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Ground conditioning agents are often needed when performing earth pressure balance shield tunneling in sand soils due to its
high internal friction, low plastic ductility, and low compressibility. In this work, vane shear and compression tests for standard
sand were performed using a homemade test device, and three types of conditioning agents composed of foam, bentonite slurry,
and polymer were used in the tests. The eﬀects of the agents on shear strength and compressibility of the conditioned soils were
investigated under a typical earth chamber stress level as high as 2 bar. The measured results show that foam does better in
reducing shear strength and improving the compressibility of the conditioned soils than bentonite slurry and polymer. Signiﬁcant
increases in the compressibility of foam-conditioned soils can be achieved using foam, and the shear strength of the conditioned
sand can be decreased by more than 30% with an initial injection ratio of 40% foam. The bentonite- and polymer-conditioned
sands have similar compressibility. The HPMC (hydroxypropyl methylcellulose) polymer does better in decreasing the shear
strength of the conditioned soils than other liquid soil conditioners. The inﬂuences of the device shear rate on the shear strength of
the conditioned soils are also presented.

1. Introduction
At present, over 90% of TBMs (tunnel boring machines)
produced for excavations in soft ground worldwide are
constructed as earth pressure balance machines [1].
Avoiding or reducing adhesion and clogging of muck in the
earth chamber or screw conveyors, as well as reducing wear
and power consumption, remains a pressing technical issue
in EPB (earth pressure balance) tunneling. To obtain good
muck mechanical properties (high plastic ductility and
compressibility and low internal friction and permeability),
conditioning agents are often injected in front of the cutting
wheel and into the earth chamber. Under the action of
pressure and agitation, the friction of the soil is more severe,
and if the temperature of the tool is increased too fast, metal
part wear becomes serious, and the torques of the cutting
wheel and the screw conveyor increase due to the high
internal friction in sandy soils. These problems make it

