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Colloidal silica, which has a low viscosity, can seep quickly through sand and subsequently form silica gel to stabilize the sand. The
addition of carbon nanotubes can improve the strength of the sand-gel composite. However, previous literature has not
investigated the coupled effect of carbon nanotubes and sand crushing on the strength and compression of colloidal-silica-
stabilized calcareous sand. So we prepared 86 specimens with 2 different concentrations of colloidal silica and 9 different
contents of carbon nanotubes. Then, we performed triaxial shearing and isotropic compression tests based on the triaxial
system. The test results show the following: (1) The same carbon nanotube content at the higher concentration of colloidal
silica results in higher shear strength, but increasing crushing makes the shear strengths, respectively, caused by 10 wt% and
40 wt% colloidal silica dispersed with carbon nanotubes tend to be the same. (2) The optimal content of carbon nanotubes,
which leads to the maximum shear strength, is distributed differently in different concentrations of colloidal silica; i.e., as
crushing increases, the optimal carbon nanotube content drifts from 0.03 wt% to 0.10wt% in 10wt% colloidal silica, while
40 wt% colloidal silica stabilizes the optimal carbon nanotube content around 0.08 wt%. (3) Compared with carbon nanotubes
in 10wt % colloidal silica, carbon nanotubes in 40 wt% colloidal silica cause higher cohesion rather than internal friction angle,
which is the mechanism of higher shear strength at higher colloidal silica concentration with the same carbon nanotube
content. (4) For isotropic compression, minimal compression is caused by 40 wt% colloidal silica plus 0.1 wt% carbon nanotubes.

1. Introduction

Colloidal silica, composed of silica nanoparticles repelling
each other in an alkaline solution, can seep quickly through
sand due to its low viscosity [1, 2]. By adjusting the pH of
colloidal silica, after an artificially specified period, silica
nanoparticles in colloidal silica can agglomerate to form sil-
ica gels to stabilize the sand [3, 4]. Previous studies have
investigated the transport behaviors of colloidal silica
through porous media. For instance, Agapoulaki and Papa-
dimitriou [5] studied travel distance and the effect of tem-
perature on viscosity-versus-time curves, Saiers et al. [6]
performed tests on transport through heterogeneous porous

media, Hamderi and Gallagher [7] studied the simulation of
optimum coverage, Hamderi et al. [8] studied the numerical
model for simulating colloidal silica transport through sand
columns, and Hamderi and Gallagher [9] studied the effect
of injection rate on the degree of grout penetration. Previous
studies have also investigated the mechanical properties of
sand seeped and stabilized by colloidal silica; for example,
Pamuk et al. [10] performed centrifuge tests on colloidal-
silica-stabilized site, Conlee et al. [11] performed centrifuge
modeling for liquefaction mitigation, Conlee [12] performed
centrifuge model tests and full-scale field tests on colloidal-
silica-stabilized soil, Kodaka et al. [13] modeled strength
and cyclic deformation characteristics of colloidal-silica-
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TaBLE 1: Properties of sand sample.

Max. dry density

Specific gravity (G,) (kg/m?) (kg/m?)

Min. dry density

Coefficient of
curvature (C,)

Coefficient of

Relative density uniformity (C,)
u

2.79 1370 1190

0.516 1.9 1.09

stabilized sand, Diaz-Rodriguez et al. [14] used shear tests to
investigate the cyclic strength of sand stabilized with colloi-
dal silica, Kakavand and Dabiri [15] and Wong et al. [16]
performed shear tests on sandy soil improved by colloidal
silica, Gallagher et al. [17] used triaxial tests to investigate
the influence of colloidal silica on cyclic undrained behavior
of sand, Mollamahmutoglu and Yilmaz [18] used triaxial
tests to study pre- and postcyclic strength of colloidal-
silica-stabilized sand, Persoff et al. [19] investigated the
influence of dilution and contaminants on the strength of
colloidal-silica-stabilized sand, Vranna et al. [20] and Pavlo-
poulou and Georgiannou [21] investigated the monotonic
and cyclic behavior of colloidal-silica-stabilized sand, and
Triantafyllos et al. [22] studied the strength and dilatancy
of colloidal-silica-stabilized sand. Jin [23] investigated the
effect of carbon nanotubes on the strength of colloidal-
silica-stabilized sand. But these previous studies focused on
noncrushable sands.

