to a storage oscilloscope and/or a multichannel signal en
hancement seismograph, where trace and arrival time were displayed. Polaroid
photographs of the screen displays were taken for each recording. Shear wave
velocity was calculated from arrival times and distances between boreholes. k
Borehole inclinometer measurements were made in each of the nine geophysical
boreholes to determine the precise distances between source and receiver at any
depth.

Results of shear wave velocity measurements before grouting are given
in Table 9.1, Section 9. Signals at the four near geophone boreholes were strong - -

and sharp. However, poor to marginal data were obtained at the distant geophone
boreholes. No arrival data could be obtained at borehole S-6 due to the very weak
signals detected in that borehole. Shear wave velocity of the soil in the test area
calculated from the near geophone data ranged from 505 ft/s to 670 ft/s and
averaged 586 ft/s. The data indicated no significant variation with depth within
the vertical extent of the zone to be grouted.

3.2.7 Laboratory Testing 
- 

-

Grain-size analyses were made on split-spoon samples recovered in
D-series borings, in geophysical boreholes, and in several instrumentation in-
stallation boreholes (Section 8). Several samp les from Boring D-28 indicate
unusual concentrations of fine to coarse gravel. This may be because that boring
was washed with water only and the washing action may not have been successful
in removing some of the coarser particles that accumulated at the bottom of the
borehole.

Samples were also obtained during excavation of the grouted area
(Section 9.3). Grain-size distribution curves for these samples are presented in
Fig. A.9 and Fig. A.10, Appendix A, Volume flA.

- ~~~~~~~~~~~~~~~~~ - -
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3.3 STRATIGRAPHY

The understanding of the stratigraphy and geology of the test area is
based on the information obtained from borings made before grouting (Section 3.2) ,
and after grouting (Section 9.2), and by mapping of the excavation made after
grouting (Section 9.3).

3.3.1 General Geology

The sand strata grouted during the chemical grouting test program are
located entirely within the recent alluvium deposits of the Mississippi River valley.
The recent alluvium is overlain by 5 to 8 ft  of fill and clayey floodplain deposit ,
and it is underlain by a sequence of glacial outwash, ice contact flood-plain
deposits, and limestone bedrock, similar to that found under Locks and Dam No. 26.

The recent alluvium is a relatively uniform deposit because of a
common depositional environment and history, and because of the scale of the
Mississippi—Missouri fluvial system. It is uniform in such characteristics as
composition, grain size, roundness, sorting, distributton and orientation of primary
depositional structures, and abundance and distribution of carbonaceous material.
The grouted strata range in grain-size from coarse silt to fine gravel but are
predominantly fine to mediu m sand. These sediments are characteristically clean,
well-sorted (poorly graded) sand composed of at least 70 percent and fr equently
more than 80 percent quartz grains. They also contain abundant concentrations of
carbonaceous material including wood, charcoal, and lignite which range in size
from coarse silt to large tree trunks. Fresh water shells are also abundant. All the
grouted sediments are pervasively and consistently cross-bedded; the majority of
the cross-beds dip generally N to NE at an angle of 5 to 35 degrees. These cross-
beds are broad and continuous, and they occur in sets from several inches to a few
feet thick. Associations of contiguous beds with similar grain size and sorting
characteristics comprise the sheet and shoestring sand that make up the recent
alluvium of the valley. Laterally extensive sand sheets were deposited as a result
of continuous lateral migration of fluvial channels. Narrow elongate sand
shoestrings were deposited as a result of occasional, discontinuous channel shifts or
jumps, and subsequent in-filling of the resulting abandoned channel. These
associations of cross-bed sets extend laterally as distinct geologic units. Contacts
between these geologic units are somewhat irregu lar, but are generally horizontal
to gently dipping. These contacts are either abrupt or gradational, but they are
usually fairly well defined by subtle thscontinuities in grain size across the contact.

3.3.2 De.cr~,tIoa of Sbat!~raph1c Units

Ten distinct stratigraphic units have been identified in the chemical
grouting test area. These units extend from the surface into the underlying alluvial
outwash deposit. Subsurface pro files have been developed for the cross sections
shown on Fig. 3.1. On these pro files, Fig. 3.6 through 3 8 , the contacts between
the various units have been inferred. Results and locations of in situ testing
performed prior to grouting are also shown in these figures. These units are
described in order of stratigraphic position from highest to lowest.

~~~~~~~~

__________ _____________
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Unit A. Unit A is a 5-to 6-ft-thick layer of fill that was borrowed from —

Unit C and compacted in the asphalt pad area to replace the miscellaneous fill that
was removed. The miscellaneous fill contained bricks, concrete, car wrecks, tires,
and other debris that would have interfered with installation of grout pipes and
drilling. The replacement fill is brown, medium, dense fine sand with some silt to
silty fine sand (SM). It was compacted with CAT 955 and 977 front-end loaders.

Unit B. Unit B is the surficial natural flood-plain deposit. Mis-
cellaneous debris is mixed into this deposit. This unit is brown, firm to stiff silty
clay to clayey silt (CH-CL, ML) which is desiccated. The desiccation is caused by
drying out and oxidation which occurs because the groundwater level only reaches —

this elevation during river flood stage conditions. The varying degrees of
desiccation cause this unit to have a wide range of plasticity and consistency.

Unit C. Unit C is the highest layer of recent alluvial sand. It is brown,
medium dense, silty fine sand to fine sand with some silt (SM). It is subrounded to
angular, poorly graded sand. This unit is subject to fluctuating groundwater levels
and is dry for most of the year. It exhibits the characteristic cross-bedding
structures and general uniformity of recent alluvium.

Unit D. Unit D is brown, firm to stiff , fine sandy silt to clayey silt with
a trace of sand (ML) . It resembles Unit B to some extent, except that it has a
coarser grain size and some of the cross-bedded structure of Unit C. It is
suspected that Unit D has thin seams and pockets of clayey silt which were
deposited in a quiescent environ ment similar to that which existed during depo-
sition of Unit B. A thickening of this unit, trending approximately SW-NE, was
observed in the southeast corner of the test area. This geometry suggests that this
unit resulted from channel filling deposition.

Unit B. Unit E is brown to grey, medium dense, fine to medium sand
and has a trace of silt (SP-SM,SP) . The sand is rounded to subrounded and poorly
graded. This unit is cross-bedded with occasional concentrations of predominantly
fine sand. Coloration grades fro m brown to grey because of the fluctuating level
of the groundwater table. The groundwater table generally does not fall below
el 400, and this elevation corresponds to the contact between the brown and grey
sand. The sand above el 400 is periodically subjected to drying and desiccation that
exposes the soil minerals to air. This exposure results in oxidation of the iron, thus
the brownish coloration. The sand below the water table is oxygen-poor and retains
a more greyish hue. During excavation of the test area, the dewatered sand below
el 400 turned from grey to brown.

Within the limits of Unit E are several stratigraphic discontinuities. In
the northwest corner of the test area, a large tree trunk was discovered. Around
this wood, material similar to that found in Unit C was deposited as a result of the
obstruction to flow caused by the fallen tree. Along the eastern portion of the test
area, a lens-shaped deposit of Unit C material was observed. This finer grained
deposit trended approximately SW-NE and had a variably shaped contact with
Unit E (see FIg. 3.6 for an inferred profile of these discontinuitles).

&
I.. — ~~~~~~~~~~ ~~

~.



Y7C825 3—7
Phase N; Vol II

Unit F. Unit F is grey, medium dense to dense, fine to coarse sand with
trace of fine gravel and silt (SF) . Generally, the sand is rounded to subangular and
poorly graded. This unit is very similar to Unit E, except that it is more well
graded, coarser grained, and contains locally significan t concentrations of fine
gravel. It does, however, contain many intercalated beds and cross-beds of fine to
medium sand having characteristics identical to those of Unit E. The contac t
between Units E and F is usually abrupt; the contact between Units F and G is
gradational and irregular.

Unit G. Unit G is grey, medium dense to dense, fine to mediu m sand
with trace of silt and fine gravel (SF). It is rounded to subangular, generally poorly
graded sand, but it has occasional well-graded cross-beds of coarser material. This
unit is very similar to Unit E, except for the local concentrations of coarser
material. Carbonaceous material is more abundant in Unit G than in the other
recent alluvial units.

‘Unit H. Unit H is grey, dense to very dense, fine sand with trace of silt
(SP, SF-SM). It is generally poorly graded and has at least 80 percent subrounded
quartz grains. There are local traces of medium sand and coarse silt. This unit is
cross-bedded and exhibits the greatest uniformity of characteristics of the recent
alluvial sand.

Unit L Unit I is grey, dense to very dense, fine to medium sand with
trace of silt (SP) . It is poorly graded and very similar to Unit H; however, it
contains a larger percentage of medium sand and has a slightly lower density. It
was encountered only in Borings BM- 1 and D-16 (Fig. 3.7).

Unit 3. Unit J is the lowest unit investigated in the chemical grouting
test area, and it is the contact deposit between the recent alluvium and the alluvial
outwash. It is an intergrading of the alluvial sand with the glacial outwash sand
and gravel. This unit is grey, medium dense to dense, fine to coarse sand with
trace of silt and fine gravel, occasionally grading with rock fragments (SPI . The
sand is typically subrounded and poorly graded.

3.4 INiTIAL SOIL PROPERTIES
3.4.1 General

The in situ and laboratory testing results were interpreted in light of
the stratigraphic information to provide initial soil property characterization for
the chemical grouting test area. Index properties such as natural water content,
specific gravity, and grain-size distribution ; in situ state of stress; unit weight , and
relative density; strength-deformation properties such as modulus, drained angle of
internal friction, and pressuremeter limit pressure; and permeability were eval-
uated for each stratigraphic unit. Table 3.1 presents a summary of average soil
properties for each soil layer before grouting. Soil properties are discussed in the
following sections. 

~~~~~~~~~
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3.4.2 index Propert ies -

Natural water content was measured in samples obtained during pre-
vious investigations in the general testing area. Similar stratigraphic units were
identified in these bor ings enabling moisture contents in the chemical grouting test
area to be estimated. Previous investigations also provided data on specific
gravit y fro m which chemical grouting test area parameters could be estimated.

Laboratory grain-size analyses performed on samples obtained from
borehole sampling and excavation mapp ing were significant in differentiating
stratigraphic units. The ranges of grain-size distribution for units C through H are
given in Fig. 3.9.

3.4.3 Sfre es

The in situ state of stress was evaluated from pressuremeter and
density tests results, and field observations. The vertical effective stress profile
calculated fro m estimated unit weights is shown in Fig. 3.10. The horizontal total
stress was measured during pressuremeter testing as the cell pressure at which the
undisturbed elastic resistance of the soil was mobilized, that is, the stress at which
the pressure-volume change curve becomes linear. The horizontal effective stress
was obtained by subtracting the static pore pressure because the tests are assumed
to be fully drained. The inferred horizontal effective stress profile before grouting
is shown in Fig. 3.10. The coefficient of lateral earth pressure at rest K is the
ratio of horizontal to vertical effective stress. For the test area, before g~outing,
K0 ranged fro m 0.4 to 0.6 and averaged 0.48, indicative of normally consolidated
sand.

3.4.4 Density

Total and dry unit weights were determined fro m Phase II laboratory
testing of undisturbed samples and from in-place density tests of ungrouted soil
made during excavation of the test area (Section 9.3). Maximum and minimum dry
unit weights were determined in the laboratory from undisturbed samp les taken
during Phase II investigations. These results were supported by Proctor and
Providence testing of borehole samples reconstituted in the laboratory in pre-
paration for the laboratory grouting program (Section 5.1). In-place unit weights
are plotted vs maximum and minimum unit weights from Phase II studies in
Fig. 3.11.

Relative deiisity profiles were determined from the results of static
cone and standard penetration tests. Relative density was calculated from static
cone penetration point resistance using an empirical correlation (Schmertmann
1976) established with an electrical cone in normally consolidated, fine sand (SF).
The correlation takes into account the effect of vertical effective overburden
stress. The relative density profiles for borings D-23 and D-26 are shown in
Fig. 3.12. The lower relative densities in Boring D-13 may be due to the presence
of Unit C material down to el 398, whereas the top portion of Boring D-26 was
completely in Unit E. The two cone profiles are in close agreement below el 390.

~ ___ _ ___ _____j - - - - - - - - -
~~ - - - - --~~~-
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}~elative density can be calculated from the results of in-place density

‘ 
tests made during excavation and of laboratory maximum and min imum unit  weight
determinations made during Phase U. Using the results in Fig. 3.11, relative
densities at various depths were calculated and plot t ed on F ig. 3.12. In general ,
they confirm the relative density profile determined fro m the cone. The scatter of
data observed was anticipated because of nonhomogeneities across the site and the
lack of maximum and minimum unit weight data specific to the chemical groutin g
test area.

Standard penetration resistances were related to relative density using
Gibbs and Holtz (1953) correlation. This correlation was chosen because the sands
tested in that study were similar to Ellis Island recent alluvial sand. Using the
upper and lower bounds of standard penetration resistances shown on Fig. 3.2 , a
relative density profile was calculated and plotted in Fig. 3.11. Between el 400 and
el 392, relative densities calculated from standard penetration tests appear to be
slightly lower than those predicted from static cone. However , below el 392 , the
st atic cone and st andard penetration resistances y ield equivalent relative density
values. Below ci 380, very high cone and standard penetration resistances were
encountered, reflecting the high relative density of Unit  H.

3.4.5 Sfrength-Deformatkxi Properties

Deformation Modulus. The elastic deformation modulus (Young ’s Mod-
ulus) was inferred from results of static cone penetration tests, pressuremeter
tests, plate load tests and crosshole shear wave velocity measurements. Each of
these moduil represent a drained modulus, however, the st rain amp lit ude and p lane
of deformation were different for each test (see Section 9.5.2).

Static Cone Modulus. Modulus was determined from the static cone
penetration test using a strictly empirical correlation first suggested by Vesic
(1970):

E5
rz 2 ( 1 + D 2~) q ~

where: Dr = relative density; and

= cone penetration resistance.

There are many other correlations, primarily derived fro m plate load tests in
various types of sand, that give similar results. This modulus is therefore
representative of three dimensional (deviatoric) compression. Modulus values
calculated from static cone penetration tests in Borings D-23 and D-26 are
presented in FIg. 3.13.

Pre ssuremeter Modulus. Elastic deformation modulus value s were
4. calculated from pressuremeter tests using the slope of the linear pseudo-elastic

portion of the pressure-volume change curve. An equation for cy lindrical cavity
expansion of a linearly elastic material under conditions of axial symmetry and
plane strain was used:

__________________ ________________- _________—-- - _______ - 
- ~~~~~~~~~~~~~~ 

______



_ _

Y7C8~ S 3-10
Phase IV; Vol U

E !V U ~v)~~P/~ V

where: V = in i t ia l  volume of measuring cell;

v Poisson’s ra tio;

AP pressure increment; and

- 

- volume increment resulting from tt P.

Modulus values calculated from pressuremeter tests in Boring 0-i? are presented
in Fig. 3.13.

Plate Load Test Modulus. The initial modulus from plate load tests was
calculated fro m the initial slope of the pressure-settlement curve using:

E

~~~

l ( 1 - v

~~
B K

where: I shape factor;

V = Poisson ’s ratio;

B = width or diameter of plate;

K = modulus of subgrade reaction , which is the slope of the pressure-
deflection curve.

This value Is an initial recompression modulus representing the three
dimensional compression caused by a model footing. ModuLl computed fro m plate
load tests performed on ungrouted soil during excavation are plotted on FIg. 3.13.

Shear Wave Modulus. Elast ic deformation modulus can be determined
fro m crosshole shear wave velocity measurements using:

G = p V 2 and E = Z ( 1 + ” ) G

where: G = shear modulus;
= mass density of soil;

V shear wave velocity ; and

v = Poisson’s ratio.

Moduli calculated from shear wave velocity measurements averaged
over the four arrays for each depth are presented In FIg. 3.13. Reviewing
Fig. 3.13, dIfferences between moduli are apparent (see Section 9.5.2). Pres-
suremeter modull are the lowest; they correspond to the highest strain amplitude
(up to 25 percent strain) , and properties are measured along a horizontal plane,

* - whereas the cone and plate load test measure vertical properties. The plate load
test values generally fall between the cone and pressuremeter results, except for
one test that m ay have been made on partially grouted soil. The cone modulus
results vary from ZOO to 500 t / f t 2 which is similar to the range of initial tangent

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --
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modulus values of 280 to 525 t / f t 2 obtained in CID triaxial tests of main testing
~ area samples during Phase U. The crosshole shear wave velocity moduli are

substan tially greater than those inferred from the other tests because of8the very
small strain amplitude caused during transmission of a shear wave (10 percent
strain) .

Angle of Internal Friction. The drained angle of internal friction was
determined from the results of static cone penetration and pressuremeter tests.
Static cone penetration resistance was correlated to friction angle 4) using an
empirical chart developed by Meyerhof (1974). This correlation is independent of
the in situ stress conditions. Friction angles calculated fro m the cone point
resistance are plotted with depth in FIg. 3.14. The drained angle of internal
friction was also determined fro m pressuremeter tests using a new method
developed by Hughes et al (1977). Friction angles calculated using this method are
plotted on Fig. 3.14.

The average values for friction angle calculated fro m the cone vary
within a range of 35 to 39 degrees, remaining relatively constant with depth. The
pressuremeter, however, predicted values ranging from 29 degrees in the upper ,
fine-grained material to 40 degrees in the denser, deeper deposits. Correlation
between friction angles determined from cone and pressuremeter results is
difficult due to differences in stratigraphy at actual test elevations. For
comparable soil types, however, the results match reasonably well. The lower
friction angles determined from pressuremeter tests in the upper deposits may also
be an indication of a residual instead of a peak fric t ion angle which was determined
in the deeper tests. The shallow tests were carried further into the range of
plast ic deformation and closer to ultimate fa ilure.

Pre iremeter Limit Pre ire. The pressuremeter limit pressure
(asymptote to which the pressure-volume curve tends at large strains) has been
used in design of shallow and deep foundation s as representative of ultimate soil
strength. The limit pressure has been related theoretically to ult imate bearing
capacity, shear strength in cohesive soils, and friction angle in sand. For this
program, however, it provided an index to ultimate strength. Pressuremeter limit
pressures from Boring D-27 are plotted In Fig. 3.15.

3.4.6 PermeabIlity

Borehole permeability testing in Boring D-28 provided a profile of the
permeability coefficient with depth (Fig. 3.2 and Fig. 3.16). Also shown in
Fig. 3.16 is the stratigraphic pro file for this boring. In the upper , finer-grained
portion of Unit C, low permeabilities were encountered. As the sand became
coarser In Unit E and fine gravel was encountered In the upper portion of Unit F,
permeabilities increased. With less coarse-grained sand and fine gravel in Units F
and 0, the permeability decreased.
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4 GROUTING PLANT

4.1 DESCRIPTION

4.1.1 General

All electrical, mechanical and pneumatic equipment required for
storing and diluting grout components; proportioning, mix ing, metering, and
pumping grout; and monitoring grout pump ing pressure and flow rate were
assembled in a modular grouting plant. The plant consisted of four modules,
compac t enough to be transportable by truck. Each module could perform
independent grouting tasks, or could be combined with one or more other modules
to form units of larger capacity. Photographs of the grouting plant are shown in
Fig. 4.1 and 4.2.

4.1.2 Module I
Module 1 was designed to proportion , dilute , and store the various

silicate-based grout components. It included:
(1) one high-speed mixer (16*) for diluting concentrated sodium silicate;
(2) one tank (14) for storing diluted sodium silicate;
(3) one pump (15) for supplying diluted sodium silicate out of tank 14 to

- 

- 
other modules;

(4) one mixer (17) for dissolving solid grout components (sodium aluminate
and calcium chloride);

(5) two tanks (12 and 13) for storing solutions of sodium aluminate and
calcium chloride; and

(6) one tank (11) for storing formamide or R600 reactants.

4.1.3 Module 2

Module 2 was the main pumping unit for the chemical grouts. Module 2
was a highly automated equipment capable of proportioning and mix ing the various
grout components, pumping grout into four grout holes simultaneously, and
monitoring the grouting parameters for each hole being injected. It included:

(1) one tank (24) for proportioning and mixing up to four grout components.
This tank was called “mother unit ”, because of its important role in the
grout fabrication;

(2) one piston pump (22) receiving the grout from the mother unit and
discharg ing it under pressure into secondary pumps;

* Equipment code number Is illustrated in F ig. B.1 through Fig. B.3, Ap-
p endix B, Volume lEA

L - - 
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t (3) four secondary reciprocating pumps (25 through 28). These pumps were
actual l y meter ing devices , each stroke of their reciprocating pistons
disp lacing exactly one liter (0.26 gal) of grout , thus their name “grout
counters”. The grout counters were connected directly to the grout
p ipes; and

(4) a control panel (Z3) where all control , monitoring and recording equip-
ments wore gathered, including controls for rate of pumping, four grout
counters (stroke recorders) , five pressure gages and five pressure re-
corders; ant i 

*

(5) an electrical distribution panel.

4.1.4 Module 3
Module 3 was designed for injection of solid suspensions, such as

cement-bentonite grout. The cement-bentonite grout was directly injected using
the main grouting pump, without going through grout counters, because of the high
pressure required to inject the more viscous grout and to avoid the abrasive effects
of cement grains on the grout counters pistons and cylinders. Module 3 was also
used to inject chemical grout when Module 2 was being used for another grout.
Module 3 consisted of:

( 1) two metering tanks (31 and 32);
(2) two piston pumps (33 and 34) similar to pump 22 of Module 2, receiving

the grout from the metering tanks and directly connected to one grout
pipe each; and

(3) an electrical panel comprising all 60-Hz switches for the grouting
plan t , and a generator providing 50-Hz~ AC current to Module 2 and
Module 3.

4.1.5 Module 4

Module 4 was an independent unit primarily used to proportion and mix
grout to be injected through Module 3, while the mother unit was being used with
another type of grout. Module 4 was used for cement-bentonite grout , 25% sill-
cate/aluminate grout , and , at times, for 45% Siroc 142 grout. It consisted of :

(1) two proportioning tanks (42 and 42a); one for proportioning sodium
aluminate , or calcium chloride and formamide; the other for pro-
portioning diluted sodium silicate;

(2) one mixer (43) connected to the water line and tanks 42 or 42a, and
discharging Into buffer tank 44; r

( f l  one buffer tank (44); and

~lo~f of the plant was from Europe, thus the 50-Hz electrIcal power
1.17 slre men ts

____________  ---
~
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(5) one pump (4fl intaking from h t t t f t ’ r  tank 44 and discharg ing into
met  t j r i ng tanks 3 1 and 3 ~ of N lodul , ’ ~.

42 OPERATION
42.1 Grouting Plant Operation Through Module 2

Module 2 was used for injection of the following grouts;

(1) 35% Siroc 142;

(2) 45% Siroc 132

(3) 55% Siroc 132 and 142;
(4) 25% silicate/aluminate
(5) 46% silicate/R600; and
(6) 28% silicate/R600.

The operation of the grouting plan t through Module 2 for preparation
and injection of Siroc and silicate/R600 grouts is illustrated in Fig. B.1 and
Fig. B.2, Appendix B, Volume HA , respectively.

4.2.2 Grouthig Plant Operation Through Module 4
Module 4 was used for injection of the following grouts;

(1) cement-bentonite grout, in connection with Module 3;

(2) 25% silicate/aluminate grout , when another chemical grout was being
prepared using the mother unit of Module 2; and

(3) 45% Siroc 132 , af ter  it became apparent that premixing formamide and
sodium aluminate in proportioning tank 42 before adding the sodium
silicate, reduced the formation of lumps in the grout. Unt i l  that t ime ,
Siroc grouts had been prepared in the mother unit of Module 2 by
mixing sodium aluminate and silicate first , then adding the formamide.

The operation of the grouting plant through Module 4 for preparation
and injection of silicate grouts is illustrated in Fig. B.3, Appendix B, Volume HA.
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5 GROUTS

5.1 LABORATORY TESTS
5.1.1 General

During the course of the chemical grouting test program, laboratory
tests were made to study grout and grouted sand properties. This sectl~~ describes
the tests made on grouts, grout components, and reconstituted sand samples

- - grouted in the laboratory.

5.1.2 Preliminary Tests on Grouts

Purpose. A preliminary grout testing program was implemented in April
in WCC Plymouth Meeting, Pennsylvania laboratory. The purpose of those tests
was to confirm the compositions of the grouts proposed for field testing, to
measure and document the properties of grout components and grou t mixes, and to
establish criteria , procedures and testing equipment requirements for field quality
control.

Grout Composition.. Grout compositions were established on the basis
of Phase II work and information provided by the grouting contractor. For all
grouts, mixing water was groundwater obtained from boreholes drilled in the test
area. The chemical grouts were prepared with sodium silicate (Grade 40) manu-
factured by Diamond Shamrock. The proportions of sodium silicate and reactants
selected for this testing were established with the assistance of the grout ing
contractor to attempt to achieve a setting time of approximately 1 hour at 68°F
(20°C) for both low-strength and high-strength silicate grouts.

The cement-bentonite grouts were proportioned to achieve a relatively
high-strength grout for use as sleeve grout , and a relatively low-strength grout for
use in first stage grouting before injection of chemical grout. The composition of
the grouts tested in the laboratory are given in Table 5.1.

The grouts were prepared in 1-gal batches. The reactants were
dissolved and mixed in a separate container, then poured into the sodium silicate
while the mixture was mechanically agitated. This mixing procedure was generally *

successful in producing a homogeneous grout, except for 55% Siroc 142. For this
grout, lumps could not be avoided. Lumps also occurred during preparation of this
grout In the grouting plant at the test site.

Water Quality. Samples of test area groundwater and M ississippi River
water were analyzed to assess the suitability of these waters for chemical grout

‘~ ~ f abrication. The results of these tests are presented in Table 5.2. This table also
shows the results of groundwater analyses reported by McClelland Engineers (1975).

Properties of Pure Grout.. The following properties of pure grouts were
measured:

(1) unit weight bef ore setting;

— - -~~- 

• 

-
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(2) viscosity immediately after mixing and as a function of time elapsed
after mixing, using a Brookfield Synchro-Lectric Viscometer, Model LV;

(3) setting time as recommended by Tallard and Caron (1977);
(4) shear strength after setting and as a function of time elapsed after

mixing, using a shear vane (Wickerham-Farrance miniature vane,
Model IV), pocket penetrometer (Soiltest Model CL-700), Proctor Pene-
trometer (Soiltest, Model CN-4 19), or unconfined compression tests
(ASTM D 2166-66); and

(5) shrinkage, that is, the ratio of the volume of synergic liquid over the
initial volume of grout.

The results of these tests are presented in Table 5.3.

5.1.3 Tests on Reconstituted Sand Sample. Grouted in the Laboratory
Purpose. Consistent with laboratory tests conducted at the Waterways

Experiment Station, Corps of Engineers (WES), a low-strength grout (35% Siroc
142) was selected to study the effectiveness of chemically grouting granular soil
similar to that underlying Locks and Dam No. 26. The laboratory tests were
conducted in WCC’s Plymouth Meeting laboratory.

Sand Sample Preparation Procedure. All sand samples to be grouted in
the laboratory were prepared from a mtxture of natural sand recovered between
el 380 and el 400 in borings D-21, D-22, and D-23 drilled in the chemical grouting
test area (Fig. 3.1). Average index and physical properties of the sand to be
grouted were deter mined (grain-size distribution, water content, maximum-
minimum unit weight). The sand was grey, medium to fine with trace of gravel and
trace of silt. The results of these measurements are presented in Fig. 5.1. On the
basis of Phase H investigations, the average in situ relative density of the recent
alluvial deposit was estimated to be approximately 70 percent. Samples of sand to
be grouted were reconstituted at a relative density of 70 percent. The recon-
stituted sand samples had the following average characteristics:

Diameter: 2.822 in.
Height: 6.60 in. -

Dry Unit Weight: 107.9 lb/ft’
Water Content: 162 percent
Total Unit Weight: 125.4 lb/ft3

- • To provide a basis for comparison with grouted sand samples, three
isotropically consolidated drained (Cm) triaxial compression tests were per formed
on ungrouted, reconstituted sand samples. The results of these tests are shown in

- - - Fig. C.1, Appendix C. From the test results, the following strength parameters
were determined for the ungrouted sand:

cohesion intercept, c = 0.1 t/ f t 2

Friction angle, + = 39.5°

* -- ---~~~~ 
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Sand Sample Grouting Procedure. The reconstituted sand samples were
saturated and grouted under a back pressure equivalent to the average in situ water
pressure anticipated in the field at midpoint of the grouted zone. The apparatus
used for grouting the samples was designed and constructed for this purpose. It
consists of three parts (Fig. 5.2):

(1) four sample reconsitution tubes;

(2) four saturating tanks; and
(3) a grouting tank assembly.

The sample reconstitution tubes were lined with a 2.82-in.-dia, 6-to 8-in. -long,
lucite, split tube. The saturation tanks could allow the sand samples to be
saturated under a backpressure as high as 140 lb/in2. Actually, the samples were
saturated under a backpressure of 6.5 lb/in2 during grouting. The grouting tank
assembly included an agitation system and a four-way T manifold that allowed four
samples to be grouted simultaneously while the grout was kept under agitation.

The grout used for these tests had the following composition (35% Siroc
142):

Sodium Silicate: 35 percent
Formamide: 6 percent

Sodium Aluininate: 0.0 179 g/cIn3 (15 lb/100 gal of grout)

Water: 58 percent

The grout was injected at the bottom of the sand samples. The grouting
pressure was first set at 6.5 lb/in2 (that is, equal to the backpressure), then
increased to 33 lb/in2 in three increments. The grouting pressure of 33 lb/in2 was
selected because it represents a pressure of 1 lb/in2 per foot of soil above the mid-
point of the zone to be grouted in the test area. Grouting was continued until
grout filled up the upper space above the sand samples.

Curing of Grouted Sand Samples. The grouted sand samples were cured
in the lucite split-liner for 24 hours in 100 percent humidity. The samples were
then submerged in groundwater in a curing tank pressurized to 6.5 lb/in2. This
pressure corresponds to the average hydrostatic groundwater pressure at mid-point
of the grouted zone (see Section 9.5.2).

This curing method was selected to simulate expected field conditions
and after the following observations were made on early samples:

(1) air curing results in large syneresis and slight reduction in strength;

(2) unpressurized water curing results in very little syneresis and large
reduction in strength; and

(3) humId-room curing results in little syneresis and no reduction in
strength. -

I
- - 5- - —-
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Scope of Testing. The following tests were made on grouted sand

~~ 
samples:

Unconfined compression 3 tests at 2-day curing time
(Strain rate = 0.5%/mm ) 2 tests at 7-day curing time

3 tests at 28-day curing time
1 test at 84-day curing time

Unconfined compression 3 tests at 28-day curing time
at other strain rates:
(ESR)

Long-term unconfined 4 tests at 28-day curing time
compression (creep tests) :

Triaxial compr ession (~i~) : 2 series of 3 tests at 7-day curing time
2 series of 3 tests at 28-day curing
time
1 series of 3 tests and 2 tests at 84-day
curing time

Long-term triaxial 3 tests at 84-day curing time
compression (creep tests) :

Permeabi lIty: 6 tests at 7-day curing time
6 tests at 28-day curing time
2 tests at 84-day curing time

Test results are presented in the following paragraphs and are discussed further in
Section 9.5.

Unconfined Compression Tests. All samples were tested at a strain rate
of 0.5 percent per minute. The tests were continued to failure or to 20 percent
axial strain, whichever occurred first. The results of the tests are presented in
Table 5.4 and in Fig. C.2, Appendix C, Volume HA.

Triaxial Compression Tests. Consolidated drained (CII)) triaxial corn-
pression tests (Bishop and Henkel 1962) were conducted on grouted samples. The
samples were isotropically consolidated with a backpressure of approximately
20 lb/in2 to obtain a high degree of saturation. After consolidation, the samples
were tested for permeability and then sheared under drained conditions at an axial
strain rate of approximately 0.15 percent per minute. The results of the tests are
presented in Table 5.5 and in Fig. C.3 through Fig. C.8, Appendix C, Volume HA.

~

--
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Permeability Tests. Constant-head permeability tests were conducted - -

on all CID specimens at a backpressure of 20 lb/in2 (Lambe 1951). Immediately
following consolidation but prior to shearing, a series of permeability measure- - 

-

ments were made on triaxial samples. The permeant was de-aired water. The
results are tabulated in Table 5.5.

Creep Tests. Four long-term uncon fined compression tests were made
on sand samples grouted in the laboratory following a procedure used by Clough
et al (1979). The samples were cured for 28 days. A constant axial stress of 15,
25, 37, or 50 percent of the average unconfined compressive strength obtained
from tests made at a strain rate of 0.5 percent per minute was applied for
approximately 8 days. The results of unconfined compression creep tests are
presented in Fig. 5.3.

Three long-term triaxial compression tests (Cm ) were also made on
grouted sand samples cured for 84 days. The samples were consolidated at 2 t/ f t 2
and loaded in steps up to a constant deviator stress equivalent to 40, 59, and
7~~percent of the maximum deviator stress (01-03) obtained from a reference
CW test made at a strain rate of 0.15 percen t per minute. The results of the
triaxial compression creep tests are presented in Fig. 5.4.

— Effects of Strarn Rate. Three reconstituted grouted sand samples were
tested in unconfined compression at strain rates of 0.34 and 0.15 percent per
minute. The tests were to assess the effects of low strain rates on the ultimate
strength of the grouted sand. The results are presented in Table 5.4 and Fig. C.2,
Appendix C, Volume HA.

5.1.4 ~ive.t1~atIon of Grout Neutralization Ratio
Purpose. Sodium silicate in aqueous solution transforms into a gel under

the action of appropriate reactants. The properties of that gel are determined by
the silicate content of the sodium silicate solution (volume of silicate/volume of
silicate plus water) , the reactant ratio of the grout mixture (weight or volume of
reactant(s)/volume of silicate), and the neutralization ratio RN of the solidified gel
(weight of sodium neutralized by reactant/ initial weight of sodium in the sodium
silicate solution). A laboratory investigation was undertaken in July 1978 to
measure the neutralization ratios of sodium silicate gels produced by grouts similar
to those used in the field tests. This investigation was conducted by Dr Gerardine
Meerman in New Jersey.

Mechanism of Gelation of Sodium Silicate Grouts. Sodium silicate is
stable only in some basic solutions. Upon acidif ying, an unstable silicic acid is
formed. The unstable silicic acid rapidly loses water to for m a series of partially

- 
- 

hydrated polymerized silicas. Theoretically, any acid will cause gelation. How-
ever, in grouting applications, the neutralization of the basic sodium silicate
solution is controlled by the slow release of hydrogen Ions produced by hydrolisis of
a reactant, usually an organic compound such as formamide or an aliphatic ester
(R600, dimethyl succinate) . Inorganic reactants such as calcium chloride and
sodium aluminate are also used.