diﬃcult or impossible to drive the shield machine. The
addition of conditioning agents allows high compressibility
muck to provide a stable support for the tunnel face. At the
same time, the conditioning agents also reduce the frictional
coeﬃcient of the muck, which can reduce the abrasion of the
tool. How well the excavated soil adapts to the EPB machine
depends on the type of additive, as well as the combination of
additives, soil, and water. The interaction between the soil
and conditioner still needs to be understood through
experimentation.
Early on, the methods for evaluating the eﬀect of soil
conditioning include slump testing, mixing testing, permeability testing, compressibility testing, adhesion/friction
testing, shearing testing, and cone penetrometer testing [2].
The slump test for measuring the workability of concrete is
widely used to determine the ﬂow characteristics of conditioned soils. Williamson et al. [3] and Jancsecz et al. [4]
investigated the eﬀect of foam on conditioned sand, and
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a reasonable slump range of 200–250 mm was suggested.
Jiang et al. [5] also investigated the eﬀect of foam and
bentonite slurry on the conditioning of sand and gravel,
and the best slump range of 150–200 mm was suggested.
Afterwards, based on the eﬀect of conditioning on the tool
wear and torque requirements of the machines, Gharahbagh et al. [6] recommended a reasonable range of
100–250 mm slump. Although previous studies [7–11] have
investigated the inﬂuence of moisture content and the
amount of additive on the conditioning properties of
diﬀerent soils, which fully validated the feasibility of the
slump test, the slump test does not meet the stress conditions of the earth chamber.
To get a better understanding of the ability of conditioned soils to transfer pressure, some studies [12–20] have
been conducted using screw conveyor models to investigate
soil ﬂow characteristics. Greater attention has been focused
on the conditioning of noncohesive ground material (sand
and gravel). The process of extracting ground material from
a pressurized tank with a screw conveyor was well examined
in these studies. However, screw conveyor models are expensive and inconvenient to move, resulting in these tests
being performed only in the laboratory.
In recent years, the typical earth chamber environment
has been considered more in shear testing. Houlsby and
Psomas [2] determined the relationship between shear
strength and conﬁning stress via a shear box test. The
compressibility of foam- and polymer-conditioned sand
can be obtained simultaneously with this test. They also
note that the eﬃciency of soil conditioners may also be
related to speciﬁc proprietary brand materials that may be
kept conﬁdential by commercial parties. Zumsteg [21]
designed a new vane shear apparatus that measures clay soil
strength with high accuracy (± 0.1 kPa) for diﬀerent velocities and pressures. Mori et al. [22] designed the pressurized testing chamber (PTC) with dimensions in mm.
Compression testing and vane shear testing were combined
to show the eﬀect of the void ratio on the compressibility
and shear strength of foam-conditioned soil. Martinelli
et al. [23] used a watertight direct shear apparatus to
characterize undrained behavior in order to preserve the
pseudoﬂuid characteristics of the conditioned soil. Overall,
the applicability of the vane shear test is valid. This type of
method, which takes into account the advantages of simple
and ﬂexible operations, can simulate the inﬂuence of the
pressure environment of the soil chamber on the strength
of the soil.
Until recently, there has been a lack of knowledge about
the eﬀect of diﬀerent additives on sand properties under
typical chamber stress and high shear rates. In fact, high
stress levels and high shear rates increase friction, which is
detrimental to soil conditioning. In this paper, based on the
stress environment in the earth chamber, a homemade test
device is designed to both compress conditioned standard
sand and perform the vane shear test. The test device is used
to examine the eﬀect of diﬀerent ground conditioning agents
on the compression and shear behavior of conditioned soils
for a better understanding and application of soil conditioning, which is the purpose of this study.
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2. Test Method and Test Plan
Based on the pressurized testing chamber (PTC) proposed
by Mori et al. [22], a drive motor was added to a homemade
testing device (Figure 1). The testing device consists of
several parts, including a geared motor, a frequency converter,
a shaft, a compression spring, a pressure chamber, and a shear
vane. Two tests can be performed simultaneously with the
device, including vane shearing and compression testing. The
basic aim of this study was to determine the eﬀect of diﬀerent
conditioning agents on the properties of the sands and the eﬀect
of shear rate on the shear strength. Vertical stress is applied to
the conditioned soils in the pressurized testing chamber by
compressing the calibrated springs. The vertical total stress of
the soil is in the range of 0 to 2.5 bar under radially conﬁned
conditions (zero lateral strain), which simulate the earth
chamber conditions. The size of the shear vane is 60 mm in
diameter d and 80 mm in height h. The geared motor is
connected to the shear vane via the shaft and supplies the shear
vane with the required torque to rotate it. The geared motor is
controlled by the frequency converter to rotate at a set constant
speed. The current change information of the frequency converter is collected and recorded. The shear vane angular velocity
can be adjusted from 0 to 30 rpm, which translates into a linear
velocity of 0 to 94 mm/s at the outer edge of the shear vane.
The test device loading principle is shown in Figure 2.
The total vertical stress σ vt at the top of the soil sample can be
calculated using the spring deformation, spring constant,
and cross-sectional area of the soil sample, Equation (1),
where k is the steel spring constant (50 N/mm in this work),
H0 and Hi represent the height of the spring before loading
and the height of the spring after loading, respectively, A is
the cross-sectional area of the soil sample in the chamber,
and Ff is the friction between the sidewall of the chamber
and the top platen. It is worth noting that σ vt only represents
the total stress on the top of the soil sample. In other words,
the change in the total vertical stress with depth is not clear
due to the friction between the conditioned soil and the
pressure chamber sidewall:
σ vt �

k H0 − Hi  − Ff
.
A

(1)

First, the soil sample is loaded. When the spring deformation reaches the desired value, the loading is stopped.
The frequency converter is started, the frequency is set, and
the motor used to achieve the constant cutting speed is
started. The shear strength τ v of the soil sample can be
calculated as shown in Equation (2) by taking the torque T
required to rotate the shear vane in the conditioned sand, the
diameter d of the shear vane, and the height h of the shear
vane into account.
The required torque T can be calculated by Equations (3)
and (4), and the motor current I and voltage U can be
obtained from the frequency converter, where P is the net
power generated by the motor due to shearing of the soil, U
is the voltage value, Ii is the current of the motor when
shearing the soil sample, I0 is the current of the motor when
idling, and ω is the angular velocity of the shear vane rotation. U, I0 , Ii , and ω are obtained from the inverter:
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Figure 1: Homemade vane shear device (a: geared motor; b: frequency converter; c: shaft; d: compression spring; e: pressure chamber;
f: shear vane).
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d

Figure 2: Schematic diagram of the device performing loading: (a) before loading; (b) after loading.