Calcareous sands, which are more fragile compared with
silica sand, are widely distributed in the ocean. Such calcareous
sands can be used as the subgrade to support road base and
can support piles of offshore or island infrastructures [24].
The difference in this paper is that we study the effect of crush-
ing on the calcareous sand stabilized by carbon-nanotube-
dispersed colloidal silica, while previous studies cannot answer
how the coupled effect of carbon nanotubes and sand crushing
influences the shear strength and compression of colloidal-
silica-stabilized calcareous sand. The new contributions of this
paper are as follows: We provide the optimal carbon nanotube
contents lead to the maximum shear strengths at different
colloidal-silica-concentration levels, the mechanism by which
the same carbon nanotube content results in different shear
strengths at different colloidal silica concentrations, and the
optimal combination of colloidal silica and carbon nanotubes
that yields minimal compression.

In this paper, based on the triaxial shearing and isotropic
compression tests, we explore the coupled effect of carbon
nanotube content and sand crushing on the shear strength
and compression of colloidal-silica-stabilized calcareous
sand. That is, we study the distributions of shear strength
and the optimal carbon nanotube content at different
colloidal-silica-concentration levels, the mechanism by
which the same carbon nanotube content leads to different
shear strengths at different colloidal silica concentrations,
as well as the combination of colloidal silica and carbon
nanotubes that minimizes compression.

2. Experimental Details

2.1. Experimental Materials. The marine calcareous sand
used was from the Philippines. Index properties of the sand
are listed in Table 1. This calcareous sand is easily breakable,
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FiGUure 1: Grain size distribution of unstabilized calcareous sand
under different confining pressures in triaxial tests.

and the amount of breakage increases with increasing con-
fining pressure during triaxial tests. The crushable properties
of this marine sand were shown by the grain size distribution
(GSD) curves before and after the triaxial tests (see Figure 1).
Apparently, the amount of breakage increases as the confin-
ing pressure increases from 100 kPa to 600 kPa.

The colloidal silica used was provided by Qingdao Maike
Silica Gel Dessicant Co., Ltd., and two concentrations of 10%
and 40% by weight were used. For colloidal silica, silica
nanoparticles are suspended and repel each other under an
alkaline environment, with diameter distributions of 10-
20nm. The physical properties of the colloidal silica are
shown in Table 2.

The initial multiwalled carbon nanotubes (MWCNTs)
were dispersed in deionized water (10 wt %) with a nonionic
surfactant, and this solution was produced by Nanjing Xian-
feng Nano Material Technology Co., Ltd. We used these
MWCNTs as reinforcing fibers. The physical and structural
properties of MWCNTs are listed in Table 3. The MWCNT's
have inner diameters of 5-15 nm, outer diameters of >50 nm,
and lengths of <10 um. The specific surface area is >230 m?/
g according to the manufacturer.

2.2. Specimen Preparation and Testing Apparatus. Experi-
mental materials, ie., carbon nanotubes, colloidal silica,
and the calcareous sand, are shown in Figure 2(a). Relative
density used in Table 1 is the one used for sand in the mold
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TaBLE 2: Physical properties of the colloidal silica.

SiO, (%) pH Density (g/cm3) Viscosity (mPa-s) Average particle size (nm)
10% 8.5~9.5 1.08~1.10 3.0 10~20
40% 9.0 1.28~1.3 25.0 10~20

TaBLE 3: Properties of multiwalled carbon nanotubes.

