Int. J. Nano Dimens., 6(5): 501-508, 2015 (Special Issue for NCNC, Dec. 2014, IRAN)

DOI: 10.7508/ijnd.2015.05.007

Research Paper

Evaluation of uniform delivery of colloidal nano-Silica stabilizer to
liguefiable silty sands

Gh. Moradi %; Sh. Seyedi "2

tAssociate Professor, Faculty of Civil Engineering, University of Tabriz, Tabriz, Iran
2Ph.D. Candidate, Faculty of Civil Engineering, University of Tabriz, Tabriz, Iran

Received 02 March 2015; revised 10 August 2015;

accepted 12 September 2015;

available online 28 November 2015

ABSTRACT: Liquefactionisoneof the most important and complex topicsin geotechnical earthquake engineering.
In recent years, passive site stabilization method has been proposed for non-disruptive mitigation of liquefaction risk
at devel oped sites susceptible to liquefaction using colloidal nano-silicastabilizer. In thisresearch, 4 box models were
used to investigate the ability to uniformly deliver colloidal nano-silicastabilizer to liquefiableloose mixes of sand with
variationsin silt content from 0 to 30% using 5 low-head injection and 2 extraction wells. After delivery was completed
the models were cured for 30 days. Then the treated soil was excavated and afew samples were extracted for dynamic
loading testing. According to the results, colloidal silicacan be delivered uniformly in silty sand formations. With the
same conditions, the amount of fine grained soil (silt content) strongly affected delivery time. The passive stabilization
method can be appropriate for deposits with up to 20% fine graded silt, a concentration of 5 wt% colloidal silicais
expected to be able to effectively mitigate the liquefaction risk of these deposits. The strains during seismic cyclic
loading will probably be less than 3% and little permanent strain should result.
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INTRODUCTION

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
dowly injecting colloidal nano-silica at the edge of a
site and deliver stabilizer to the target location using
either natura or augmented groundwater flow. Colloidal
nano-silica is an agueous suspension (a sol) of silica
(SIO,) nanoparticles (7-100 nm) that can be madeto 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 x 10 ~*Pa.s (1.5 cP;
water = 1 cp). After gelation of colloidal silica, afirm,
resonating gel forms. The density, controllable gel time,
and low viscosity make colloidal silica attractive as a
potential grouting material for passive site stabilization
[1, 2]. Colloidal silica has excellent durability
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characteristics[3, 4], it is chemically and biologically
inert, anditisnon-toxic[4, 5].

Use of colloidal silica for treating sands has been
investigated by severa researchers [6-11]. Yonekura
& Kaga[6] proposed colloidal silicaas areplacement
for the most commonly used chemical grout, sodium
silicate. Persoffet 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 4.5 wt% colloidal
silicais similar to the behavior of denser untreated
sands. Gallagher& Mitchell [9] and Diaz-Rodriguez et
al. [11] reported that asmall amount of colloidal silica
significantly increases the cyclic strength of sands.
Physical modeling and centrifuge testing have been
doneto investigate the ability of diluted colloidal silica
to mitigate the liquefaction potential of loose sands
[12-16]. Moreover, field-scal etesting of colloidal silica
for environmental remediation has been donein small,
limited areas[17-19]. Numerical modeling hasalso been
designed to simulate colloidal silicainjection in sand
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usingiTOUGH,, MODFLOW, and UTCHEM numerical
simulation. The numerical model accurately represented
the physical experiments[12, 20-21].

Although a few studies have investigated passive
site stabilization method for treating sands, none have
concentrated on the treatment of other liquefiable
deposits, such as silty sands. Silty sand is a sandy soil
with fine grained silt content. It has low hydraulic
conductivity compared to pure sand. In this research,
abox model was constructed to investigate the ability
of the colloidal silica solution to permeate different
mixes of sand with variationsin silt content from O to
30% in a uniform manner under small gradients
imposed by injection and extraction wells. During
delivery, the concentration profiles across the model
were monitored. After delivery was completed, the
treated samples were extracted for cyclic loading
testing.