τv �

T
πd2 ((h/2)

+(d/6))

P � U Ii − I0 ,
P
T� .
ω

,

(2)

measured soil sample compression and Hs0 is the initial
height of soil sample. The void ratio ei of the soil sample can
be calculated using Equation (6):

(3)
εi �

δi
,
Hs0

(5)

ei �

VV
δ e + 1
� e0 − i 0
.
Vs
Hs0

(6)

(4)

The relative deformation of the soil sample (vertical
strain) εi can be calculated using Equation (5), where δi is the
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In this study, China’s ISO standard sand was selected for use
as soil samples with a particle size between 0.075 mm and
2.0 mm. The silica (SiO2) content of the soil is more than
96%, and the clay content (including soluble salts) does not
exceed 0.2%. The particle size distribution is shown in
Figure 3. Water is added to the dry ISO standard sand in
a mixing container to achieve the desired moisture content.
In this study, the moisture content is fixed at 5% during all
the conditioning tests, which is considered a reasonable but
an arbitrary value for in situ sand. For sandy soils, the
important parameters for ground conditioning are grain size
and water content [18].

100

3.2. Foam-Conditioned Sand Compression Test. Increasing
soil compressibility is an important role of foam in earth
pressure balancing shield tunneling. High compressibility
helps to maintain the stability of the excavation face. Adding
foam to the conditioned sand can cushion the sudden
change of pressure on the excavation face and improve the
production efficiency of the shield machine.
ELCO SF-301B subway tunnel specific products manufactured by New Zealand Investment Co. Ltd. were selected
as the foaming agent. Foam was produced by the homemade
foaming device, and the test of stability of a foam mixture
was conducted according to the method proposed by
EFNARC [24]. Foam stability, measured by half-life, is
crucial for tunneling applications. The results indicated that
the foam produced by the foam solution at a concentration
of 7% has a half-life of 28 min and an initial expansion ratio
of 31 times at an atmospheric temperature of 15°C. The basic
parameters of the surfactant and foam are shown in Table 1
and are used in all the foam conditioning tests.
The foam is highly compressible, as the gas-liquid twophase body, and the bubble volume changes dramatically
under pressure. Mooney et al. [25] studied the effects of
pressure on foam and foam-conditioned sand in TBM-scale
systems. The foam is injected into the muck and mixed
under a certain pressure in actual excavation. However, it is
not possible to simulate the injection of foam under pressure
in the laboratory, so all foam and sand mixing is performed
at atmospheric pressure. The foam expansion ratio (FER) is
the volumetric fraction of produced foam to the used
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Figure 3: Grain size distributions of the ISO standard sand.

Vertical strain ε (%)

3.1. Original Standard Sand Compression Test. First, compression tests were carried out on standard sand without any
conditioning agents. Total vertical stresses σ vt of 0.5 bar,
1 bar, 1.5 bar, and 2 bar were applied sequentially to the sand
sample with an initial void ratio of 0.60. The stress-strain and
e-p curves of standard sand with a water content of 5% are
shown in Figure 4. The results indicated the unconditioned
standard sand shows lower compressibility. Under the
vertical stress of 2 bar, the vertical strain ε is only approximately 3%, and the void ratio is only reduced from 0.60 to
0.50, a decrease of less than 20%. This shows that the
conditioning of a highly compressible agent is needed for
sand to meet construction requirements.

