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Abstract  Treatment of liquefiable deposits is one of the most important topics in geotechnical earthquake engineering. In 
this study, the stabilization of liquefiable silty sands with colloidal nano-silica under two different conditions was 
investigated and the effect of disturbance on the strength of stabilized samples was discussed. First, four cylindrical samples 
(as undisturbed samples) consisted of sand with variation in silt content from 0 to 30% prepared by sedimentation method in 
colloidal nano-silica at concentrations of 4.5 wt% and after a curing time of 6 weeks the strength of stabilized samples were 
investigated by means of unconfined compressive tests. Then, four box models were used to simulate the stabilization of the 
same soil specimens with permeation of colloidal nano-silica in soil formations using 5 low-head injection and 2 extraction 
wells. After delivery of colloidal nano-silica was completed the models were cured for 6 weeks. Then the treated soils were 
excavated and a few samples (as disturbed samples) were extracted for unconfined compressive testing. According to the 
results colloidal nano-silica can be successfully delivered in silty sand formations and improve the strength characteristics. 
The strength of disturbed samples was approximately 63-85% of the strength of undisturbed samples. This study also 
examined the potential for applying scanning electron microscope (SEM) analysis to investigate soil stabilization with 
colloidal nano-silica. 

Keywords  Soil stabilization, Physical model, Silty sand, SEM analysis, Un-confined compressive test, Colloidal 
nano-silica 

 

1. Introduction 
Liquefaction is a phenomenon marked by a rapid and 

dramatic loss of soil strength, which can occur in loose, 
saturated liquefiable soil deposits subjected to earthquake 
motion and result in large deformation and settlements, 
floating of buried structures, or loss of foundation support. 
Passive site stabilization is a new technology proposed for 
non-disruptive mitigation of liquefaction risk at developed 
sites. It is based on the concept of slowly injecting colloidal 
nano-silica (colloidal silica) at the edge of a site and deliver 
stabilizer to the target location using either natural or 
augmented groundwater flow (see Fig. 1). Colloidal silica is 
an aqueous suspension (a sol) of silica (SiO2) nanoparticles 
(7-100 nm) that can be made to gel by changing the ionic 
strength and pH of the dispersion. In diluted solutions, 
colloidal silica has a low initial viscosity of about 1.5 × 10–3 
Pa.s (1.5 cP; water = 1 cp). After gelation of colloidal silica, 
a firm, resonating gel forms. The density, controllable gel 
time, and low viscosity make colloidal silica attractive    
as a potential grouting material for passive site stabilization  
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[1, 2]. Colloidal silica also has excellent durability 
characteristics [3, 4], it is chemically and biologically inert, 
and it is non-toxic [4, 5]. Colloidal silica was proposed as a 
replacement for the most commonly used chemical grout, 
sodium silicate [6]. Persoff et al. [7] reported colloidal 
silica stabilizer is expected to be permanent in typical soil 
conditions. Towhata & Kabahima [8] found that the 
behavior of loose sand treated with colloidal silica is similar 
to the behavior of denser untreated sands. Gallagher & 
Mitchell [9], Liao et al. [10], and Diaz-Rodriguez et al. [11] 
reported that colloidal silica significantly increases the 
cyclic strength of sands. Physical modeling and centrifuge 
testing have been done to investigate the ability of diluted 
colloidal silica (5wt %) to mitigate the liquefaction potential 
of loose sands [12-16]. Few field-scales testing of colloidal 
silica for environmental remediation has been done in small, 
limited scales [17-19]. Numerical modeling has also been 
designed to simulate colloidal silica injection in sand using 
iTOUGH2, MODFLOW, and UTCHEM numerical 
simulation. A few number of these numerical models 
accurately represented the physical experiments [12, 20-21]. 
Although a few studies have investigated passive site 
stabilization method for treating of sands, but it is a new 
technique and requires more research. In this study, the 
stabilization of liquefiable silty sands with colloidal silica 
with a minimum concentration of 4.5 wt % was investigated 
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under two different conditions (un-disturbance and 
disturbance), the short term strength of treated samples was 
determined and the effect of disturbance was evaluated. For 
this, a few cylindrical samples (as undisturbed samples) 
consisted of sand with variation in silt content from 0 to 30% 
prepared by sedimentation method in colloidal silica and the 
strength of stabilized samples were investigated by means of 
unconfined compressive (UC) tests. Moreover, a box model 
was constructed to investigate the ability of the colloidal 
silica solution to permeate the same fine-grained silty sand 
specimens under small gradients imposed by injection and 
extraction wells. After delivery was completed, the treated 
samples were extracted (as disturbed samples) for UC 
testing. This research also examined the ability of applying 
SEM analysis to investigate soil stabilization with colloidal 
silica. 

