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Procedure for Testing Soft, Grouted Soils

ABSTRACT: Soil grouting has become a popular method for soil improvement in recent years. Grouting is generally intended to increase a
soil’s strength, increase its liquefaction resistance, or reduce its hydraulic conductivity. Soil grouting involves the injection, permeation, or me-
chanical mixing of cementitious, silica, or clay grout into a soil deposit. With the increase in popularity of these methods comes the issue of testing
grouted soils to verify the expected soil improvement. While some of the methods and materials mentioned result in soils that are sufficiently
cemented to produce trimmable specimens that can stand under their own weight, other methods produce softer materials that are very difficult to
sample or even to recreate and test in the lab. Preparing such soft samples in the laboratory poses two challenges: 1) if the specimen is prepared in
the triaxial cell directly, the grouting process might not be feasible because of the porous stones and small diameter tubing in the triaxial cell; and
2) if the specimens are prepared outside the triaxial cell, soft specimens might not be able to stand under their own weight without significant
strains and damage to the soil structure. This paper will thoroughly describe a three-way split mold specifically designed to accommodate the per-
meation and testing of soils that are too soft or too weak to be easily sampled or tested in the lab. A simple procedure outlining the use of this
three-way split mold will also be described. Finally, the results from a series of consolidated undrained, monotonically loaded triaxial tests will be
presented as an example of the split mold application. These tests utilized the new three-way split mold for sample preparation of loose Ottawa
sand permeated with a thixotropic bentonite suspension.
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Nomenclature

Cc ¼ coefficient of curvature
CO2 ¼ carbon dioxide

CS ¼ critical state
CU ¼ consolidated undrained monotonic triaxial tests

with pore pressure measurements
Cu ¼ coefficient of uniformity

D10 ¼ diameter with 10% of the soil finer
D50 ¼ diameter with 50% of the soil finer (average

diameter)
D60 ¼ diameter with 60% of the soil finer
emax ¼ maximum void ratio
emin ¼ minimum void ratio
Gs ¼ specific gravity of solids
LL ¼ liquid limit

NCEER ¼ National Center for Earthquake Engineering
Research

PL ¼ plastic limit
PVC ¼ polyvinyl chloride

R ¼ stress ratio
RCS ¼ stress ratio at CS

RUIS ¼ stress ratio at UIS

SPP ¼ sodium pyrophosphate
UIS ¼ undrained instability state

USCS ¼ Unified Soil Classification System
(ea %) ¼ axial strain

/0 ¼ effective internal friction angle
/0CS ¼ effective internal friction angle at CS
/0UIS ¼ effective internal friction angle at UIS

q ¼ deviatoric vertical stress (r1�r3)
p0 ¼ mean effective stress [1/2](r01þr03)

Introduction

Liquefaction of loose, saturated sands poses a major threat to infra-
structure worldwide due to the large deformations observed when
this phenomenon occurs. Many soil improvement methods have
been introduced to counteract this threat, the easiest of which is soil
compaction by different methods. However, soil compaction (espe-
cially dynamic compaction) can often be harmful to existing struc-
tures on or nearby liquefiable soil deposits. Thus, permeation
grouting or “passive site remediation” has been proposed for stabi-
lizing liquefiable soil deposits at sensitive or developed sites. Pas-
sive site remediation techniques, as described by Gallagher (2000),
involve the penetration of various flowable grouts into the pore
spaces of a liquefiable soil deposit, under low pressures, such that
the initial soil fabric is not significantly disturbed.

Researchers have proposed the use of many different grouting
materials, including cement based grouts (e.g., Dano et al. 2004;
Dupla et al. 2004), colloidal silica grouts (e.g., Maher et al. 1994;
Liao et al. 2004; Gallagher et al. 2007; Gallagher and Lin 2009),
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and clay grouts (Haldavnekar et al. 2003; El Mohtar et al. 2008).
Cement and colloidal silica grouts tend to produce soils that are
sufficiently strong to allow for trimming and testing under uncon-
fined conditions. Clay grouts; on the other hand, can produce
softer soil specimens that may not be able to stand under their
own weight. This creates an issue when trying to verify the
improved soil’s parameters. These soils are nearly impossible to
sample and very difficult to create and test in the lab.

Verifying the properties of the improved soil is essential to
describe the effectiveness of the utilized grout. In 1997, the NCEER
modified and updated a simplified procedure by Seed and Idriss
(1982) for assessing liquefaction resistance by correlating the stand-
ard penetration blow counts or the cone penetration resistance to a
liquefaction potential. However, Gallagher (2000) states that this
correlation may not be adequate for grouted soils since there is not
much data to make the correlation. Thus laboratory testing must be
implemented. The preparation of laboratory samples permeated
with cement or colloidal silica grout is not a trivial matter; however,
these soil mixtures are generally adequately cemented to allow for
easy trimming and sample preparation after permeation and curing.
Specimens permeated with clay suspensions can be more difficult
to trim and prepare in the lab since they are softer and generally
require constant confinement.

A method for permeating and testing soft, grouted, cohesion-
less soils will be presented in this paper. Tests were run specifi-
cally on loose, saturated sand permeated with thixotropic
bentonite suspensions. The equipment and procedures described
herein could be used for testing a wide variety of soft, permeated
soils under many different conditions.