Percentage passing (%)

3. Conditioned Sand Compression Test

0.54
2.0

Vertical strain ε
Void ratio e

Figure 4: Stress-strain and e-p curves for standard sand with
a moisture content of 5%.

surfactant solution. The foam injection ratio (FIR) is the
volumetric fraction of injected foam to excavated soil, often
represented as a percentage. Both the FER and FIR are
strongly influenced by the pressure, so the desired chamber
pressure (atmospheric pressure  0 bar, subscript 0) is indicated by the subscript p (bar). The FER0 and FIR0 are
obtained from Equations (7) and (8), respectively, where
VA,0 is the volume of compressed air at atmospheric pressure, VL is the volume of surfactant solution, VF,0 is volume
of foam at atmospheric pressure, and VS is volume of in situ
soil to be excavated. In theory, the volume of foam is determined by the amount of gas compression. The amount of
compression follows Boyle’s law during compression, as the
ambient temperature is essentially unchanged. Therefore,
FERp and FIRp can be determined from Equations (9) and
(10), respectively, based on the pore pressure p, where patm is
the atmospheric pressure and p is the current pore pressure:
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Table 1: Basic parameters of the surfactant and foam.

FER0 

Index
ELCO SF-301B
Colorless transparent liquid
Completely dissolved
1.01 ± 0.02
7–8
≥220

VA,0
,
VL

Foam parameter
Surfactant concentration, Cf (%)
Half-life (min)
Foam expansion ratio, FER0 (−)
Foam injection ratio, FIR0 (%)
—
—

(7)

Value
7
28
31
20, 40, and 60
—
—

70

42

60

36

50

30

40

24

30

18

(10)

20

12

10

6

Figure 5 shows the theoretical relationship between the
pore pressure and the conditioning parameters FERp and
FIRp according to Equations (9) and (10). The desired FIR0
values used in this study are 20%, 40%, and 60%.
In general, the amount of soil compression is mainly
related to two items: the reduction of pore volume, which
includes the discharge of pore water and air and the
compression of air under pressure and the compression of
soil particles. For the ISO standard sand used in this test, the
amount of compression is mainly determined by the reduction of pore volume, as the sand is mainly quartz, which
is difficult to compress. The foam itself has a large number of
bubbles, and the reduction of the gas volume in these
bubbles under pressure gives the foam-conditioned sand
more compression.
Compression experimental results for the foamconditioned sand are summarized in Figure 6, which
presents the relationships between the vertical strain ε (a),
void ratio e (b), compression coefficient a (c), and total
vertical stress σ vt.
The results show that higher FIR0 samples exhibit higher
vertical strain ε with increasing total vertical stress σ vt. This
indicated that the foam FIR0 plays a decisive role in increasing sand compressibility. Higher FIR0 values cause the
void ratio e of the conditioned sand to have a larger range of
variation during compression. The compression coefficient
is obtained from curve (b) and Equation (11). The higher the
FIR0, the higher the sensitivity of the compression coefficient
a to the total vertical stress σ vt. When FIR0 increased from
0 to 20%, the compression coefficient a also exhibited a slight
increase. When FIR0 increased from 20% to 40%, the
compressibility increased significantly, especially when the
vertical stress σ vt was less than 1 bar. When FIR0 increased
from 40% to 60%, the increase of compressibility is reduced.
The result shows that the foam does not increase the
compressibility of the sand indefinitely. Over a certain range,

0

V
FIR0  F,0 ,
VS
FERp  1 +  FER0 − 1
FIRp  FER0

FERp
.
FER0

patm
,
p + patm

(9)

FIRp (%)

(8)

0

1

2
3
Pore pressure (bar)

FERp
FIR0 = 20%

4

5

FERp (-)

Surfactant parameter
Surfactant type
Appearance
Water solubility
Density, 25°C
pH value
Foaming capacity (mm)

0

FIR0 = 40%
FIR0 = 60%

Figure 5: Variations of the foam FIRp and FERp with the pore
stress.

the excess foam will not result in effective compression, and
a large number of bubbles are prematurely crushed, wasting
surfactant. This may be caused by the destruction of the
bubble structure due to excess moisture and stress in the
mixture. For the sand in this study, an FIR0 of 40% is an
economical and efficient value. It is necessary to bear in
mind that FIR0 is closely related to the type of soil and water
content. Once the soil sample and moisture content change,
FIR0 should also be changed accordingly. Referring to the
study performed by Wei et al. [26], it is suggested that the
reference value of the compression coefficient a1-2 of sand at
1–2 bar should be not less than 0.1 MPa−1, and the average
value of the foam-conditioned soil is higher than this level.
This shows that foam is outstanding for improving the
compressibility of sand:
de
Δe e1 − e2
a−
≈−