2. Experimental Procedure 

2.1. Materials 
For this testing program, four different liquefiable soil 

specimens were prepared. The soil specimens consisted of 
sand with variations in silt (fine-grained soil) content from 
0 to 30%. The characteristics of the soil specimens are 
shown in Table 1. 

The sand and silt used to prepare the specimens were 
Firoozkooh No.161 sand and None-Plastic Firoozkooh silt, 
respectively. Their gradation curves are shown in Fig. 2. 
Chemical analysis of Firoozkooh sand and silt are also 
shown in Table 2. 

 

 

 

Figure 1.  Concept of passive site stabilization; (a) Induced; (b) Natural 
groundwater flow 

Table 1.  Characteristics of soil specimens in this study 

Specimen Sand content (%) Silt content (%) 

N0 100 0 

N10 90 10 

N20 80 20 

N30 70 30 

To prepare the stabilizer material, SIGMA-ALDRICH 
Ludox®SM-30 wt% (suspension in water) was diluted to 4.5 
wt%. Table 3 shows the characteristics of Ludox®SM-30  
wt% according to SIGMA-ALDRICH product information. 

Table 2.  Chemical analysis of Firoozkooh No.161 sand and silt 
Mineral Content 

SiO2 96-98.8% 

Fe2O3 0.2-0.7% 

Al2O3 0.5-1.65% 

Cao 0.2-0.5% 

Na2O 0.03-0.08% 

K2O 0.03-0.10% 

Table 3.  Characteristics of Ludox® SM-30 wt% colloidal silica 

Index property Content 

Silica concentration 30 wt% 

Average particle size 8 nm 

Specific area 320-400 m2/g 

pH 9.7-10.3 

Density at 25º 1.22 g/ml 

Viscosity 5.5 cP 

 

 
Figure 2.  Grain size distribution for Firoozkooh No.161 sand and 
Firoozkooh silt 

For gel time control of the diluted solution, scientific 
sodium chloride (NaCl) and 6N hydrochloric acid (HCl) 
were used to adjust the ionic strength and pH, respectively. 
The ionic strength and pH was adjusted as viscosity 
remained approximately 1.5 cP during colloidal silica 
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delivery in each box model test. The properties of diluted 
colloidal silica solution used in this research are shown in 
Table 4. 

Table 4.  Properties of diluted colloidal silica solution used in this study 

Silica concentration 4.5 wt% 

NaCl 0.1 normality 

pH 6-6.7 

Gel time 24-48 hour 

Viscosity < 1.5 cP 

2.2. Methods 

2.2.1. Preparing and Measuring of Undisturbed Samples 
Strength 

The undisturbed samples for unconfined compressive (UC) 
test consisted of four soil specimens (N0, N10, N20 and N30; 
see Table 1) and prepared in their loose condition by 
sedimentation in colloidal silica, at concentrations of 4.5 
wt%. The sedimentation method procedure ensured that the 
voids were filled with grout. The samples were cylindrical 
and their dimensions measured 5 cm in diameter and 10 cm 
in height. The relative density of samples was approximately 
20%. The gel time of colloidal silica solution was adjusted to 
24 hours according to Table 4 and the samples were cured for 
a periods of 6 weeks. 