Background

Many of the available soil improvement methods have been dis-
cussed in depth by Welsh (1987), Van Impe (1989), Hausmann
(1990), Broms (1991), Bell (1993), Mosely (1993), and Kramer
(1996). These authors discuss various topics, including densifica-
tion, reinforcement, drainage, and grouting. Much of the discus-
sion on grouting methods involves the injection, permeation, or
mechanical mixing of cementitious, silica, or clay grouts. The
improved performance imparted by cement or silica is due to irre-
versible chemical bonds (Maher et al. 1994; Gallagher and Mitch-
ell 2002). These bonds cannot be recovered once broken, but
these materials result in soils that are adequately cemented and
thus easily sampled, trimmed, and tested.

Dano et al. (2004) investigated the use of cement grouts for soil
stabilization. The authors prepared specimens of two different
sands: Fontainebleau sand and Seine River alluvial sand. The speci-
mens were prepared in 80 or 100 mm diameter PVC rigid tubes that
were 900 mm long. The sand was air pluviated into the tubes with
zero drop height and then either flushed with water or kept dry.
Afterwards, the sand was permeated with cement grout from bottom
to top at a constant flow rate of 180 mL/min. After permeation, the
columns were cured in a temperature and humidity controlled room
for 28 days. Following the curing period, the cemented sand was
extruded from the tube and four specimens were trimmed from
each column to be tested either in unconfined compression or
drained triaxial shear. Zebovitz et al. (1989), Benhamou (1994),

and Schwarz and Krizek (1994) have all used similar specimen
preparation methods to prepare cement grouted sands.

Dupla et al. (2004) investigated permeation and stabilization
using cement-bentonite grout. The permeation columns were 80 mm
in diameter and 1040 mm in height (five 200 mm sections). The col-
umns were made out of plexiglass and included 5 pore pressure
transducers equally spaced along the entire length. A 40 mm thick
layer of gravel was placed at the bottom of the column to prevent
sand from entering the injection port and to allow for a uniform dif-
fusion of the grout into the sand. The sand was air pluviated into the
column, flushed with CO2, and then flushed with water. The grouting
was performed with a diaphragm pump with an adjustable flow rate
(0–600 mL/min). The grouted columns were allowed to cure under
water for 28 days. After the curing period, the column was trimmed
into 5 specimens and unconfined compression tests were performed
on each specimen. The common 28-day resting period for the Dupla
et al. (2004) and Dano et al. (2004) studies is a result of ASTM C39/
C39M, which specifies a 28-day strength for concrete testing (and
many other international standards). Both investigations produced
soil specimens that were cemented, easily trimmed, and were suffi-
ciently strong to be tested unconfined.

Gallagher and Lin (2009) permeated columns of Nevada or
Ottawa sand with colloidal silica grout. The permeation setup con-
sisted of three 300 mm sections made of 100 mm internal diameter
transparent PVC aligned on top of each other. Each of the three sec-
tions was split vertically to facilitate removing the sand post grouting.
The bottom section was assembled on the bottom platen and a metal
filter screen was used at the bottom of the column to prevent the inlet
channel from clogging. A 45 mm thick gravel layer was placed on
top of the metallic screen and the sand was then placed through water
pluviation to fill the first section. The second two sections were then
assembled one at a time following the same procedure. The specimen
was then flushed with tap water for 2–3 days before grouting. Fol-
lowing grouting, the columns were allowed an initial gel time, after
which the stabilized columns were trimmed, covered in plastic wrap
and aluminum foil, and stored for “at least 4 times the initial gel
time.” Again, these specimens were strong enough to be trimmed
and tested unconfined. The authors concluded that the measured
unconfined compressive strengths of the specimens (40–60 kPa)
were high enough “to be able to mitigate the liquefaction risk.”

Haldavnekar et al. (2003) and El Mohtar et al. (2008) have
investigated the use of thixotropic bentonite clay suspensions to
reduce the liquefaction susceptibility of clean sands. The sand and
bentonite were dry mixed and air pluviated into a triaxial speci-
men, then flushed with CO2 and water. The specimens were
allowed enough time for the bentonite and water to form a gel-like
structure that contributes to the cyclic strength of cohesionless
soils. This approach was first used to overcome the complications
of grouting sands with bentonite grouts. Conversely to the easily
trimmed, cemented structure created by permeation with cementi-
tious or silica grouts, the grouted sand created by permeation with
bentonite clay grouts is soft and not cemented. This results in soil
that cannot easily be sampled or trimmed for triaxial testing, and
is too soft to stand on its own without continuous confinement, let
alone being tested for unconfined compressive testing.

Finally, El Mohtar (2008) investigated the use of bentonite
clay suspensions as a permeation grout material. This study
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utilized an early three-way split mold design that allowed for the
permeation of a 72 mm diameter sand specimen. The three-way
mold could then be partially disassembled for trimming into a tri-
axial specimen while keeping the central portion of the specimen
supported by the inner split mold.

The current paper describes a modified and updated three-way
split mold designed specifically for permeating specimens that
require confinement during trimming and triaxial specimen prepa-
ration. The following sections will describe, in detail, the mold
and its dimensions and the procedure used for permeation and
trimming. The designed mold allows for the placement of filter
materials at the top and bottom of the sand specimen to allow for
a uniform grouting front through the whole specimen length. The
mold also applies some confinement to the specimen throughout
the preparation process up to placement in the triaxial setup.
Finally, the results of consolidated undrained monotonic triaxial
tests (CU) on loose, saturated Ottawa sand permeated in the new
three-way split mold will be presented. These tests will indicate
the repeatability and uniformity of specimens produced with this
new three-way split mold and its effectiveness in maintaining con-
tinuous confinement to the grouted sand.