* ~~~ - .-- --~~~~~~~~~~~~~~~~~~~~~~~~ 
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The polymerization of the silicic acid, described above, normally con-
t t inues until all monosilicic and polysilicic ions are bound together to form a solid

gel. Water , sodium salts, unused reactants, and non-neutralized sodium silicate
remaining within the gel structure are slowly released in a liquid form. This
phenomenon is called syneresis, and the liquid expelled from the gel structure is
called synergic liquid.

Principle of Neutralization Ratio Determination. The neutralization
ratio was determined by titration of the hydroxyl ions in the synergic liquid. The
following assumptions were made:

(1) all non-neutralized sodium silicate was expelled from the gel structure
during syneresis;

(2) the silica/sodium ratio* (Si02/Na20) of the non-neutralized sodium
silicate in the synergic liquid remained the same as that of the initial
sodium silicate solution;

(3) the sodium salts and unused reactants contained in the synergic liquid
did not interfer with the titration of the hydroxyl ion; and

(4) the number of excess hydroxy l ions in the synerg ic liquid was equal to
the number of excess sodium ions.

The neutralization ratio was calculated as:

RN = Initial Volume of NaOH - Volume of NaOH in Synergic Liquid
Initial Volume of NaOH

Results and hiterpretatlon. The unit weight of the sodium silicate
grade 40 used for grout preparation was found to be 1.38 8/cm3. The ratio weight
of sodium oxide/weight of sodium silicate was found to be 0.0733. The neutral-
ization ratios determined for all samples tested are presented in Table 5.6. The
data indicate that the measured neutralization ratios were generally about one.
This would imply that , under the conditions of this investigation, all hydroxyl ions
initially present in the sodium silicate solution had been neutralized and that none
were found in the synergic liquid. Tests made by Soletanche (1978), however,
indicated that for a 50% silicate/R600 grout having a R600 concentration of
8.7 percent by volume, the neutralization ratio was 0.54. For a similar type of
grout with a R600 concentration of 6.9 percent , the neutralization ratio deter-
mined by Dr Meerman was almost 1.

Observations. During the course of this investigation, several obser-
vations were made that are of significance to grout chemistry. These observations
are:

(1) no synergic liquid was observed after two days of curing in 25%
silicate/alu m inate grout samp les. Some liquid was found in some
samples after 5 days;

* Gra de 40 sodium silicate used in test progra m had a SlO/Na20 ratio of 3.22

- .. -* mri

~ 
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(2) the synergic liquid of the silicate/R600 grouts consisted of two phases:
a yellow aqueous liquid on top of a dark brown oily liquid. Infrared
spectral examination disclosed that the oily liquid was pure R600. The
presence of acidic R600 in the synergic liquid probably neutralized the
hydroxyl ions, rendering the results of the titration unreliable; and - -

(3) the quantity of synergic liquid for Siroc grouts appeared to be a
function of the size of the grout sample. The larger the grout sample,
that is the larger the surface area, the larger the percentage of
synergic liquid observed. 

*

5.2 ON SITE LABORATORY TESTS j
5.2.1 Purpose and Objectives

The purpose of the laboratory tests performed on site during the field
implementation of the chemical grouting test program was to document the
properties of the grouts actually used, and to serve as quality control. The
objectives were:

(1) measure the physical properties of the various grouts and compare the m
to data previously obtained in the laboratory (Section 5.1.2) and data
provided by the grouting contractor;

(2) control the uniformity of grout quality and use the test results to
modify grout composition, if required; and

(3) obtain additional data regarding grout strength to correlate with
properties of sand grouted in situ.

52.2 Grout Components and Fresh Grouts

Sodium Silicate. The following properties and characteristics of both
undiluted and diluted sodium silicate were measured regularly at the site:

(1) temperature;
(2) viscosity;
(3) unit weight; and
(4) degree Baume.

Water. Water temperature was monitored at the well and at the
storage tank before use in grout fabrication.

Fresh Grouts. The following properties and characteristics of fresh
grouts were measured regularly at the site:

(1) temperature;

(2) unit weight;

(3) viscosIty;

(4) degree Baume; and

(5) settIng time.

----- - -
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Frequency of Testing. For each 8-hour shift , the following number of
- - tests were made, on the average, on grout components and fresh grouts.

Unit Degree Setting
Material 

— 
Temp Weight Baume Viscosity Time

Well Water 2 - - - -

Tank Water 2 - - - -

Diluted
Sod Silicate 1 1 1 1 —

Concentrated
Sod Silicate 1 1 1 1 —
Each Type
of Grout 4 4 4 4 4

52.3 Set Grouts

During the field implementation of the chemical grouting test program,
samples of pure grout were preserved and cured. The shear strength of the samples
was measured with a Wickerham-Farrance miniature vane and an unconfined com-
pression test machine, depending on the strength of the set grout.

52.4 Results

The average values of the various properties measured in the site
laboratory on sodiu m silicate and grout samples are presented in Table 5.7 and are
briefly discussed below.

Sodium Silicate. The average degree Baume measured at the site was
40.7°, slightly less than the value of 41.5° expected for sodium silicate Grade 40.
At 68°F, the average measured viscosity was 114.6 cp, compared to the expected
value of 206 cp.

- - 35% Siroc 142. The unit weight of 35% Siroc 142 measured in the on-
site laboratory is in good agreement with the theoretical unit weight. No trend
could be seen in the relationships of viscosity vs time or setting time vs

- - temperature, probably because the grout composition was constantly adjusted
during grouting. Very little or no syneresis was observed in samples of this grout.
However, many lucite samp le tubes were found cracked after a few days of curing.
This could be attributed to the ammonia released during curing. This phenomenon
was observed with all Siroc grouts.

- --

~
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45% Siroc 132. Only a relatively small quantity of this grout was used
in the program. The few samples of 45% Siroc 142 tested in the on-site laboratory
yielded results similar to those of 35% Siroc 142, except for higher viscosity and
strength.

55% Siroc 132/142. The viscosity and setting time of 55% Siroc 132 and
to a lesser degree of 55% Siroc 142 grouts were f ound to be erratic. The samples
of 55% Siroc 132/142 were generally characterized by the presence of lumps in the
liquid grout , and by the large volume of synergic liquid produced during curing.
The hardened grout was always too hard to be tested with the miniature vane. The
shape of the hardened grout samples was so distorted because of large syneresis,
that trimming acceptable cylinders for unconfined compression tests was almost
always impossible. For most samples, lower bound values of shear strength were
obtained with a pocket penetrometer.

46% Silicate/R600. The viscosity and setting time of 46% Silicate/R600
grout were found to be constant. Results of strength tests were erratic, mostly
due to testing difficulties. The large syneresis distorted the hardened grout
samples, making it difficult to trim acceptable cylinders for unconfined com-
pression tests. The samples of this grout exhibited a much more plastic behavior
than the Siroc grouts. During curing, it was not uncommon to observe that the
samples would creep under their own weight.

28% Sllicate/R600. A relatively small quantity of this grout was used in
the program, and only a few samples were tested. The amount of syneresis in these
samples was significantly less than for the high-strength 45% silicate/R600,
probably due to the lesser sodium silicate content in the mix. However, samples of
28% silicatefR600 exhibited a greater tendency to creep than samples of the higher
strength grout.

25% Silicate/Aluminate. No syneresis was observed on samples of this
low-strength grout. The strength of the pure grout was generally too low to be
adequately measured with the test ing equipment available in the on-site labo-
ratory.

Cement—Bentonite. Results of tests on cement-bentonite grout samples
were consistent with expected properties (Caron 1972).

5.3 GROUT COMPOSiTIONS
The average composition of the grouts actually used during field

implementation of the chemical grout ing test program are given in the following
sections.

5.3.1 Low-Stre~~th Grouta

35% Siroc 142. Average composition for 100 gal of grout:

Sodium Silicate (Grade 40): 35 gal

Sodium Aluminate (dry) : 8 to 12 lb

LIII 
- 
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Formamide: 6 to 10 gal
,
~~ ~ Water: 55 to 59 gal

25% Silicate/Aluminate. Average composition for 100 gal of grout:
Sodium Silicate (Grade 40): 25 gal
Sodium Aluminate 13 lb( 10% Solution): (app! ,X 15 gal of solution)
Water: 60 gal

28% Sthcate/R600. Average composition for 100 gal of grout:
Sodium Silicate (Grade 40): 28 gal
R600 (dim ethyl succinate): 6 gal
Water: 66 gal

5.3.2 BIgh—Streiigth Grout.
45% Siroc 132. Average composition for 100 gal of grout:
Sodium Silicate (Grade 40): 45 gal
Calcium chloride (dry) : 5 to 11 lb
Formamide: 7 to 8 gal
Water: 47 to 48 gal

55% Siroc 142. Average composition for 100 gal of grout:
Sodium Silicate (Grade 40): 55 gal
Sodium Aluminate (dry): 10 lb
Formamide: 8 to 10 gal
Water: 35 to 37 gal

55% Slrac 132. Average composition for 100 gal of grout:
Sodium Silicate (Grade 40): 55 gal
Calcium Chloride (dry) : 5.6 lb
Formamide: 8 to 10 gal
Water: 35 to 37 gal

46% Si1Icate/E600. Average composition for 100 gal of grout:
Sodium Silicate (Grade 40): 46.3 gal
R600 (dimethyl succlnate) : 7.4 gal
Water: 46.3 gal

— ____________ ~• •~
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5.3.3 Cement-Bentonite Grout.
The range of cement -bentonite composition was:
Cement/water by weight: 0.2 to 0.42
Bentonite/water by weight: 0.03 to 0.03 5

Cement was Portland Type Ill from Universal Atlas Cement Company.
Bentonite was Quick Gel from Barold Petroleum Services.

• •~~~~~~~ -~~~~.- - - -~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~•--~~~~~~~~ ~
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REACTANTS
QUANTITY OF 

— QUANT ITY TOTAL

GROUT SODIUM SUJCATE OF WATER VOLUME

MIX NO ~~~RO~LT~~~ ?~_ ST REN( 1’H • ~ aI TYPE QUAN TITY

13% ~~~~ t~ t 
F~~~~amtd. 7 gal 100

Sod AlumInate 10, 15
ib/i00 gal

2 35% Sh ot let high 33 
Fo,a.mid. 7 ga too

Caic Chlo,hd• 10 , IS or 20
Ib/lOD gal

ZSS $lIicat:/ 
~.s gal 100

4 43% S~~cai. high 43 R600C 1.3$ gal 55 100

GROUT BLNTONITE/WATER CV4ENT/WATER
MIX NO. GROUT TYPE STRENGTh BY W EIGHT BY WEIGHT

S C.~ .nt-B.mtontt. Io~ 0.03-0.04 0.3

~ C.msat-B.otoult. high 0.03-0.04 0 4

CHEMICAL GROUTINO TE$T P~~OSNAM

COMPOSITION OF GROUTS
P R E L J M IN A R Y  L A B O R A T OR Y

TESTS
FOUNDATION t NVI$T IIATION AND VI. , PR O SNAN

ISISTINS l OC K S AND DAM Na. II
s~ Lou is OISTNICT.  C ONPI OP SNAINISUS,

DACWI$-? S-C-e * ILe w.LdL....dc
~
_ csnuI*aus.

1 Tab Is 5.1
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REPLACEMENT
1 (I) SItE

TYPE OF TLSt~~ RIVER WAT ER1 l GROUNDWATER GROUNDWATE R

l4ardne.a, ppm 214 330 347

Sul(ite, ppm 30 20 2.7

Chloride, ppm 20 1 4

~o4iu~ , ppm 57.5 8.5 S

Alkalinity at
pH 4.5, ppm 169 268 343

pit 7.25 7.3 7.1

Acidity  ~.CaCO 1, ppm I 9 -

• Noiss
CHEMICAL GROUT~NQ TE$T PROGRAM• ( 1 )  Teats made by Betz Environmental Engineers, Inc (BEE) f ir

WCC RESULTS OF CHEMICAL
• ( 2) Read ts rep orted by McCieIIand (1975) for Locks and Dam

No. 2l replacement slte A N A L Y S E S  OF TEST A R E A
(3) BEE tests performed In accirdonce with ~Standard Methods Tfor the Examination of Water and Wast,wotei ”, American

PubIic N.alth Asaociatlon,197 1 MISSISSIPPI R I V E R  WATER
FOUNDATION INVISTISATION AND Tilt PR O SRAM

• I XIST IN S LOCKS AND DAM N.. IS
St LOUIS  D I S T R I C T .  CO R PS OF •NSI NISR S.

D A C N C S - P S C-000I

Ow. s.d.a~d.co a .sj Table 5..2
,,Cu. Pa... ~~
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35% 55% 25% 45% CEMENT! CEMENT!
SIROC S~~OC SILICATE! SIliCATE! BENTONIT! $E$TONTTE

14Z 142 ALUMINATE R$OC c/N • 0.3 c/N • 0.4

71 .7 76.4 68.4 - 72 .7 79.3

V~ cooIty 6 5 U) 15 (1) 7 (1) 
•
(l) 35

(2) 
33

(2)

S~., SftooØ.h
at Zl d.y. 1.2 1.2 0 - 6 9
t/lt’

5.3 6.5 2.? 46 25

Ssttl.g Ii.. 8.5 10 7.0 L,at1c141 6 172 - -

Not •s

(1) C.ntlpolses

(2) Mirth Seconds

Initial Volume o( Grou t - Volum, of Solid Grout Volume of S~nsrg(c Ltqsdd(3) 9W11*OQe • Init ial Volume of Cmxi) M~tiol Volume of Grou t

(4) Too ‘.mIabl . to be meaningful

CHEMICAL GROUTING TE$T PROGRAM

GROUT PROPERTIES
• P R F L I M I N A R Y  LABORA T ORY

TEST S
FOUNDATION INVIS TISATION AND TiSt PR OS RAM

III STI NS LOC K S AND SAN Na. IS
ST LOUIS DISTRICT.  CORPS OP SNSI NSSNS.

SACW.$-V S-C -SSSS

•WS.dw.ruI .a CSflSL!
~~~~ Tabls 5.3

T P CSIS Pass. ~~
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t
‘.WAIN

CURING UNIT STR UM AT
TIME W EIGHT RATE EML)J KL

.~A M J~i~SL. dq. ~~/ mIfl I t t ’ t i lt ’

Ii 2 124.0 0.5 2.03 10 4 68.8

4 2 ItS.) 0 .3 1.49 1.21 41.1

13 2 U3.3 0.5 2.16 1.1.9 I to.:

2 1 133.6 0 3  2 .16 2 . 1 7  192.4

12 2$ 183.0 0.3 2.08 1.1.9 $1.4

IS 28 184.7 0.3 1.36 2. 05 127.4

20 2$ 183.0 0.5 2.43 II 280.3

22 28 123 .3 0.13 1.57 1.87 IIt. .1.

83 2$ 123.0 0.34 2.10 1.10 159.9

83 ii 122.6 0.13 1.77 1.90 156.6

lb 54 124.2 0.3 1.71 2. 50 100.0

I.e P~~. C.2. AppendIx C)

4u h b 0 m
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• E~.
.Secont moItdus at S0% q~ R E S U L T S  OF U N C O N F I N E D

Somplea ~~~ut.d with 35% Sdrac US COMPRESSION TESTS
RE CONSTITUTED SAND

SAMPLES GROUTED
IN THE L A B O R A T O R Y

P O O N O A T I O N  I NV I S T I C A T I O N  AND T SST P R OG R AM
I I I S T I K S  L O C K S  AN D DAM N. 55

ST L O U I S  DI S T R I C T .  CORPS OP SNSINSIRS.
D A C N 4 3  V S - C - O I l S

0 Table 5.4
v p c e ~~s pa... IN

• p.
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PEAR STRAIN COE1.EICIENT
c URING UNI1 CONFINING DEVIATOR AT (2) 

II 
OF

• SAMPLE tIME WEiGHT STRESS STRESS FAILURE ~~~ ,( 
~ 
4 PERMEASIUTY

N~ . 4a7. 
~~ JL~~. _.1L!j~... ______ ~L!~’ 

t 1 t  10 1cm/s

k. • 34 1 126.) I 6.53 2.62 540.7 5
36 7 125.5 2 11 .16 2.34 1190.0 39 0 .9  3
3; 7 U4 .$ 4 16.69 4.40 1336.1

$ 15) 7 Ill.? 1 3.73 1.5.6 — 6
3 7 123.4 2 9.11 3 .61 499 .4 39 0.43 t O
4 7 123.4 4 14 .9* 4.73 1354 .3

17 21 124.0 I 5.34 3.1$ 316.6 2.6
II 2$ 124.7 2 9.3 ) 3.33 372.) 40 0.43 3.3
19 25 323. 0 4 17 .01 4.22 954.9 3.2

6 iS 122.4 1 3.52 4.75 336.2 3.4
7 2S 123 .1  2 10.04 1.09 158.) 39 0.5 3.3
S 25 184 .9 4 13.10 4.64 5114.6 4 .1

26 52 114 .3 1 6.31 2.57 293.9 -
24 SO 125 .1 10.61 3.81 479.4 40 0.5 -
21 $0 125.3 4 $5.3) 2.6$ 1111.3 —

27~~ N 127.9 2 10.17 1.83 8352.0 -
31 188.3 2 10.3$ 2.53 2001.0 ~~ —

36 ~ l k

(I) Seiispi.s 17 end SI  wer, te ed to (cilIa’s it mid of ~Th
creep tills

(1) 136 .Socenl llodslusat 5o% af f.il ur.

(3) • • Angle of iniornol frlctien

(4) C • CcIwMan bitsrcept

(1) SompI. No. J ens .entw’eted

So’eSi ret. 1.13%/mIn

~~impbu peutod wIth 33% Siec 142
(See Fig. C.3 tlrougil FIg. Cl , Appenu: C)

CHEMICAL GROUTING TEST PROGRAM

R E S U L T S  OF ~Tb TRIAX IAL
COMPRESSION AND

P E R M E A B I L I T Y  TEST S
R E C O N S T I T U T E D  SAND
SAMPLES GROUTE D IN

THE L A B O R A T O R Y
FOUN DATION INVSSTISATtON AND TIlT PROSRAM

I t I S T I N S  LOCKS AND DAN II , . 55

ST LOUIS DISTRICT.  CORPS OP SN SINISR S.
SA~~W *$ PS-C $*SI

•~~~~~
tCIPlSCSI1SL$ I!

~ Table 5.5
17 055$ Pa ss. IN

— — — - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~
• 

~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -. ~~~~~~~~~~~~~~~~~~~~

5— 17

‘ 
MEASURED NEUTRAUZAT IO N h A  110 V~• • .  --—- --~ ~--.———-------- -.-

TEST SAW N NUMPFR

GROUT TYPE ..L - II m

S3% SWoc $32 0.57 0.57 0.90
O.U 0.IS 0. 90
0.57 0.55 0.90

S5% S~ oc 142 0.93 0.90 0.93
0.17 0.59 0.93
O .U 0.90 0.94

33% I.vc l4l 0.9* 0.99 1.00 1.00
0.9S 0.99 1.00 1.00
0.9* 0.99 1.00 1.00

43% SWoc 142 0.57 0.59 0.S9
C U  0.99 0.1$
0.57 0.99 0.11

33% sthc. t./slu Uet. 0.99 - -

0.99 - -
1.00 - - I~~’ ’

85% sibcst./R600 - 1.00 -
- 1.00 -

46% Mhlc.t./R600 - 1.00 -

CHEMICAL GROUTING TEST PROGRAM

R E S U L T S  OF
NEUTRALIZATION

( II. R A T I O  I N V E S T I G A T I O N S
POON D A T I O N  I N V I S T I S A T I O N  AND T E ST P R OS R A M

SUI T I N G L O C K S  AND DAM N. $5
ST L O U I S  D I S T R I C T .  C O R P S  OP I N S I N S I R S .

S A C N S $ - ? S - C - S O S S

Tabl e 5.6
V FOIlS Pa... IN
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UNIT WEIGHT VISCOSITY SETTING TIME DEGREE BAUMZ SHEAR STRENGTH
lb/It ’ ____________ 

miii sI 6~~F t/lt 1

CencenItst.4 Sodium (I)
SlUcal. 56,3 114.6 - 40.66 -
33% Sirec 148 70,4 $.b~~ 54 - 0.15

4S%SU.oc I3Z 74.4 ii.t 11) 67 - 1.87

55% SWoc 142 77.7 I3.S~~ I95~~ — ‘ 4 .3 w

55% Slroc 132 77.1 II 3 ’~ 576~’~ 4 3 (3)

&3% Silicst./Atomlns%. 69.9 6.3 w -

2l% SULc*I.(K600 70.3 7 .8 (1) s~ - 0.57

46% SUIc.t./R600 74.0 II.5~~ 4$ - 2.10
16)

C..ext-I..tos *t. iZc/n - 0.40 to 0.42 50.4 43.6 - - 9.54

C.msnt—l,.ta.Ite (2)
c/. • 0.ZO to O.Z5 74.0 33.6 - — 0.14

Notak

( I )  Cmitip ois.s CHEMICAL GROUTING TEST PROGRA M
(2)  Mirth Siccndt

(3) Vmiedfrom lo to 300 n,in A V E R A G E P R O P E R T I E S OF
(4) VcrI edfro m l3o to lSoo min GROUT S M E A S U R E D  ON

( Lower boundfvom pocket penefrometer SI TE D U R I N G  GRO UT IN G
(7) Difficul t to rn.aaj r e F O U N D A T I O N  INVI STIS A IIO N AND TE ST P R O SR AM

IIISTIND LOCKS AND DAM Ni. $5
ST LOUIS DISTRICT . CORPS OP EM SI NU INS.

oAcw4I-,S.C-S,S,

•w..dv _d.cs, .c.s susslInss 1 Table 5.7
V V O S S I  Pa... IN J.
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L ~~~~“ } SR*~EL .~
—--f~~.i- ~~~~ ~ •IM~ H OLT Cii CLAY

OIANITSR U I  I1*m.*RO Ot~1 MiS IJIIIISO ~~~L CLAMI ,ICATIcr, $Vl,VM

~~~~pnm~~ ~i~
H E~~

— ~~~ ±
- ft~ 

4—-- .4+. -. + -i~~— -j \-4-
.. — -.