    

 

Figure 3.  Preparing of samples and running of UC test; (a) Iron mold; (b) 
Undisturbed cylindrical samples; (c) Ultimate failure after loading in a UC 
test 

For each sample, the appropriate amounts of sand, silt and 
diluted colloid were measured. Then the required amount of 
diluted colloid was placed in Iron molds. The molds had an 
iron plate in the bottom fixed to molds with two bolts. The 

molds were split longitudinally to facilitate sample removal 
(see Fig. 3(a)). The molds and bottom plate were sealed 
against leakage using grease after which sand and silt were 
poured through a funnel into the diluted colloidal silica, from 
a height of 5 cm above sample surface. The samples were 
removed from molds after gelation, sealed with nylon sheet 
and placed in a constant room temperature (22oC) to cure. 
Prior to testing, the top and bottom of each sample was 
sleeked with a straight edge (see Fig. 3 (b)) and the 
dimensions of samples were measured and recorded.  

The unconfined compressive strength tests were run in 
general accordance with ASTM D2166 standard test method. 
Fig. 3 (c) shows the ultimate failure of a sample after UC 
test. 

2.2.2. Box Modeling for Passive Stabilization 

For physical modeling of passive stabilization, a box 
model was used in this study. The box model had three 
compartments, a central chamber for soil placement and two 
outer reservoirs for water placement and groundwater 
control. The box was constructed of 10 mm thick Plexiglas 
with dimensions of 125 x 30 cm and a height of 30 cm. The 
flow length through the soil sample was 60 cm and each 
water reservoir was 20 cm long. Screen with a No. 300 mesh 
size was used between the water and soil compartments. A 
filter layer of coarse gravel with a thickness of 10 cm was 
designed to be placed between the screens and the liquefiable 
soil specimen to prevent soil loss from the central chamber 
into the water reservoirs. The model setup is shown in Fig. 4. 
The left and right sides of the soil chamber are the upstream 
and downstream chambers, respectively.  

Five injection and two extraction wells were constructed 
from 20-mm PVC pipe. The injection wells had four 5-mm 
injection ports arranged in one vertical column at depths of 
3.5, 6, 8.5, and 11 cm below the soil surface. The ports were 
covered with a No. 16 mesh and a layer of propylene 
granules with a width of 6 mm. This layer prevents soil loss 
into the injection wells, while facilitating the flow process of 
colloidal silica from the injection ports into the soil sample. 
The injection wells intervals were 5 cm and the ports were in 
the downstream direction. These wells were located 15 cm 
from the filter layer (coarse gravel) and had a distribution 
bay to maintain a constant supply of colloidal silica to the 
wells. Two extraction wells were used to withdraw fluid 
from the soil formation at a rate of 10 mL/min with a small 
suction apparatus. The extraction wells had seven 5-mm- 
diameter ports covered with a No. 300 mesh. The ports were 
uniformly distributed along the length of the well, starting at 
a depth of 2.5 cm below the soil surface. The wells were 
located adjacent to the downstream filter layer edge of the 
model at equally spaced intervals. The extraction ports were 
in the upstream direction. The model was tested for four 
liquefiable soil specimens (N0, N10, N20 and N30; see 
Table 1).  

(a) (b) 

(c) 
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Figure 4.  Box model setup in this study 