Inner diameters (nm) Outer diameter (nm)

Length (um)

Specific surface area (mz/g) Density (g/cm3)

5-15 >50

>40 2.1

FIGURE 2: Specimen preparation: (a) experimental materials, (b) magnetically stirred mixture of carbon nanotubes and colloidal silica, and
(c) the carbon-nanotube-dispersed colloidal-silica seeped through sand.

before the seepage of colloidal silica. For each specimen, air
pluviation method was used; i.e., we used the spoon to pour
sand into the mold, and the mass of the sand of each speci-
men was almost the same, giving the relative density in
Table 1. The sand specimens were treated as the following
steps: first, the colloidal silica was magnetically stirred with
carbon nanotubes for 30 minutes (see Figure 2(b)), and the
pH of colloidal silica was adjusted to 5.0-5.5 by adding acetic
acid; then, by a peristaltic pump, the carbon-nanotube-
dispersed colloidal-silica was slowly injected into the sand
from the bottom of a cylindrical mold (see Figure 2(c)).

A GDS- (Geotechnical Digital Systems-) advanced triax-
ial system (see Figure 3) was used to carry out drained triax-
ial and isotropic compression tests on specimens. The
diameter and height of the test specimen are 38 mm and
76 mm, respectively. During triaxial testing, as shown in
Figure 3, the specimen is subjected to the axial stress o, in
the vertical direction and the confining pressure o; in the
horizontal direction, where o is set to be constant and o,
> 05, while for isotropic compression, ¢, and o5 increase
simultaneously and we set 0, = 0.

2.3. Experimental Plan. The experimental plans, as summa-
rized in Tables 4 and 5, are mainly aimed at investigating
the coupled effect of the content of carbon nanotube and
crushing on the shear strength and isotropic compression
property of the stabilized specimens. Sands were seeped
and stabilized by the mixture of colloidal silica and carbon
nanotubes. The specimens were cured for 3 days before test-
ing. The concentrations of colloidal silica are 10 wt% and
40 wt%, respectively. The contents of carbon nanotubes are
0%, 0.01%, 0.02%, 0.03%, 0.04%, 0.05%, 0.06%, 0.08%, and
0.10% by weight of colloidal silica, respectively.

For the shear strength, drained triaxial compression tests
were performed with confining pressures of 100 kPa, 200 kPa,
and 600 kPa, respectively (see Table 4). For our drained triaxial
shear tests, the axial loading rate was 0.4 mm/min.

While for the isotropic compression property, isotropic
compression tests were performed by the triaxial system.
That is, the horizontal and vertical stresses on the specimen
were set to be equal during each test, and the stresses
increased from 100 kPa to 800 kPa, so as to perform the iso-
tropic compression process. We tested two specimens under
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FIGURE 3: Specimen for triaxial compression test: (a) specimen under axial and confining loads and (b) GDS advanced triaxial system.

TaBLE 4: Experimental plan of drained triaxial compression tests on the strength (54 specimens).

Colloidal silica
concentration (wt%)

10 and 40 3

Curing period (days) Carbon nanotube content (wt%) Confining pressure, o5 (kPa)

0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, and 0.10 100, 200, and 600

TaBLE 5: Experimental plan of isotropic compression tests (32 specimens).

Colloidal silica Carbon nanotube Curing period  Starting stress of isotropic Ending stress of isotropic
concentration (wt%) content (wt%) (days) compression (kPa) compression (kPa)
10 and 40 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 3 100 300

0.08, and 0.10

the same condition and then took the average to obtain the
slope of the isotropic compression line.

Thus, a total of 86 specimens (54 for strength and 32 for
isotropic compression) were tested.

3. Testing Results and Analysis

3.1. Coupled Effect of Carbon Nanotubes and Sand Crushing
on the Shear Strength. We use the deviatoric stress at failure
as shear strength. So we can get the shear strength from the
peak point of the curve of deviatoric stress versus axial
strain, as shown in the upper graph of Figure 4. The peak

deviatoric stress was used as the shear strength for sand sta-
bilized by Portland cement, as presented in the following ref-
erence, by Schnaid et al. [25]. So we follow this definition to
use the peak deviatoric stress as the shear strength.