N — 
~.-i--$--#—-*— ‘4-4-!- 1 ~ 

- -  
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- H+-~*--+~ -- ~ .

~
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~
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— ~~~~~~~~~

‘~~~~~~~~~~~ ‘ 
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~
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4 4 4 4  t + • ~*‘-! -, 4 -. • r - -’--’-~~—

V - - + - ,, •t -t t t t .  - ,-4.t -+-t - t - -t f~~ t 4 ~~
a — ~~ -*—~ —, — ‘-.—‘—‘ ‘P -4—f ~i.— —4 4—— - —~~--—--—- “-‘— — *-—-‘--—

~~~~~~~~~ ~~4-t~~~~ 4 • — -- ..4--. -4 - - - + •4~- . , ,’ , - - + - 0 

. .
IN ~~~~~~ F4- - 

IS 

-

~~ C 
_________

.e~~~all

MsiIavs  dvy iuill ‘111 01 I*,e*7 I 15.2  lb/ti 3

~~~I.w* d’y unit w .t~ 5l i mm $4.3 lb/U1 t

~IS•I~ IIl~ lsd ~rp enl i w .I~~ t : 10V.S lti/ f t~
10, 70% ) •

1

Avir i . w•ISr cotli sM 15.5%

I

CHEMiCAL GROUTING TEST PROGRAM

AVERAGE PROPERTIES OF
SAND USED FOR L A B O R A T O R Y

GRO UTING TESTS
POUNDA 7ION IN V I S I I D A I I O N  AND T Il T P R OGRA M

t t x , $ T I N O L O C K S A N D D *W M. $S
ST LOUIS D I I  I R I C I .  C O R P S  OP I N S I N I I R S .

D A C W I 3 - ? I - C - 0 0 0 I

•wuJIi_ria_c.Is a_ ts
l 

Fi~ 5.1
~ v c s s s  pass. ~~
- 

- 
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“
7
” I_ r - - - r -

_ _ _ _ _ _ _ _ _  
(water )

2~~1.1~~~~~~~~~~~~~~~~~~~~
_

1 1 5

i//I/I
L.~~nd

(~i~)  GrouSing t*~k ass.mMy
uaxing. eQu ating. pressurizing)

~~ Sample rs constltuiion tubes

Saturating tank s ..,,t.. MICA L GROUTING TEST PROGRAM

— . —. — Air ~• LABORATORY GROUTING 
- Waist line APPARATU S

Grout lIes

- 
FOUN D A T I O N  I N V E S T I G A T I O N  AND 7557 P R OSR A M

S I I I II NG  LOC KS ANO DA M N.. II
ST L O U I S  D I S T R I C T ,  C O R P S  OP INSI NIE R S.

D A C W S $ - 7 S - C O QS S

•WsO4
~~~

CS CSflU1RSIISS
1 

Fig. 5.2
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LiDind

p CONSTANT STRESS RATIO

SYMBO L TE:T :o. ~~~~~~~~~ A IAL STRESS 0
~ . ~~~ 

c~IT

I 
~~~~~~

0 T-30 0.75 0 .37 5

A T-3I 0.5 0.23

0 T-32 0.25 LU

Not es  CH EMICAL GROUTING TEST PROGRAM

Sampl es yout.d nith 35% Siroc 142 . R E S U LI S OF L 0 N G—
Cwinq t ime’2l~~ ys TERM UNCONFINED
C . % . Z t / t t ’ COMPRESSION TESTS

RECONSTITUTED SAND
SAMPLES GROUTED
IN THE LABORATORY

FOUN D A T I O N  I N V I S T I G A T I O N  AND tE ST PROGRAM
ISI5TING L O C K S  AND DAM N•. IS

5? LO U I S D I I I R I C ? .  C O R P S  OP hNs,NeIR S.
OA C W . 3 - ? S - C - O O e S

~~~~Woodward-cIvd.Consuftant*
J 

Fig 5.3
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-‘ Time I. mm
• 1 10 io2 10~ 1o1

1~ 

~~~~~~~~~~~~~~~~~~~0~ —~ -

CONSTA NT
DEVIATOR STRESS CONSTANT STRESS

Tt~ e t, mti. APPUED Io l~
o3) RATIO

SYMBOL TEST NO. 0 I? 24 33 34 40 48 - sZ 65 t/ I~~~~_ ~~l °3~~ °( °~~ma.

• 1 27 1.58 3.12 3.12 3.12 4.7 5 4.75 4.75 ‘ .34 6.34 —
- (0.15) (0.29 ) (0 .29 1 (0.29 ) (0.43) (0 .45) (0.45) (0.59) (0.59) I

O 128 
2.12 2.12 4.20 4.20 4.20 6.30 6.30 6.30 S.40 -a—

- (0.20) (0.20) (0 .39) (0.39 ) (0 .39) (0.39) (0.59) (0.59) (0 .79(~~— —  1

D 1.05 2.15 2.15 3.13 3.15 3.15 4.25 4.25 4.25 •1-33 (0.10) (0.20) (0.20) (0.30) (0.30) (0.30) (0.40) (0.40) (0.40 1 

CHEMICAL GROUTING TEST PROGRAM

SampI ~~qrouted wtth 33% Siroc I 4 ~ 
RESULTS OF LONG-TERM CID

Curftig~ im.’ 9$~~ TRIAXIA L COMPRESSION TES~~
~~1

’3~max 
~~~ REC ONSTITUTED SAND-

,t 

4~~~ 

(~~ r I TI I I I I Iq PrI. .%4UrI’ -
1 2 S A M P L E S  GRO UTED

IN THE LABORATORY
F O U N D A T I ON I N V E S T I G A T I O N  AND TE ST P R OS R AM

• lUSTING L O C K S  AND DAM N.. IS
• ST L O U I S  D I S T R I C T .  C O R P S  OP UNS I N SIR S .

O AC W4S-?S-C-SDQ S

eWOO lINlII.1SI
1 

FiG 3.4
V Y C I I S  PVSS s  IN 
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6 (‘iROUTIN G PROCEDURES

6.1 GENERAL
The chemical grouting test prograni essent ~afl v .timpart~d two grout

placement techrnques : throug h open—bottom pipes, as it has t ’en (1t~3,’ m the USA
for many years; and through sleeve—pipes, as it is commonly done in Europe and
recently has been done in the USA. A )oint venture of R~vmond tnternational
BUilders, Inc and Soletanehe and Rodio , Inc was selected to combine US and
European chemical grouting techniques and experience.

6.2 OPEN -BOTFOM PII’ES

The open-bottom pipe grouting procedure has been ,‘xtensivelv used in
the USA. Grout p Ipe installation is relatively inexpensive , requiring simple driving
equipment and steel pipes. The grouting method (Method Oil is described In
Section 2.1.2. The volume of grout to be Injected was n~~lected as being equivalent
to 25 percent of the volume of soil to be grouted , on the basis of the contractor ’s
(Raymond International Builders, m c )  usual practice In this type of alluvial sand.
By making this selection, it was implicitly acknowledged that the soil would not be
comp letely saturated with grout because Its porosity is approximately 3~ percent.
Calculations of the volume of grout to be Injected are presented in Fig. 6.1. The

• actual volume of grout injected Is given in Table 7.1. Although the grout pumping
pressure was kept at less than 1 lb/in2 per foot of soil above the bottom of the
grout pipe, the grout was pumped at 800 1/br (3.5 gal/mm ) through each open-
bottom pipe, which Is approximately twice the rate of grout flow rate used with
sleeve-pipes. As discussed In SectIon 9.3.3, this relat ively high rate of grout flow
resulted in hydraulic fracturing of the soil.

- . 6.3 SLEEVE-Pll’ES

The sleeve-pipe grouting procedure was developed in Europe several
decades ago. There It became the most widely used method of alluvial groilting. It
allows regrouting several times in the same grout pipe and permits special
treatment in specific soil horizons. The method (Method 5~1 is described In
Sect ion 2.1.2. The volume of grout to be injected was selected ~s being equivalent
to 45 percent of the volume of soil to be groutt’d, on the basis of the Contrat-tor ’s
(So letanche and Rodio, m c )  usual practice in this type of alluvial sand. By making
this selection, it was Implicitly acknowledged that the soil would be completely

Z saturated with grout, allowing for some dispersion, los~~s, and leakages. Cal-
culations of the volume of grout to be Injected through each sleeve are presented
in Fig. 6.1. The actual volume of grout injected is given in Tab le 7.1. InfectIon
through sleeve-pipes required an initial grout pumping pressure high enough to
crack the sleeve grout surrounding the sleeves. This cracking pressure was
somet imes as high as several hundred lb/In2, hut was of very short duration. Once
the sleeve grout was cracked, the grout pumping pressure decreased, usually to a

I
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‘ 
value between 20 and LW lb/in2. The grout was usually pumped at 300 I/hr to
450 1/hr (1.3 gal/mm to 2 gal/mm ) through each sleeve pipe. The opt imum rate of
grout flow was seh’cted on the basis of the contractor ’s experience and attempts
were made to confirm it by hydraulic fracturin~ tests (Section 6.5). As expected,
limiting the grout pumping pressure to 1 lb/in per foot of soil above the sleeves
was inconsistent with the sleeve-pipe method. This procedure (Method S1,
Section 2.1.2) was attempted without success in Subarea Sa.

6.4 MULTI-STAGE GROUTING

One of the advantages of sleeve-pipes is to allow regrout ing or multiple
grouting stages in the same grout pipe. This procedure (Method S1, Section 2.1.2)
was used in Subareas 6, 7, 8, 12, and 13. The volume of grout to be injected (that
is, a volume equivalent to 45 percent of the volume of soil to be treated) was
divided into two parts. The first part, equal to two-thirds of the total volume of
grout, was injected first at every sleeve level. The second part, equal to one-third
of the total volume of grout, was injected several hours to several days after the
first injection at every sleeve level. In several grout holes, a third-stage injection,
and sometimes a fourth- and fifth-stage, were done through selected sleeves when
leaks or low pressure were noticed during the second-stage grouting. The volume
of grout injected in these later stages varied fro m 1.2 percent to 13.1 percent of
the volume of soil to be grouted. The actual volume of grout injected is given in
Table 7.1.

6.5 HYDRAULIC FRACTURING TESTS
Several hydraulic fracturing tests were made during the course of the

grout injection phase. The purpose of the tests was to establish criteria for
grouting through sleeve-pipes in terms of grout pumping pressure and rate.
Theoretically, hydraulic fracturing of the soil by grout occurs when grout pumping
pressure and rate reach certain threshold values.

The tests were conducted by pumping a given type of grout through a
sleeve at a given elevation. Both grout pumping pressure and rate were increased
gradually until a drop or a stabilization of the pumping pressure accompanied by a

• faster increase in pumping rate were noticed. This phenomenon corresponded to a
break in the pumping pressure vs pumping rate curve plotted during testing. This
break was taken as the point representing hydraulic fracturing.

Grout pumping pressure was difficult to control and to measure because
of variat ions. Grout pumping rate was easily controlled and measured on the grout

Z line immediately after the grout pump. The actual grout pressure beyond the
sleeve and into the soil was unknown. Grout pumping rate, however, could not vary

• along the grout path and therefore appeared to be a better parameter to use for
grout ing criterion. On this basis, it was decided to inject grout through sleeve-

• pipes at a grout pumping rate not exceeding 85 percent of the rate corresponding
to hydraulic fracturing. This limiting criterion was used for all grout injection by
Grout ing Methods S2 and S3 (Section 2.1.2).

- ~—-_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • . . _  .• .—.— ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ . ....
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Results of hydraulic fractur ing tests are pesented in Fig. D.1 through

- Fig. D.I1, Appendix D, Volume UA. Actually, it was difficult and sometimes
impossible to readily interpret the test data. The interpretation was strongly
influenced by the contractor ’s previous successful alluvial grouting experience.
Two examples of hydraulic fracturing test interpretation are shown in Fig. 6.2;
these examples are untypical in that they illustrate two of the few easily
interpretable tests. A complete list of hydraulic fracturing tests and test results
field interpretation are given in Table 6.1

I
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GROUT TEST (I) (2)
HOLE ELEVATION P1, (‘ATE Nt) . ( (

~~T~ ’SE[) ft ~/ht bat P.EMARKS
S N ay  78 30-2 55”. Stioc 14 2 380 450 6

383 .3 515 4 .9
386.6 630 3.8
359.9 720 4.2 Us. Q • 4~~~If)~393 . 2  756 4 . 3
396.4 600 3 .6
399. 7 670 4.4  

—-——.—. - • — • . — — ———-— _ ——•——— — • — - — ——-—•——— ———— —— .—.— -— _________ —..—

30 MaY 10—3 55% Stroc 132 387.7 Date not tfltetpr.*able

I 
(cI ~~~ O.2S; bJw .O.~ 3) 370 8.5 U,. • 370

16 May 7-2 25% SUtcat./AIs.~~ta.te 330
ata . ~C S  

590 6.3 Us. Q~~01, ~ 45O
389.9

I? May 6-1 25% Sfltcat./AIumis.t, 389.9 
460393.3

396.4 430 3.4 Res.Itsqu..t(onable

33 May 6—3 25% St33cat, J Ab~~ 3~at. 380 410 2 .3
3.4

22 May 12-2 C.m.nt-B.ntonj t. 380
(cfw • 0.25; b/~ • 0.03) 333.3 390 3.2

386.6

22 May 32-4 46% StUcat.1R600 380

580 1.4 U s .Q~~ 0 • 400 1/b,331
389.9

25 May 33-2 46% Stltcat./R600 380 500 
3383.3 to 3.6 U.e Q~~ • 400 1/hr3

316.6 570
4

Jug,. 4-2 35% Stroc 142 380
383.3 515 4. 4 U s .Q~~ .4 50 1/b,,33

• 386.6 OW

• Jwi. 

- 

3-3 

- • 

us 
615 2.5 0.. • soo Vbr~~

(1) Q,. Grou t ~ imp4rç at, at which ~~~ uulfc fr. cb.irfr,~• a p.ar. d to occur
(2) P • Grou t p~nep b~ ~~. ir. at which I~y*au1fc frWcIirIng —

• Q~PeC?ed to occw ffiy*sdfc ftacuiru~ç 1r,aair,j CHEMICAL GROUTING TEST PROGRAM
~~ 

~ aUOW 
( 0.9$ Q~: Grou t pu mpl,~ at, not to 6. szc..ded

4 3  v~~~~’° H Y D R A U L I C  FRA CT UR IN G
TEST RESULTS

• VO O g , t , O , ,  , svvay t oa y , os  AND T I S ?  P S o U N A N
t t I $ T I N O  L O CA l  AND DAM N o 3S

3? L O U I S  O I S ? 3 t C ? . C O O P S  OP U N Q I N S U A S .
• O & C W A S ?S-C-003 3

eWuo sCon.3lIt ImssJT 6.1Y~~C S t S  P11... a 

.. ___ . - - 
~~A ~~“~~ s~~ab

_ _ _ _ _~~~~~~~~~~~~~~~ ~~~ .~~ ____________
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~~t4II 4.24-ft Grout Hole Spacing

2.43 ii ~~~~~~~~~~~~~~~~ ,._-L~ Volume of Soil to be Grouted.

/ \ V = ir x 2..432 
= 18.5 f t 3/ f t

= 525 i/ft 139 gal/ft

4.2411 Volume of Grout to be Injected:
Sleeve-pipe:
V = 525 x 1.08 x 0.45

0 Q = 255 1/sleeve
= 67 gal/sleeve

Open-bottom pipe:

V 525 x 0.25
• I t

= 35 gal/ft

It

6-ft Grout Hole Spacing

0 Volume of Soil to be Grouted:
V = iT x •39

2 
= 36.1 f t 3/f t

V = 1022 1/ft 270 gal/ft
S.,, S

Volume of Grout to be Injected:
Sleeve-pipe:

0 VG = 1022 x 1.08 x 0.45
= 497 1/sleeve
= 131 gal/sleeve

Open-bottom pipe:

V = 1022 a 0.250 
= 256 1/ft
= 68 gal/ft

CHEMICAL GROUTINQ TEST PROGRAM

3~ 
Sleeves are spaced 33 cm~~1.O8 ft apar t CALCULATION OF VOLUM E

OF GROUT TO BE I N J E C T E D

POUNOAtION I N V SS ? I Q I ? I ON AND tIS? PKOOKAM
U D I S T I N O  LOCKS AND DAM N,. is

ST LOUI$ D’ $YK,C?.  CO KP S OP SNSI NUSN S.
0 *0 *4 )- P  5 0-0096

• avd.cO ISIIIIflbJ Fig 6.1V? 0SIS •~... a
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~ S CHEMICAL GROUTING TEST PROGRAM

EXAMPLE OF HYDRAULIC
‘~ FRACTURING TEST RESULTS

AND INTERPR ETATION. 2 2~~~2 E
£ ~~ POUNDATION INVEStIGATIO N AND TEST POOQOAM

~ ~~~~ ~ 
!.~ 

SXISTI N O LOC KSA00 0AN N.. S3

2 ~ 2 • 0 ST LOUIS DISY NI CT CO O PS OP UNS IOSS OS

0 ~ 0 ~ ~ I ~ I o DAC*41-?S-C -000I

O • a Fig. 6.2
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I
7 MONITORING OF GR0UTIN G ACTIVITIES

7.1 MONITORING SYSTEM
During grouting, injection parameters (grout pumping pressure, flow

rate, and volume) were cont inuously monitored. Most of these monitoring
activities were done from the grouting plant (Module 2, Section 4.1.3). The control
panel from which the monitoring was done is shown in Fig. 4.2.

72 GROUT PUMPING PRESSURE
The grout pumping pressure was cont inuously recorded with five disk

pressure recorders. Initially, pressure recorders having ranges of 0 to 50 bar (0 to
725 lb/in2) and 0 to 100 bar (0 to 1450 lb/in2) were used. New recorders with
smaller range of 0 to 20 bar (0 to 390 lb/in 2) were installed after a few days,
consistent w ith the range of actual grout pumping pressures. The grout pumping
pressure was also measured with pressure gages. Initially, three gages graduated
fro m 0 to 60 bar (0 to 870 lb/in2) and two gages graduated from 0 to 1450 lb/in2 (0
to 14 bar) were used. Five gages graduated from 0 to 14 bar (0 to ZOO lb/in2) were
added to the control panel after a few days.

For each grout hole, the average maximum grout pumping pressure was
documented at each injection level (that is, for every foot of open-bottom pipe or
every sleeve of sleeve-pipe). These data are presented in Fig. E.1 through
Fig. E.74, Appendix E, Volume BA.

73 GROUT FLOW RATE
The grout flow rate was determined on the basis of the contractor s

experience and hydraulic fracturing tests (Section 6). The speed of the grouting
pumps and of the “grout counters” (Sect ion 4.1.3) was set to supply grout at the
predetermined rate. During grouting, the rate of grout flow was usually constant.
Deviations from this rate were documented whenever they occurre&

7.4 GROUT VOLUME
At each Injection level, the volume of grout injected (or grout take) was

recorded. The data is presented in Appendix E, Volume BA. For multi-stage
grouting, the grout take was cumulated. Table 7 1  presents a summary of the grout
volume injected In each subarea. The actual volumes injected are compared with
the predicted volumes.

4 .  
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GROUT HOLE NO. OF THEORE~~CAL 111 ACTUAL111
TEST SPACING GROUT GROUTING VOL. OF GROUT VOL. OF GROUT

SUBAREA ft HOLES GROUT TYPE METhOD TO SE SNJECTED *131d b

4640 5*444.24 7 35% Slroc 142 01 (25 ) (30.1)

3330 534*2 6 4 35% St,oc 142 0~ (25 .1)

6710 62315 6 4 ZS% SUicat./R600 S2 (4 .3.5)

11560 31,364 6 5 ISV. Stioc 142 S~ (44.9)

9550 9*441 6 4 45% Suoc 332 (43) (45)

2043 3036 2 25% Stlt cat. /A lu m S 1 (25) (3 .7)

11930 122466 6 3 25% Stllc.t,/AIum S
3 (45) (46.2)

13743 16*49~(3) 6 6 23% Sflt cSt ./Alum (5) S3 (52 .5)C.*eat-Bentoott. t
~1e900 11100

•
(3) 

4 . 24 5 25% StlLcaI,/A1 um 151 S3 (45)  (56 ))C.m.at -B.ntoatte
4000 33579 4.24 6 35% St,oc 142 03 (25) (21)

14360 13750(0 6 6 55% Suoc 132/142 S2 (45) (43.1)
9550 93531) 4.24 S 53% Sl,oc 332/342 S2 (45) (44 3)
9350 112431Z~~ 6 4 46% SUICA C/R600(5) S3 (45) (54.1)CI ~~I l I I -B ~~toAtt.
5*70 7574

4.24 S 46% Sthcats/R600
151 

53 (45) (51.!)I C..~~t-B.ntontt.
• Total Volu m. 01 Grout , ~a1 111000 (appros) 123522

Note. 
______________________________________

CHEMI CAL OROUTING TEST PROGRAM( 1)  FIrst fg~ j -e ~j  volume in gal ; 5sc~~d fI~ei’-~ ( 10 volume
.~~~~a.d as a prcrot of volumC of soil to be Lr.at.d

(2) Gr out take was grocttcally * o ;  t#~ WostM5C~ 31U3sld GROUT VOLUME INJECTED
(3) A ~~ y small tlolum. of asm.iit-~~n(ongt~ grout was

l*ct.d Ul .wy prout ?Ioi. as .ffrst-~ aga groutin~ IN EACH SUBAREA
(4) A ~~ y ,aIl votum• of cern It-b lfonft• grout was ___________________________________________________

In~ectsd in one grout ~Is 010 f) r st -stags grout(ng POUN DAT IO N INV EsT IG A T ION AND TEST POOGOA M
(Si C~mont/wstee ~~, weIght • 0.23 ESIS T ING LOCKS AND DAM No. iS

ST LOUIS D I ST OI C T .  CO O PS OP INSINEIKS
O A C * 4 3 - ? S - C - 0 0 0 S

Table 7.1
~ 1CSD3 PK. .S a

~~~~~ 
—
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8 EFFECTS OF GROUTING

8.1 OVERVIEW OF INSTRUMENTATION SYSTEM
Measurements of vertical and horizontal displacements, and porewaterpressure were made to monitor the effects of grouting on the soil mass. The

following ground instruments were used in the chemical grout ing test program to
make these measurements:

Type of Number of
Instrument Instruments Comments

Benchmark 1 First-order benchmark for vertical con-
trol installed adjacent to test area

Surface 
Installed 2 ft below asphalt pad to moni-reference
tor vertical displacementpoint

Heave! 26 
Borros gages installed at various d cv-sett lement 
at ions above and within the grouted zonepOint 
to monitor differential vertical displace-
ment

Piezometer 9 Pneumatic pore-pressure transducer in-
stalled at various elevations to measure
pore pressure

3-D 
Inclinometer casing installed with Sondexdeformat ion .rings to monitor differential vertical andgage 
horizontal displacement

The plan location of ground instruments is shown in Fig. 8.1. The
accuracy of the instruments, and the expected and measured maximum values of
the parameters monitored during the test are presented in Table 8.1.

8.2 HEAVE MEASUREMENTS
8.2.1 IDatruments

Vert ical movements were measured with reference to a benchmark. An
as-built sketch of the benchmark (BM-l) is shown in Fig. 8.2. Horizontal control
points were also Installed outside the asphalt pad for initial layout of the
instruments and grout holes, and for surveying the top of the inclinometer casings
during the test.

-~~ ~~~~~~~~~~ —• -- ~~~~~~~~~~~~~~~~~~~~~~~~~ _ .•~ --, ._ - ._ L~ ~~ • • . ~~~~~~~~~~~~~~~
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The instrumentation for measuremen t of  surf ace heave consis ted of
reference points located just below the asphalt pad. The reference point consisted
of a No. 6 re-bar with diagonal saw cut at the top. An as-built sketch is shown in
Fig. 8.3. Survey measurements were made with a Wild NAKI self-leveling level
with a vernier rod. The rod was read to the nearest 0.00 ] ft. The accuracy of the
surface reference point measurements may be slightly better than the 0.005 ft
anticipated.

Borros heave/settlemen t points were used to measure vertical move-
ments just above the grouted zone at ci 402 and within the lower portion of the
grouted soil at el 385 and ci 387. The Borros gage consisted of an anchored point
attached to a 0.25-in.-dia steel riser that was isolated from fr iction of the
surrounding soil by a I -in. -dia steel pipe. A sketch of the Borros gage is shown in
Fig. 8.4.

The elevation of the Borros gages was determined with the same survey
equipment described above for the surface reference points. A stee l extension rod
machined to a length of exact ly 1.00 ft was used to position the survey rod on the
riser because the top end of the 0.25-in-dia riser was recessed inside the I-in.
pipe. The accuracy of the measurements on the Borros points was similar to that
of the surface reference points.

Sondex rings firmly attached to a PVC inclinometer casing (3-D
deformation gage) were used to measure vertical movements at depth intervals of
5 ft , generally. The elevations of the Sondex rings were usually 418, 405, 400, 395,
390, 385, 378, 368, and 360. The Sondex rings consisted of stainless steel wire
ioops attached to short segments of thin, corrugated polyethylene casing. The
segments of polyethylene casing were attached to the PVC casing with duct tape.
The rings had only limited ability for movement relative to the PVC casing. An as-
built sketch of the 3-D deformation gage is given in Fig. 8.5. The distance to the
rings was determined by lower ing a torpedo-shaped sensor through the inclin-
ometer. A signal was generated by induction when the sensing device was opposite
the wire ring. The distance from the top of the inclinometer casing to the ring was
determined with a surveyor’s chain attached to the sensor. The accuracy of the
instrument was probably no better than 0.005 ft. Absolute elevations of the rings
were not determined because the top of the casing was only surveyed at the
beginning of the grouting test.

8.2.2 Presentation of Results
The gross vertical movements of each surface reference point at ci 423

and each Borros point at either el 402 or ci 385/387 are shown in Fig. 8.6, Fig. 8.7
and Fig. 8.8, respectively. The range of heave measured at these elevations are
compared with the chemical grouting test variables for each subarea in Table 8.2.