Development of the Three-Way Split Mold

All current literature on preparing grouted sand specimens focuses
on using some form of a rigid wall column permeation setup and
relies on the grouted sand having enough strength to be extruded
out of the column, trimmed, and tested. However, none of the
documented methods can be used to prepare non-cemented
grouted specimens since all the methods require removing the
specimens out of the permeation mold before testing. Therefore,
there is a need to develop a new permeation mold that provides
some confinement throughout grouting, storing, trimming, and
sample preparation. In addition, the new mold should allow for a
coarse material filter at the bottom (and top if needed) to provide a
uniform grout front through the final specimen. The following

sections describe the development of a new three-way split mold
that was specifically designed for preparing triaxial specimens that
were permeated with non-cementing grouts. This mold allows for
the creation of a soil specimen that will not leave the central split
mold (similar to the split mold traditionally used for preparing
sand triaxial specimens) until it is securely placed on the base of
the triaxial cell under a vacuum.

First, the conceptual design, sketch, and first generation mold
will be presented, followed by a detailed description of the second
generation mold and the final design drawings. The details of the
sample preparation method will be described for loose, saturated
Ottawa sand specimens that were permeated with a thixotropic
bentonite suspension. This procedure could be further modified
for testing soils permeated with various grouting materials.

Schematic Design and First Generation Mold

Figure 1 shows a schematic of the conceptual design that both the
first and second generation molds were based upon. The three-
way split mold consists of 5 main pieces: the top plate, the top
split mold, the central split mold, the bottom split mold, and the
base plate. The base and top plates need to be fitted with an inflow
and an outflow valve, respectively, for flushing the specimens
with CO2, water, and finally grout. The top, central, and bottom
split molds should be split along the direction of grouting. The top
and bottom split molds will be dissembled after grouting is com-
plete in order to trim out the excess sand/filter material. Mean-
while, the central split mold will not be dissembled until the
specimen is placed in the triaxial cell and is under vacuum. This
sequence ensures that the grouted sand remains under a minimum
amount of confinement from the end of sand placement in the
mold up to the end of the triaxial test. All of the pieces should be
precisely machined and fitted with the proper O-rings to create a
holistic device that is air and water tight to approximately 400
kPa.

The central split mold hosts the final triaxial specimen inside the
latex membrane wrapped around the top and bottom of the mold.
The top and bottom split molds allow for placing a coarse material
filter and an additional layer of the same sand to be tested. This
increases the uniformity of the grouted sand within the central split
mold by (1) having a more horizontal grout front penetrating the
sand because of the higher hydraulic conductivity of the coarser fil-
ter material; and (2) through trimming out any caking that might
occur at the interface between the filter material and the tested sand.

As described previously, the first generation three-way split
mold design was proposed by El Mohtar (2008) (see Fig. 2(a)).
The original design utilized a typical triaxial split mold, two off-
the-shelf pipe repair clamps (Fig. 2(b)), two plexiglass plates, and
four threaded rods. The two plexiglass plates were fitted with inlet
and outlet valves and used as the top and bottom plates. The pipe
repair clamps were placed on the top and bottom one-third of the
split mold; the rubber interior allows for forming a seal between
the clamps and both the central split mold and the top and bottom
plexiglass plates. While the pipe repair clamps did not split into
two separate pieces, loosening the clamps allowed for a large
enough gap between the central split mold and the pipe repair
clamps to dissemble the setup for trimming. The threaded rods

FIG. 1—Schematic of the three-way split mold.
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were used to hold the five pieces together. While this design
proved the possibility of using the three-way split mold to prepare
“undisturbed” soft grouted triaxial specimens, the design required
many upgrades to facilitate the process and improve the quality of
the final specimen.

Second Generation Mold

Figure 3 shows a detailed design drawing of the second generation
three-way split mold (referred to as split mold for the remainder of
the paper). Figure 3 shows half of the assembled mold (middle),

FIG. 2—First generation three-way split mold from El Mohtar (2008).

FIG. 3—Detailed design drawing of the second generation three-way split mold.
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plan view of the top cap (top right), plan view of the top split
mold (top left), plan view of the central split mold (bottom left),
and plan view of the bottom split mold (bottom right). The pipe
repair clamps were replaced with true top and bottom split molds
and the base plate was incorporated into the bottom split mold to
provide a more rigid and stable system. All of the parts (except for
the threaded rods and bolts which were made out of steel) were
made of 6061 Aluminum since it is soft enough for precise
machining while strong enough to sustain the expected pressures.

The top cap is a 120.7 mm square and has a thickness of 12.7
mm. The center of the top cap is fitted with a threaded hole for the
split mold’s exit valve. Additionally, four 6.5 mm diameter
unthreaded holes were drilled at the four corners for the threaded
rods to pass through for the final assembly.