For specimen under the axial stress 0, and the confining
stress 05 (see Figure 3(a)), the mean effective stress p and the
deviatoric stress g are defined as conventional triaxial vari-
ables, as shown below.

o, +20;
= 1
=, M
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FiGURE 5: Deviatoric stress at failure vs. carbon nanotube content,
and (c) confining pressure = 600 kPa.

(2)

The degree of crushing can be characterized by the con-
fining pressure. Crushing increases with increasing confin-
ing pressure, which is proved by previous literatures
[26-31]. This confining pressure o5, which acts on the spec-
imen in the horizontal direction, is constant for a certain
specimen during our triaxial compression test. The bottom
graph of Figure 4 shows that the volumetric strain changes
with the axial strain. It should be noted that traditionally,
for soil mechanics, when the sand specimen contracts, the

q=0,—-03.

(©)
and (a) confining pressure = 100 kPa, (b) confining pressure = 200 kPa,

volumetric strain is set to be positive. So in the case of rela-
tively low confining pressures of 100 kPa and 200 kPa, the
volumetric strain first contracts then dilates, indicating that
the crushing is relatively small, since such trend of
volumetric-strain change is the typical case for noncrushable
grains [32-35], or the typical case for few crushing of both
noncemented breakable grains [36, 37] and cemented break-
able grains [38, 39]. While as the confining pressure
increases to 600 kPa, the specimen only exhibits contraction,
indicating that crushing is dominant, as shown in the previ-
ous literature for non-cemented breakable grains [24, 40-47]
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and cemented breakable grains [48]. So here we use the con-
fining pressure as an indicator to approximately describe the
degree of crushing.

Since deviatoric stress at failure is used as shear strength,
Figures 5(a)-5(c) show the curves of shear strength versus
carbon nanotube content under different confining pres-
sures of 100kPa, 200kPa, and 600kPa. The corresponding
data are shown in Table 5.

As shown in Figure 5, generally, carbon nanotubes in
40 wt% colloidal silica causes greater shear strength than car-
bon nanotubes in 10 wt% colloidal silica.

For 10 wt% colloidal silica, the optimal carbon nanotube
contents are 0.03wt%, 0.03wt%, and 0.10wt% under the
confining pressure of 100 kPa, 200 kPa, and 600 kPa, respec-
tively. Compared with the non-carbon-nanotube-dispersed
colloidal-silica-stabilized specimen, under the three different
confining pressures, these three optimal carbon nanotube
contents result in the maximum strengths by up to 38%,
25%, and 31%, respectively (see Figure 5 and Table 6).

For 40 wt% colloidal silica, the optimal carbon nanotube
contents are 0.08 wt%, 0.06 wt%, and 0.08 wt% under the
confining pressure of 100 kPa, 200 kPa, and 600 kPa, respec-
tively. Compared with the non-carbon-nanotube-dispersed
colloidal-silica-stabilized specimen, these three optimal con-
tents of carbon nanotubes result in the maximum strengths
by up to 34%, 32%, and 13% under the three different con-
fining pressures, respectively (see Figure 5 and Table 6). It
should be noted that at the confining pressure of 200 kPa,
colloidal silica concentrations of 0.06wt% and 0.08 wt%
result in the strengths of 2582kPa and 2605kPa, respec-
tively, indicating that the difference between the two
strengths is small. So it can be considered that at the confin-
ing pressure of 200 kPa, the optimal carbon nanotube con-
tent is still around 0.08 wt%.

Therefore, from the perspective of the concentration of
colloidal silica, 10 wt% colloidal silica results in the drift of
the optimal carbon nanotube content from 0.03wt% to
0.10 wt% with increasing crushing (namely with increasing
confining pressure), while 40 wt% colloidal silica results in
a stable optimal carbon nanotube content of 0.08 wt% under
different degrees of crushing (namely under different confin-
ing pressures). So compared with 10wt% colloidal silica,
40wt% colloidal silica not only causes higher strengths of
carbon-nanotube-reinforced specimens but also leads to a
more stable optimal content of carbon nanotubes under dif-
ferent degrees of crushing.