The heave measurements are plotted as a function of time in Fig. F.1
throug Fig. F.23, Appendix F, Volume hA. The largest heave (0.048 ft) appears to
have been measured at ci 402 with Borros gage H-Il. The data from H-Il are
compared with the data obtained from surface reference point R-22, Borros gage

— l_ L __ _  _ .. .~ _.. —
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H—25 at ci 384, and 3 — D deformation gage 1—6 , in Fig. 8.9. All these instruments
were located in a cluster between Subareas 8 and 10. The vertica l movement of
3 — D deformation gage 1—6 does not follow the pattern observed with Borros gagt’S
an(t surface reference points. Analyses of these and other 3 — D gage data indicated
that the predominant Sondex movement was downward. The results obtained with
the 3—I )  gages art’ also more (‘rrat Ic. Two possible reasons for these discrepancies
have been identified. The implicit assumption that the to1) of  the casing was fixed
in space was not valid. If the ground surface heaved, it is probable that the top of
the casing heaved also. Attem pts were made t o correct for this condition by
subtracting the distances measured to each ring from the distance to the lowest
ring (that is, by assuming the base was fixed). This eliminated the predominant
downward displacement (settlement), but the correc ted (Ia ta remained very erratic.
Since this cluster of instruments ( H—I I, 1-1—25 , and R— 22 ) were the only gages that LIndicated significant heave, these data were analyzed in detail. The results are
plotted on an expanded time scale in Fig. 8.10. Certa in grouting activities in the
area are also summarized on this plot along with the ta ilwatt ’r elevation at Locks
and Dam No. 2.6 and the pore pressure monitored ~~~ piezomt’ter P—S at ci 387. The
displacement of H— I l  (el 402) seems to have occurred primarily between approxi-
mately 9 and 13 May. The grout ing act iv i t ies  during this period included inject ion
in Grout Holes 10— 6, 10— 3 , 10—4 , 10—5 , and all the grout holes in Suh. rt’a 8. A
hydraulic fracturing test was made in Grout Hole 10—3 on 10 May. In Subarea 8,
grouting method S

~ 
was used. Cement— bentonite was  injected in the first stage and

25% sliicate/aiuni’Inate grout was injecte(I in the subsequent stages. During
excavation of the chem ical grout tt’st are.i, a relatively large mass of cement—
bentonite grouted sand, observed as a nearly horizontal lens, was identified at
approximately ci 393 (Section 9.3.3). This was the only area where such a large
mass of cement— bentonite grouted sand was observed and could be the source of
the observed heave at ci 402.

Although the measured heave was generally small, and not much larger
than the accuracy of the Instrumentation, certain trends art’ apparent. There was
no measured heave at el 42.3 in Subareas 3 and 5, and only a slight movemen t in
Subarea 1. The surface heave in the remaining areas was generally in the range of
0.006 to 0.019 ft (0.07 to 0.23 in.). With the exception of 11—1 1, the heave at ci 402.
ranged from 0.002 to 0.0 15 ft (0.024 to 0.18 in.). The heave at ci 385/387 ranged
from 0 to 0.020 ft (0.24 In.).

Analysis of the vertical displacement vs time plots generally indicated
heave occurred between about .1 May and 13 to iS May, after which settlement
occurred. The magnitude of heave was typ ically between 0.005 ft and 0.015 ft
(0.06 In. and 0.18 in.) and t he subsequent settlement was somewhat larger, approx— 

• -imately 0.010 ft to 0.02.5 ft (0.11 in. to 0.3(1 in.). The reason [or the cyclic
movement may be the change in groundwater level. Between 7 May and 16 May,
the tailwater elevation at the dam rose about 10 ft. Between I ( May and 14 June,
the taliw ater elevat ion d.’crt’ast’d approximately I 6 It : see Fig. 8.10. A rise in
groundwater level resulted in a decrease in ef fect ive stress, which could have
caused an elastic heave of the ground surface that was proportional to the
thickness of overburden soil and the deformation modulus of the soil. Similarly, a

• — - - - - — --‘ - •-,‘ -
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decrease in groundwater level could have resulted in a settlement of the ground
surface. Bedrock in the area of the chemical grout test was encountered at about
ci 283 , therefore the thickness of overburden soil was approximately 140 ft.
Assuming that the soil deformation modulus ranges between 5,000 lb/ tn2 and
2.5,000 lb/tn2, the heave/settlement corresponding to groundwater level changes of
10 to 16 ft are as follows:

Change of
• Groundwater Assumed Calculated Calculated
• Elevation Modulus Heave Settlement

ft tb/in’ ft 
• — 

ft

— +10 5,000 0.12 -

#10 25,000 0.023 -

-16 5,000 - 0.18
-16 2.5,000 - 0.037

This simplif i ed analysis Indicates that it is probable that the gradual heave and
subsequent settlement observed in most gages were the result of changes In the
groundwater level.

8.2.3 __________

The maximum observed heave Is compared to the predicted value’
below:

Predicted Maximum
Maximum Observed

Value Value
ft 

- •

0.020 0.02.0*

Exciuding 0.048 ft at I-I-Il

The relatively large heave observed at H-li is attributed to the injection of
cement-hentonite in Subarea 8.

The reliability and effect iveness of the surfac e reference points and

$ Borros gages was sat isfacto ry.  This was not the case for the Sondex rings on the’
1-D deformation gage. A special test installation was made subsequent to the
grouting test to eva luate the source of the erratic results. This test Installation
was used to compare three methods of attaching Sondex rings to the inclinometer
casing. The top of the casing was surveyed using a level each time Sondex readings

~~~. ~~~~~~~~~~~
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‘ 
were made. The results of this test indicated that the method of attaching the
rings to the PVC casing that was used in the chemical grouting test did not allow
them to move freely with the soil. The test results also indicated that the rings
are free to move vertically wit h the soil if attached as shown in Fig. 8.11. This
method was used for the remaining installations in the pile driving effects , rock
anchor, and drilled-In pile tests.

8.3 LATERAL DISPLACEMENT MEASUREMENTS
8.3.1 Inatrumentat*cm

The instrumentation for measurement of lateral disp lacements con-
sisted of seven inclinometer casings installed at the locations indicated in Fig. 8.1.
These casings were also used to measure vertical heave/settlement and were
referred to as 3-D deformation gages. The casings were 2.75-in.-od PVC flush-
joint casing provided by Slope Indicator Company (Sinco). The casings were
installed to depths of 64 ft (el 35 9) in boreholes drilled using a stabilizing fluid.
After the casing was installed and the grooves aligned in the desired direction, pea
gravel was used to backfill the annulus between the casing and the borehole.
Details of the installation are given in the as-built sketches; Fig. 8.5. Horizontal
displacements were measured with Sinco Model 50325 Digitilt probe and a Sinco
Model 50309 LCD digital readout. The data were processed using a local computer
vendor and batch processing. The horizontal location of the top of the casing was
surveyed before and after grouting. It was necessary to add a short segment of
casing to extend it above the ground surface when measurements were being made
because the inclinometer casing was recessed below the top of the asphalt pad for
protection.

The accuracy of the inclinometer system is reported by the manu-
facturer to be one part in 1000 or 0.1 ft in 100 ft of casing length. The
repeatability of the measurements made in the chemical grouting test area are
compared with the accuracy limits in Fig. 8.12 and Fig. 8.13. Measurements were
made on 1 May and again on S May before grouting commenced. The difference in
cas ing position between these two dates for each of the seven instruments is shown
in Fig. 8.12. The casings were also monitored on 12. June and 14 June after
grouting was completed. The difference in casing position between these two dates
for each of the seven instruments is shown in Fig. 8.13. Comparison of these
results indicate that the repeatability of the instruments was well within the the
0.1 ft in 100 ft limit claimed by the manufacturer. The measurements were more
repeatable after grouting than before grouting and the results wer e more re-
peatable in the north-south direction than in the east-west direction.

8.3.2 PresentatIon of Results

Vectors of the maximum horizontal displacement within the grouted
soil mass for the duration of the grouting tests arc plotted in Fig. 8.14. The
vectors range from 0.008 to 0.018 ft in magnitude and have a predominantly
southerly orientation. Vectors of the maximum horizontal displacement between
successive readings on each casing are plotted in Fig. 8.15. These vectors range

- i ~~ • • .  • .  -- - L L ~~~~~-. ~~~~~~~~~ 
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from 0.006 to 0.014 ft in magnitude and have a predominant southwesterly
orientaton. In considering these data, it should be remembered that the results are
w ithin the range of repeatability cited above.

Inclinometers I-I, 1-3, 1-5, and I-? were located around the periphery of
the grouted area and should not have undergone as much lateral movement as the
other inclinometers. This assumption tends to be supported by the data in Fig. 8.14
and Fig. 8.15 where the largest lateral movements were measured in 1-6 and 1-4.

The results of all measurements made in 1-6 are presented in Fig. F.24
through Fig. F.27, Appendix F, Volume UA. Lateral movements are plotted as
functions of time at el 407, el 399, and el 385 in Fig. 8.16, Fig. 8.17, and Fig. 8.18,
respectively. Measurements made in the other inclinometers were usually less than
the accuracy of the system and, in some cases, the direction of movement was
towards the area being grouted.

8.3.3 ConclusIons

The maximum observed horizontal displacement is compared to the
predic ted value below:

Predicted Maximum
Maximum Observed

Value Value
f t ft

0.10 0.018 total
0.014 incremental

The maximum observed horizontal displacement was measured in 1-6
which correlates with the maximum recorded heave of 0.048 ft at H-li  located
adjacent to 1-6. These relatively large movements are attributed to grouting
activities in Subarea 8. It should be noted that the maximum heave at H-i 1
occurred between 9 and 11 May, whereas the maximum lateral displacement
occurred between 22 and 23 May.

The reliability and effectiveness of the horizontal displacement
measurements using the inclinometers were satisfactory. All seven of the inclin-
ome ter casings functioned reliably. The accuracy of the instrumentation appears
to be about 0.01 ft. With the exception of 1-6, the observed horizontal movements
were only slightly greater than the system accuracy. Despite the fac t that
fractures produced by grouting were primarily oriented vertically (Section 9.3.3),
significant horizontal movements were not observed. This is a qualified conclusion
since most of the inclinometer casings were located at least several feet away
from the grout holes.

• -. :~
_ 
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84  PORE PRESSURE MEASUREMENTS
• 8.4.1 Instruments

Pore pressures were monitored prior to and during the chemical
grouting tests wit h Sinco Model 5148 1 pneumatic pore pressure transducers and a
Sinco Model 51411 precision digital indicator. A sketch of a typical as-built
installation of the piezometer is shown in Fig. 8.19. In a few cases, the pore
pressure transducers were installed in conjunction with a Borros point or a 3 -D
deformation gage.

8.4 2 Presentation of Results
Pore pressure measurements were made in each piezometer beginning

shortly after installation. During grouting, piezometers adjacent to or within a
subarea being grouted were monitored approximately once per hour. Although the
units of measurement were force per unit area (lb/in~, the results were converted
into pressure head (elevation) for comparison with river level. This comparison is
shown as a function of time in Fig. F.28 through Fig. F.36, Appendix F, Volume lEA.
A typical comparison is shown in Fig. 8.20. These data demonstrate that the
piezometers were functioning and the groundwater level was following closely the
river level.

Pore pressures have also been compared to the grout pumping pressure
measured at the top of the grout pipe. The best such correlation was made by
compar ing the pore pressure change in piezozneter P-3 with the grout pressure in
Grout Hole 12-4 during a hydraulic fracturing test and subsequent grouting
activity; see Fig. 8.21. Pressures measured at the grout pipe were typically in a
range of 20 to 30 lb/in2, whereas the excess pore water pressure was about 5 to
12 lb/in2. The difference was attributed to head losses in the sleeve pipe and
surrounding sleeve grout, as well as radial dissipat ion of grout pressure between the
point of injection and the pore pressure transducer. The transducer was located at
el 387 and about 3 ft horizontally from the grout hole. For most other piezo-

• meters, the observed pore pressure changes during hydraulic fractur ing and
grout ing were negligible (that is, less than 1 lb/in~ even though the transducers
were sometimes as close as 3 ft from the grout holes.

8.4.3 Conclusions

The maximum observed excess pore pressure was about 12 lb/in2,
compared to a predicted maximum change of 30 lb/in2. This latter value was quite
conservative because pressures at the top of the grout pipe were usually in the
range of 30 to 60 lb/in .

4 The pneumatic piezometers were reliable and sufficiently accurate for
the intended purpose. The accuracy of the instrumenation was about an order of
magnitude better than the expected value of 1 lb/in2. All nine transducers
functioned for the duration of the test; however, they did cease to respond once
they were encapsulated in grout and the grout set. This was expected.



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Y7C825 8—8
Phase W; Vol II

One possible improvement in the pore pressure instrumentation would

‘ 
have been to install electronic pore pressure transducers with a continuous readout.
This might have allowed a closer correlation between grout pressures and pore
pressures in the soil.

C
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PREDICTED MEASURED
SYSTEM MAXIMUM MA XIMUM

IN STRUMENTATIO N ACCURACY CHANGE CHANGE

• Surface Reference Point 0.005 ft 0.02 ft 0.025 ft W

Heave/Settlemen t Point 0.005 ft 0.02 ft 0.025 ft~
1
~

Piezometers 1 lb/in2 30 lb/in2 11 lb/in2

Sondex 0.005 ft 0.02 ft 0.07 ft (2)(0.04 ft)

Horizontal InclInometer 0.0] ft 0.1 ft 0.014 ft
0.018 ft

Notss

(1) Maximum changes measured
from incremental data CHEMICAL GROUTING TE ST PROGRAM

(2) 0.04 ft was the nearest max- GENERAL INSTRUMENTATIONimum change observed after °E ~ 1~ T• 0.07 ft 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

f O I P N O~~ T I O N  IN~~t~~TIG~~TION A N D  ~~~ PRO QAAI4
(3) Maximum changes measured ~~~~~~~~~ L O C A ~~ A ND DA M  No ~ S

fro m total deflect ions ,,
________ — 

0 4 C W 4 3  ? S - C - 0 0 0 $

~
JWod lwd

~
ctYds consuItants

1 
Tab le 8.1

- _ !JC Sf9  P~~... ~~
________ p.—..- - - —~ 
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S 
_ _ _ _ _ _ _ _

MEASURED HEAVEt11
IROUT 

___________________HOLE MAXIMUM GROUT TEST ELEVATION 
_____~ROUTIN( ~PACV4t PRESSURE OR USARE

— 
GROUT TYPE METHOD ft RATE OF PUMPING NO. 423 402 385*

.013
4.2 t o — —

01 I Iblir,~/I* 
0 17  

_______ ______

.000 .000 .00035%SIROC 142 2 tO to to
_______ ________________ ______ 

007 .008 .004
85%ot hydrauI~C .013 .008 .008

I ~2 f ra~ tur’ng rate 4 to to (2 to
I— 

_____________ ______ 
ot pumpan~ _____ .017 .01 5 .009(3

z
‘U S1 6 1IbJU~/tI 51 — — —

25SSil*cate~p..
Atumtna ts  .001

B 10 .002 .00 1
______________ _____ .013 _____ _____

o 85%of
-J Some Cement- h ydrau lIc r t4 .008 .002

Ben to n,ts and 
______ 

fr ac turIng 
_______ .012 ______ _______

25% Silicate! ra t e .007 (3j
A lum inat. 4.2 of a to .048 .008

_________________ ________ ______ pumping _______ .008 ______ _______

28%Sihcat./RB00 
~2 6 3 .000 .002 .000

B5%of hydraulic
45%SIROC * 32 6 Ir acturlng rats 5 000 — —

_________________ ________ ______ of_pumping 
_______ _______ ______ _______

.0 12
01 4.2 lIb (in2/fI 9 t O — —

I— _______ _____ ________________ ______ .019 _____ ______-
0 .01 1Z 55% 31R0C I42/ 132
UI 8 10 to .048

851101 
- ____  ____

I-
0) 4.2 hydraulIc II .010 —

_____ _____ 010 

_____x f r a c turi ng(3 rIle .006
6 ot 12 to .012 .013

______ ______ .009 ______ ______46%Siticat•’ft800 S3 pumping .006 .002 .0034 .2 13 - t o  to *0
— _______________ _______ _____ ________________ _____ 

.014 .01 2 .020

(1) HSavC measured with luff CCC r.f.rence and Borros poinla

(3) H- I l  loc ated bs t w S* n area s  6 and 10
(2) H-B loc ated be tw een ares.  2 and 10

CHEMICAL GROUTING TEST PROGRAM

H E A V E  M E A S U R E D
IN EACH S U B A R E A

fO u NDAtI ON INV IST IGATION AND t ilt PNOCNAN

ETI S t I NO L O C k S  AND DA N NO. ii

a, Lou is DI SY N I C ? . COAl S OP INSINIIAS.
D A C * O S - 1 l - C - 0 0 0 l
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9 EVALUATION OF GROUTING RESULTS

9.1 METh ODS OF EVALUATION

After  grouting was comp leted, results of grout injection activit ies were
evaluated using two approaches. The first approach was to evaluate the results
from existing ground surface through boreholes drilled into the grouted zone
(Section 9.2). The borehole evaluation was made immediatel y after  grout ing; in
fac t, it started in some completed subareas as grouting continued in others. The
borehole evaluation consisted of sampling (Section 92.2), standard penet r at ion
tests (Section 9.2 .3), static cone penetration tests (Section 9.2.4), pressuremeter
tests (Section 9.2.5), borehole permeability tests (Section 9.2.6), and crosshole
shear wave velocity tests (Section ~

) .2.7). The second approach was to excavate
into the grouted zone for visual observation and documentation of the results
(Sect ion 9.3.3), and samp ling (Section 9.3.6) and in situ testing (Sections 9.3.4 and
9.3.5) of the grou t ed soil. Both borehole and excavation evaluations were
supp lemented by laboratory tests (Section 9.4). The results of the various methods
of evaluation of grouting effectiveness and grouted soil properties are discussed in
SectIon 9.5.

9.2 BOREHOLE SAMPLING AND IN srru TESTING
9.2.1 Purpo.eand Scope

Borehole samples were taken and in situ tests were performed af ter
grouting to evaluate the effects of grouting on the soil and to measure strength-
deformation properties of the grouted soil. Forty—five borings (series AG-A) were
drilled fro m el 423 in June 1978 , and five borings (series AG-B) were drilled from
el 402 in July. In situ testing per formed in these borings included standard
penetration, static cone penetration, pressuremeter , and falling head permeability
tests. Disturbed and undisturbed sample s were also taken in some of these borings.
The locations of the AG-series borings are shown in Fig. 9.1, in relation to the grout
holes and the test subareas. Laboratory tests were made on samp les recovered in
the borings. These tests, consisting of unconfined and triaxial compression tests
and permeability tests, are discussed in SectIon 9.4. Shear wave velocity measure -
ments were made after grouting in the same four arrays of geophysical boreholes
that were used before grouting (Section 3.2.6).

9.2.2 Bcrh~~ and Sampling

The after-grouting bor ing and sampling program had three purposes:
(1) provide disturbed samples for visual classification and evaluation of

grout content;
(2) provIde supplemental Information on the s trati graphic profiLe ; and
(3) provIde undisturbed samples of grouted soil for laboratory testing.

- .1
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Disturbed samp les were obtained fro m standard penetration test split-spoon

‘ 
samp les. Eleven continuous standard penetration test borings were made in the
chemical grouting test area and split-spoon samp les were taken after every
permeablity test in other borings. The standard penetration test borings were
advanced with a tricon e roller bit and bentonite drilling fluid, which provided good
samp le recovery. In the permeability test borings drilled with water , split-spoon
samp le recovery was generally poor in the ungrouted to lightl y grouted soils, and
satisfactory in more heavily grouted soils.

The spray ing of phenolphtalein solution on disturbed split-spoon samples
provided an effective method for identif y ing the extent and concentration of
silicate grout in the samples. The high alkalinity of the sodium silicate grouts
turned the clear solution to bright purp le. During drilling, prior to reaching the
desired testing depth, phenolphtalein was sprayed on the returning drilling fluid and
the observed color changes were used to detect the presence of grouted strata.

Odor was also an effect ive  identification tool. The Siroc grouts had a
strong ammonia odor due to the formamide reactant. The sil icate/aluminate grou t
did not have any formamide and therefore was odorless. The silicate/R600 grouts
produced an odor similar to that of a fruit salad. Dyes had been mixed with the
grouts for later identification, but much of the color was diluted during injection
through the soil. Some color was observed in the grout fractures that were
occasionally found in the samples.

Undisturbed sampling was attempted with thin-wall (Shelby) tubes, and
Pitcher and Denison samplers. In each case, the hole was advanced with rotary
drilling and bentonite drilling fluid. Shelby tubes were effect ive in low-strength
grouts where the standard penetration resistance N was less than 30. The fixed-
piston tube sampler (Denison) was found to be ineffective due to the hardness of
the grouted soil. The Pitcher samp ler was success fu l as the spring force on the
samp ling tube varied in response to the hardness of the soil being samp led. The
cutting head was able to effectively advance the samp ler as long as rotation ,
thrust , and drilling fluid flow were maintained at a constant , moderately slow rate.
However, In spection of the tube samp les in the Laboratory revealed that the many
soft seams in the grouted soil mass limited the number and length of samples that
could be effectively tested. Sample shipment was a key consideration because of
the vary ing sensitivities to vibration and impac t within each sample. The samples
were carefully transported by car to the laboratory. Seven undisturbed sampling
bor ings were made In the various test subareas, yielding 41 samp les.

92.3 Standard Penefratkm Tests
A program of continuous standard penetration test bor ings was per-

4 
formed to provide a un iversally used numerical index related to soil compactness
and hardness. Standard penetration resistance or N-value has been empirically
related to relative density, ang le of Internal fr iction and other soil properties, but
no such correlation s exist for grouted soil. However, the wealth of experience 
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behind the use of this test in all types of soil can be used to provide a practical
“feel~ for the material. The numerical index was also a means by which

‘P comparisons of before and after grouting results could be used to assess relative
magnitude of changes. Different grout types and grouting procedures could also be
effectively compared. Standard penetration test results were also compared to
other in situ testing results.

The continuous standard penetration resistance profiles from the eleven
AG-series borings performed after grouting are presented in Fig. 9.2 through
Fig. 9.15. The SPT profiles are plotted along with static cone penetration and
permeability test results for each subarea. In situ testing data obtained before
grouting (Fig. 3.2) are also shown in these fi gures for compar ison purposes.

The influence of testing procedures on the quality of the results is well
illustrated by three standard penetration resistance profi les shown in Fig. 9.2 and
Fig. 9.3. In Bor ing AG-Al-I  in Subarea I , the borehole was advanced by driving a
steel casing and washing it out with water. Rotar y drilling w ith bentonite drilling
fluid was not used because the borehole was also used for falling head permeability
tests at cc - in depths. In Borings AG-Al -2 in Subarea I and AG-AZ -I  In
Subarea 2, tne boreholes were advanced by rotary drilling with bentonite drilling
fluid. The N-values measured in Boring AG-Al -I  were significantly lower than
those measured in the other two borings and, in fact , were at the Lower limit of
the range of N-values obtained before grouting. Although Borings AG -Al - I  and
AG-Al -2 were only 9 ft apart in Subarea 1, the after-grouting subsurface con-
dition s were sometimes different at these two locations. However, even when the
conditions did not diffe r significantly, the N-values measured in A G - A l - i  were
lower than those measured in AG-A 1-Z. The low N-values were attributed to
loosening of the grouted sand below the casing in AG-Al - I  when the water level
inside the casing dropped significantly several t imes during drilling. The low
hydrostatic pressure Inside the casing may have resulted in sand flow into the
casing and loosening of the sbil to be penetrated during the standard penetration
test.

9 2.4 Static Cone Penetration Tests

A progra m of continuous static cone penetration test soundings was
made to supplement the standard penetration tests and provide a numerical index
tha t could facilitate comparison between grouted and ungrouted soil, and between
various types of grouted soil. The empir ical correlat ions between cone poin t
resistance and various soil properties used in Section 3.2 are not valid for grouted
soil. However, magnitudes of change were clearly indicated by the cone profiles,
providing good comparative data. Like the standard penetration resistance
profiles, the cone soundings were used for evaluating grouting effectiveness. The
static cone differed from the standard penetration tests in that cone measurements
were made under a sustained quasi-static loading while the standard split-spoon
was driv en dynamically.

Static cone penetration resist ance profiles from the fourteen AG-series
borings performed after grout ing are presented In Fig. 9.2 through Fig. 9.15. In
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general, the cone profiles compared favorably with the standard penetration test
profiles. Differences in the profiles generally result fro m testing different
grouting products, as each test was performed between a different set of grout
holes.

The procedure for static cone penetration testing was identical to the
testing performed before grouting (Section 3.2). This procedure involved alter-
nately drilling and pushing the cone. In most of the high-strength grouted soil,
testing had to be discont inued before comp leting the nominal 5-ft  run and the hole
had to be drilled deeper because the load limit of the toad cell (16 ,000 lb) was
reached. In many cases, only I in. to 3 in. of penetration was achieved before
exceeding the cone load limit.  In any event , cone point resistances above 500 t/ft2
have Little meaning as they are indicative of rock-like material and penetration
would be impossible without some damage to the cone.

9.2.5 Pr e uyeweter Tests

Pressuremeter tests were made to provide in situ stress and strength-
deformation properties of the chemically grouted soil. These properties were used
to compare grouted and ungrouted soil, and to compare various types of grouted
soil. The results of pressuremeter test s performed in five AG-A-series borings and
four AG-B-series borings are presented in Fig. G.l through Fig. G.1O, Appendix G.
These results are in the for m of pressure-volume change plots.

The pressuremeter borings were drilled following the same procedure
used for Bor ing D-~Z7 (Section 3.2). Thick Revert drilling fluid was used, and the
borehole was advanced with a three—p rong drag bit that was the same size as the
pressuremeter probe. In some high-strength grout subareas, where the grout was
injected under high pressure, some difficulty was encountered with insertion and
re moval of the probe in and out of the hole without damaging it. The high-pressure
grouting appears to have locked in large horizontal stresses, which caused the
borehole to squeeze after drilling or after probe expansion. A slightly larger drag
bit was used with some success in some of the high-pressure subareas. This drilling
procedure generally produced somewhat oversized test holes, requiring moderate to
high initial consumption of probe fluid to expand the probe through the annular
space, before mobilizing the strength of the surrounding soil.

In high-strength grout subareas, small probe deformations and high
pre ssures were experienced. Correction s for dilation of the system became
Importan t and were made. In many instances, the l imit  pressure of the grouted soil
was not reached, as It exceeded the capacity of the pressuremeter. Modulus values
could be calculated in most cases, and limit pressures were extrapolated for the
shape of the volume change-pressure curves.

The creep or time-dependent deformation response of the grouted soil
under constant stress was studied in situ with the pressuremeter. The probe
pressure was Increased up to a certain percentage of the estimated limit pressure.
This percentage was generally 30 to 50 percent. The pressure was maintained at
this level for several hours, and volume change measurements were made at
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regular time intervals. After  the creep test , the probe pressure was increased to
soil failure or up to the l imit  of the system. The results of the creep tests in

$ 
subareas 5, Ii , and 13 are discussed further in Section 9.5.2. The pressuremeter
was found to be a good tool for studying creep behavior because the soil was tested
in its in situ condition under the stress that existed in the field. Difficulties with
sample disturbance and reproduction of actual stresses, inherent to laboratory
testing, were thus avoided or minimized.

92.6 Borehole Permeability Teats

Falling head borehole permeability tests were performed in eight
AG-A-series borings and one AG-B-series boring to provide coefficient of per-
meability pro files in the grouted soil. These pro files were used to compare the
effectiveness of various types of grouts and grouting methods in reducing the
permeability of the natura l soil. The results of falling head permeability tests
performed in the various test subareas are presented in Fig. 9.2 through Fig. 9.15,
along with the other in situ testing results.

The procedures followed in the failing head permeability testing in the
grouted soil was identical to testing in ungrouted soil (Section 3.2) except that 6 in.
of soil was left in the bottom of the casing. It was found that , in some of the
grouted soil, cleaning out the soil to the bottom of the casing resulted in washing
out of the grout in the 6 in. of soil directly below the casing. This made the soil
directly below the casing more pervious resulting in overestimated permeabilities.
Examination of split-spoon samples taken after permeability tests where the soil
was cleaned out to the bottom of the casing clearly showed this zone of washed-out
grout. During washing, a milky white fluid was often noticed. Leaving 6 in. of soil
in the casing allowed the soil below the casing to be relatively undisturbed. In
bor ing AG-A11-2, the soil was cleaned to the bottom of the casing whereas in
Boring AG-Al1-6, 6 in. of soil were left inside the casing. Comparing the results
of these two bor ings in Fig. 9.13, at an equivalent elevation in identical grouted
soil, the permeability in Boring AG-Al 1-6 is one order of magnitude less than in
Boring AG-A1l-2. Permeability tests in grouted soil were generally time
consuming. Driving the casing through the grouted soil took much time and many
tests were continued overn ight to obtain sufficient data to interpret the basic t ime
lag.

9.2.7 CVO bOIe Sbear Wave Velocity Measurements

Crosshole shear wave velocity measurements were made shortly after
groutlng (10 and 24 June 1978) in the boreholes where the initial measurements
were made (Section 3.2.6). Two sets of measurements were needed after grouting
due to inter ference from high electr~cal background noise, and high signal
attenuation rates requiring amplification of the most dist ant borehole geophone
signals. The results of measurements made on 10 June were considered un-

~~ satisfactory and are not presented. Measurements were made at el 383, 388, 393,
398, and 403; grout was injected between el 380 and el 400. A new series of
inclinometer measurements was made in the boreholes to determine changes in
location that might have resulted fro m grou t Injection. Measured changes were
small and within the expected accuracy of the measurement method.

I
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Seismic shear wave velocities calculated from travel time data and
distances between boreholes are summarized in Table 9.1. The initial velocities,

‘ 
before grouting, are also indicated in this table. The purpose of the measurements
being to detect changes in velocity resulting from changes in density and rigidity
of the soil, velocities were calculated between source and near geophone boreholes
(SO-SI; S0-S3l SO-S5; and SO-S7) where no grouting was done, and between near
and distant geophone boreholes (Sl-S2; S3-S4; S5-S6; and S7-S8) where grouting
was done. Velocities were not calculated for source to distant geophone boreholes,
which would simp ly average lower and higher velocity zones.

The summary of velocity increases resulting fro m grouting (Table 9.1) - 

-

demonstrates a significant increase in seismic shear wave velocities in all four
arrays measured. Comparing velocities calculated for source to near geophone
boreholes prior to grouting (the most accurate pre-grouting velocities) and for near
to distant geophone boreholes after grouting, It is found that velocity increases due
to grouting ranged fro m 1.5 to 3.3 times the or iginal velocity. Average velocity
increased by 2.5 times (603 ft/ s to 1493 ft/ s) in subareas 10 and 11 where 55% Siroc
132/142 was in)ected by grouting method S2; by 1.5 times (623 ft/ s to 920 ft/s) in
Subareas 7 and 8 where 25% silicate/aluininate was injected by grouting method S~;
by 3.3 times (600 ft/ s to 1953 1 t/s) in Subareas 12 and 13 where 46% silicate/R60O
was injected by grouting method S1; and by 1.6 times (516 f/s to 853 ft/a) in
Subareas 1 and 9 where 35% Siroc t’41 and 55% Siroc 132/142 were injected by
grouting method 01.

9.3 EXCAVATION DfTO GROUTED SOII~
9.3.1 Purpose and Scope

After grouting was completed and the AG-A series borehole in situ
tests were made from el 423, the test area was dewatered and excavated to
invest igate and observe the results of grouting. At el 402, the AG-B series
borehole in situ tests were made. Below el 402 , the excavation was planned to
expose the test area in sequential steps. At each step, the extent of grout
penetration was mapped along vertical and horizontal sections, and in situ tests
(p late load tests and density tests) were made. The excavation provided a means to
carve or core samples of grouted soil for laboratory testing.

9.3.2 Dewatering and Excavation Sequence
As the injection of grout in the test area was being completed (Phase 2,

Section 2.2.1), a dewatering system was installed around the area to lower the
groundwater to el 382 during excavation. Eight deep wells were installed at an
average spacing of 150 ft at the periphery of the proposed excavation. The wells
were 32-in.-dia with gravel filter and 16-In. -dia screens extending from el 320 to
el 368. Multi-stage turbine pumps of 3500 gal/mm capacity were installed In the
wells. The pumps were driven with surface diesel engines through right-angle
drives. The dewatering system was installed and operated under Dewatering
Contract No. DACW43-78-C-0094, by J. S. Alberici Construction Company, Inc of
St Louis, Missouri.
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The dewatering system was started on 3 July and the groundwater was
drawn down to el 382 by 5 July 1978. After excavation and testing in the
excavation were completed, the system was shut down on 22 August 1978. During
the course of the system operation , the natural groundwater level (that is, the - -

tailwater elevation of the Mississippi River) varied between el 402 and el 413. The
pump ing rate of the dewatering system averaged 850 gal/mm per foot of draw-
down. The aquifer being 100 f t  thick and the line source being 600 ft  away from
the dewatered area , the measured ratf of pump ing corresponded to an average
coefficient  of per meabili ty of 1.8 x 10 cm/s for the soil underl y ing the test area.

The first stage of the excavation from el 423 to el 402 (Phase 3,
Section 2.2.1) was started on 5 July and completed by 14 July 1978. This first
stage excavation was done under Site Preparation Contract DACW43-78-C-0093,
by Luhr Bros, Inc of St Louis, Missouri. The mass excavation was made with
scapers, and the excavated soil was used for constructing part of the embankment
for the access road to the main test site. No particular excavation sequence was
required for this first stage, except that the slopes were to be maintained at 2 (hor)
to 1 (ver). After completion of the first stage of excavation and before
commencing the second stage, the AG-S series boreholes were drilled and the
borehole in situ testing program was completed from 15 to 25 July 1978.

The second stage of the excavation from el 402 to approximately el 382
(Phase 4, Section 2.2.1) was also done by Luhr Eros , m c , under a modification to
the Site Preparation Contract. Initially, the second stage excav at ion was to be
done as part of the General Test ing Contract. The Site Preparation Contract ,
however, was modified to include the second stage of excavat ion because th e
General Testing Contract had not been awarded at that time.

Generally, the excavation was made in four steps to ci 398, el 394,
el 390, and el 385. Portions of the test area were excavated to ci 382. Each step
was excavated by creating a series of vertical cuts approximately 4 f t  deep.

9.3.3 Mapping and Visual Observation

A systematic mapping and visual observation program was implemented
during excavation of the chemical grouting test area between el 402 and el 382. A
team of two engineers familiar with the grout injection work (Phase 1,
Section 2.2.1) and one Quarternary geologist were assigned to this task. The scope
of this documentation task was to:

(1) identify and map the limits of grout penetration and observe the
thickness and orientation of grout seams (hydraulic fractures) ;

(2) identify and map the primary geologic structures, mainly cross-bedding
and depositional contacts;

I
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(3) sample and visually inspect grouted and ungrouted soil to estimate

‘ 

general composition, grain size, sorting, and roundness characteristics;
and

(4) inspect excavation faces for evidence of secondary geologic structures,
such as jointing, faulting, and folding.

Documentation techniques relied heavily on conventional and Polaroid
photography. Moveabie grids consisting of ô-i~i. by 6-in, wire mesh panels were
used to facilitate sketching observed features to scale. The results of the m apping
program are presented in Fig. 9.16 through Fig. 9.19 (horizontal sections), and in
Fig. 9.20 through Fig. 9.26 (vertical sections). Some of the results of the
excavation documentation program are also discussed in Section 3.3, Stratigraphy.
The most significant observations -oncerning grout penetration and influence of
the geology on grout penetration are discussed below.

Subarea 1 (35% Siroc 142, Grouting Method O
~
, 4-ft Spacing). Vertical

cuts were made throug h Grou t Holes 1-2, and 1-5 (Section AA, Fig. 9.20). Grout
was found to be massive in coarse-grained strata (medium to coarse sand with
minor amounts of fine gravel and fine sand) . Grout penetration ranged from 2 f t  to
3 ft from grout holes between ci 394 to ci 390. In finer strata (fine to medium
sand), grou t i ng was somewhat irregular and limits of grout penetration in some
strata were as close as 1 f t  to 0.5 f t  from grout holes, between ci 400 to ci 394 and
ci 390 to ci 385. Abundant vertical grout fractures were found in this area , even
though the traditional , supposedly low-pressure, grouting method 01 (Section 2.1.2)
was used. Generally, vertical fractures predominated in the finer grained strata
between ci 390 to el 385 , wher eas diagonal fract ures w ere more comm on in the - -

coarser grained strata between ci 394 to ci 390. No significant horizontal
fractures were observed.

Subarea Z (35% Siroc 142, Grouting Method Oi, 6-ft Spacing). Vertical
cuts were made through Grout Holes 2-1 , 2-2 (Section BB, Fig. 9.2 1) and 2-4
(Section AA , Fig. 9.20) . Grout penetration from the most isolated grout hole
(Grout-Hole 2-2) was found to be approximatel y 2.5 ft  in medium to coarse sand
(ci 393 to ci 390), 2 f t  in fine to medium sand (ci 388 to ci 38o), and less than 1 f t
in fine sand (ci 401 to el 396). Similar but wider variations in grout penetrat ion
were observed around Grout Hole 2-1. An opposite trend was found at Grout
Hole 2-4. There, a downward expanding cone was observed in coarser strata
(ci 393 to ci 391) that capped a 2-f t- to 2.5-ft-radius grouted column in fine sand
(ci 391 to ci 387). Vertical grou t fractures were more abundant in the finer strata , - 

-

and one thick diagonal fracture, coincident with cross-bedding, was observed in
coarse grained sand near Grout Hole 2-1.

Subarea 3 (28% Silicate/R600, Grouting Method S,, 6-ft Spacing).
Vertical sections were excavated through Grout Holes 3-2 and ’~~-4 (Section BB,
Fig. 9.21). N arrow grout columns were found above ci 393 to ci 395, as no grout
was Injected above ci 393 due to shortage of R600 reactant. Grout penetration was

—-
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broad and massive below €1 390 in fine to medium sand. Radius of penetration was

‘ 

at least 3 ft. No significant grout fractures were observed in vertical sections in
this area.

Subarea 4 (35% Siroc 142, Grouting Method S2, 6-ft  Spacing). Vert ica l
sec t ion s  were excavated through Grout Ho les4 -  and 4-4 (Section CC , Fi g. ~~~~
and Grout  1lo~es 4-3 and 4—5 . Grout distr ibution in this subarea was strong ly
inf luenced by sediment grain size. Grout pene t r at ion  in medium to coarse sand was
genera lly in excess of 3 ft , w hereas grout penetration in fine sand varied f rom
~~ it  to . ft (ci 393 to ci 391) . Grout penetr at ion in f ine to medium sand was
vari able , but generall y in termediate  between these two extremes. Intrusions of
~~~ Siroc 132/ 142 , fro m adjacent Subarea 11 , were often observed in Subarea 4
near Grout Holes 4 — I  and 4-2 .  Vertical grout frac tures were very abundant
th roug hout the exposed surfaces examined. The fracture network extended into
Su’t- .trea il. Only one 2 - m m - t h i c k  diagonal f rac ture  was observed between Grout —