.
(11)
dp
Δp p2 − p1
3.3. Bentonite- and Polymer-Conditioned Sand Compression
Test. To solve the problem of the “spewing” phenomenon
easily occurring in sandy strata, it is often necessary to
improve the water repellency of the sand. For sand with
a higher permeation coefficient, it is difficult to meet the
construction requirements using only foam conditioning.
Bentonite slurry and polymer are two types of commonly
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Figure 6: Compression results of foam-conditioned sand. Vertical strain ε (a), void ratio e (b), and compression coefficient a (c) plotted vs.
the total vertical stress σ vt.

used conditioning agents. Bentonite slurry properties depend not only on the proportion of the slurry but also on the
quality and source of the bentonite. Similarly, polymers have
the same characteristics. Therefore, more attention should
be paid to the slurry density and viscosity parameters and
not just the proportion of the slurry.
Compared with gas-liquid two-phase foam, the bentonite
slurry and the polymer are the same liquid. Theoretically,
bentonite-conditioned and polymer-conditioned sands
should have similar compressive properties. Sodium bentonite for testing was produced in the Henan Province, China.
Two polymers were chosen: carboxyl methylcellulose, abbreviated as CMC, and hydroxypropyl methylcellulose, abbreviated as HPMC. At first, the viscosity of the bentonite
slurry with different proportions was tested, and bentoniteconditioned standard sand was used for a slump test. The
standard sand moisture content is still fixed at 5%. The results
show that bentonite slurries generally have approximately
15% of bentonite by weight, giving a Marsh cone reading of
70–80 seconds and giving a rotational viscometer reading
above 600 mPa·s. When the injection ratio of the bentonite

slurry is 20%, the slump value of the conditioned sand is
100–150 mm, which is an appropriate value for the plastic
fluidity in an EPB shield suggested by Quebaud et al. [7].
Similarly, the viscosity of the polymer solution was tested, and
a polymer-conditioned sand slump test was carried out. The
results show that when CMC accounts for 1.5% of the solution
mass, the solution viscosity of the rotary viscometer is approximately 7000 mPa·s. When HPMC accounts for 1% of the
mass of the solution, the viscosity of the rotary viscometer is
approximately 5000 mPa·s. The conditioned sand has a slump
value of 100–150 mm when the injection ratio of the polymer
solution is 15%. The viscosity of the polymer solution is significantly higher than that of bentonite slurry, which is beneficial to increase the bonding between the sand particles. A
slump value of 100–150 mm is a reasonable and effective level
for quartz sand. Therefore, the injection ratio of bentonite
slurry was set at 20%, whereas that of the two polymer solutions
was set at 15%. Then, the compression test was carried out.
Compression experimental results for the liquid
materials-conditioned sand are summarized in Figure 7,
which includes the relationship between the vertical strain

7

15

0.9

12

0.8
Void ratio e (-)

Vertical strain ε (%)
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Figure 7: Compression results of the liquid material conditioned sand. Vertical strain ε (a), void ratio e (b), and compression coefficient a (c)
plotted vs. the total vertical stress σ vt.

ε (a), void ratio e (b), compression coefficient a (c), and total
vertical stress σ vt. When plotted vs. the total vertical stress,
the vertical strain is similar for all three samples, confirming
that the viscosity of a liquid slurry has almost no effect on the
compressibility, and the injection ratio governs the overall
compressibility. As the total vertical stress increases, the void
ratios e of the three samples shows almost the same decreasing trend. The difference between the three samples is
the initial void ratio e0; the higher the injection ratio, the
higher the initial void ratio e0. As the total vertical stress σ vt
increases, the gap between the void ratios e of the three
samples does not change. The compression coefficient a of
the bentonite-conditioned sand with 20% injection is slightly
higher than that of the polymer-conditioned sand with 15%
injection. As the total vertical stress σ vt increases, this advantage becomes even more obvious. This may be related to
the swelling properties of the bentonite and may also be
related to the slightly higher injection ratio of the bentonite
slurry. Although the compressibility of these three samples is
very similar, their three agent injection ratios are different,
indicating that the amount of compression caused by the