The top split mold was machined out of a rectangular alumi-
num block that has a 120.7 mm square base and is 78.7 mm thick.
A 78 mm diameter cylinder was drilled at the center of the square
face of the block throughout its whole thickness. The hollow
block was then split vertically into two identical parts. Each half
of this split mold was fitted with two 4.8 mm thick aluminum
dowel pins on one side and two 4.8 mm diameter pinholes on the
other. These pins were placed 19.5 mm (one/fourth the length of
the top split mold) from the top and bottom of the split mold to
allow for alignment of the two halves when assembled. Four 76.2
mm long hex-screws (6.4 mm diameter) were used to hold the two
halves together after assembling. On one of the halves, four 6.4
mm threaded holes were drilled to tighten the screws into, while
on the other half a 6.5 mm unthreaded hole was drilled throughout
the width of the section for the screw to pass through. This hole
was doubled in size for the first 38 mm to allow for the whole
screw to be embedded inside the mold. The upper face of the top
split mold has an O-ring groove with an outer diameter of 88.9
mm machined into it. The groove is 2.7 mm wide and 1.5 mm
deep. The O-ring in this groove forms a seal between the top cap
and the top split mold. Finally, four 6.5 mm diameter unthreaded
holes were drilled vertically at the four corners of the split mold
for the threaded rods to pass through for the final assembly.

The central split mold is similar to any standard split mold
used for preparing sand triaxial specimens with two major differ-
ences to accommodate the specifics of its use:

(1) It has a much thinner wall than a typical triaxial split mold.
The thinner walls lead to smaller inside diameter of the top
and bottom split molds, which in turn minimizes the
amount of material that needs to be trimmed later on. More
important, the thinner walls cause minimal change in the
seepage velocity of the grout when its front reaches the
central split mold by reducing the change in cross-sectional
area under the constant flow rate.

(2) The height to diameter ratio is equal to 2. The grouted sand
inside the central split mold will end up forming the triax-
ial specimen, and therefore, needs to have a height to diam-
eter ratio of 2. Standard triaxial split molds usually have a
lower portion that wraps around the bottom platen of the
triaxial cell to provide stability and an airtight seal between
the membrane and the mold. In the setup presented here,
the membrane is folded around the top and bottom of the

split mold to form the tight seal for applying vacuum later
(see Fig. 6, to be presented later).

The central split mold is 3.2 mm thick with an inside diameter
of 71 mm and a height of 142 mm. Each of the two halves has a
1.6 mm aluminum dowel pin and a 1.6 mm hole placed at 35 mm
from the top and bottom ends. These pins and holes ensure the
proper alignment of the central split mold during assembly. Two
hose clamps are used to hold the central split mold together during
the final setup. In the center of each half of the central split mold is
a fitting for a vacuum line. These fittings are used to apply vacuum
between the membrane and the mold in order to allow for the mem-
brane to take the same shape as the central split mold. A 1.9 mm
wide and 1.2 mm deep O-ring grove was machined 25.4 mm from
each end of the central split mold. The O-rings used in this groove
help to create a leak-free seal between the central split mold and the
top and bottom split molds. The 25.4 mm space between the end of
the mold and the O-ring will have the latex membrane rolled over
it until the specimen is placed in the triaxial cell.

The bottom split mold was machined out of a rectangular block
of aluminum with a 120.7 mm square base and a 95.3 mm thick-
ness. Again, a 78 mm diameter cylinder was hollowed out at the
center of the square side of the block to a depth of 79.6 mm. The
78 mm diameter was calculated to account for the outer diameter
of the central split mold (77.4 mm) and twice the thickness of the
latex membrane that will be rolled over the central split mold (0.6
mm). The hollow block was then split vertically into two identical
parts. Each half of this split mold was fitted with two 4.8 mm thick
aluminum dowel pins and two 4.8 mm diameter pinholes. Each
half of the bottom split mold was also machined with four holes
for the locking screws in a similar configuration as described for
the top split mold. Four 6.4 mm threaded holes (two in each half
of the split mold) were drilled vertically at the four corners; these
four holes are aligned with the unthreaded four holes at the cor-
ners of the top split mold and the top cap. Two threaded rods (6.4
mm diameter) are rigidly attached to each half of the bottom split
mold; these rods run through the top split mold and the top cap
and are used to support the top split mold as well as to tighten the
top cap in place. Finally, the solid base of the bottom split mold
was drilled with a 10.2 mm diameter drainage hole to be fitted
with an inlet/flushing valve. First, a vertical hole was drilled at the
center of the hollow cylinder created in the bottom split mold;
then this hole was continued in the horizontal direction to the side
of one of the halves.

Figure 4 shows a photograph of the partially assembled split mold,
displaying all of its parts except for the top cap. The top and bottom
split molds are not completely assembled to show the alignment pins,
holes, and threaded holes to hold the final assembly together. Also
seen in Fig. 4 is the vacuum inlet to help stick the latex membrane to
the inside of the central split mold and the inflow valve used to flush
the sand with CO2, water, and the grout. With the threaded rods
screwed into the bottom split mold, the assembled three-way split
mold can stand on its own even when partially assembled.

While the first generation mold utilized readily available mate-
rials to create a mold that adequately performed the desired func-
tion, there was a need to create a holistic device designed
specifically for permeation and triaxial specimen preparation. For
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the first generation mold, the maximum grouting pressure was
limited because of various leaks that occurred when the pressures
exceeded 75 kPa. This was mainly due to difficulties in consis-
tently assembling the setup since the different components were
not originally designed to be used together. The second generation
mold was very precisely machined, sturdier than the first genera-
tion mold, and easier to work with due to its square, stable design.
The square cross section of the top and bottom split molds, along
with the alignment provided by the four threaded rods, allow for
easier trimming of the top and bottom of the specimen and, there-
fore, reducing the disturbance to the final grouted specimen inside
the central split mold. Additionally, the second generation mold
allows for using higher grouting pressures in excess of 450 kPa.