Hole s 4-1 and 4-3 at approximately ci 386.5. This diagonal f rac ture  was coincident
with cross-bedding.

Subarea 5 (45% Siroc 132, Grouting Method S2, 6-ft Spacing). Vertical
cuts were excavated th roug h Grout h oles 5- and 5-5 (Section BB, Fig. 9.21), and
Grout Holes 5-1 and 5-4. Grout distribution in this subarea was strongly influenced
by geologic conditions. Along mediu m to very coarse grained sand strata,  grouted
san d lenses 0.5 ft to 1.5 f t  thick extended outward 6 f t  to 8 f t  from the grout holes.
general ly to the southwest. At ci 393 to ci 391 , a massive grouted sand mass ,
several feet thick , was found throug hout Subarea 5. Below ci 390. in fine to
mediu m sand, grout d i s t r ibu t ion  was more l imited and irregular. With the
exception of Grout Hole 5-2 , grouted sand columns in these finer sediments were
generally less than 1 ft in radius, and frequentl y less than ~~ f t in radius
(hor izontal  section at ci 385 , Fig. 0.19) . Relat ivel y few grout fractures were
observed in Subarea 5, most of them diagonal and coincident wi th  cross-bedding.

Subarea Sa (25% SilicatefAluminate, Grouting Method S1, 6-ft Spacing).
Virtually no grout penetration was observed from the t w o  grout holes of Sub-
area 5a. Grout found in this subarea was due to intrusions from adjacent
Subareas S and 9. As stated previously, Grouting Method S1 ( Section .1.~~ was not
expected to give satisfactory results.

Subareas 6, 7, and 8 (25% Silicate/Ahiminate, Grouting Method S , 4— ft
and 6-ft Spacings). Vertical cuts were excavated throug h Grout Holes 6-i, ô-4.
8-0 , 8-3 , 8-4, 8-6 , and 8-7 (Section EE, Fig. 9.24) . Chemical grout penetration
was found to be uniformly high in all cuts examined , extending 3 ft  to 5 f t  from the
grout holes. Grout fractures were not pronounced , generally less than 2 mm thick ,
and predominantly vertical. Cement-bentonite grout was injected at selected
elevations in Subarea 8. Lenses of sand grouted with cement-bentonite were
observed at ci 393, ci 390, and ci 398 (Section EE, Fig. 9.24) . These lenses dipped
to the north and were as much as 1 f t  thick and 4 f t  wide. The orientation of these
lenses was strongly controlled by the orientation of cross-bedding. Many cement-
bentonite lenses were coated with pure silicate grout, indicating that they
constituted a preferential path for the silicate grout.
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Subarea 9 (55% Siroc 132/14Z , Grouting Method O~, 4— ft Spacixmi&J.

‘ 
Vertical  cuts were excavated throug h Grout Holes 9-I  and 9-5 (Section AA ,
Fig. 9.20). Below ci 193 , on ly narrow (less than 0.5 f t  in radiwi) grout columns were
observed around e~ch grout hole, regardless of the grain siz e or st ruct ure of t he
surrounding alluvial sand. Above ci 393 , a relat ive ly massive grouted sand mass
was - - bscrved, This is undoubtedly due to the influence of a large , part ial l y
decomposed , tr ee tr unk interred at this h t - v e l , which a c te d  as a conduit for the grout.
Few grout seams were observed in Subarea 9.

Subareas 10 and 11 (55% Siroc 132/ 142 , Grouting Method S~, 4-f t  and
6—ft Spacings) . V er t i c a l  cuts were ox vate d thr ou g h Grout Holes 10— .~, 10—4 ari e
10~ b ~Section DD , F i g. 9.23 ) ,  Grout Holes 10— 1. 10-3 and 10-s , and Grout Holes
1 1—1 ,  11— 3 , 11—4 , 11-b and 11— 7 (Sect ion cC , Fi g. 9.22) . Throug hout these t w o
subareas, signif icant  grout penetr ation was ge~~~-r a l I ~ limited to less than 2.5 f t
fro m the grout holes in all but occasional s t rata  of medium to coarse sand. Grout
colu mns less than 1 f t  in radius were ~h arac t er i t i c  of the fine sand st ra ta  (ci 394 to
ci 391. Section DD). In the coarser gr tined s t ra ta ,  grout penetra t ion was bet ter
but  more irregular (ci 389 to el 384 , Section CC and DD) . In these strata, the grout
had a te ndency to form irregularl y shaped lenses as much ~s 1 f t  thi ck and 4 f t
wide. Around Grout Holes 10-4 and 10-6 , an anomalous thi nning of the grout
colu mns was observed between ci 391 and ci 35Q in medium to coarse sand. One
exp lanation of this pheno menon may be that  the grout in j ected at these elevat ions
had an excess~ve1y long gel ti me and percolated downward throug h the soil , f orming
a cone-sha ped bulb. Another explanation may be t hat there was communication
be twe e n grout holes during injection , as can be infe rred from grouting records and
t he connection between Grout Holes 10-4 and iO- .~ at ci 389 shown in Fig. Q .1~~.
Numerous evidences of invasicil of 55~ 1. Siroc 132j142 from Subarea 11 to Subarea 4
were observed. rronounced vertical grout f rac tu res  were common in the more
heavil y grouted zones of Subarea li, but were relat ively thin and infrequent in the
isolated grouted columns. Some of the vertical I ra~ tures were very thick. One of
the m , radiating easterl y from Grout Hole 11-3 , was 30 mm thick at ci 390
(Fi g. 9.18). Several diagonal fractures were observed in the most heavil y gro uted
zones of Subarea i i .  The orientat ion of most of these diagonal fractures was

— in fluenced by cross-bedding; however , some fract ures were not coincident wi th
these planes of weakness.

Subareas 12 and 13 (46% SilicatefR600 , Grouting Method S.3, 4-f t  and
6-ft Spacings) . Vertical cuts were excavated throug h Grout Holes 12-1 , i 2— 3 , and
12. -S ( Section OG, Fig. 9. 6) and through Grout Holes 13-3 and 13-5. Grout
penetration was found to be uniformly high in all cuts examined, extending 3 f t  to
5 ft  fro m the grout holes. Grout distribution was found to be largely independent
of geologic control. Only a few minor grout fractures were observed. The
ungrouted sand surrounding these two subareas was removed between ci 389 and
ci 385 leaving the grouted mass relatively intact in the form of a massive
rectangular block.

— Influence of Grain Size on Grout Distribution. Throughout the test
area, grout distribution was found to be directly reiated to the average grain size 
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o f the al luvial sediments. Grout penetration was greater in coarse sand than in
f ine sand. This general relationshi p appears to have been influenced by grou t

‘ 

viscosity, and penet ra t ion of more viscous grouts was more (tepen(lent ofl the

sediment gra in size than was p ene t ra t ion  of less v i scous grout s. Except ions to th i s
general  conclusion were found in Subar eas .1, ~~, and 10, but they may be explained
by inco flip let e grout  ing, ox cess iv el y long gel t iines , and low pressures r e sul t ing
ire in coin mun it -at  ion bet ween grout  holes.

Influence ’ of Depositional Struc tures and Secondary Geologic
Structures on Grout Distribution.. Except w h e re  they formed the boundaries
b et w e en  sediments of d i f fer ent  grain si~~t ’, depositional s t ructures  such as bedding
c o n ta c t s  and cross—bedding were found to have only a minor influence on the
gen er al  d is t r ibut ion  of the s i l i ca t e  grout s .  C emen t— be nton i t t ’  grou t , however ,
characteristically formed well defined lenses that  were usually bounded by cross—
bedding or bedding contac ts. Secondary geolog ic structures , such as joints , faul ts ,
and folds, were not observed in any of the subareas.

Influence of Deposit ional Structures on Grout Fracture Orientation.
Hydraulic fractu ring caused by grout injection occurred in most of the test
subareas. Severa l  of those fractures were’ intentionally produced by hydraulic
fracturing tes ts  (Section 6.5). Many were produced during the injection process.
The large majori ty of the grout f ractures  observed were ve r t i ca l  or nearl y vertical.
The o r ien t a t i o n  of these vertical fractures did not appear to have been influenced
by . m e  natural s t ruc ture s in the sediments.  No ver t ica l  or near—v er t ica l  pr imary or

‘con&la ry St ruc tures  were found in cit her the grouted or uzigrouted port ions of the
te s t  are.m excavat ion .  ( ross—bedding, however , was  found to have a s t rong
influence on the or ientat ion of the more gentl y dipping grout  f rac tures .  Most t
these more gently dipping fractures were ei ther  subpar allel  or coincident w i t h
cross --beddin g. Only very few diagonal fract ures wer e’ observed to intersect cr oss—
bedding at  hi gh ang les. Diagonal f rac tures  coincident wi th  cross—beddings were
more abundant in coarser grained strata , whereas vert ical  f rac tu res were more
abundant  in f iner  grained s t ra ta .  Generall y, grout f ractures  were observed to
s t r ike  N — S  or E —W , although exceptions were not unusual.

Influence of Carbonaceous Materials on Grout Distribution. Car-
bonaceous mater ia l s  (wood , ligni te , charcoal ) were abundant and widely ci i st r ibu  ted
throughout the grouted soil in the test area. Wood was onl y found bet ween et 400
and el 393 . Some of those mat er ia ls  s igni f icant l y influenced gro ut pone t r at  ion ~m iid
consis tency of gro uted soil. Coneentr at  ions of wood f ragments , charcoal and lignite
pebbles were of ten  found to be only partly grouted or loss f i rml y  groute’d than
surrounding soils fret’ of carbonaceous inclusions. Large wood pieces, such as
buried tree branches and tree trunks sometimes controlled grout distribution.
These materials , being far more compressible than the surrounding sand in which
they were buried , were probably compressed under the grou t pressure. They acted
~as conduits for the grout, enabling the grout to flow far fro m the injection point.
Examples of this phenomenon occurred in Subarea 9 between el 394 and el 398
(Fi g. 9.16) and between Subareas 11 and 3 at approximatel y ci 394 (Fig. 9.17) .

Partfaily Grouted Transition Zones. Partiall y grouted transit ion zones
were observed In many subareas. These zones varied in width from a few inches to

~~~~ ________________ -~~~~~ --~~~~~~~~~~~~~~~~~~~~~~
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r 4 ft , and were very irregular in shape. They appeared to be the result of ungelled
grout or grout components that migrated away from grouted masses. This
migration seemed to have occurred through all strata, but preferentially along
coarse grained cross-bedding and bedding contacts. The increase in cohesion and
reduction in permeability of the soil in these partially grouted zones were slight as
compared with firmly grouted zones. However , in the partially grouted zones, the
phenolphtalein reaction was almost as strong as in the firmly grouted zones. This
phenomenon was particularly pronounced in the subareas injected with the weaker
or less viscous grouts (Subareas 6, 7, 8, 12 , and 13) but also occurred in other
subareas.

9.3.4 Plate Load Te.ts
Seventeen plate load tests were made at various elevations on grouted

and ungrouted sand. The tests were made to measure strength , and short- and
long-term deformation properties of grouted soil. The location and elevation of
each test and the soil tested in each test are given in Table 9.2.

The tests were made by apply ing an incremental load to a l3.5-in . -dia
(1 f t~ steel plate. The plate was placed on top of a leveled soil surface. The load
was app lied using a hydraulic jack reacting against the rear hitch of a CAT D-8
dozer. The load was measured with a I0-t or 50-t load cell. Plate movement was
measured with  three dial gages (0.001-in, sensitivity) mounted on a stable
reference beam. After  a seating load was applied , the plate load was increased in
increments of 20 percent of the anticipated failure load. Each incremental load
was maintained for 10 minutes before loading to the next increment. Dial gages
were read every 2 m m .  In three of the tests in Subareas 8, 11, and 13, a load equal
to one-half the anticipated failure load was maintained up to 30 hours to study
creep behavior of the grouted soil. These tests were then continued to failure in
load increments.

Load-deflection curves are shown in FIg. (3.11 through Fig. 0-15, Ap—
pendix 0. Plate deflection vs time are presented in Fig. G.16 through Fig. 0.20,
Appendix 0. Properties of the tested soil inferred from plate load tests are
presented in Table 9.2 and are discussed in the following paragraphs.

Modull of Elasticity and of Subgrade Reaction. A modulus of subgrade
reaction was calculated from load-deflection data for each test for loads ranging
from zero to one-half the failure load. Calculated modull of subgrade reac t ion are
presented in Table 9.2. A modulus of elasticity was calculated fro m modulus of
subgrade reaction (Terzaghi, 1951):

E = I ( I _ v ~~B
S

* where I = shape factor , 0.88 for circular plate;
V = Poisson’s ratio,assumed to be 0.33 for grouted sand;
B = diameter of plate, 13.5 in; and
K = modulus of subgrade reaction.

Calculated modull of elasticity are presented in Tab le 9.2.
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Ultimate Plate Bearing Capacity. The failure load indicative of ultimate
plate bearing capacity was chosen on the basis of one of the following criteria:

(1) disproportionate increase In deflec t ion versus load;
(2) increase in creep rate at any sustained incremental load; or

(3) signs of soil distress around the plate.
Tests in soil grouted with high-strength grou t did not reach failure as described
above because of the limitation of the maximum load attainable. The maximum
test load that could be applied by test set up was 14 t to 18 t , depending on the
positioning of the dozer. Measured or estimated ul t imate  plate bearing
capacities q are presented in Table 9.2.

Creep Rate. A creep ra te, expressed as p late deflection in inches per
log cycle of t ime , was calculated for each test at one-half failure load and at
failure load. Calculated creep rates are presented in Table 9.2.

9.3.5 In-Place Density Tests

As the excavation proceeded, 21 in-place density tests were made in
grouted and ungrouted soil. Table 9.3 gives the location, elevation, and soil
condition of each density test. The in-place unit weight was measured using a
water-balloon method ~Washington Densometer) . Each test involved a volume of
soil 6 in. in diameter by 6 in. deep. The results of the in-p lace density tests are
also given in Table 9.3. The dry unit weight of the ungrouted soil varied from
99.7 lb/ ft 3 f or coarse to fine sand, with traces of silt and gravel, to 116.2 lb/f t’
for medium to fine sand with some coarse sand. The soil most prevalent in the test
area within the grouted zone gray medium to fine sand, averaged 104.2 ~~~~~ dry
unit weight. Assuming a specific gravity of 2.65 for the sand particles, the average
void ratio of the ungrouted soil was estimated at 0.59 (that is a porosity of
approximately 37 percent). The unit weight of grouted soil is also presented in
Table 9.3 and discussed in Section 9.5.2.

9.3.6 Block and Core Samples

As the excavation proceeded , 50 undisturbed samples were taken fro m
exposed grouted soil masses. The samp les were taken for laboratory tests and for
preservation in case future  studies were to be considered at a later date. Table 9.4
gives the location, elevation, and soil condition of every sample. Twenty-two
samp les were carved block samples, approximately 10-in, cubes. All block
samples, except BS—1l , were carved from horizontal surfaces. Tools used for
sampling included saws, knives, and trowels. The samples were waxed and wrapped
In cheese cloth and paraf in , placed Individuall y in padded wood crates, and shipped
to WCC Clifton , New Jersey laboratory by moving van to WES, Vicksburg,
Mississipp i, by air freight.

I
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In soil grouted with high-strength grout, block sampling was difficult
and time consuming. After  some attempts at block sample carving, a small
electr ic diamond core drill was successfu lly used. Twenty-eight 4.5-in. -dia core
samples were taken in hard grouted soil. The samples were generally taken in
groups of four 10-in. -long cores which were equivalent to one block sample. The
quality of the core samples was generally good, but the walls of the samples were
usually rough and uneven due to vibrations of the single-tube core barrel and
erosion by the flushing water. The cores were wrapped with plastic film and
aluminu m foil before being waxed and wrapped in cheese cloth and parafin. The
cores were placed in padded wood crates in groups of four for shipment to the
laboratory.

9.4 LABORATORY TESTING
9.4.1 Purpose and Scope

After  grouting was completed, a laboratory testing program was
undertaken on samp les of grouted sand taken in boreholes and in the excavation.
The water that flooded the test area excavation after removal of the dewatering
system was also sampled and tested.

The purpose of the laboratory tests was to measure properties of sand
grouted in situ. The results of the tests were used to compare samples obtained in
boreholes (which were typical of the type of samples that could be easily obtained
on most grouting projects) with samples obtained by direct carving or coring in the
test excavation (which would not be obtained normally on other projects) . The
results of the tests were also compared with results obtained on reconstituted sand
samples grouted in the laboratory (Section 5.1.3). Grain-size analyses were made
on disturbed samples taken during excavation mapp ing to con fir m visual classi-
fication and strat igraphic contacts.

9.42 Borehole Samples

Borehole undisturbed samples (AG-A series borings) were obtained with
a 3-in. -dia Pitcher samp ler (Section 9.2). The samples were capped with ex-
pandable, draining end packers to allow free water to drain. The tubes were then
sealed with parafin . The tubes were stored in a trailer at the test site, then
transported by car to WCC laboratories in Kansas City, Missouri, or Plymouth
Meeting, Pennsy lvania. In the laboratories, the tubes were stored in a humid room
until they were opened for test ing. The parafin and end packers were removed and
the samples were In spected for evidence of disturbance. The tubes were then cut
into 6-in, lengths and the grouted sand was expelled using a hydraulic extractor.

* 
Some samples could not be expelled and the tubes had to be longitudinally sawed.
Samp les used for permeability testing were saturated in the testing cell; all other
samples were saturated by soaking in water before extraction from the tubes.
After  testing, the samples were used for unit weight determination. The curing
history of samples from each AG-series boring is presented in Table 9.5. The
effects of curing time are discussed in Section 9.5

a
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The number of useable samples was reduced by the presence of
hydrau lic fractures and ungrouted seams. Even though sample recovery was
generally excellent, disturbance during sampling and shipmen t resulted in breakage
along discontinuities. In Kansas City, an attempt was made to saturate some
samples after sp litting the tube. This resulted in disintegration of the samples.

Unconfined Compression Tests. Seventeen uncon fined compression
tests were made on undisturbed borehole samples from Subareas 1, 3, 4, 8, 11, and
13. All tests were made at a strain rate of 0.5 percent per minute. The results of
these tests are presented in Fig. G.Z1 through G.25, Appendix G, and are sum-
marized in Table 9.6.

Triazial Compression Tests. Two unconsolidated undrained (UU) triaxial
compression tests were made on undisturbed borehole samples from Subarea 13.
The samples were tested for permeability and then sheared, in undrained condition,
under a con fining pressure of 2.5 t/ f t 2 at an axial strain rate of 0.15 percent pt- r
minute. Test results are presented in Fig. (3.26, Appendix G, and are sui-~mar ized
in Table 9.7. This table also shows other samples, which were found unsuitable for
strength testing.

Permeability Tests. Eleven constant-head permeability tests were made
on uncon fined or triaxial test specimens prior to shearing. The permean t used was
de-aired water under a backpressure of 20 lb/in2. Test results are sum maried in
Tables 9.6 and 9.7.

9.4.3 Excavation Block and Core Samples

Sample Preparation. Twenty-two 10-in. -cube block samples and
twenty-eight 4.5-in.-dia, 10- to 12-in. -long core samples were obtained during
excavation of the test area (Section 9.3.6). These samples were shipped to WCC
laboratory in Clifton, New Jersey via a moving van. In the laboratory, the samples
were stored in a humid room.

Although the samples appeared to be homogeneous during field samp-
ling, close observation in the laboratory revealed many ungrouted zones, lignite
seams, grout frac tures and other discont inuities. Some block and core samples
were found to be homogeneous enough for testing. Samples of sand grouted with
low-strength 25% silicate/aluminate grout could be trimmed using standard soil
procedures. Samples of sand grouted with high-strength 55% Siroc 132/142 and
46% silicate/R600 grouts required coring. To do so, the block samples were placed
into a box backfilled with sand. For unconfined compression test specimens,
saturation was achieved by soaking in water; however, this could not be done for
samples grouted with 25% silicate/aluminate. Triaxial compression specimens k
were saturated by back pressure in the testing cell.

Scope of Testing. The following tests were performed on excavation
block and core samples:

- - ~~~~~~ -~~~~~~~~~-~~ ~~~
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Short-Term Static Loading

, 
Uncon fined Compression: 4 test for  Subarea I
(Strain rate = 0.15 percen t 1 test for  Subarea 2per minute)

I test for  Subarea 4

2 tests fo r  Subarea 8

2 tests for  Subarea 11
3 Tests for Subarea 13

Triaxial Compr ession (~ Th) : 1 ser ies of 3 tests for  Subarea 1
(Confini nq~ ressure = 1, 2, 1 series of 3 tests for  Subarea 8

1 series of 3 tests for  Subarea 11
1 series of 3 tests for  Subarea 13

(Confining pressure = 2 t/f t 2 I test on reconstituted ungrouted sand
sample

Long-T.rm Static Loading
Unconfined Compression: 2 tests for  Subarea I
(~~sta ined load 0.35 ~~ 1 test for  Subarea 2

2 tests f or Subarea 8

1 test f o r  Subarea 11
1 test fo r  Subarea 13

Triaxial Compression (~ Th) : 1 series of 3 tests for  reconstituted
(Susta ined load 0.1 , 0.35 and ungrouted sand sample