EXPERIMENTAL
Materials

For this testing program, four different liquefiable
soil samples were prepared and tested separately in a
physical box model. The samples consisted of sand
with variationsin silt (fine-grained soil) content from0
to 30%. The sand and silt used to prepare the samples
were Firoozkooh No0.161 sand and None-Plastic
Firoozkooh silt respectively. Their gradation curvesare
shown in Fig. 1. Chemical analysis of Firoozkooh
No0.161 sand isalso shown in Table 1.

To preparethe stabilizer material, SIGMA-ALDRICH
Ludox®SM-30 wt% (suspension in water) was diluted
to 5 wt%. Table 2 shows the characteristics of
Ludox®SM-30 wt% according to SIGMA-ALDRICH
product information.
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Fig. 1: Grain size distribution for Firoozkooh No.161
sand and Firoozkooh silt.
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Table 1: Chemical analysis of Firoozkooh No.161 sand.

Mineral Content
SiO, 96-98.8%
Fe,03 0.2-0.7%
Al,03 0.5-1.65%
Ccao 0.2-0.5%
NaO 003-0.08%
K.0 003-0.10%

Table 2: Characteristics of Ludox® SM-30 wt%
colloidal silica.

Index property Content
Sili ca concentrati an 30 wt%
Average paticle size 8nm
Spedfic area 320-400 m¥ g
pH 9.7-10.3
Density a 25° 1.22g/ml
Viscosity 55 cP

For gel time control of the diluted solution, scientific
sodium chloride (NaCl) and 6N hydrochloricacid (HCI)
were used to adjust the ionic strength and pH,
respectively.

Methods

The box model used for the tests had three
compartments, acentral chamber for soil placement and
two outer reservoirs for water placement and
groundwater control. The box was constructed of 10
mm thick Plexiglaswith dimensions of 125 x 30 cmand
a height of 30 cm. The flow length through the soil
sample was 60cm and each water reservoir was 20 cm
long. ScreenwithaNo. 300 mesh sizewas used between
thewater 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
sample to prevent soil loss from the central chamber
into the reservair.

The schematic pattern of the model setup is shown
inFig. 2. Theleft and right sides of the soil chamber are
the upstream and downstream chambers, respectively.
Sampling portsin the soil chamber are small taps, and
their input sections are covered with filter paper. These
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taps are used to extract fluid samples across the soil
profile to measure changesin the pore fluid chemistry
asthecolloidal slicaistransferred into the soil medium.

Five injection and two extraction wells were
constructed from 20-mm PV C pipe. Theinjectionwells
had four 5-mm injection portsarranged in one vertical
column at depthsof 3.5, 6, 8.5, and 11 cm below the soil
surface. The ports were covered with a No. 16 mesh
and alayer of propylene granuleswith awidth 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 wellsintervals were 5 cm and the ports were
in the downstream direction. These wellswerelocated
15 cm from the filter layer (coarse gravel) and had a
distribution bay to maintain a constant supply of
colloidal silicato thewells.

Injection Vacuum

0.00 0.10 0.20

0.30 0.40 0.50 0.60

Fig. 2: Schematic pattern of model setup.

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 wellshad seven
5-mm- diameter ports covered with a No. 300 mesh.
The ports were uniformly distributed along the length
of thewell, starting at a depth of 2.5 cm bel ow 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 different liquefiable
soil samples. The samples consisted of sand with
variations in silt (fine-grained soil) content from O to
30%. The characteristics of the samples are shown in
Table 3. To ensure of the accuracy of the results, two
box model tests were repeated.