liquid conditioners during compression is not unlimited.
Liquid agents can significantly improve the compressibility
of sand, but there is an optimal liquid agent injection ratio
limit. Once the limit injection ratio is exceeded, the liquid
agent will no longer cause new deformations.
Compared to foam-conditioned sand, the volume of
agents required for liquid-agent-conditioned sand to obtain
the same compression coefficient a is significantly lower.
When the total vertical stress σ vt is between 0 and 1 bar, the
compression coefficients of these three liquid agent samples
are typically higher than the sample with an FIR0  20% but
slightly lower than the sample with an FIR0  40%. When the
total vertical stress σ vt is between 1 and 2 bar, the compressibility of these three liquid agent samples is slightly
higher than the sample with an FIR0  40%. Although the
foam-conditioned sand has a higher compressibility at low
pressures (less than 1 bar), it does not retain its high
compressibility at high pressures (above 1 bar). This is
mainly related to the low stability of the bubbles at high
pressures. In contrast, bentonite- and polymer-conditioned
sand retain their high compressibility at high pressures.
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4. Conditioned Sand Vane Shear Test

4.1. Original Standard Sand Vane Shear Test. Figure 8 shows
the effect of shear rate on the shear strength of standard sand
with 5% moisture content at different pressures. The shear rate
v in Figure 8 is the shear linear velocity at the outer edge of the
shear blade. The value of v is obtained from the rotational
angular velocity ω and the radius of the shearing blade (d/2 in
Figure 2). As the shear rate v increases, the shear strength τ of
the sand samples tends to increase, and the growth is divided
into two stages. When the shear rate v is lower than 28 mm/s,
the shear strength τ increases slowly with the shear rate v, and
when the shear rate v exceeds 28 mm/s, the shear strength
increases rapidly and linearly with the shear rate v. This indicates that the soil near the outer edge of the cutting wheel
experiences a higher friction speed and shear strength, making
it necessary to reduce this friction. Appropriately increasing the
injection rate of the conditioning agents at the outer edge of the
cutting wheel is worth considering.
4.2. Foam-Conditioned Sand Vane Shear Test. Vane shear
tests were performed on foam-conditioned sand with FIR0
values of 20%, 40%, and 60%. As shown in Figure 9, the shear
rate v has a significant effect on the shear strength, and the
shear strength τ increases with the shear rate v. Similar to the
original standard sand, the shear curve is divided into two
stages at a rate of 28 mm/s. When the shear rate v is lower
than 28 mm/s, the shear strength τ is generally lower than
10 kPa, which is less effective in increasing the cutter torque.
However, when the shear rate v exceeds 28 mm/s, the shear
strength τ increases sharply, which is the main reason for the
increase in cutter torque. The injection of foam slows the rate
of increase in shear strength , although it does not completely prevent this growth. The relationship between vane
shear strength τ and shear rate v for v > 28 mm/s appears
almost linear.
As shown in Figure 10, the scheme involves three different
injection ratios of foam-conditioned sand. At the same shear
rate v, the shear strength τ of the foam-conditioned sand with
an FIR0 of 40% is the smallest and the conditioning effect is
the best. This conclusion is evident when the shear rate v is
high (37.7 mm/s or higher), but it is not accurate at a low
shear rate (28.27 mm/s or less). FIR0 has no obvious effect on
the shear strength at low shear rates, and FIR0 has a significant
effect on the shear strength at high shear rates. This result can
be directly applied to soil conditioning practices. To achieve
both torque reduction and agent savings, the foam injection
rate can be suitably reduced in the center of the cutter head, as
long as the injection rate meets other conditioning requirements. FIR0 can be suitably increased at the outer cutter
head edge where the shear rate is higher, but there is no need
to increase it indefinitely, as excess foam in sand can have an
adverse effect on torque reduction.

50
Shear strength τ (kPa)

Using the homemade testing device, vane shear and compression tests can be performed simultaneously. Therefore,
the two test programs are exactly the same.

60

v = 28 mm/s

40
30
20
10
0

0

10

20

30
40
50
Shear rate v (mm/s)

60

70

0.5 bar
1 bar
2 bar

Figure 8: Effect of shear rate of the test device on shear strength of
standard sand.