~~~~~ 
stress f or 1 series of 3 tests f o r  Subarea 8

(Sustained load 0.35 peak 1 test for  Subarea 1
deviator stress for  single test) 1 test for  Subarea .11

1 test f or Subarea 13

S mlc Velocity I test f or Subarea 1
1 test for  Subarea 8

g 
2 tests for Subarea ii
I test for Subarea 13

—
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PermeabWty: 1 test f o r  Subarea 1
I test for Subare a 8
1 test for  Subarea 11
I test for Subarea 13

Mar t mum-M tnlnunn 2 series of tests on ungrouted sand
Unit WetØit: samples

~~ort-Tera Static Loading.
Unconfined compression Tests. The samp les were tested at a strain

rate of 0.15 percent per minute. The tests were continued to failure or to
20 percent axial strain, whichever occurred first. The results of these tests are
presented in Fig. 0.27 , Appendix G, Volume h A  and are summarized in Table 9.8.

Triaxial Compression Tests. The samples were isotrop ically consoli-
dated with a back pressure of 5 t / f t 2 to achieve a high degree of saturation. After
consolidation, some samples were tested for permeability and then sheared under
drained condition at an axial strain rate of 0.12 to 0.15 percent per minute. Each
test series consisted of three tests at confining stresses of 1, 2, and 4 t / f t 2. The
tests were continued to failure or to 20 percent axial strain, whichever occurred
first. The results of these tests are presented in Fig. G.28 through 0.33,
Appendix (3, Volume h A , and are summarized in Tables 9.9 and 9.10.

Long-Term Static Loading (Creep Tests).

Uncon fined Compression Tests. The samples were subjected to a
sustained ax ial load of 35 percent of the ult imate unconfined compressive strength
determined during the short-term uncon fined compression tests. The sustained
load was maintained for a maximum of 6000 minutes. If the soil did not creep-
rupture prior to 6000 minutes, the load was increased and the samples were sheared
at a strain rate of 0.15 percent per minute. Test results are presented in Fig. 9.49,
and Fig. (3.27, Appendix G, Volume hA, and are summarized in Table 9.8.

Triaxial Compression Test s (~ Th). The samples were isotropically
consolidated under a confining pressure of 2 t/ ft 2 with a back pressure of 5 t/ f t 2 to
achieve a high degree of saturation. After consolidation, the samples were loaded
at a strain rate of 0.15 percent per minute up to a deviator stress of 10, 35 , or
70 percent of the peak deviator determined during the short-term CID triaxial
compression tests. This deviator stress was maintained for approximately
8000 minutes. After 8000 minutes, the load was increased and the samples were
sheared at a strain rate of 0.15 percent per minute. Test results are presented in
Fig. 9.51, Fig. 0.28 and G.30 through G.32, Appendix (3, Volume hA, and are
summarized In Tables 9.9 and 9.10.

-1. 
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Sonic Velocity Tests. The samples were Isotropically confined at a
stress of 0, 0.7, 1.4, 2.1 and 2.8 t/ ft 2, during which shear wave travel time
measurements were made. Shear wave velocities were calculated from precise
measurements of the sample height between the seismic source and receiver.

— 
Permeability Tests. Constant-head permeability tests were made on

some CID triaxial specimens after consolidation but prior to shearing. The tests
were made using a back pressure of 20 lb/in2. De-aired water was used as the
permeant. The results of these tests are presented in Fig. 9.52 and are summarized
in Table 9.9.

Maximum-Minimum Unit Weight Tests. The maximum unit weight of
ungrouted sand sampled during excavation was determined by the modified
Providence method using an electromagnetic jack hammer. Minimum unit weights
were determined using the tube method developed by Lucks (1970), funnel method
in 0.1 -ft 3 mold (ASTM) and small 43 2-cm 3 mold, and cylinder tilt method (Kol-
buszewski 1948). Test results are summarized in Table 9.10.

9.4.4 Post-Groutlng Groundwater Analyses
After shut-down of the dewatering system on 22 August, groundwater

flooded the test area excavation. The water in the flooded excavation was dark
brown. A sample of that water was taken on 26 September and analyzed by
Raltech Scientific Services of St Louis, Missouri. Results of these analyses and of
similar analyses of groundwater out of the dewatering system of the main test site
are presented in Table 9.11.

9.5 COMPARISON OF RESULTS

9.5.1 Grouting Effectiveness
The effectiveness of grouting was measured by how well the grout was

injected into the soil. Mapping of the extent of grouted soil provided a direct
evaluation of grouting effectiveness. Excavation and mapping would not be
possible on actual production grout ing projects. Therefore, this test program
provided a rare opportunity to compare direct observations (mapp ing) with indirect
or remote measurements (borehole in situ testing and grouting records) of grouting
effectiveness. These compar isons were used to check reliability and accuracy of
indirect methods to assess grouting effectiveness.

Monitoring of Grouting Activities. During grouting, the injection para-
meters (grou t pumping pressure, grou t pumping rate, and grout tak e) were
monitored (Section 7). From these measurements some understanding of the
mechanisms of grouting can be in ferred. The optimum grou t pumping pressure and

Z flow rate are controlled by the soil permeability to grout. The soil permeability to
grout is function of soil void ratio, particle structure, grain-size distribution, grout
viscosity, and presence of previously injected grout. Four typical, Idealized
pumping pressures and flow rate records for sleeve-pipe grouting are illustrated in
Fig. 9.27. Case A corresponds to a high grout pumping pressure and moderate
pumping rate, indicative of a soil of medium to low permeability to grout. The

~~ 
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grout was probably injected into a fine or medium to fine sand, and the grout
penetration was probably good. Case B corresponds to a lower pumping pressure
and a higher pumping rate, indicative of a soil of higher permeability to grout than
in Case A. This soil is probably coarser grained and, therefore requires less
pressure for satisfactory grout flow and penetration. In Case C, the pumping
pressure increases rapidly to a high average value with relatively large fluc tuations
from this average value, and the grout pumping rate remains small. Case C
behavior is indicative of very low soil permeability to grout. The soil in Case C
could be very fine grained or has been grouted previously. Case D is an illustration
of a typical hydraulic fracturing grouting record. The grout pumping pressure and
the pumping rate increase to a point where the pumping pressure drops signif i-
cantly while the pumping rate increases suddenly. At that point, hydraulic
fracturing has occurred. Grout can now flow through the open conduit of the
fracture at low pressure and relatively high rate of flow, until the conduit becomes
plugged with grout. At that time, the pumping pressure begins to increase again,
and the pumping rate decreases. -

Open-bottom pipe grouting records can be interpreted in a similar
fashion. Lower pumping pressure and faster grout flow rate were used with open-
bottom grout pipes. In the same soil, Case B would be representative of open-
bottom pipe grouting while Case A would be representat ive of sleeve-pipe grouting.

Examples of actual grout pumping pressure vs time are shown in
Fig. 9.28. The interpretation of each of these records was confirmed by the results
of the excavation mapping. These examples illustrate how grouting records can be
interpreted to follow progress and assess efficiency of the grouting process.

Borehole In Situ Testing. Results of continuous standard penetration
and static cone penetration tests were compared with information obtained by
mapping. Both in situ tests were effective in detecting the extent of grouting.
Comparison between penetration resistances and mapping results are presented in
Fig. 92 through FIg. 9.15. On these figures, the notation UG indicates that the soil
was ungrouted, PG indicates that the soil was poorly grouted or partially grouted,
and G indicates that the soil was well grouted with uniform grout penetration. The
increase in static cone resistance due to grouting (q~ after grouting/q before
grouting) is plotted vs elevation in Fig. 9.29 for Subareas 8, 3, 5, and 9. for zones
that were found ungrouted (UG) during excavation the ratio (q~ after q before)
remained approximately one. For zones that were found to be poorly grou’ied (PG),
the ratio ranged from one to two. For zones that were found to be well grouted
(0), the ratio was always greater than two. For low-strength grout (Subarea 8),
although the increase in static cone resistance was marked, the increase in
standard penetration resistance was small, even in well-grouted zones. This may
indicate some reduction in strength induced by dynamic driving stresses. In
addition to penetration resistances, standard penetration tests yielded disturbed —

samples for visual classification. The subsurface profiled inferred from these
samples correlated well with the profiles of grouting effectiveness obtained by
subsequent excavation mapping.

- 
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Crosshole shear wave velocity measurements were found to be an

effective non-destructive means for evaluating grouting effectiveness. The results
tabulated in Table 9.1 are plotted vs elevation in Fig. 9.30. The highest crosahole
shear wave velocities were measured in Subareas 12 and 13, exceeding those
measured in Subareas 10 and 11 by approximately 35 percent. Velocities in
Subareas I and 9 were approximately 10 percent less than those measured in
Subareas 7 and 8. Results of other- tests have shown that strength and stiffness of
grouted soil increased with silicate content of the grout (Section 9.5.2). This
appears inconsistent with the crosshole shear wave velocity results: grout used in
Subareas 10 and 11 had a higher silicate content (55 percent) than that used in
Subareas 12 and 13 (46 percent); grouts used in Subareas 1 and 9 (55 and 35 percent)
had a higher silicate content that that used in Subareas 7 and 8 (25 percent). An
explanation of this apparent discrepancy can be developed on the basis of the
excavation mapping (Section 9.3.3) as follows.

The elevation of the horizontal sections shown in Fig. 9.16 through 9.19
are indicated in Fig. 9.30. These sections are reproduced in Fig. 9.31 through 9.34
together with the location of the geophysical borehole arrays. From these figures,
it can be seen in a simplified manner that the shear wave velocities were not only
influenced by the type of grout, but also, and probably more significantly, by the
extent of grout penetration. Subareas 7 and 8, and 12 and 13 were massively
grouted. Subareas 10 and 11 were not entire ly grouted. Subareas 1 and 9 were
poorly grouted. Ungrouted zones significantly reduced shear wave velocities,
because these measurements reflect the bulk properties of the mass through which - -~

the waves propagate.

The results of laboratory sonic velocity tests on specimens of grouted
soil carved from excavation block and core samples are plotted as dark symbols in
Fig. 9.30. The laboratory velocities from samples of Subareas 8 and 13 agree
closely with the in situ crosahole velocities. The laboratory velocities from samples
of Subareas 1 and 11 exceed the in situ crosshole velocities. The ratio laboratory
to in situ velocities for these subareas is roughly equal to the ratio of the volume
of grouted soil mass to ungrouted soil mass along the wave path. The laboratory
sonic velocity measurements were made on small, intact grouted sand specimens
which did not contain the discon t inuities and ungrouted seams found in situ in the
large grouted soil mass. From these results, it appears that comparison between
in situ crosshole shear wave velocity and laboratory sonic velocity measurements
can be useful to evaluate grouting effectiveness.

• 9.52 Grouted Soil Properties

Properties of grouted soil were measured through in situ and laboratory
tests. The program of testing implemented after grouting coincided with the
test ing per formed before grouting (Section 3).

Stresses. In situ horizontal stresses were in ferred fro m pressuremeter
test results. Comparisons between horizontal total stresses measured before and

- 
- after-groutin g in selected subareas are presented in Fig. 9.35. In all cases, the

in situ horizontal stresses measured after grouting were higher than those
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measured before grouting, even in poorly grouted or ungrouted soil, regardless of
the grouting method used.

The influence of the grouting pressure on the after-grouting horizontal
stress is illustrated in Fig. 9.36. The ratio of the after-grouting in situ horizontal
stress to the average peak grouting pressure in the two nearest grout holes ranged
fro m 0.5 to 1.1 and averaged 0.77. Therefore, it appears that the pressure applied
to the soil during injection had not comp letely dissipated at the time the
pressuremeter tests were made. The tests in bor ings of the AG-B series were
made more than one month after completion of grouting. This phenomenon should
be considered when designing foundation elements which would be influenced by
high K0 stress state.

Density. The unit weight of the grouted soil was determined by three
different methods:

(1) laboratory measurements on Pitcher tube samples (Section 9.4.2);
(2) in-place measurements with Washington Densometer during excavation

(Section 9.3.4); and
(3) laboratory measurements on block and core samples (Section 9.4.3).

The results of these determinations are summarized in Fig. 9.37. The
Pitcher tube samp les were obtained before dewatering. The in-place measure-
ments were made and the block and core samples were obtained after dewatering.
The water content of the grouted soil averaged 3 to 6 percent less than the water
conten t before grouting (Fig. 9.37b and Table 3.1). The dry unit weight of the
grouted soil measured in place averaged 1 to 3 lb/ft 3 more than the dry unit weight
of the ungrouted soil (Fig. 9.37c). The dry unit weight of the grouted soil measured
in Pitcher tub e and excavation block and core samples ranged fro m 0 to 8 lb/ ft 3
less, and were typically 2 to 4 lb/ft 3 less than the dry unit weight of the grouted F
soil measured in place. These results are in agreement with data for ungrouted soil
presented by Horn (1978) which show a 3 to 4 lb/ ft 3 discrepancy between block
sample unit weights and unit weights measured by in situ methods.

Elastic Defcrmatiou MoiInh~~. The elastic deformation modulus of
grouted soil was calculated from the results of ~~~~suremeter, plate load, crosshole
shear velocity, and laboratory uncon fined and CII) triaxial compression tests. The
conditions prevailing in these tests are outlined in Table 9.9. Modulus values are
largely influenced by test conditions. The selection of an appropriate modulus
value for a particular design application can be facilitated by using Table 9.9. For
example, in estimating the settlement of a footing, the modulus value obtained
from plate load test results would be most appropriate, because this test duplicates
all the conditions existing under a loaded footing, except for the size of the soil
sample tested. Therefore, the plate load test modulus would have to be modified
for scale effects. As another example, to predict the lateral load capacity of piles
In grouted soil, the most appropriate test method would be the pressuremeter
because it duplicates most of the actual conditions, except for stress durations. To
evaluate earthquake loading on a structure, crosshole shear wave velocity measure-
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ments would yield the most appropriate modulus because they model best the
simple shear loading, stress duration, and strain amplitude produced by the seism.
If an excavation were to be made in grouted soil, and a finite element analysis
were to be used to predict the stresses and deformations of the excavation support
system and soil mass, laboratory test results would be used. For soil elements near
the excavation surface before installation of the support systems, unconfined
compression test results would be applicable. For soil elements within the soil
mass and wall elements after the support system is installed, results of triaxial
compre ssion tests at the proper confining stress would be used.

Pressure meter Modulus. An elastic deformation modulus was cal-
culated from the pseudo-elastic portion of the pressuremeter curves as it was done
before grouting (Section 3.4.5). Results of these calculations are presented in
Fig. 9.38 for Subarea 1, 5, 8, 4, 11, and 13, where they are compared to the
pressuremeter modulus pro file obtained before grouting fro m Boring D-27. Grout-
ing was ineffective in increasing the deformation modulus in Subarea 1 (35% Siroc
142 , Grouting Method O~). In Subarea 4, however , the same grout injected by
Grouting Method S2 resulled in a noticeable increase in pressureineter deformation
modulus. Significant increases in modulus were measured in Subareas 5 and 11
(55% Siroc 142 , Grouting Method S,). The low modulus values at el 400, el 397, and
el 386 in Subarea 11 corresponded ro ungrouted soil. Only two pressuremeter tests
were made in Subarea 8, but these measurements indicated a slight increase in
modulus due to grouting, consistent with the low-strength of 25%
silicate/aluminate grout. Modulus values increased in the high-strength grout in
Subarea 13 (46% silicate/R600 , Grouting Method S2), but the magnitude of the
increase is less than that observed in the high-strengfh Siroc subareas.

Plate Load Test Modulus. An elastic deformation modulus was cal-
culated from the initial portion of p late load tests pressure-settlement curves
(Section 9.39). Results of these calculations are presented in Fig. 9.34 for all test
subareas, except Subarea Sa, and for ungrouted sand. Four range of modulus values
can be inferred fro m this figure: ungrouted soil (less than 250 t/ f t~ , low-modulus
(Subareas 1, 6, 7, and 8) (250 t/ f t~ , medium-modulus (Subareas 2, 3, 4, 12 , and 13)
(500 to 2000 t/ f t~ , and high-modulus grouted soil (Subareas 5, 9, 10, and 11) (2000
to 12000 t/ ft~ . Subarea 1 (35% SIroc 142, Grouting Method Oi) had a lower
modulus than all other subareas injected with the same grout. Sand grouted with
25% silicate/aluminate had a low modulus. For the high-strength Siroc grouts,
modulus values increased with increasing percentage of silicate and decreasing
grout hole spacing. Subarea 9 (55% Siroc 132/142 , Grouting Method Oi) had a
significantly lower modulus than the other three high-strength Siroc subareas
injected using grouting Method S,. Of significance are the relatively low modulus
values obtained in Subareas 12 an.T 13 (46% silicate/R600), although failure was not
approached during the plate load tests in these subareas. These results may be
explained by the creep-prone behavior of this material combined with the long
stress duration of the tests. This is discussed later in this section.

Shear Wave Modulus. An elastic deformation modulus was calculated
from crosshole shear wave velocity measurements as discussed in Section 3.4.5. 
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Results of these calculation s are presented in Fig. 9.40. In Subareas I and 9, the

‘ 
shear wave modulus doubled due to grouting. In Subareas 7 and 8, t he increase was
slight l y more than twofold. In Sub areas 10 and 11, the modulus increased as much
as 8 times. In Subareas 12 and 13, the modulus increased as much as 14 times. As
discussed in Section 9.5.1, shear wave-derived moduli were not only influenced by
the type of grout , but also, and prob ably more significantly, by the extent of grout
penetration. These modulus values are representative of the bulk of the entire
grouted and ungrouted soil mass.

Laboratory Modulus. Elast ic modulus values were calculated from
laboratory unconfined and triaxial (CID) compression tests on undisturbed field and
laboratory reconstituted grouted samples (Sections 5.1.3 and 9.5). Initial tangent
modulus, secant modulus at 50 percent of peak stress, and secant modulus at peak
stress (failure) were obtained fro m stress-strain curves. Initial tangent modulus
values were affected by seating of the initial test load especially for unconfined
compression tests. Secant modulus values at failure E 

~
, were the most consistent

and the least affected by discrepancies associated wifTi the initial portion of the
tests. The influence of silicate content on modulus is illustrated in Fig. 9.41a.
Modulus values increased with silicate content as expected, which is in agreement
with recent work by Clough et al (1979). The excavation block and core samples,
however, were significantly st iffer than the laboratory reconstituted or borehole
samples. For grouts having a silicate content greater than 25 percent , unconfined t
compression moduli were greater than CID triaxial moduli for tests made on block
samples. This brittle response of block samples in unconfined compression is
discussed later in this section. Generally, the moduli measured in situ with
pressuremeter (Fig. 9.38) and plate load tests (Fig. 9.39) are lower than those
measured in the laboratory on reconstituted samples grouted with similar grout.
This may have been caused by field sampling disturbance.

The influence of strain rate on modulus is illustrated in Fig. 9.41b.
From the limited range of strain rates studies, it appears that modulus values
increased with faster strain rates, although considerable scatter was found at
strain rate of 0.5 percent per minute. This is consistent with the trend observed by
Clough et a] (1979). Koenzen (1978) showed that the effect of strain rate on
modulus diminishes with decreasing percentage of silicate.

The influence of con fining pressure on modulus is illustrated in
Fig. 9.41c. Modu lus values increased with confining pressure. Clough et al (1979)
showed similar trends, with the rate of increase of modulus with confining pressure
being greater f or  higher silicate content. The influence of curing t ime on modulus
is illustrated in Fig. 9.41d.. Modulus values did not appear to increase with curing
time, contrary to the findings of d ough et al (1979).

Shear Strength. The shear strength of grouted soil was found to be the
result of a frictional component $ mobilized between sand grains and a cohesion
component c induced by the grout. Shear strength of ungrouted and grouted sand
was assessed from results of uncon fined compression tests on undisturbed borehole
samples of grouted sand (Section 9.4.2), excavation block and core samples

~ 
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samples (Section 9.4.3), and on reconstituted sand samples grouted in the labor-
atory (Section 5.1.3); from results of triaxial compression tests on reconstituted

‘ 
sand samples ungrouted and grouted in the laboratory (Section 5.1.3), and on
excavation block and core samples (Section 9.4.3); and from pressuremeter test
results made before and after  grouting (Sections 3.2.4 and 9.2.5).

Triaxial Test Results. The 4, and c components of shear strength
calculated using Mohr-Coulomb law (Mohr circles, Fig. C.1 and C.3 through C.8,
Appendix C and Fig. G.28 through G.33 , Appendix G, Volume UA) :

= C + tan 4,

where: T f = shear strength;

c = cohesion

= peak deviator stress; and

4, = angle of internal friction.

The 4, and c components of shear strength were also calculated using
• p-q diagrams, where each Mohr circle is~~~presented by one point. Such a p-q

diagram is shown in Fig. 9.42. All CU) triaxial test results analyzed are
summarized in this figure. The curve drawn through points on this figure is the
K f

_ line. The slope Ci of the Kf
_line and its orig ine intercept a are related to 4, and

c as follows:

Sin4, tana and c= a
cos4 ,

The p-q method was found to be less susceptible to variability in
interpretation than the Mohr circle method. Both methods, however, yielded
similar averages for 4, and c. For ungrouted sand, the following average results
were found:

4, 39.5°; and

c = 0 to 0.1 t/ft2.

For reconstituted sand samples grouted in the laboratory with 35%
Siroc 142 grout , the following results were found:

4, 39.5°; and

c = 0.7 t/ft2.

For excavation block and core samples, the following results were
found:
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Subarea Silicate Content c 4,
0. % 

______ 
t / f t 2 d~grees

1 35 0.36 35.5

8 25 0.34 35

11 • 55 5.82 39

13 46 3 .50 39.5
Results fro m tests on reconstituted sand samples grouted in the

laboratory (35% Siroc 142), and on samp les fro m Subarea 11 (55% Siroc 132/ 142)
and Subarea 13 (46% Silicate/R600) are in agreement with results reported by other
invest igators (Clough et al, 1979): injection of silicate grouts did not change the
angle of internal friction but increased the cohesion. The increase in cohesion
increased with  the silicate content of the grout. Results from Subareas 1 and 8,
how ever, show a lesser increase in cohesion, and a decrease in fr ict ion.  In the case - 

-

of low-strength grouts (Subarea 8), it may be postulated that the grout tended to
lubricate the sand grains, thus reducing the internal frict ion. In the case of
medium-strength grouts (Subarea 1), the lower friction ang le may have resulted
from sampling disturbance. This sampling disturbance may not have been exper-
ienced for high-strength grout s because the grou ts were strong enough to keep t he
sand particles bound toget her despite stress relief during sample carving or coring,
and vibrations and shocks during shipping. Further testing is necessary to
illuminate the strength disparity.