For each test, the soil chamber wasfilled by pouring
the soil sample to a height of 20 cmunderloose soil
conditions (at arelative density of approximately 20%).
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After soil placement, the upstream reservoir wasfilled
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
theoverall gradient was established, the colloidal silica
solution (5wt%, 0.1 normality of NaCl) wasintroduced
to the soil using injection wellsasthe stabilizer material.
The pH was adjusted as viscosity remained
approximately 1.5 cP during colloidal silicadelivery in
each box model test (see Table4). During colloidal silica
delivery, aconstant head of 21 cm from the bottom of
the soil chamber was maintained in theinjection wells.
Thishead resulted in colloidal silicamovement 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
sampling taps at different times. 20 mL specimens of
the primary diluted colloidal silicasolution (5 wt%) and
each extracted pore fluid sample was weighted and
placed in anoven at 80° for 24 hours. After desiccation,
the weights of the specimens were measured again,
and the desi ccated silica concentration was cal cul ated.
The relative concentration of desiccated silicain each
extracted pore fluid sample was used as a tracer of
colloidal silicapresent inthe soil matrix.

Table 3: Characteristics of soil samples in box model testing.

Sample Sand(g/sntent Silt gz)r)]t ent Cg‘gddljglij{/ifty
(cm/s)

SMO 100 0 474 %10 2

SM10 90 10 1.21x10°?

SM20 80 20 3.33x107°

SM30 70 30 6.81 x 10

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

Index property Content
Silicaconcentration 5 wt%
NacCl 0.1 Normality
pH 6-6.7
Gd time 24-48 hour
Vi scosity 15cP
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After delivery of an adequate amount of colloidal
silicain each model, the model was cured for 30 days
and then excavated into afew block samples. The block
samples were carved into smaller samples for cyclic
triaxial testing. The cyclic tests were run in genera
accordance with ASTM D5311 standard method for
load controlled cyclic triaxial strength of soil. Dueto
low hydraulic conductivity of the stabilized samples,
the pore pressure response during cyclicloading could
not be measured. Therefore, the axial strain during
cyclic loading was used to quantify the results of the
stabilized soil samples. Backpressure saturation was
not done because it could disturb or destroyed
colloidal silica bonds. The confining stress used for
all cyclictestingwas 100 kPa.

RESULTSAND DISCUSSION
Colloidal silica delivery results

The advancement of colored colloidal silicain box
model stesting was determined with visual monitoring
and measurement of extracted pore fluid sample
concentrations. A photograph of the box model test
for colloidal silica progression in the soil sample of
SM10isshowninFig. 3. During the periods of 4, 9, 27,
and 45 hours, 18 liters (approximately 1.2 pore volumes)
of colloidal silicasolution (5wt%) wasdelivered to the
soil samples of SM0, SM 10, SM20, and SM 30 in box
model testing respectively. Because of variance in
hydraulic conductivity of the soil samples, under
identical conditions, a considerable difference in
delivery time of colloidal silicaoccurred. Theincrease
in delivery time of the colloidal silica in silty sand
samples as a function of the silt content (fine graded
soil) can bedescribed by atime-silt content curve (see
Fig. 4). The curve suggests the use of an exponential
function of the form

t=a, exp (a,m) (1)

Whicht and maretimeof oneliter of colloidal silica
delivery in silty sand formation and silt content
respectively, and, a, and a, arefitting parameters. The
hydraulic conductivity of samples also followed an
exponential functionwith silt content, so an exponential
relation could be expected between delivery time of
colloidal silicaand silt content in model testing.

According to these results, colloidal silica can be
delivered uniformly in silty sand formations. Under
identical conditions, however, the amount of fine
grained soil (silt content) strongly affected delivery
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time. Because of thelong delivery timeof colloidal silica
in silty sands with 30% silt, in practice,the passive
stabilization method would be appropriate for deposits
with up to 20% fine grained silt.

Fig. 3: Box model experiment for colloidal silica delivery
study; (&) before injection; (b) during injection, flow is
from left to right.

25 /0

silica in formation (hour)

0 10 20 30 40

Delivery time of one liter of colloidal

silt content in silty sands samples(®o)

Fig. 4: Effect of silt content on the delivery time of one
liter of colloidal silica in silty sand formation at box models.

Cyclictestresults

The success of the colloidal silicatreatment in box
models testing was also evaluated by comparing the
cyclic deformation resistance of treated and untreated
soil samples. The deformation resistance of the
stabilized samples of each model test was measured in
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termsof DA axial strain, whichisthelargest difference
in strain that develops during an entire cycle of
compression and extension. If the stabilized samples
accumulate less strain during cyclic loading than
untreated samplesat agiven CSR, then the stabilization
would be considered successful. The CSR is defined
as the ratio of the maximum cyclic shear stress to the
initial effective confining stress.