For each test, the soil chamber was filled by pouring the 
soil specimen to a height of 20 cm under loose soil 
conditions (at a relative density of approximately 20%). 
After soil placement, the upstream reservoir was filled with 
water to saturate the soil. After saturation, an overall gradient 
of 0.03 was established using the constant-head flow in each 
reservoir chamber. After the overall gradient was established, 
the colloidal silica solution was introduced to the soil using 
injection wells as the stabilizer material. The pH was 
adjusted as viscosity remained approximately 1.5 cP during 
colloidal silica delivery in each box model test (see Table 4). 
During colloidal silica delivery, a constant head of 21 cm 
from the bottom of the soil chamber was maintained in the 
injection wells. This head resulted in colloidal silica 
movement in both upstream and downstream directions. For 
visual monitoring of the advancement of colloidal silica, the 
colloidal silica solution was colored with colored material. 
Pore fluid samples were extracted from the box model at 
different times. Each extracted pore fluid sample was 
weighted and placed in an oven at 80ºC for 24 hours. After 
desiccation, the weights of the specimens were measured 
again, and the desiccated silica concentration was calculated. 
The relative concentration of desiccated silica in each 
extracted pore fluid sample was used as a tracer of colloidal 
silica present in the soil matrix. After delivery of an adequate 
amount of colloidal silica in each model, the model was 
cured for 6 weeks and then excavated into a few block 
samples. The block samples were carved into smaller 
samples (as disturbed samples) for UC strength testing. 
Similar to the undisturbed samples, the disturbed samples 
were cylindrical and their dimensions measured 5 cm in 
diameter and 10 cm in height. The UC tests were also run in 
general accordance with ASTM D2166 standard method. 

2.2.3. SEM Analysis 

For SEM analysis, a few specimens of the samples 
stabilized with colloidal silica were dried in an oven at a 
constant temperature of 80oC for 24 hours and prepared in 
powder form. Then a few specimens of both treated and 
untreated soils were scanned with SEM and the micrographs 

were evaluated to identify differences in the microstructure 
of their particles. 

3. Results and Discussion 
3.1. UC Strength of Undisturbed Samples 

UC strength testing was selected to investigate the short 
term and static strength of stabilized samples, so the results 
could be compared with past studies on the efficiency of 
colloidal silica. Moreover, UC tests are often done on 
chemically stabilized sands and have the advantage of being 
fast and easy. Essentially, loose sands and silts have no 
unconfined compression strength but after treatment with 
colloidal silica, they have showed considerable compressive 
strength. The results of this section are according to the 
findings of Persoff et al. [7], and Gallagher & Mitchel [9].  

 
Figure 5.  Unconfined Compressive (UC) strength of undisturbed samples 
stabilized with 4.5wt% colloidal silica at 6 weeks curing time 

The results of UC strength tests for undisturbed samples 
(see section 2.2.1) are summarized in Fig. 5. As shown, after 
a period of 6 weeks, the UC strength of samples N0, N10, 
N20, and N30 stabilized with colloidal silica (4.5 wt%) was 
35, 60, 42 and 40 kPa, respectively. It is also shown, an 
increase in UC strength was achieved when the silt content 
was made up to 10%; however, a further increase in the 
amount of silt resulted in decreased strength. It seems by 
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increasing silt to a threshold content of 10%, the voids 
between sand aggregates became filled with silt particles. 
This led to increased strength (at 10% silt content) but with 
increase in the silt content, the particles of silt made loose 
bridges between sand aggregates and this caused decreasing 
UC strength.  

3.2. The Box Models Results 

The delivery of colored colloidal silica in box models 
testing was determined with visual monitoring and 
measurement of extracted pore fluid sample concentrations. 
According to these results, colloidal silica can be delivered 
uniformly in silty sand formations. During the periods of 4, 9, 
27, and 45 hours, 18 liters (approximately 1.2 pore volumes) 
of colloidal silica solution (4.5 wt%) was delivered to the soil 
specimens N0, N10, N20, and N30 (see Table 1) respectively. 
As shown, under identical conditions, the hydraulic 
conductivity of the soil specimens had a considerable effect 
on delivery time of colloidal silica. A photograph of the box 
model test for advancement of colloidal silica in the soil 
formation (N10) is shown in Figure 6. 

The strength of samples stabilized with colloidal silica in 
box models (as disturbed samples) was evaluated by UC 
testing. The range of UC strength of extracted samples from 
each box model is summarized in Table 5. The results of this 
section are according to the findings of Gallagher & Finstere 
[12]. The average baseline strength of four soil specimens of 
N0, N10, N20, and N30 after treatment in box models was 
approximately 30, 45, 29, and 20 kPa, respectively. These 
values were assumed as the UC strength of disturbed 
samples in this study. 