From the perspective of crushing, as the degree of crush-
ing increases (i.e., the confining pressure increases from
100kPa to 600kPa), the two curves of strength versus
carbon-nanotube content in 10 wt% and 40 wt% colloidal sil-
ica gradually approach each other (see Figure 5). That is, at
the confining pressure of 100 kPa, the two curves of strength
versus carbon-nanotube content have no intersection (see
Figure 5(a)), and the difference in peak strength between
10wt% and 40 wt% colloidal silica dispersed with carbon
nanotubes is 301 kPa (see Table 6), while at the confining
pressure of 600kPa, the two curves of strength versus
carbon-nanotube content intersects with each other and
the peak strengths, respectively, caused by 10wt% and
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FIGURE 6: Friction angle vs. carbon nanotube content.

40wt% colloidal silica reinforced by optimal carbon-
nanotube contents nearly coincide. So as the crushing
increases (namely the confining pressure increases), the dif-
ference in strengths, respectively, caused by 10wt% and
40wt% colloidal silica dispersed with carbon nanotubes
becomes smaller and smaller. Figure 5 shows that as the
degree of crushing increases (i.e., the confining pressure
increases from 100kPa to 600kPa), the two strength curves
with 10 wt% and 40 wt% colloidal silica gradually approach
each other. The mechanism is that the competition of bond-
ing and particle crushing leads to this phenomenon. At low
confining pressure (100 kPa), bonding is the dominant con-
tributor to strength and particle crushing is small, while
carbon-nanotube-dispersed colloidal silica affects bonding,
so the two strength curves with different colloidal silica con-
centrations are significantly different. However, as the con-
fining pressure increases to 600 kPa, the bonding structures
are destroyed and particle crushing is dominant, so the
strength is mainly determined by particle crushing not
bonding, then the difference in colloidal silica has little effect
on the strength and the two strength curves approach each
other.

When the crushing is relatively small (at the confining
pressures of 100kPa and 200kPa), the strength caused by
40wt% colloidal silica with the optimal carbon-nanotube
content is obviously greater than that caused by 10 wt% col-
loidal silica with the optimal carbon-nanotube content;
while the increase of crushing can increasingly erase the
peak strength difference between 10 wt% and 40 wt% colloi-
dal silica with optimal carbon-nanotube contents, especially
when crushing is dominant (at the confining pressure of
600kPa), the peak strengths, respectively, caused by 10 wt%
and 40wt% colloidal silica with optimal carbon-nanotube
contents are almost the same. So for the strengths under dif-
ferent concentrations of colloidal silica dispersed with car-
bon nanotubes, although the reinforcing effect of carbon
nanotubes in 40 wt% colloidal silica is better than that of car-
bon nanotubes in 10wt% colloidal silica, as the crushing
increases, the difference between the reinforcing effects of
the two gradually decreases.

Figure 6 shows the curves of internal friction angle ver-
sus carbon nanotube content, and the corresponding data
are shown in Table 7. Figure 6 demonstrates that though
carbon nanotubes enhance the internal friction angle,
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FiGure 7: Cohesion vs. carbon nanotube content.

carbon nanotubes in 10 wt% colloidal silica have almost the
same effect on the internal friction angle as they in 40 wt%
colloidal silica, indicating that the reinforcing difference
between 10 wt% and 40 wt% colloidal silica dispersed with
carbon nanotubes does not depend on the internal friction
angle.

Figure 7 shows the curves of cohesion versus carbon
nanotube content, and the corresponding data are shown
in Table 8. Figure 7 shows that carbon nanotubes in
40wt% colloidal silica cause significantly higher cohesion
than carbon nanotubes in 10 wt% colloidal silica. So the rea-
son why carbon nanotubes in 40 wt% colloidal silica result in
relatively higher strength than carbon nanotubes in 10 wt%
colloidal silica is that 40 wt% colloidal silica is more helpful
for carbon nanotubes to enhance strength by increasing
cohesion rather than internal friction angle. The graphs of
failure line are shown in Figure 8, and these failure lines
(i.e., strength envelops) are linear.