Unconfined Test Re~ ilts. Unconfined compression tests are not ap-
propriate to measure the shear strength of grouted sand because of the large
frictional component of the material. The unconfined compressive strength , however ,
was useful as an index to shear strength. Undisturbed borehole samp les, excavation
block and core samples, and laboratory reconstituted samples were ’ used in
unconfined compresaton testing. The test results are shown in Fig. C.i , Appendix C
and Fig. 0.21 through G.25 , and Fig. G.27 , Appendix 0, Volume IIA. Results from
specimens prepared in the laboratory fall wi th in  a relatively narrow range , while
results fro m field samples are much more scattered. This is explained by the
variability of the natural soil structure and non-uniform in situ grout penetration.
Average ’ results for 35% Siroc 142 fro m tests on laboratory reconstituted samples, - -

borehole samples, and excavation block and core samples are plo t t ed in Fig. 9.43.
The block samples had the highest unconfined compressive strength and showed a
bri t t le  response. The borehole samples had the lowest strength and were the lest
sti f f , indicative of the highest degree of disturbance. The brittle behavior of the
excavation block samples may be related to the sampling process. The grouted soil
in the block samp les followed an unloading stress path (first , vertical unloading
elurrng excavation , then , horizontal unloading during carving) which may have’
r..iiulted in y ielding, depending on the shear strength of the grouted soil. Yielding

• uld have resulted in micro-fractures develop ing in the grout matr ix.  The samples
..v.- st ,rrd without confinement in the shipping boxes, then subjected to vibration

.
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and shock during transportation to the laboratory. This may have aggravated the

t 
postulated micro-fracturing process. During unconfined compression testing,
samples with micro-fractures would be expected to fail in a brittle manner once
the strength along the fractures is mobilized. But , under confinement during
tr iaxial testing, the micro-fractures might tend to heal, the samp les would behave
more as an intact m ass, and the response would be less brittle with  failure
occurring at a higher strain.

The data suggests that the effect  of micro-fracturing, if indeed this
mechanism occurred, was only significant for mediu m strength grouts (for example,
35% Siroc 142). For these grouts yielding during sampling and shipping may have
exceeded the shear strength of the grouted soil , whereas for stronger samp les (such
as those from Subareas 13 and 11), y ield ing was probab ly very small. The ductile
re sponse of samples grouted with very low-strength 25% silicate/aluminate grout
(Subarea 8) may be due to the fact that this grout was plastic enough to yield
wit hout inducing micro-fractures. Althoug h block sampling still appears to be the
best method present ly available for obt aining undisturbed samples of grou ted soil,
unconfined compression testing on specimens trimmed from block samples may
underestimate the in situ strength.

influence of Various Factors. The influence of silicate content on
unconfined stress-strain characteristics is illustrated in Fig. 9.44. The uncon f ined
compressive strength increased with silicate content , as expected. Data scatter
for field sa mp les is at t r ibu ted to sampling disturbance, but the general trend is in
agreement with findings reported by d ough et at (1979) for laboratory recon-
stit uted samp les. The axial strain at failure decreased as the silicate content - 

-

increased ( that is, the response became more brittle and the modulus larger as the
silicate content increased) .

The influence of strain rate on uncon fined compressive stress is
illustrated in Fig. 9.45. The strength increased as the strain rate increased. This is
i,~ agreement wit h resul t s reported by d ough et al ( 1979) . Koenzen (1978) found
that for 70% silicate grouts , the strength decreased by 45 percen t when st rain rate
was decreased by three orders of magnitude. From those results, it is concluded
t hat conv ent iona l labor atory loading rates (t hat is, about 0.5 percent per minute)
may yield strength results up to 50 percent greater than slower loading rates that
are more like ly to occur in actual field loading.

The influence of curing time on stress-strain characteristics is il-
lustrated in Fig. 9.46. No significant strength and axial strain at failure change
were noted as curing time increased from 2 days to 100 days, contrary to results
reported by Clough et at (1979). The di sparity can be exp lained by the different
curing environments used in WCC and d ough laboratories. d ough allowed the
grouted samples to stand in air for 24 hours before p lacing them in a humid room.
Locks and Dam No. 26 samples were placed in a humid room immediately after
grouting, then submerged in groundwater in a curing tank pressurized to the
average hydrostatic pressure expected at midpoint of the grouted zone
(Section 5.1.3). The later curing procedure was more representative of the
expected field curing conditions.

L  
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— Pre ssuremeter Test Reailts. Although no method has been developed to
- - calculate shear strength from pressuremeter tests for soils exhibiting both fric-

t ional and cohesive strength, pressure limit pressure was a useful index to shear
strength and to compare the various test subareas. Limit pressures measured
before and after grouting are presented in Fig. 9.46. Ungrouted zones cor-
responded to zones where no increase in limit pressure was noted. After-grouting
values lower than before-grouting values were noted in Subarea 1. This may have
resulted from borehole disturbance or maybe related to open-bottom pipe injection
process. In several cases (Subareas 5, 11, and 13) failure was not approached during
pressuremeter testing and limit pressure values could not be estimated. These
values are plotted as 100(+) t/ ft 2.

Tlme-Dep~~desit Prapeitl... Laboratory, pressuremeter, and plate load
tests indicated that grouted soil behavior under a sustained or slowly applied load
was different than under a fast loading rate.

(Jnconflned Compression Tests. Results of long-term unconfined com-
pression tests on reconstituted sand samples grouted in the laboratory are
presented in Section 5.1.3 and Fig. 5.3. From these results, it appears that none of
the tests approached failure or creep rupture. Creep rates, that is the ratio change
in strain/change in time, were almost identical at CSR* of 50, 37 and 25 percent.
At CSR of 15 percent , the creep rate is somewhat different, probably due to
sample differences. Similar tests were performed by d ough et al (1979) and
Koenzen (1978). Results of these tests are compared with Locks and Dam No. 26
test results in Fig. 9.48 and are summarized below.

SILICATE
CONTENT CSR CREEP

TEST 
________  

FAILURE

LDZ6 37 No -~ 

-

(1978) 50 No

Clough et al 50 40 No
(1979) 60 Yes

Koenzen 70
57 Yes 

•

: 

-

The greater tendency towards creep rupture reported by d ough and
Koenzen may be attributed to the greater silicate content of the grouts used by
these investigators. However, the greater silicate content used by Koenzen does
not result in faster creep rate, as would be expected.

____________________________

* CSR: Constant stress ratio or ratio of sustained axial stress to uncon fined
compressive strength measured at stra in rate of 0.5 percent per minute

- -
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Long-term unconfined compression tests were also performed on cx- I -

, 
cavation block and core samples. The results of these tests are presented in
Fig. 9.49. Samples from Subareas 8 and 11 did not undergo creep rupture. Samples
from Subareas 1, 3, and 13, however, failed at CSR as low as 30 to 35 percent.
This is inconsistent with the results obtained on reconstituted samples grouted in
the laboratory. Again, block samples from Subareas 1 and 2 showed a brittle
response in wiconfined compression characterized by a small creep strain until the
strain or stress duration reached a point where rapid, brittle failure developed.
The block sample from Subarea 13 showed a steady increase in strain up to failure.
The creep behavior of soil grouted with 46% silicate/R600 appears to be inherent
to this type of grout and not related to sampling disturbance. The block sample
from Subarea 8 (25% silicate/aluminate) showed a tendency for stabilization of
creep strain at about 300 minutes, indicative of strain-hardening.

Triaxia l Compression Tests. Results of long-term triaxial compression
tests on reconstituted sand samples grouted in the laboratory are presented in
Section 5.1.3 and Fig. 5.4. No creep rupture was observed under CSR of 40, 59 and
79 percent. Failure was induced by increasing the deviator stress at the end of the
creep tests. Koenzen (1978) reported creep rupture for CSR greater than
65 percent for similar tests on samples injected with grout containing 70 percent
silicate. From these results, presented in Fig. 9.50, it can be concluded that
confinement significantly decreased creep tendency of grouted soil, and that creep
tendency decreased when silicate content was reduced.

Results of long-term triaxial compression tests on excavation block and
core samples from Subareas 1, 8, 11, and 13 are presented in Fig. 9.51. For
reference, results of a similar test on an ungrouted sand sample obtained in the
excavation and reconstituted in the laboratory are also plotted in that figure. No
creep rupture was observed at CRS of as much as 38 percent for all grouted
samples, and for one sample from Subarea 8 at a CSR of 68 percent. At CSR
values of as much as 38 percent , creep rates for samples from Subareas 1, 8, and 11
did not differ significantly fro m the results obtained with the ungrouted sample.
The sample from Subarea 13 (46% silicate/R600), however, showed a much larger
creep rate than the other samples and a tendency towards creep rupture.

The stress path followed during triaxial compression more realistically
models typical field loading conditions than unconfined compression. It is
recommended that triaxial creep tests be performed instead of unconfined creep
tests to assess long-term behavior of grouted soil. In triaxial compression, creep
did not appear to be significant up to CSR values of about 60 percent for all grouts
tested, except for 46% silicate/R600. On the basis of these results, lower
allowable load levels should be used in design for R600 grouts than for Siroc grouts.

• Plate Load Tests. Results of long-term plate load tests are presented
in Section 9.3.4. Creep rates de/dt deduced from these tests are plotted vs silicate
content in Fig. 9.52. Creep rate increased with increasing silicate content. In
Subareas 5, 10, and 11 (55% Siroc 132/ 142), the maximum applied stress never
reached 50 percent of the ultimate plate bearing capacity, and the test data are not 

..--.- -.~.--
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shown in Fig. 9.52. Creep rates for these subareas were less than 0.007 percent per
minute. However , in Subareas 12 and 13 (46% silicate/R600), which exhibited
short -term strength similar to that of 55% Siroc 132/142 , the observed creep rate
was at least two orders of magnitude faster. Low-strength 25% silicate/aluminate
also had a noticeable creep deformation tendency .

Pressure meter Tests. Results of pressuremeter creep tests are pre-
sented in Section 9.2.5. Radial strain vs time during which constant probe pressure
was applied is p lotted in Fig. 9.53. Results of pressuremeter creep tests showed
trends similar to those found in triaxial creep tests. Small creep strain occurred up
to a CSR level of 33 percent in subareas grouted with Siroc and
25% silicate/aluminate grouts. But again, sand grouted with 46% silicate/R600 had
a much faster creep rate. Tendency for strain hardening at a CSR of 50 percent
was also noted for sand grouted with low-strength 25% silicate/aluminate.

On the basis of the creep test results, it can be concluded that
pressureuieter tests, plate load tests, and laboratory triaxial compression tests can
be effectively used in evaluating time-dependent properties of grouted soil.

Permeability. The reduction of permeability due to grouting was
assessed from results of borehole falling—head permeability tests (Section 9.2.6) and
laboratory permeability tests on borehole undisturbed samples, excavation block
and core samples, and reconstituted sand samples grouted in the laboratory
(Sections 9.4.2 , 9.4.3, and 5.1.3). A summary of the results is presented in
Fig. 9.54, together with results obtained before grouting in Boring D-28. Gener-
ally, grouting reduced permeability by one to two orders of magnitude. The

- reduction did not appear to be a function of the grout type; rather, it was found to
be a function of the grouting method. Comparison between mapping observations
and field permeability test results clearly showed that zones in which permeability
was not decreased were ungrouted. Ungrouted zones surrounded by well-grouted
zones, however, showed a marked decrease in permeability.

Permeability me9ured on reconstituted sand samples grouted in the
laboratory averaged 4.8 x 10 cm/a; that is, two to three orders of magnitude less
than field and laboratory tests on sand grouted in situ. The difference is explained
by natural soil discontinuities and borehole disturbance.
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CHEMICAL GROUTING TERT PROGRAM

LI

RESULTS OF SHEAR WAVE

3 VELOCITY M E A S U R E M E N T S

FOUN DATION NV II f lSA TION AND TIST PNOSNAM

SUITING LOC kS AND DAM Ne ll

ST LOU IS DIATNI CT. COIlS OP INSINIINS
D A C W 4 $ PS-C-DGS5

Owod ~..rd.cbd.csn.Idtan.s
j Table 9.1
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CREEP RA TE
In./cycl.

(41
TEST ELEVATiO N TEST K .

MATERIAL TESTED SUBAREA LOCATION ft NO. t/ft’ t/ft ’ 
~Ii)~ ~~~j

Uapoutsd Soil

i~ey rn-f SAND ~6
f~

ft
5~ oI4-5~~ 392,6 P.4 I4Z 9~~ IZb I~~ 5 .5 0.007 0.00 1

tin rn- f SAND .otne - of SM-I 393.9 P-S 208 183 5.1 0.037 0.006

ey rn -fSAND SUUIC - t7 .S ft N 
of b-l 390.6 P-8 238 210 3.7 0.006 0.002

grey brown m-I SAND 
- 14.S ft S of 9-l 384.3 P-I? 103 91 3.6 0.019 0.009

trace cain e

Low-S~~~~tb Grout

25% Silica te/Alurnina te 6 3.5 ft NE of 6-1 398 P-I 605 534 8.0 - -

8 2 ft NE of 8—3 398 P-Z~~ 278 246 8.0 0.015 0.035
7 2ft NW of7 -3 390.9 P-I0 353 311 6.4 0.039 0.010

35% Stroc 142 4 3.5 ft W of 4—2 390 P-9 1385 1218 ‘14 - 0.01I~
2 L5 ft N of 2-2 389.4 P-I2 2057 1815 12.0 0.028 0.004
1 1.5 ft S of 1—5 389.6 P—13 384 338 10.0 0.134 0.035

23% Siltcate/Rb00 3 2 ft W of 3.2 390 P—lI 1833 1613 11.0 0.015 0.007

H* k-St,ern~tk Grout
55% Stroc 132/142 10 2 ft S of 10—1 384.6 P-15 10533 9290 ‘15.8 — 0.00 1

9 1.5 f t W of 9—5 397.6 P-3 6194 5464 1b - 0.02
11 Z.S ft W oIlI-6 384.2 P—lb 2 13714 12098 >14 — 0.00I

45% Stroc 142 5 3 ft W of 5-2 393.3 P-7 9333 8233 >17 0 - ‘0.00 1

46% Silicat./R600 13 3 ft S of 13—S 393.4 p-6121 109 1 962 > 14.5 - 0.044
12 1.5 ft N of 12—3 390 P—1 4 1033 911 >IS — 0.035

Not •s
( I )  Dsf ((cul ty In sitting dozer may have r.*ilt.d in greloading

WeD CHEMICAL GROUTING TEST PROGRAM
(2) Lang-ter m tests
(3) IC: Mo~~~u3 of 14bgrod.reoction LOCATION AND RESULTS

£~: Modo1usof .last~ f ty  

- 

OF PLATE LOAD TESTS
(8) Locat(.t givut In r.Ia*Ian to nearest grout hole ar Bench 

_________________________________________________________merk BM-I
FOUNDATION IN V E I T I G A T ION AND TEST PR OO N A M

LUSTIN G L O C k S  AND DAM No. II

ST LOU IS D I S T R I C T .  C O R P S  OF ENGINIERI.

O A C W 4 3 - 7 S - C - 0 0 0 S

Table 9.2
V 7 C 1 2 3  PIll.. ~
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9—3 2

AVERAGE

‘ 

TOTAL DRY DRY
UNIT WATER UNIT UNIT

TEST ELEVATION TEST WEIGHT CONTENT WEIGHT WEIGHT
MATERIAL TESTED SU B AREA LOCATION ft NO. lb/f t ’ ‘. ~~~~~ft ’ J~/ ft 1

U.5,out.d Sand
tan rn-f SAND some 

- 
9 ft N of 4-5 397 D-4 113 5 107 .6

coarse 10 ft E
gray -brown rn-f SAND - 7 ft NE of 1-3 396.7 0-5 106.5 5 101.4

g,ay-brown rn-f SAND 
- 4 ft SE of 10-2 393 D—8 114.3 3 111 .5

some coarse

gra y c-f SAND traCe 
- 2.5 ft SE of 10-6 390 0—10 102.7 3 99.” 111.6

sOt and grave)
gray rn-f SAND - Z f t E o t P—8 390.6 0-14 108.6 3 105.4

gray—brown rn-f SAND - 14.5 ft Sof  9-1 383.8 D-1B 109.9 4 i0S .
(at P—li)

gray rn-f SAND trace 
— 11.! ft N of 12— S 384. 7 0—2 1 120.8 4 116.2coarle

25%

brow n rn-f SAND 6 ft W of 6-4 397.5 D-Z 126.6 21 104.7
gray rn—f SAND 6 3 ft E of 6-4 391 0— 13 120 _ s  20 107.9 

106.3

brQwn c—f SAND 7 1.5 ft W of 7-4 397. 5 0-3 129.7 19 109

jray nt—f SAND 7 1.2 ft SE of 7-3 390.7 0-12 128.4 16 120.9 110

brown c—f SAND 6 2 f t  S of 8—6 397 .5 0-3 133.4 17 114

gray c—f SAND 8 6 f t  S of 8—b 390. 7 0— lI 129.6 17 110.7 112.4

35% Stroc 142
gray rn-f SAND I 2 f t  W of 1-2 392.9 D—o 132.9 11 113.6

gray rn—f SAND 1 1.5 ft W of 1-3 389.6 0— lb 127.5 19.3 106.9 1) 0.2
gray rn —f SAND 2 1 ft E of 2-3 393.5 0-7 335 .6 lb 116.9

gray rn—f SAND 2 Zft E of 2-Z 390 0-IS 125.2 21 103 .5

gray rn-f SAND 4 2 ft S o f 4 — 3 390.2 0-9 130.9 16 112 .8

gray rn—f SAND 4 2 ft N of 4-l 383 9 0—19 131 .5 19 110.5 
I I ).?

23% SIIicate/R600
gray rn-f SAND 3 2ff NE of 3 1  389.6 0-17 123.3 17 .5 104.9
gray rn—f SAND 3 l.3 ft N of 3-2 384.6 D—2 0 119.3 16 102.9 103.9

CHEMICAL GROUTING TEST PROGRAM

LOCATION AND RESULTS OF
Z IN-PLACE DENSITY TESTS

(I) Locations ar, given In relation to neo.reat grout hole FOUNDATIO N I N V E S T I G A T I O N  AND TIlT PROGRAM
E X IS T I N G  LOC KS AND DAM No. SI

IT LO U I S  D ISTRICT . C O R P S  OP ING INISIS.

O A C * 4 3 ’ l $ - C - O O O S  -

~~~~woodwsn sconmNanesJTabl•  9.3
Y T C S 2 S  PA... ~~ 
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TEST ELEVAT ION
TYPE OF GROUT SUBAR E A SAMP LE LOCATIO N 111 

ft SAMPLE NUM BE R 121

25% SiMcat./Aboufaale 6 I ft NE of 6-I  394.4 5S-9~~

‘ 
7 I ft N of 7-4 393.5 85-3

S 1.5 ft W of 5-7 398 85-3
$ 1 ft SW of 8-5 3 93.3 1S—l S~~
S 2 It SW of 8-7 384.3 85-22

38% S~ uc 142 I I ft N of 1-2 397 aS-b

1 ft SW of 1—4 393 BS-14
I 4 ft W of 1—2 390 C-l1/12161

3 ft SE of 1—4 389.? C-13/ 14/lS/l6
2 I ft NE of 2-2 396.7 IS—?
2 3.5 ft NE of 2-2 359.6 15-21
4 3 ft W of 4-5 398 85-2
4 l I t  NW of 4-4 390.2 IS-I$

23% SWcat./R600 3 I ft SW of 3-2 393 IS-Lb
3 3 ft SW of 3-4 390. 1 IS-j O

of 3-4 3*4.8 C—l7 /I S/t q /ZO

45% 8~ac 142 5 3.5 ft N of 5—1 396.6 IS—S
5 Around 5-4 390.8 C-S/6/7/5
S 2.5 It SW of 5-2 390 C-9/% 0~~

13Z/ 14Z 9 1f f NE of 9-5 397

9 4 ft SW of 9-2 393.7 IS—I?
9 1 ft SW of 9-5 384.9 C-22/Z3/2 4
9 0.7 ft N of 94 384.9 C-Z,
10 2.5 ft NW of 10-2 390.5 eS-l9~~
II 4.2 ft NE of 11-3 399 IS-I
11 1.S f tN of Il-S 393.5 85-10

11 ~~I~
0
l~~7 

11- 2 389 6 C-l/2/3/4 161

46% SWcat./R600 12 1 ft NE 0( 12-4 393.4
13 1.5 ft Sot  13— 3 397.2 85-4
13 1.S ft N of 13— I 393.5 BS-13
13 2 ft W of 13—2 385.2 C—25/26/ 27/Z$

CHEMICAL GROUTIN G TEST PROGRAM
Not si

* 
(1) Laceltanplven ln rolalion to nlar,sl grauffio). LOCATION OF GROUTED SOIL
(2) BS ’8) ock S a mpf e ; C- C cr e  BLOCK AND CORE SAMPLES
(3) Sample crocked dorlng cart.4ng
(4) Cor es jIt4~~,ed to WES
IS) Sample carved from vertical cut face; all others c~~-ved 

FOUNDATION I N V E IT I G A T I O N  AND T E S T  PROGRAM

from horizontal .spo*~r.s lUSTING LOCKS AND DAM No. SI

(8) Cor.sC-3.’4 shlpp.d f o  WICS ST LOUIS DIST R ICT . CORPS OP ENGINEERS.

(7) Sampl e Is anly$ In. ~~gh 0 * CW C S  FS C 000S

~~~~woo i.ti. sco mrnIsJ Table 9.4
Y T C I S S  P A s se  ~~
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1- ’

TIMEOUT
IN SITU TIME IN TUBE OF TUBS IUTAL
CURING I IUORI AOl AT

TIME DRY MOIST TESTING TIS1~ IO— BORIN G — GR OUT TYPE _.4~~~~ 
days days days

AG-AL-4 35% Slroc 142 46 13 17 0 74

AG— A3-3 28% SIltcat./RbOO 20 5 11 to I? S toO 41 to 42

AG—A4-3 35% SIroc 142 19 12 1$ 0 1.3 49 to 82

AG—AS-4 45% Sleoc 132 12 15 15 - 42

AG—A S—I 25% Stllcat./AIurnlnat s lb 2? 14 0 57

AG-ALI-4 55% Siroc 132/142 3S 20 ID I to 3 66 to 6$

AG—A 13-3 46% StI*cat./Rb0O 20 I? 10 I 605 45 to 52

( 1 )  Samples stored In sealed tubes at test Site — 
- 

-

(1) Somp i.sstor.d ln seoted tubes lnlabcrot oey CHEMICAL GROUTING T EST PROGRAM
lismid room CURING HISTORY

* OF UNDISTURBED
BOREHOLE SAMPLES

FOUNDATION I N V E ST I GA T I O N  AND TES T PIOG RAM

IK IST I NO LOCKS AND DAM N~ 55

ST LOUIS D I S T R I C T .  CORPS OP INSINIIIS
DA C* A $ - V S - C ’ 0 0 0 5

Ow scIDflUlilIIllIlStII
j Tabl. 9.5
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STRAIN COE FF ICIENT
UNIT STRAIN AT (3) 08’

ELEVATION WEIGHT RATE % FAILURE SO PERMEABILITY
BORIN G SUBAREA ft lb/t i ’ S/mIT. ~~~~~ S jjj~~~ 11. C~~IS

AG-A l-I 1 319 124.7 0.5 0.44 1.69 46.8 2.1 a l0~~
AG—Al—I 1 390 124. 1 0.5 0.27 2.44 36.8 —

AG—Al-I I 355 126.0 0.5 0.55 1.2 65.9 -

AG—A3—3 3 389 125 .5 0.5 0.17 1.41 222 .5 1.1 a I0~~
AO-A3—3 3 390 128.6 0.5 0.40 0.53 153.9 -

AG-A4—3111 3 394 119.6 0.5 3.67 0.32 1360.0 -

AG—A4-3 4 393 126.3 0.5 1.29 1.42 140 .0 -

AO—A4-3 4 31$ 127.1 0.S 1.50 1.17 130.0 I.1 a 10

AG—A 4—3 4 47$ 127.6 0.5 1.34 1.26 124.5 - -

AO. A$4 I 31$ 219.5 0.5 0 .2 1 396  8.6 3.5 a I0’

AO—A$ -4 $ 387 120.6 0.5 0.09 0.15 9).? -

AG—A ll—I II  390 122.3 0.S 14.99 1.71 $94.1 2.9 a l 0

AG-All-I II 355 US.8 0.5 7.59 0.11 8393.6 7 3 ~~I0~~
AO—A13-3 13 391 129 $ 0.S 4.46 1.05 495.2 I.7 i l0~
AO—A 13—3 13 390 114.1 0.3 5.14 1.54 315.4 -

AO—A I3—3~
21 13 316 *23. 5 0.S 1.06 3.64 32.9 3.9 s I0~~

• AG—Al3-3 13 313 175.5 0 5  7.30 1.40 527. 1 —

Not Si

(I)  Sampl. lnftltra ted wlth SS% Sf r0c 142 
CHEMICAL GROUTING TEST PROGRAM(1) Fracture In sample

(3) £55
a Sec~ It mo4I1us.t SO Percent af q RESULTS OF UNCONFINED

COMPRESSION AND
PERMEABILITY TESTS

$ ON UNDISTURBED
BOREHOLE SAMPLES

FOUNDATION INVESTIGATION AlSO Tilt PRO GRAM

ES ISTING LOCKS AND DA M No. II

ST LOUIS DISTRICT , CORPS OP INGINIINS
DA G W 4 S - ? S - C - 0 0 0 S

~~~~~~~~~
od

~~
JI

~~~~~~~~~~~~~~
tants

1 
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PEAK STRAIN COEF FIC IE NT
t UNIT CONFiNiNG DEVIATOR AT OF

ELEVATIO N WEIGHT STRESS STRESS FAILURE ~50 PERMEAIILIIY
BORING SUBAR E A It lb/ft 3 t ilt5 t / f i t S cm,, —

AG— A5-412
~ S 396 130.9 - - - - -

AG—AS-I t2 1 S 395 2 12.3 - - - - —

AG—A$—4 121 8 356. 5 116.9 - — - - -

AG—AS-I111 8 386 123.9 Uenultab)s fat Strength Test ing

AG—AS-I121 8 355 1*7.6 - — - - -

AG -All-I 4 398 12 0.1  - - - - 9.S~~ l0
AG—A1l-4 121 4 382 122 .0 - — - - -

AG_ A13_3 W 13 397 125. 5 2 . 5  9.49 *8.60 *45 .3 3.4 z IO ~~
AG—A l3-3~~ 13 38$ 126. 7 Unsuitable fat Strength Tssti~g
AG_ A 13_ 3 W II 387 124.9 2 .5 3.42 4.60 333.3 1.4 .