 
Figure 6.  Physical model experiment for colloidal silica delivery in this 
research, flow is from left to right 

By comparing the results of UC testing for disturbed and 
undisturbed samples (see Fig. 7), it is shown the strength of 
disturbed samples with the soil type of N0, N10, N20 and 
N30 were 85, 75, 69 and 63% of undisturbed samples 
strength, with the same curing time, respectively. The low 
hydraulic conductivity of silty sands (N10, N20, and N30) 
caused less permeation of colloidal silica in soil voids at box 
models and more difference in strength of disturbed and 
undisturbed samples. However, the considerable UC 
strength of disturbed samples, with only 6 weeks curing 

period, indicated the success of passive stabilization method 
in treatment of silty sand with fine grained soil (silt). 

 
Figure 7.  Comparison of Unconfined Compressive (UC) strength of 
disturbed and undisturbed silty sand samples stabilized with colloidal silica 
(4.5 wt%) after 6 weeks curing 

3.3. SEM Micrographs  

The grains within each treated and untreated sample were 
evaluated for the presence of a few surface textures, as 
described by Helland et al. [22]. Fig. 8 shows the grains of 
Firoozkooh sand and silt. As shown the grains of Firoozkooh 
sand were angular and, of low relief with mechanical 
textures associated with breakage including conchoidal 
fractures, straight and arcuate steps and fractured plates. In 
Fig. 9 the grains of Firoozkooh sand and silt stabilized with 
4.5 wt% colloidal silica are shown. The treated grains were 
angular, of high relief with abundant mechanical texture 
associated with adherence of colloidal silica including 
straight and arcuate steps, imbricated blocks, fractured plates, 
meandering ridges and irregular depressions. These features 
of the treated sands surface textures caused increase in 
strength and stiffness. In fact, the aggregates of intact 
stabilized samples were stuck together with colloidal silica 
gel but after drying in the oven, the particles were separated 
for clearer scanning. The undertaken grain surface texture 
analysis indicated a clear difference between treated and 
untreated samples and the potential of this technique in 
investigating of soil stabilization with colloidal nano silica. 

Table 5.  Unconfined compressive (UC) strength of samples stabilized with 
colloidal silica (4.5 wt%) in box models after 6 weeks curing 

Soil type in box 
model 

Range of  UC 
strength in extracted 

samples (kPa) 

Average UC strength of 
extracted (disturbed) 

samples (kPa) 

N0 18-35 30 

N10 22-47 45 

N20 18-32 29 

N30 14-28 25 
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Figure 8.  Micrographs of untreated soil grains; (a) Firoozkooh sand grains, MAG: 200×; (b) silt (fine grained) grains, MAG: 200×; (c) sand and silt 
grains mixing, MAG: 5 k×; (d) sand and silt grains mixing, MAG: 40 k× 

 

  

  

Figure 9.  Micrographs of soil grains treated with colloidal silica (4.5 wt%); (a) MAG: 200×; (b) MAG: 500×; (c) MAG: 5.00 k×; (d) MAG: 40 k× 
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4. Conclusions 
Physical modeling and unconfined compressive tests were 

done to investigate the short term strength of silty sand 
samples stabilized with colloidal nano-silica under different 
conditions. According to the results colloidal nano-silica 
with a minimum concentration of 4.5 wt% can be 
successfully delivered in silty sand formations, improve the 
strength characteristics and mitigate the liquefaction risk of 
saturated loos deposits during earthquake. The method of 
sampling and disturbance affect the strength of stabilized 
soils so that the unconfined compressive strength of 
disturbed samples is approximately 65-85% of undisturbed 
cylindrical samples strength. The results of this study also 
show the differences between untreated and treated soil 
grains texture in SEM analysis and the ability of using this 
technique in practice as a tracer of colloidal silica present in 
the stabilized soil matrix.    
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