To sum up, carbon nanotubes in 40 wt% colloidal silica
better enhance the strength than carbon nanotubes in
10 wt% colloidal silica, whose mechanism is that 40 wt% col-
loidal silica let carbon nanotubes significantly enhance
greater cohesion rather than internal friction angle. In addi-
tion, for the maximum strength caused by the optimal car-
bon nanotube content, as crushing increases (i.e., as
confining pressure increases from 100kPa to 600kPa),
10wt% colloidal silica results in the drift of optimal carbon
nanotube content from 0.03wt% to 0.1 wt%, while 40 wt%
colloidal silica stabilizes the optimal carbon nanotube con-
tent around 0.08 wt%. However, as crushing increases, the
strength difference between specimens, respectively, stabi-
lized by 40 wt% and 10wt% colloidal silica dispersed with
carbon nanotubes becomes smaller and smaller.

3.2. Isotropic Compression. For isotropic compression, we
applied equal three-dimensional stresses on the cylindrical
specimen (as shown in Figure 3, the axial stress o, and the
confining pressure o, were set equal), and the stresses
increased simultaneously from 100kPa to 800kPa. Then,
we obtained the relationship between the void ratio e and
the mean effective stress p in the e-In(p) plane, as shown
in Figure 9. For the same colloidal-silica concentration and
carbon-nanotube content, we prepared two specimens and

performed two parallel tests to obtain the average slope A
of the compression line. It should be noted that the void
ratio e is a nonlinear function of In(p), but to simplify the
comparison between different colloidal-silica concentrations
and carbon-nanotube contents, we used a linear line to fit
the experimental points in the e-log,,(p) plane as the
approximate compression line (see Figure 9). We used the
least squares method to best fit A in Equation (3) (see
Figure 9). This approximate compression line is defined as
follows.

e=I'-A-In(p), (3)

where I'and A are parameters of the approximate compres-
sion line (see Figure 9). We used the slope of the compres-
sion line, A, to compare the effects of different colloidal-
silica concentrations and carbon-nanotube contents on the
isotropic compression. Obviously, higher A means easier
compression.

The specimen showing minimum compression was
stabilized by 40wt% colloidal silica plus 0.1 wt% carbon
nanotubes (see the least slope A in Figure 10 and
Table 9). Figure 10 shows that the slope of the compres-
sion line, A, caused by carbon nanotubes in 10 wt% colloi-
dal silica is greater than that caused by carbon nanotubes
in 40wt% colloidal silica, which means that carbon nano-
tubes leads to less compression in higher concentration of
colloidal silica.

4. Discussion of the Mechanism of the
Test Results

Based on our tests, we found that the same carbon nanotube
content results in higher shear strength in higher concentra-
tion of colloidal silica. But as the confining pressure
increases, the two strength curves approaches each other,
as shown in Figure 5. The mechanism is that higher concen-
tration of colloidal silica provides higher bonding which
leads to higher strength, but as the degree of crushing
increases (i.e., the confining pressure increases), the bonding
structures are destroyed and particle crushing is dominant.
When the effect of particle crushing overwhelms the effect
of bonding, the difference in colloidal silica concentration
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has little effect on the strength, which means increasing
crushing increasingly eliminate the difference in colloidal sil-
ica concentration and the two strength curves gradually
approaches each other.

For the optimal carbon nanotube content which leads to
the maximum strength, we found that 10% colloidal silica
causes the optimal carbon nanotube content to drift from
0.03wt% to 0.10wt% as particle crushing increases, while
40wt% colloidal silica stabilizes the optimal carbon nano-
tube content around 0.08% with increasing crushing. The

most intuitive mechanism is that 40 wt% colloidal silica pro-
duces more silica gels in the voids between the sand parti-
cles, which causes the optimal content of carbon nanotubes
to be stable with increasing particle crushing; while 10 wt%
colloidal silica produces less silica gels in the voids, which
causes the optimal content of carbon nanotubes to drift with
increasing crushing. But why filling the voids with more sil-
ica gels can stabilize the optimal content of carbon nano-
tubes still needs to be explored.