Testing Procedures

Split Mold Assembly

The aluminum, three-way split mold is a unique device and as-
sembly must be done carefully to help assure that all joints are
tight and leak free. The following gives a detailed outline of the
steps taken to assemble and utilize the mold effectively.

Step I—Both halves of the upper and lower portions of the
split mold are assembled separately on the threaded rods as seen in
Fig. 5. The upper and lower split mold halves with holes for the
locking screws must be on the same set of threaded rods. One nut
on each threaded rod can be adjusted to mark the location of the
upper split mold. The space between the bottom and top split molds
can be adjusted to increase or decrease the amount of filter material
and sand needed in the top and/or bottom split molds. The only
restriction on this spacing is to keep it short enough so that the O-
rings at the top and bottom of the central split mold will still overlap
with the top and bottom split molds to ensure a tight seal. Once the
desired length is established, the contact areas of the split mold
halves are covered with a thin layer of vacuum grease to account
for scratches and irregularities and to assure a good seal.

Step II—The central split mold is cleaned, the joints are
lightly greased, the two halves are aligned, and the mold is
adequately tightened by two steel hose clamps. Three O-rings are
then stretched on both the top and bottom of this mold. The first
O-ring on each side is placed in the O-ring groove to provide a
seal between the central split mold and each of the top and bottom
split molds. A thin layer of grease is applied over these O-rings to
further ensure the integrity of the seal. The other two O-rings on
each side will be used later to seal the specimen to the top and bot-
tom platens of a triaxial cell. For these two O-rings, the central
split mold is used as an O-ring stretcher to avoid any disturbance
to the specimen when placing the O-rings later on.

Step III—The latex membrane (0.3 mm thickness) is cut pre-
cisely to a length such that, when stretched over the interior of the
central split mold and rolled over the outer edge of the mold, it
reaches just short of the O-rings, as seen in Fig. 6. Because of the
0.6 mm difference between the inner diameter of the top and bottom
split molds and the outer diameter of the central split mold, the
rolled over portion of the membrane will not be damaged during the
final assembly. Vacuum is applied to the central split mold to help
the latex membrane assume the shape of the mold. Care is taken so
that the membrane is not twisted or over-stretched within the central
split mold since these conditions can cause unnecessary and
unknown stresses on the specimen once the vacuum is removed.

Step IV—The central split mold is positioned on the half of
the assembly discussed in the first step that contains the threaded
holes for the locking screws as seen in Fig. 6. The central split
mold is placed such that the O-rings fall approximately 5 mm
within the edges of the top and bottom split molds and the vacuum
lines are on a horizontal plane.

Step V—The second half (with the unthreaded holes for the
locking screws) is placed on top of the first half of the split mold

FIG. 5—Step I of assembly—connect the two halves of the top and bottom split
molds.

FIG. 4—Partially assembled three-way split mold (except for top cap).
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(with the inlet valve facing down) and the locking screws are
inserted and tightened as shown in Fig. 7. At this point, the fully
assembled mold (except for the top cap) is stood up and ready to
contain a new specimen. The top cap will be placed after pluviat-
ing the soil into the mold.

Specimen Preparation

As described previously, this three-way split mold is designed to
test cohesionless soils permeated with non-cementing grouts. The
resulting material is usually insufficiently strong to stand under its
own weight and requires a minimum amount of confinement
throughout specimen preparation. The procedure described in the
following paragraphs outlines the steps to prepare grouted sand
specimens using the three-way split mold for triaxial tests. This

procedure can and should be slightly altered to accommodate the
testing of different materials under different conditions.

First, the filter material is placed in the bottom third of the split
mold (about 40 mm thick). The filter material is added to aid in
the permeation of the specimen. It allows the bentonite suspension
to propagate horizontally and vertically forming a uniform front
before reaching the targeted sand. The top of the filter material
should be at least 10 mm below the bottom edge of the central
split mold. The presence of this gap will allow the grouted sand to
start below the central split mold; thus allowing for trimming out
any caking that might occur at the bottom of the grouted sand and
create a more uniform specimen within the central split mold.

After the placement of the filter materials, sand is air-pluviated
with a funnel. The drop height of the sand was controlled by the
operator and, as a result, there was a slight variation in the relative
densities of each specimen. This user controlled drop height
between the funnel and the top of the sand/filter material in the
mold can be adjusted, along with the funnel diameter, depending
on the desired final relative density; higher free drop height of
sand and a larger diameter funnel results in denser specimens. The
sand is pluviated through the central mold and into the top split
mold; the sand should extend at least 10–20 mm beyond the top
of the central split mold for trimming purposes. Finally, a layer of
filter material (approximately 10 mm thick) is placed at the top of
the specimen to prevent sand from piping out through the effluent
tube (see Fig. 8). Next, an O-ring is placed in the groove on the
upper face of the top split mold and is covered in a thin layer of
vacuum grease. The top cap is then secured in place on the
threaded rods with four nuts. A photograph of the completely
assembled split mold is shown in Fig. 9.