Not S a

- - (1) Sfraln rate .15%/mln CHEMICAL GROUTING T EST PROGRAM
- - (2) Sample d,terUrot.d and was wtsuAtabte for strength 119 

RESULTS OF U U T R IA X IA L
COMPRESSION AND

PERMEABILITY TESTS
• 

- 

ON U NDISTURBED
BOREHOLE SAMPLES

FOUNDA T ION INVI$T IGF.TION AND 1557 PROGRAM
L U STING LOCKS AND DAM No. CS

ST LOUIS  D I S T R I C T  C O R P S  OP INOINEIRS,

D A C W I $ - ? S C - 0 0 0 S

O
WOO 8 IVdSCSflSUIIIIIt. I Table 9.7

V 7 C S 2 S  PA a s e  3

- L. - — ~~~~~~~~~
-—~~~~ - — -  ~~~~~~~~~~ - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -~
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DRY STRAIN INITIAL MODULUSBLOC K UNIT AT TANGENT AT SONICA WEIGHT FAILURE MODULUS FAILURE VTLOCITY(1) E £ VTEST CORE SPECIMEN ELEVATION 1d %a ~I I if

SUBAREA N UMBER NUMBER ft ~fl/jt
1 

~~~~~ S t/ lt 2 I/f t 2 ft/ s

85—6 2 397 105.1 3.94 0.56 1,290 .3 704.3 —

1 BS-6 7 397 107.2 4. 13 0.55 1 , 290 3 750 5 -

BS-6 5 397 106.1 3.92 0.48 1, 11 1.1 816.3 -

I BS—6 j 121 397 106.8 1.40 ~~ - - -

1 BS-6 3 (2) 397 102.3 1.40 - - -

BS-6 6 397 106.5 - - - - 1, 190

BS—l4 5 393 102.3 0.71 0.50 143.0 -

2 85-7 1 396.7 105.6 1.91 0.4 1 625.0 411.4 -

2 BS—7 -S~~ 396 . 7 105.1 0.67 - - -
4 BS- Z I - 398.0 101_ s 18.38 0.34 12,000 8 ,000 -

8 85-22 5 384.3 102 .2 0.32 0.76 50.0 42.1 —

8 BS—ZZ 6 384.3 104.0 0.29 0.8)  66. ’? 35 .2  -

8 BS—Z2 384 .3 102.8 0.34 0.35 454. 5 95.2 —

11 c-I — 389.6 100.0 13.69 1.17 1 , 53 8 . 5  1 , 538 . 5 —

11 C-I — 389.6 98.8 8.59 0.72 1,538.5 1,538.5 —

Ii C—2121 — 389.6 97.6 24.53 0.21 12,500 11 ,652 —

13 BS—13 1 393.5 107.4 16.32 0.78 3,000 3 ,000 —

13 DS—13 3(2) 395.5 105.4 3.53 — — —
13 35-13 4 393.5 106.3 4.15 0.91 845.2 710.1 —

13 BS—4 1 397.4 96.5 15.18 0.58 5,172 2,609 -

Not..

(I) Strain Ra Ce r 0.35%/mm

(2) Creep Test

CHEMICAL GROUTING TEST PROGRAM

RESULTS OF CID
TRIAXIAL COMPRESSION
AND MAX-MIN DENSITY

TESTS ON RECONSTiTUTED
UNGROUTED SAND

F O U N D A T I O N  I N V E S T I G A T I O N  AND T E S T  P R O G R A M

F US T I N G  L O C K S  A ND D A M  No. II

ST LOUIS D I S T R I C T .  CORPS OP E N G I N E E R S

D A C W A ~ - ? S C - D G 0 I

~~~~ wood~~~~~~~ .i~t t.J Table 9.8
Y I C I 2 S  PA S i S  3
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‘P CHEMICAL GROUTING TEST PROGRAM

RESULTS OF
A UNCONF INED COMPRESSION AND

SONIC VELOCITY ON EXCAVATION
Not.. BLOCK AND CORE SAMPLES
(1) Creep Test ; Strain Rate 0.15 %/m m ______________________________________________________

F O U N D A T I O N  INV E S T I G A T I O N  AND T E S T  P R O G R A M

E X ISTING L O C K S A lSO D A M  No. 25

S T  L O U I S  D I S T R I C T .  C O R P S  OF L N G I N E S R S .

O A C W A S - I S - C - O G O S

~~~ 
Woo r c I

~~~
onsI

~
tanls

I Table 9.9
Y ?C S~~S PP... 3 
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MAX-MIN
DRY UNIT WEIGHT (I)
U NIT AK 

R ~~~~~ INmAL MODULU’
WEIG HT CONFINING sm ss AT TANGENT AT

SAMPLE SPECIMENS ‘~d ‘
~
‘dm&i ~dIDh3 ‘ STRESS FAE.URE MODULUS FAILURL

NUMBER NUMBER lb/ft ’ lb/ft 3 lb/ft 3 
- °3c 3 ~~~ Cf E1 E f

I — 111.8 122.4 98.6 — — — — -
2 - 111.8 118.9 99.4 — — — -

2 3 111.8 — — 2.0 10.41 1.38 1 ,905 756.7

2 ~~~ 111.9 — — 2.0 10. 16 1.50 1,482 676.6

2 4 (4) 111.7 — — 2.0 10.39 1.25 2 , 667 832 .7

z s~~ 111.9 — — 2.0 10.20 0.91 4,000 1, 126.7

(1) SWain Rat. • 0.15%/mm
(2) MaxIm um dEnsity obtained by horizontal vI~~at1cn
(3) MInimum d,n.l ty avrag. of density obtained by bthe, ____________________________________

fwv~el In small mold, ASTM 0.1 f9 mold, and eylInd.r til t CHEMICAL GROUTIPIG TEST PROGRAM(4) Creep Test

RESULTS OF TRIAXIAL

$ AND OTHER TESTS ON
BLOCK AND CORE SAMPLES

FOUNDATION INV ESTIGATION AND TE ST p~ OGRA N

EXISTING LOCKS AND DAN No. 2e
ST LOU IS O ISTNI CT .  CO K PS OF £NG.9SIEK$.

DACW4 3-7S-C-000S

OWoo l
~~~~~~~

onsuItants
1 

Table 9.10
Y7CS 2S Fl,... ~~

~~~~~~ ~ ~~~~~~~~~~~~~~~~

_______ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~
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W ATER FROM WATER FROM
TEST AREA MAIN TEST SITE

_~~~SAY EXCAVATIO N DEWATE RING UNITS

AmmonIa 27.7 2 .5 ppm(as Nitrogen)

Calcium 103 144 ppm

Sodium 230 39.6 ppm

Silicon 29.9 15.3 percent

Total Organic 44 54•9 ppm
Carbon

AlumInu m <1 <1 ppm

Tests made by Ral tech Sctentiflc Servtces
for WCC CHEMICAL GROUTIN G TEST PROGRAM

RESULTS OF POST-GROUTING
GROUNDWATER ANALYSES

FOUNDAT IO N INl ,SITI GITION A ND III? PROSNAN
A ND DAN N• •S

II & ( ‘ U ISD IEFN lC?  CONPE OP INS,NISRS

_______— DAI~S4~ FS C •004

~~~~
oodr... c

~
vs.c nh sss tsJT. ,l. 9.11

,‘  PIE  I I ,ase ~~

r
_ _

~~~
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CHEMICAL GROUTINO TEST PROGRAM

IIP CONDITIONS PREVAILING
UNDER VARIOUS TEST S

FO U NDAT ION lNVS$TlSAl lON l ,NOTSI I  PEO$AAN
IAISTINS I. t I CK S AND DAN N. 55

El ~0Ul$ 01111101 CONPI OP INSIESRAI

,PllS$5 PIlS,S~~~~~~~~~~~~~~I 
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10 COST ANALYSIS

10.1 GENERAL

The total cost of the chemical grouting test program comprised:
(1) engineering costs (design, instrumentation, field supervision, testing,and

interpretation) ;
(2) site-related costs (earthwork, asphalt pad, and dewatering) ; and
(3) grouting costs (installation of grout pipes, grout components, grout

injection, and other costs).

Only the grouting costs are analyzed in this section. All cost elements
have been estimated per unit volume (yd~ of soil to be grouted. The theoret ical
volume of soil to be grouted in each subarea is indicated in Table 7.1. The grout
take, that is the volume of grout actually injected divided by the theoretical
volume of soil to be grouted, is also shown for each subarea in this table.

102 GROUT PIPE INSTALLATION COST
102.1 DrIll R~~ Cost

RIG DRILL RIG COST
GROUT PIPE HOURLY RATE NUMBER OF PER GROUT PIPE

TYPE RIGHOURS $ GROUT PIPES $

Open—bottom 23 49 .50 17 66.97
pipe

Sleeve-pipe 187.5 49 .50 57 162 .83

102.2 P~~e Cost

LENGTH OF PIPE PIPE COST
GROUT PIPE PIPE COST PER GROUT PIPE PER GROUT PIPE

TYPE S/ft ft $

Open-bottom 0.25 47 11.75
pipe

Sleeve-pipe 1.00 45 45.00

-

~~ 
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10.2.3 Labor Cost
- - LABOR COST

GROUT PIPE LABOR COST NUMBER OF PER GROUT PIPE
H TYPE $ GROUT PIPES $

Open-Bottom 2,361.22 17 138.90
H pipe

Sleeve-pipe 11,303.26 - 57 198.30

10.2.4 Sleeve Grout~~~ Cost
This cost applied to sleeve-pipes only. The total cost was $2,954.93 or

$51.84 per sleeve-pipe, including labor and materials.

10.2.5 Summary of Grout Pipe Installatios Cost
The cost of installing open-bottom pipes was $217.62 per pipe or $4.63

per foot. The cost of installing sleeve-pipes was $457.97 per pipe or $10.18 per
foot. This cost is exclusive of mobilization, supervisory personnel, miscellaneous
supplies and administration costs, and grouting contractor ’s profit. Grout pipe
installation cost per unit volume of soil to be grouted is presented in Table 10.1 for
each test subarea.

10.3 GROUT COST
10.3.1 Grout Compousents

The grout cost included furnishing and storing grout components. The
cost of the grout components delivered at the site were as follows:

Sodium Silicate (Grade 40) : $0.558/gal
Formamide: $4.11/gal
Sodium Aluminate: 0.302/lb
Calcium Chloride: $0.015/lb
Cement: 50.047/lb
Bentonite: $0.1 12/lb
R600: $5.09/gal

-
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10.3.2 35% Siroc 142 (Grout Type 1)
‘ p

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ 
— 

$

Sodium S4licate 35 gal 0.558 19.53
Formamide 8 gal 4.11 32.88
Sodium Aluminate 10 lb 0.302 3.02
Water 57 gal 0 0
Total 100 gal 55.43
555.43/100 gal = $4.15/ft 3 = $111.95/yd3

10.3.3 25% Silicate/Alunsrnate (Grout Type 2)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ $

Sodium Silicate 25 gal 0.558 13.95
Sodium Aluminate 13 lb 0.302 3.93
Water 75 gal 0 0
Total 100 gal 17.88
517.88/100 gal = $1.34/ft3 = $36.10 yd3

10.3.4 28% SiIicatefR600 (Grout Type 3)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ $

Sodium Silicate 28 gal 0.558 15.62
R600 6 gal 5.09 30.54
Water 66 gal 0 0

Total 100 gal 46.16
546.16/100 gal = $3.45/ft3 = $93.22/yd3

L~ -.~~ - .
~~~~~ - -
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10.3.5 55% Siroc 142 (Grout Type 4a)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ $

Sodium Silicate 55 gal 0.558 30.69
Formamide 9 gal 4.11 36.99
Sodium Aluminate 10 lb 0.302 3.02
Water 36 gal 0 0
Total 100 gal 71.00
$7 1.00/100 gal $5.3 1/ft 3 = $143.39/yd’

10.3.6 55% Siroc 132 (Grout Type 4b)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ $

Sodium Silicate 55 gal 0.558 30.69
Formamide 9 gal 4.11 36.99
Calcium Chloride 5.6 gal 0.105 0.59
Water 36 gal 0 0
Total 100 gal 68.27
$68.27/lOO gal = $5.11/f t 3 

= $137.88/yd3

10.3.7 46% Silicate/R600 (Grout Type 5)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY . $ $

Sodium SilIcate 46.3 gal 0.558 25.84
R600 7.4 gal 5.09 37.67
Water 46.3 gal 0 0
Total 100 gal 63.51
$63.51/100 gal $4.75/ft3 = $128.26/yd’

- .
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10.3.$ 45% Slroc 132 (Grout Type 6)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ $

Sodium Silicate 45 gal 0.558 25.11
Formamide 7.5 gal 4.1 1 30.83
Calcium ChlorIde 8 lb 0.105 0.84
Water 47.5 gal 0 0
Total 100 gal 56.78
$56.78/100 gal = $4.25/ft 3 = $144.66/yd’

10.3.9 Cem~~t—B~~toukj te (c/w = 025) (Grout Type 7)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ $

Cement 15.6 lb 0.047 0.73
L Bentonite (b/w = 0.03) 1.9 lb 0.112 0.21

Wate r I ft ’ 0 0
Total 1 ft 3 0.94
$0.94/ft ’ = $25.38/yd3

10.3.10 Cement-B~~tonfte (clw = 0.4) (Grout Type 8)

UNIT
AVERAGE COST COST

COMPONENTS QUANTITY $ $

Cement 25 lb 0.047 1.17
Benton ite (b/w = 0.035) 2.5 lb 0 • 112 0 • 28Water I ft’ 0 0
Total 1 ft 3 1.45
$1.45/ft’ = $39.15/yd’

10.3.11 Sum.ary of C~ out Cost
Grout cost per test subarea is summarized In Table 10.2.

I, _ 
_ _  
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10.4 GROUT MIXING AND INJECTION COST
• The grout mixing and injection cost was calculated for each type of

grout on the basis of ac tual mixing and Injection time and non-supervisory labor
cost. The actual total mixing and injection time for the entire program was
1,267 hours. The total non-supervisory labor cost for grout mixing and Injection
was $91,104. Thus, the average grout mix ing and Injection cost was approximate ly
$71.91 per hour. Grout mixing and injection costs per type of grout are detailed In
Table 10.3. Grout mixing and injection costs per subarea are detailed in
Table 10.4.

10.5 OTHER COSTS
Other costs included grouting plant mobilization and rental, con-

tractor’s supervisory personnel cost, miscellaneous supplies, and contractor’s ad-
ministration and profit. These other costs were distributed among the test subarea
proportionally to the sum of grout pipe, grout, and Injection costs. The total cost
of grouting amounted to $565,560. The sum of grout pipe, grout, and injection
costs (Tables 10.1, 10.2, and 10.3) amounted to approximately $183,000. The ratio
of other costs to grout pipe, grout, and Injection cost was 2.09. Thus other costs
amounted to $565,560 minus $183,000 or $382,560. The distribution of other costs
among the test subareas is detailed in Table 10.5.

10.6 TOTAL OROUTING COST
The total grouting cost was the sum of all partial costs discussed above.

The total grouting cost per subarea is detailed in Table 10.6. It averaged $388.74
per cubic yard of soil to be grouted and varied from a high of $617.66 per cubic
yard of soil to be grouted In Subarea 13 to a low of $209.55 per cubic yard of soil to
be giouted In Subarea 2, excluding Subarea 5a which was not representative
(Section 2.1.2). When related to the grout take (that is to the volume of grout
actually Injected divided by the volume of soil to be grouted), the grouting cost
averaged 9.32 per cubic yard of soil to be grouted and per percent grout take, and
ranged from a high of $20.13 per cubic yard of soil to be grouted and per percent
grout take In Subarea 9, to a low of $7.14 per cubic yard of soil to be grouted and
percent grout take in Subarea ?.

The total grouting cost per giouting method Ii shown in Table 10.7.
• Although grouting method S3 was the most expensive when related to the volume

of soil to be grouted ($437/yd3 of soil), it was the least expensive when related to
grout take ($8.31/yd3 of soil/percent grout take). Except for grouting Method
the cost for the other three methods was comparable when related to grout take,
and averaged approximately $9.32 per cubIc yard of soil per percent grout take.
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1UTAI. (~~ST COST UI~~
so. tw COST PER EON otwu; Phi  VOLUME tW SOIL GROUT PUi

SUBAREA GROUT TYPE OP•’ PD’S INSTALLA 11ON TO Si GIWUTEL) INSTAL LAUO N

- 
NO. J~Q~ ES~ GROUT PW~~ .~$ - ~~~~~~~~~ ~~~~~ ~~~~ yd’~ol~~~I

Op ~I7.6Z lIZ) 91.9 16.37

4 OP 2*7 .62 570 *03.6

I 4 SP 437 97 * IIZ 73.1 24.12

4 S SI’ 437.97 2290 *30.3 17.33

S 4 SP 437.97 1132 109.3 lb.?)

3. 2 SP 437.97 9)6 4 0 5  25.62

o S SI’ 437.9? 2290 I1*~~ 11.44
I

7 6 IP 437 .91 274$ 131.2 14.17

• I SP 431 .97 3664 97~ q 37 .4 )

9 3 Op 517.02 1306 79 .2 16.41

10 3 SP 431.97 Z741 131.0 *1 .39

*1 S SI’ 437.97 3664 lOS.) *4.16

Ii 4 SI’ 437 .97 1132 102.9 17.10

*3 S 5)’ 437.91 _______-— 
44.4 -

tOTAl-S 29962 (5)’) 1192.3 ISP) 53.13 ISP)

1699 (Or) 276.S lOP) *1.17 lOP)

Notci 
CHEIUCAL OROUTINO TEST PROGRAM

(I) t~~ic~~(l. cy.dOfJDHtO44~~Wtd 
SUMMA RY OF GROUT PIPE

(1) 0?: O p e - 6 110m p. INSTALLATION COST
sp ~~~~~~~~ PER SUBAREA

POONDATS ON )NVI$ 7,SATS0N &ND 1147 PIOSSAN
151171N4 l0C~~I ARC DAN N., IS

St LOUi S Di$trnCt. COSPI OP SN*,RUSRS,

•WOOd~~ W.CStS ftIulllSj T.bI. 10.1 1
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VOLUM E
VOLUME GROUT TOTAL OF SOII.

GE GROUT UNIT GROUT TO IS GR0UT~~SUSA RSA GROUT INJECTED COST COST GROUflD GROUT COST TAKE

~~~~~~~~~~~~~ ~~~~~~ 
$ 

~~~$
‘ $Jy~4’of w4) 

_____

* I 27.13 111. 93 109 , 9I.~ 33 .64 30.)

26.45 * I* , 9S  5964 103.6 25.07 53.)

* I 10.13 93.52 2416 73.4 34 .9? 41.1

4 54.6) ~* l . 93  636 ) 1)0.5 S0.Z I 44.9

S 1 47.25 1)4.66 342* *09.3 49.30 43.0

5. 2 I S O  36.10 34 40.3 * 3 4  3.7

1 2 40.64 36.10 2*59 *1* 3 *6 .67 44.2

7 12) I ~~ 
5527 131.1 *1.70 52.3

*929 97.9 19.70 54.)

9 4~~ 16.62 143.39 231.1 79.2 30.09 21.0

66.01 *40.44 9514 *35.0 60.60 43.)

II  4 141 46.31 *40.64 131) 103.1 61.97 44.) 3 \
lz~~ I 11*3 101.9 69.12 34 .)

I ~~ I ’~:~ 
4712 _ 64.b 74.03 - SI.)

TOTALS 6l2(a.~~ioI) 55211 1442 40.45 Iv. 41.7 iv,

Notes
CHEMICAL GROUTING TEST PROGRAM

It) Griut TaN. . -

Votum. of GivuS SIJ.cI.4/VoIu.n. of ~~ I (* 1. G,osgl.d SUMMARY OF GROUT
f ~ (3) C111 11 5 110fl101 IC/N • 0.2$) ws, Inj.ct. d In .v.ry rvu t

COST PER SUBAREA
(3) 54% 5.’i~ 143
(4) 33% St,uc 13V143
(3) CIIns,It bentOnII• (c/w • 0.54) NhI ~~~~~~ ~ %• ~~~~~j ( 

POUND. HON mV$IHSA HON ANO ?S$? PSOSRAN
.1 fl ’II 10194 9PN&IIII9 SIIS1.NS CCII INS SAN N.. IS

SI LOUIS DISIRICI. CORPS OP SNSSNSSRS.
DASNSI PS-C SSSS

eWSIIIU. I4CIVdSCSflhIINJISI
I 
Tsb I• 10.2
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TOTAL. VOLUME MIXIN G AND TOTAL MIX ING AND MIXIN G ANL )
INJECTED INJECTION lINE INJECTION COST INJECTION COST

GROUT ~(PE 4.1 hour. $

I 
~~~~~~~ 

22 76$ 207.13 14 930 0.66

2 37 550 416.37 29,940 0.79

21% S,hcst./R600 6 231 71.47 3 162 0.43
lS.~~arv. 3)

4 ~~~~~,
u C:~~~

I4
I
Z
I) 24,460 251.13 11.090 0.61

~ 11 69 1 199 .77 14 360 0.77

e 
~~~~~~~~ 

9 34$ 93.37 6 I52 0.72

7 1 
1 944 24.67 1,770 0.93

TOTALS 123 522 1 ,267 Iapp~o.) 91,104 0.74 iv.

CHEMICAL GROUTING TEST PROGRAM

$ GROUT MIXING AND IN JECTI ON
COST PER TYPE OF GROUT

POUNOAT ION INVISTISATIO N AND t ilt PUOSRAN

IZISTINS LOCIS AND DAN Ni. IS

IT LOUIS DISTRICT. CORPS OP INS,NUIRS.

DACNI$ PS C SSSSe Table 10.3
114111 PIlls R
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~r
VOLUSI L OF SOIL
OF GROUT N COST TO IL M)XDIG ANU

SUB AR EA GROUT INJECTED N X A L ) !N ECTK)N GROUTE D INJECT ION COST
~~~~~~~~~~~~~~~ i~!. $Jg~ $Jsub~~ra , yd $/yd’o( sot)

I I 3,354 0.16 3, 655 91.9 40 *0

2 I 3 .341 0.66 3 2)0 103.1 33.41

1 3 6 .23) 0.11 5 )72 73 . 5  70.0$

4 I 11 131 0.64 7 5)2 130.3 39.1.6

S 6 9,345 0.77 7 352 109.3 67 *4

Si .‘ 303 0.79 239 40.3 3.9)

6 2 12 246 0.79 9.674 131 .3 73.61

I I :~ 12 772 131.2 54.47

* I ~~~:~~~~~
w I s ” 4  97.9 90.54

9 4 3.357 0.64 2.251 79.2 ZS.IZ

10 4 13 ,730 0.64 9.330 135.0 39.1$

II 4 9 333 0.65 1 360 103.1 60.3)

1 110 0 7 712 
63 11) 10:91 1.646 102.9 14.22

I ~~ ~~~~ 14.1 90.4)

TOTALS 123 522 0.74 i.e 9) 102 I.ppeo.) 1 442 62.02 iv.

Nail 
CHEMICAL GROUTING TEST PROGRAM

SUMMARY OF GROUT MIXING
( I )  C•m lI-b.*IcnII.gr.ut AND INJECTION COST

• $ PER SUBAREA
POUNDA TION INV SITISATION AND Tilt PROSRAN

1*151115 I OCRS INC DAN 101. IS
ST LOUIS DIStRICT. CORPS OP INSINSIRS.

DASNII-PI C IIIS

Table 10.4
775555 PISS~~~~
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1
COSTS OP GROUT PIPES, OTIIEK U VOLUME OF SOIL 

OTHER - STS
SUBAREA GROUT. AND INJECTION COSTS TO SE OROUTU CO

NO. $ . S yd’

I 1.301 I7 ,3S~ 91.9 113.13

2 7 .064 14 ,764 *03.6 139.11

3 9. 110 20.649 73.1 279.10

4 16.443 34 , 126 130 .3 266.56

3 14, 605 30.524 109.3 271.71

3. 1,209 2,521 40.5 42 .39

6 *4 .133 29, 340 131 3 223 .21.

7 11,347 34.343 131.2 233.61

S 14 ,417 30,271 97.9 309.27

9 13 .163 27 ,3)1 79.2 341.36

10 21.672 45.294 135.0 2*4.67

II *6 ,337 34,342 lOS.) 325.5)

12 17 ,611 36,107 102.9 357.70

*3 *2.913 6 4 6  4l~~77

TOTALS 113,000 (ippeo.1 352 ,360 I.ppro*) 1,44 2 265.30 a. .

Mai l CHEMICAL GROUTING TEST PROGRAM
(U OUsr cost. .

(COI i O f G i ’ v U*P p o s,G, U*, .4~~ ) .c,j i i )x , .op  SU MMARY OF OTHER COST S
L. PE R SUBA REA

‘OUNOATION INVI5?ISA T ION *110 Tilt PROGRA M
IIISTINS LOCIS AND DAN N IS

ST LOUIS DISTRICT. COneS OP INSINIURS.
01054$ -P S-C-GUS
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4’
GROUT 111 GROUT12t INJECTION131 OTHER141 TOTAL131 GROUT161

SUBAREA GROUTING~~
t PIPE COST COST COST COSTS COST TAKE COST

NO. METHOD 1/,4’ oI so il ~~~~~~~~~~~ 1/pd’ .t ..t1 11W’ .1 soI l 1/ed’ of so Il 91 11W’ ot .oII/% take

1 01 14.37 33.64 40.10 114.53 279.1$ 30.1 9.21

2 01 1.24 2.5.07 33.43 339.51 209.33 23.1 5.35

24.1.2 31.97 70.0$ 279.1.0 413.67 4 * 5  9.90

4 S2 17 33 30.2$ 59 .56 266.54 394.33 44.9 1.79

S S2 *4 .7) 49.50 67.14 271.76 412 .13 45.0 9.16

S. S~ 22.62 1.34 5.9) 62.76 92.63 3.7 25.04

6 S3 17.44 14.67 73.61 223.25 333.07 46.2 7.21

7 S3 11.17 11.70 54.47 233.61 374.95 32.5 7.14

S S~ 37 .43 19.70 90 .14 309.27 457.2.4 56.1 1.1$

9 O~ 16.4$ 30.09 21.52 347.36 422.75 21.0 20.13

10 5
~ 

17.39 60.60 59.1$ 216.67 423.14 43.1 9.13 —

II S
~ 

34 .56 61.97 60.31 325.55 416.19 44.1 11.02

Il S3 17.S0 69.12 54.22 337.70 525 .54 54.) 9.75

13 S3 3 6 4 3  74 03 90.41 ~~~~~ 627 66 34.1 10.63

AVERAGES 20.57 39.67 62.02 260.42 351.74 a,. 41.7 9.32

Notsa

CHEMICAL GROUTING TEST PROGRAM(U S.. 1.61. 10.3

~.. SUMMAR Y OF TOTAL GROUTIN G
(4) Sso TiM. ILl COST PER SUBAREA

— (3) •( H.I2)5I3) .14)
(I) G,sut Tilt.

V.lum4 of Grout Mj.cl.4 /VoiuinI of SoIl 10 SI GIVUNd POUNDATS ON INVI$(ISATIO N AND TIlT PROGRAM

(U S., S.ctIwS LJ•3 lu STING LO CIS AND DAM NS. IS
It LOUIS DISTRICT. CORPS OP INSINSIRS.

DAC 54$-PS-C-SUS

ewosd sdc._csnu Luu
1 Table io.e

7,_OIlS Peas. *
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VOLUME OF AVERAGE~
2
~SOIL TO BE GROUTING GROUT

GROUTIN G~’~ GROUTED COST TAKE COST
METHOD yd3 $/yd3 of aoU 

___________ 
$/yd3 of eoil/% take

0i 276.7 293.70 25.6 10.13

S1 40.5 92.63 3.7 25.04

S2 576.9 425.05 43.9 9.68

S3 547.9 437.14 52.6 8.31

— TOTALS 1442 388.74 ave 41.7 9.32 ave
(except S1)

\

Notas

(1)  See Section 2 ond Table 7.1
(2) Average Grout Take =

Total Volume of Grout Injected by Grout(ng Method
Total Volume of Soil to be C routed by Grouting Method

CHEMICAL GROUTING TEST PROGRAM

SUMMARY OF TOTAL
4 GROUTING COSTj ~~~‘ PER GROUTING METHOD

j  POUNOATION INVIITISATSO N AND TIST PROGRAM
I*ISTINS LOC*S AND DAM N.. 55

ST LOUIS OISIRICT. CORPS OP INSINIIR$.
DA C N.) -PS- C-S0S5

@ ssdSIsd.c .C0 ss1 sl ts
1 Table 10.7
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