4.3. Bentonite- and Polymer- Conditioned Sand Vane Shear
Test. Figure 11 presents the results of several vane shear tests
conducted on bentonite- and polymer-conditioned sand.
Similar to the foam-conditioned sand, the shear strengths of
these three conditioned sands increase with the shear rate v.
The results show that the shear strength of the polymerconditioned sand is lower than that of the bentoniteconditioned sand. The test results from the two polymerconditioned sands are quite similar, although the shear
strength of the HPMC-conditioned sand is slightly smaller.
The shear strength curves of these three samples are very
close to that for the sample with FIR0  60%. The shear
strength τ tends to remain constant as the shear rate v
increases for a total vertical stress σ vt of 2 bar.
4.4. Comparison of the Foam, Bentonite, and Polymer Samples’
Shear Strength. Figure 12 shows the shear strength τ of the
foam-, bentonite-, and polymer-conditioned sand for a shear
rate v  65.98 mm/s at different total vertical stresses σ vt, for
an FIR0  40% for foam-conditioned sand. In fact, the increase of the effective stress is the root cause for the increase
in the vane shear strength . It is worth noting that the effective pressure is not known exactly, but it is assumed that
the effective stress increases with the total vertical stress σ vt.
Despite its preliminary characteristic, this study clearly
demonstrates the effect of different additives on shear
strength. Regardless of how the vertical stress changes, the
amount of reduction in shear strength caused by the same
additive seems to be constant. For example, the shear
strength τ of foam-conditioned sand decreased by 19–
24 kPa, that of bentonite-conditioned sand decreased by
10–12 kPa, and that of polymer-conditioned sand decreased
by 15–19 kPa.
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Figure 9: Effect of shear rate of the test device on shear strength of the foam-conditioned sand under different foam injection ratios FIR0:
(a) FIR0  20%; (b) FIR0  40%; (c) FIR0  60%.
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Figure 10: Effect of initial foam injection ratio FIR0 on the shear strength of the foam-conditioned sand at different vertical soil stresses:
(a) 0.5 bar; (b) 1 bar; (c) 2 bar.

5. Conclusions
Using a homemade testing device, compression and vane
shear testing were conducted on conditioned sand with a 5%
moisture content. These conditioning agents included foam,
a bentonite slurry, and polymers. Conclusions obtained
from the results of this study are summarized as follows:
Under the experimental conditions examined in this
paper, the compressibility of foam-conditioned sand is
higher than that of bentonite- and polymer-conditioned
sand, with the latter two having similar compressive
properties. Gas-liquid two-phase materials have advantages
over liquid soil conditioners in terms of improving sand
compressibility.

For foam-conditioned soil, compressibility is closely
related to FIR0, and the compressibility increases with FIR0.
An FIR0  40% was found to be an effective and cost-efficient
value for sand. For liquid material- (bentonite slurry and
polymers) conditioned sand, different additives yield sand
with similar compressibility with injection rates remaining
the most important factor.
The shear rate has a significant effect on the shear
strength of the sand, and within the experimentally examined rates, the shear strength increases with the shear rate.
The growth is divided into two stages. When the shear rate is
lower than 28 mm/s, the shear strength increases slowly or
remains almost constant. When the shear rate is more than
28 mm/s, the shear strength increases rapidly and linearly.
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Figure 11: Effect of shear rate of the test device on the shear strength of the conditioned sand with different liquid conditioners injected:
(a) bentonite slurry 20%; (b) HPMC 15%; (c) CMC 15%.

(c)

Figure 12: Comparison of shear strength τ for several conditioned sands at a shear rate v of 65.98 mm/s: (a) 0.5 bar; (b) 1 bar; (c) 2 bar.

Foam-conditioned sand exhibits a much lower shear
strength than that of bentonite- and polymer-conditioned
sand. The polymer-conditioned sand decreases the shear
strength slightly more than for a bentonite addition. For the
experimental conditions examined in this paper, the shear
strength is decreased by certain parameters of the additives,
which appear to be constant, no matter how the vertical
stress changes.
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