The specimen is then slowly flushed with CO2. Following the
CO2 flushing stage, the specimen is saturated with de-aired water
at a slow rate not to disturb the sand structure. Approximately two
pore volumes of de-aired water are flushed through the specimen.
At this stage, the specimen is close to saturation and ready to be

FIG. 7—Step V of assembly—tightening both halves of the top and bottom split
molds.

FIG. 8—Three-way split mold with specimen and filter material in (just before
placing top cap).

FIG. 6—Steps II–IV of assembly—completely assembled central split mold
adjusted in place.
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grouted. A schematic of the grouting setup can be seen in Fig. 10.
The specimen is grouted using a peristaltic pump with varying
flow rates up to 100 mL/min. The pressure is monitored at the
base of the mold during permeation. Prior to permeation, care
should be taken to ensure that all lines connected to the specimen
are saturated. The specimen is then grouted.

Following successful grouting, the influent and effluent lines to
the split mold are shut and the specimen is allowed a period of rest.
Grouting was considered to be successful when one full pore vol-
ume of grout (or more) was permeated into a specimen utilizing
less than 250 kPa of pressure. This rest allows for the grout to build
up a minimal strength within the pore spaces, creating a material

that can be easily trimmed. This time should vary depending on the
grout used. After the rest period, the split mold is disassembled.
First, the top cap is removed and then the split mold is rested on its
side with the locking screws facing upward (similar to Fig. 7). The
locking screws are then removed and the upper halves of the top
and bottom split molds are taken off. A completely permeated, par-
tially disassembled specimen can be seen in Fig. 11.

Next, the filter materials are removed from the top and bottom
split molds along with part of the grouted sand. Approximately
0.5–1 cm of the grouted sand is left protruding from the central
split mold before it is removed from the remaining halves of the
top and bottom split molds (Fig. 12(a)). If the length of the soil
extending beyond the mold is too long, this could cause negative
tensile stresses at the top and cause cracking or breakage of the
specimen. A steel wire saw is then used to trim the remaining per-
meated sand from the central split mold. Special care should be
taken to protect the membrane during the trimming stage so that it

FIG. 10—Schematic of permeation setup using the peristaltic pump.

FIG. 9—Completely assembled split mold.

FIG. 11—Partially dissembled grouted specimen with half of the bottom filter
material trimmed.
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is not sliced or punctured. After the specimen is adequately
trimmed, as seen in Fig. 12(b), the membrane is thoroughly
cleaned to remove any sand particles or grout that might compro-
mise the integrity of the membrane’s seal against the top and bot-
tom platens of the triaxial cell. The specimen is now ready to be
placed in the triaxial cell.

A saturated filter paper and a saturated porous stone are then
placed on the triaxial base platen. The specimen is stood up verti-
cally and carefully placed on the base platen, while still inside the
central split mold (with vacuum still applied between the mold
and membrane) as seen in Fig. 13. The top filter paper and porous
stone are then placed on top of the specimen and the top platen is
aligned and set in place. A thin layer of vacuum grease is placed
on the top and bottom platens before placing the specimen in the
triaxial cell to help ensure a tight seal between the membrane and
the platens. Next, the membrane is rolled up onto to the top platen
and down onto the base platen and the O-rings are then rolled into
place. A vacuum is applied to the specimen through the top and
bottom pore pressure lines prior to removing the central split
mold. This vacuum puts the specimen under minimal confining
pressure as the central split mold is disassembled. The triaxial cell
is then completely assembled and the testing performed in a simi-

lar manner to any standard triaxial test. After the completion of
the test, the final void ratio was calculated from measuring the
total mass, total volume, water content, and bentonite content of
the specimen. The initial void ratio at the end of grouting was
backcalculated from the recorded volume changes during the dif-
ferent testing stages.

Preliminary Results

The main purpose of this section is to show that the three-way
split mold can be used to test uncemented grouted sands that
would not be possible to test with the previous specimen prepara-
tion techniques found in the literature. These tests were performed
to determine the effect of bentonite grouts on the static liquefac-
tion of a loose fine sand. Only preliminary results are presented
here since the main scope of the paper is to introduce the new
specimen preparation method.

Materials

Ottawa sand (ASTM graded sand C778) was utilized for these
tests as the sand to be grouted. A summary of Ottawa sand proper-
ties can be seen in Table 1. Approximately 20 mm of fine

FIG. 12—Central split mold (a) with 10 mm of permeated sand left, and (b) af-
ter trimming.

FIG. 13—Specimen mounted on the triaxial cell while still confined by the cen-
tral split mold.

TABLE 1—Summary of Ottawa sand properties.

Gs 2.65 Cu 1.61

emin 0.50 Cc 1.07

emax 0.76 D10 (mm) 0.23

USCS SP D60 (mm) 0.37
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aggregate (Pea stone, diameter > 4.75 mm) and 20 mm of coarse
sand (1.2 mm< diameter< 1.75 mm) were used as the two layers
for the bottom filter materials. These filter materials were selected
based on the grain size distribution of the Ottawa sand and to sat-
isfy Terzaghi’s retention criteria for filters.