It should be noted that at high confining pressure
(600kPa), it does look like scattering for the shear strengths
(see Figure 5(c)). But peak strengths are apparent at low con-
fining pressures (i.e., 100kPa and 200kPa), as shown in
Figures 5(a-b), so it is reasonable to pick up the optimal car-
bon nanotube content leading to the peak strength at low con-
fining pressures (i.e., 100 kPa and 200 kPa). Therefore, optimal
carbon nanotube content can be picked up at low confining
pressures (i.e., 100 kPa and 200 kPa), but picking up this opti-
mal content may not be appropriate at high confining pressure
(600kPa). The mechanism of the above phenomenon is that:
At low confining pressures (i.e., 100kPa and 200 kPa), bond-
ing is dominant, so optimal carbon nanotube leading to the
peak strength can be picked up; while at high confining pres-
sure (600KkPa), the effect of particle crushing overwhelms the
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effect of bonding, and the difference in carbon nanotube con-
tent has little effect on the strength, which means increasing
crushing increasingly eliminate the difference in carbon nano-
tube content and an optimal carbon nanotube is not appropri-
ate at high confining pressure.

Compared with 10wt% colloidal silica, for stabilized
sand, 40wt% colloidal silica makes carbon nanotubes
increase more cohesion but has little effect on the internal
friction angle, which is the mechanism of higher strength
at higher colloidal silica concentration with the same carbon
nanotube content.

5. Conclusions

The study of the coupled effect of carbon nanotubes and
crushing on the colloidal-silica-stabilized calcareous sand has
allowed the authors to establish the following conclusions:

(1) The same carbon nanotube content results in higher
shear strength in higher concentration of colloidal
silica. However, increasing crushing can increasingly
eliminate the difference between peak shear
strengths, respectively, caused by 10wt% and 40%
colloidal silica dispersed with carbon nanotubes.
Especially when crushing is dominant, the peak
shear strengths, which are, respectively, caused by
10wt% and 40wt% colloidal silica dispersed with
carbon nanotubes, are nearly the same

(2) There exists an optimal carbon nanotube content
resulting in maximum shear strength. However, as
the degree of crushing increases, different concentra-
tions of colloidal silica lead to different distributions
of optimal carbon nanotube content. That is, in
10wt% colloidal silica, as crushing increases, the
optimal carbon nanotube content drifts from
0.03wt% to 0.10wt%. On the contrary, 40 wt% col-
loidal silica stabilizes the optimal carbon nanotube
content around 0.08% with increasing crushing

(3) The mechanism by which carbon nanotubes in
40 wt% colloidal silica causes higher shear strength
than that in 10wt % colloidal silica is that, 40 wt%
colloidal silica makes carbon nanotubes significantly
increase the cohesion rather than the internal fric-
tion angle

(4) For isotropic compression, 40 wt% colloidal silica
plus 0.1wt% carbon nanotubes results in minimal
compression. In addition, the same carbon nanotube
content in a higher concentration of colloidal silica
causes less compression

The present work is helpful to the ground stabilization of
crushable calcareous sand. That is, in order to maximize the
shear strength, when we choose 10wt% colloidal silica, we
need to choose the corresponding carbon nanotube content
according to the stress level, such as 0.03 wt% carbon nano-
tubes at 100kPa and 200kPa, or 0.1 wt% at 600 kPa. Con-
versely, when we choose 40wt% colloidal silica, we can
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choose 0.08 wt% carbon nanotubes regardless of stress level.
In addition, when we are mainly concerned about the mini-
mal compression for engineering practice, we can choose
40 wt% colloidal silica plus 0.1 wt% carbon nanotubes. How-
ever, it should be noted that as the grain size distribution of
sand varies, the present results may not be applicable. Under
different grain size distributions, the trends of strength and
isotropic compression versus carbon nanotube content need
to be further explored.
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