Cyclic triaxial testing was performed on atotal of 8
samplesmeasuring 5 cmin diameter and 10 cmin height.
Of these, 4 were untreated sampleswith characteristics
presented in Table 3, and Table 4 weretreated samples

extracted from 4 box models after colloidal silica
delivery. The samples were tested at a CSR of 0.2.
Cyclic deviator stress during cyclic testing is shown
inFig. 5.

Distinctly different deformation properties were
observed between treated and untreated samples.
Untreated samples liquefied under dynamic loading.
However, once liquefaction wastriggered, large strains
occurred rapidly and the samples collapsed. The pure
sand sample (SMO) withstood atotal of 7 cyclesbefore
it collapsed (see Fig. 6).The silty sand samples with
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Fig. 5: Cyclic deviatoric stress during cyclic testings in this study, CSR=0.2.
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Fig. 6: Cyclic stress-strain behavior of untreated sand, Dr= 20%, CSR=0.2.
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10%, 20%, and 30% silt (SM10, SM20, and SM30)
collapsed immediately at thefirst cycle of loading.

In contrast, the axial deformation for samplesat the
same relative density and CSR, but treated with 5 wt%
colloidal silicain box models, was muchless. Thefirst
100 cycles of tests on the 4 treated samples are shown
in Figs. 7-10. The treated silty sand samples with 0%,
10%, 20%, and 30% silt (TSMO, TSM 10, TSM 20, and
TSM30) reached approximately1.5%, 1.2%, 2.3% and,
2.5%DA strainin 100 cycles. (see Table 5). Thetreated

samples never collapsed and all returned to their
original height after cyclic loading. For comparison,
a magnitude 7.5 earthquake would be expected to
generate 15 significant uniform stresscycles[22]. The
results of this study are according to the findings of
Gallagher & Mitchel [5].

Based on these results, a concentration of 5wt%
colloidal silicais expected to be able to effectively
mitigate the liquefaction risk of saturated silty sand
deposits during an earthquake.
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Fig. 7: Axial deformation during cyclic loading for treated sand (TSM0), CSR=0.2.
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Fig. 8: Axial deformation during cyclic loading for treated sand with 10% silt (TSM10), CSR=0.2.
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Fig. 9: Axial deformation during cyclic loading for treated sand with 20% silt (TSM20), CSR=0.2.
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Fig. 10: Axia deformation during cyclic loading for treated sand with 30% silt (TSM30), CSR=0.2.

Table 5: Cyclic testing results (CSR=0.2).

Sample Sitcontent (%)  Colloidd silica(wt%) Conditi on Number of cydes DA strain (%)

SMO0 0 - Untreated 7 Col lgpsed
SM10 10 - Untreated 1 Col lgpsed
SM20 20 - Untreated 1 Col lgpsed
SM30 30 - Untreated 1 Col lgpsed
TSMO 0 5 Treated in box model 100 15
TSM10 10 5 Treated in box model 100 1.2
TSM20 20 5 Treated in box model 100 2.3
TSM30 30 5 Treated in box model 100 25

CONCLUSION REFERENCES

Laboratory experimentswere performed to examine
the feasibility of nano colloidal silica stabilizer to
permeate sand with different content of silt content in
alow-gradient groundwater flow field.According to the
results, thereisan exponential relation between delivery
time of stabilizer in formation and fine grained soil (silt).
For passivesite stabilization, a5 wt% concentration of
colloidal silica is expected to be able to uniformly
deliver in silty sand deposits and adequately mitigate
the liquefaction risk. The strains during cyclic loading
would probably lessthan 3% and little permanent strain
should result. Because of the long delivery time of
colloidal silicainsilty sand with 30%silt, in practice,the
passive stabilization method would be appropriate for
deposits with up to 20% fine grained silt.
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