Wyoming sodium-bentonite grade CP-200 was used to prepare
the grouts for these tests. A summary of the bentonite clay proper-
ties can be found in Table 2. Grouts with 7.5% and 10% bentonite
by total mass of the grout were prepared using high shear mixing.
Since these grouts were too viscous to be permeated through the
fine sand selected, the grouts were modified using SPP. Sodium
pyrophosphate has a specific gravity of 1.8. The chemical structure
of the SPP is Na4P2O7�10H2O and the molecular weight is 446.06.
The pH of a 5% solution was measured to be 9.5 using a JENCO
60 pH meter. The SPP was selected because, while it significantly
reduces the initial viscosity of the bentonite suspensions, the viscos-
ity is recovered over time (Clarke 2008). 1% and 2% SPP by dry
mass of bentonite were added to the 7.5% and 10% bentonite
grouts, respectively. De-ionized de-aired water was used for the
preparation of all bentonite grouts and for all triaxial tests.

Specimen Preparation Specifics

The specimen preparation method was similar to the one listed in
the previous sections. To avoid repetition, the specifics of the
specimen preparation are listed in the order of occurrence during
the process:

(1) During Ottawa sand pluviation, the funnel was kept
approximately 5 mm from the top of the sand to produce
loose sand specimens (relative density of 35%–40%).

(2) Following the air pluviation of the sand specimens, CO2

was slowly flushed through the specimen; CO2 is used since
it dissolves more readily in water at low pressures and room
temperature than regular air and will help achieve higher
degrees of saturation later on during the backpressure stage.
After flushing with CO2, two pore volumes of de-aired and
de-ionized water were flushed through the specimen at a
flow rate of approximately 6 mL/min. This allowed the
specimens to be as close to saturation as possible (without
the use of backpressure) prior to permeation.

(3) The specimens were grouted using a peristaltic pump at a
rate of 20 mL/min. The pressures were monitored at the
base of the mold during grouting and the test was termi-

nated if the pressures reached 250 kPa. The complete
grouting took around 25 min.

(4) After grouting, the specimens were allowed 48 h resting
time before starting the disassembling process.

(5) After placement in the triaxial cell, the specimens were
subjected to -25 kPa pore pressure before removing the
vacuum between the membrane and the central split mold
and dissembling the central split mold. The negative pore
pressures were applied from the top and monitored from
the base using a pore pressure transducer to insure that the
vacuum was applied uniformly across the specimen.

(6) The triaxial cell was then completely assembled and a cell
pressure of 25 kPa was applied while removing the negative
pore pressure and maintaining a constant effective stress.
Specimens were then backpressure saturated to achieve a B-
value of at least 0.95 before being consolidated to the final
effective confining stress of 150 kPa. It generally took
between 200 and 300 kPa of backpressure to reach the
desired saturation values. Finally, the specimens were sheared
undrained with pore pressure measurements (CU tests).

For the clean sand specimen, the sand was air pluviated into
the triaxial split mold with a 5 mm free drop to generate a loose
specimen with a relative density between 35% and 40%. The
specimen was kept under 25 kPa confining pressure while being
flushed with CO2 and de-aired water. The sand was then backpres-
sure saturated to reach a B-value of 0.95 or higher before being
consolidated to 150 kPa and sheared undrained. More details on
the clean sand specimen and grouted specimen preparation can be
found in Rugg (2010). By using similar pluviation methods for
preparing the sand specimens and the grouted specimens, the
effects of the grout can be better compared.

Permeation Results

Table 3 shows some of the pertinent information regarding three
permeated specimens. These specimens were permeated in the
three-way split mold with either a 10% bentonite suspension (with
2% SPP) or a 7.5% bentonite suspension (with 1% SPP). As seen
in Table 3, the 10% bentonite suspensions required maximum per-
meation pressures near 175 kPa, while the 7.5% bentonite suspen-
sions only required approximately 30 kPa maximum permeation
pressure. The skeletal relative densities of these specimens were
between 35% and 40% and the total permeation time was on the
order of 25–30 min. The large change in permeation pressures
between the 10% bentonite suspensions and the 7.5% bentonite sus-
pensions can be explained by the difference in rheological proper-
ties described in the following paragraph and displayed in Fig. 14.

Figure 14 shows the change in yield stress over time for 7.5%
and 10% bentonite suspensions with and without SPP. The yield

TABLE 2—Properties of bentonite (modified from Mitchell and Soga 2005).

PL 35 % CEC 80–150 meq/100 g

LL 190 %–1160 % Specific area 700–800 m2/g

Initial water content 8.3 % Swelling capacity 8 mL/g

TABLE 3—Representative permeation results for various grouted specimens (modified from Rugg 2010).

Specimen Suspension Max pressure, kPa Permeation time, min:s Bentonite content, % DR, SK, %

20091202 10B2SPP 173 30:24 2.27 36.9

20091209 10B2SPP 172 23:17 2.39 35.4

20100709 7.5B1SPP 31 23:40 1.71 40
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stress of the 7.5% and 10% bentonite suspensions decreases signifi-
cantly with the addition of 1% and 2% SPP, respectively. The yield
stress of the suspensions with SPP show a much higher thixotropic
increase in the yield stress over the first 24 h compared to that of
the untreated bentonite suspensions; eventually, the yield stress of
the suspensions with SPP exceeds that of the untreated suspensions.
This significant reduction in the initial yield stress increases the mo-
bility of the suspensions and allows for successful permeation.

Table 4 shows the bentonite content at the top, middle, and bot-
tom of each of the specimens described in Table 3. The average
bentonite content in the specimens permeated with the 10% benton-
ite suspensions is around 2.3% by dry mass, while the average ben-
tonite content in the specimen permeated with a 7.5% bentonite
suspension is approximately 1.7%. Table 4 shows that a slight fil-
tration effect occurs along the length of the specimen. It can be
seen that the bentonite content at the base of each specimen is
slightly higher than the bentonite content at the top of each speci-
men. Figure 15 shows the grout pore pressure versus time during
the permeation process. The linear increase in pressure with time
indicates that little to no caking occurs during the permeation pro-
cess. The bentonite content was assumed to be uniform across the
horizontal cross section of the specimen and the boundary had no
effect on the bentonite flow through the specimen. The sand used is
a fine sand with d50¼ 0.35 mm and dmax¼ 0.7 mm. The diameter
of the specimen is 71 mm (100 times the maximum particle diame-
ter); therefore, the boundary effects can be neglected.

Undrained Triaxial Test Results

The results from four undrained monotonic triaxial tests are pre-
sented in this section. The four tests were run on a clean sand
specimen, a specimen permeated with 7.5% bentonite and 1%

SPP (7.5B1SPP) and two specimens permeated with 10% benton-
ite and 2% SPP (10B2SPP and 10B2SPP-2). Figure 16 shows the
deviatoric vertical stress (r1–r3) versus the axial strain (ea %) for
the three tested specimens. The clean sand specimen shows a typi-
cal behavior with the deviatoric stresses increasing up to a local
peak (undrained instability state or UIS as defined by Murthy
et al. 2007) and then starts dropping, showing a tendency to liq-
uefy and flow. Since the tested specimens all had a skeletal rela-
tive density (for the sand specimen, the skeletal and bulk relative
density are the same) of 35%–40%, the sand specimen did not
undergo static liquefaction, but rather started dilating when the
axial strains exceeded 2%. This phase transformation from con-
tractive to dilative behavior can be seen in the excess pore pres-
sure generation plot shown in Fig. 17. The positive excess pore
pressures start decreasing when the axial strains exceed 2% and
negative pore pressures are generated at higher strains.

The permeated specimens did not show any UIS (Fig. 16), but
rather a slow change in the slope of the stress-strain curve. This

TABLE 4—Bentonite content at the top, middle, and bottom of three perme-
ated specimens.

Bentonite content, %

Specimen 20090709 20091202 20091209

Top 1.68 2.09 2.37

Middle 1.68 2.32 2.37

Bottom 1.77 2.42 2.41

FIG.15—Grouting pressure versus time.

FIG. 16—Deviatoric stress versus axial strain from the CU tests.

FIG. 14—Rheological properties for 10% and 7.5% bentonite suspensions.
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can be easily explained by the lower positive excess pore pressures
generated during shearing of the permeated specimens and the
more rapid phase transformation to a dilative behavior. This more
rapid phase change results in the generation of negative pore pres-
sures at much lower strains (3% and 5% axial strain as compared
to 12% axial strain for the clean sand). This more rapid phase
transformation can be clearly seen in Fig. 18 as well; the figure
shows the q–p0 plot for the three specimens. The clean sand plot
shows the tendency for static liquefaction with the curve propagat-
ing left before the phase transformation and having p0 and q
increasing simultaneously. The permeated specimens showed a
much reduced tendency for static liquefaction with higher benton-
ite concentration in the grouts; the plot for the grouted sand is to
the right of the clean sand plot. This change in response under
static loading, from the limited results presented in this paper, indi-
cates a higher resistance to static liquefaction due to the reduction
in the generation of positive pore pressures.

Table 5 shows the stress ratio (R¼ r01/r03) values and equiva-
lent secant friction angle at the UIS and CS for the three speci-
mens. For the grouted sands, since there is no true UIS, the
location of the initial change in slope on the stress-strain plots was
used to calculate RUIS. The critical state values are calculated at

higher strains and can be backcalculated from the final slopes in
Fig. 18. The clean sand and grouted specimens show similar shear
strength properties despite the introduction of the grout into the
pores. These results, in particular the UIS results, which occur at
small strains (less than 0.5% axial strain), indicate that there is lit-
tle change to the sand structure during grouting as well as during
specimen preparation and installation into the triaxial cell. These
combined results clearly show the applicability of using the three-
way split mold to prepare uncemented, cohesionless, grouted sand
triaxial specimens without damaging the structure of the sand.

Summary and Conclusions

A new three-way split mold was developed for preparing triaxial
specimens of uncemented grouted sands. The new mold consists of
three inter-connected split molds that allow for preparing a uni-
formly grouted specimen by having a filter material at the base and
top that can eventually be trimmed out when preparing the final
specimen to be tested. This new specimen preparation procedure
provides a minimal confinement throughout the specimen prepara-
tion stages; this is critical to preserve the soil structure when the
grouted soil is not strong enough to stand alone. Finally, prelimi-
nary tests on sand specimens grouted with bentonite suspensions
were presented to show a possible application for the new mold.
The results showed a reduction in the tendency of the sand to liq-
uefy under static loading in the presence of the bentonite grout in
the pore space. These results also showed that the grouting did not
have a significant effect on the shear strength of the sand, indicating
that the specimen preparation method was successful in retaining
the original sand structure. This hypothesis is further justified by
the similar secant friction angles at low strains for both clean and
grouted sands. While the uniformity of permeation grouting in the
field would remain a big concern, the proposed mold and testing
procedures open the door for laboratory testing on soft grouted
specimens that was not feasible before.
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