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Abstract: Colloidal silica (CS) is a kind of nanomaterial used in soil/rock grouting techniques in
different branches of civil engineering. Many studies have recently been performed to investigate the
potential of CS in improving the mechanical behavior of cohesionless soils and mitigating the risk
of seismic liquefaction in urbanized areas. CS grout is chemically and biologically inert and, when
injected into a subsoil, it can form a silica gel and stabilize the desired soil layer, thus representing
an attractive, environmentally friendly alternative to standard chemical grouting techniques. This
paper firstly describes the characteristics of CS grout, the gelation process and the main features of
the behavior of the pure gelled material. The grout delivery mechanisms through porous media
are then explained, pointing out the crucial issues for practical application of CS grouting. All the
grouting-induced effects on the soil behavior, which have been investigated by laboratory tests on
small-sized soil elements, are reviewed, including the modifications to soil strength and stiffness
under both static and seismic loading conditions, to soil compressibility and hydraulic conductivity.
Published results from physical model tests and in situ applications are also presented. Finally, some
aspects related to the mechanism of soil improvement are discussed. A critical discussion of each
topic is presented, drawing particular attention to the controversial or not yet fully examined aspects
to which future research on colloidal silica grouting should be directed.

Keywords: colloidal silica; liquefaction; nanomaterials; chemical grouting; soil stabilization; review
study

1. Introduction

In the present era of demographic expansion, the need for buildings and infrastruc-
tures is growing exponentially and, as a result, the demand for land is increasing very
quickly. However, especially in some areas of the world, the scarcity or inadequacy of
available soils for urban development often pose serious challenges on how to use them in
a sustainable way to meet the needs required by society.

Consequently, ground improvement measures are increasingly being carried out to
make the soil suitable for construction or to increase the safety of existing structures and
other constructed facilities. A variety of soil improvement techniques have been developed
over the past decades [1,2], and most of them are still being currently applied [3]. Among
the existing techniques, permeation grouting is frequently used in geotechnical engineering
practice to fill the soil voids: one of the most established chemical grouting techniques,
it involves the injection under low pressure of a low-viscosity liquid by means of grouting
pipes specially installed into the subsoil. The liquid permeates the soil, and it hardens
over time, increasing the soil strength and creating a stiffer and less permeable material.
Cohesionless soils, like clean sands or sand with low fines content, are best suited for
this method. In chemical grouting, cement, silicates, acrylate, methacrylate, polyurethane,
epoxy are the most traditional and commonly used stabilizing agents. The uncontrolled
homogeneity of the grouting treatment, as well as any disturbance induced by the injection
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under pressure nearby existing structures, pipes and other constructed facilities, may affect
the suitability of the use of some traditional types of grouts in urbanized areas. According
to DeJong et al. [4], the poor-quality control resulting from common grouting procedures
forces to an overestimated design, with consequences regarding environmental impact and
economic costs. Therefore, sustainable alternatives to the use of traditional types of grouts
are currently being investigated by researchers all over the world.

The recent steep growth of nanotechnology has led to a significant development of
nanomaterials that could be successfully used in grouting practice with minimal drawbacks.
According to the European Commission [5], a nanomaterial can be defined as “a natural,
incidental or manufactured material containing particles, in an unbound state or as an aggregate or
as an agglomerate and where, for 50% or more of the particles in the number size distribution, one
or more external dimensions is in the size range 1–100 nm”. According to Huang and Wang [6],
the ratio of cost over performance of nanomaterials for soil improvement is better than that
of traditional grouts, such as cement, sodium silicate, epoxy or acrylate. When this ratio
was not too different, the environmental friendliness and the disturbance induced in the
surrounding ground is in favor of nanomaterials.

In the field of geotechnical engineering, colloidal silica, bentonite, laponite and car-
bon nanotube are nanomaterials that have been recently applied to soil improvement [6].
Nanomaterials can be properly added to different kinds of soil to modify and improve
some physical/mechanical properties of the natural material [6–9]. Significant changes in
plasticity characteristics and hydraulic conductivity are induced in cohesive soils by the
addition of nano-clay [10–12], and a significant decrease in the hydraulic conductivity can
be achieved in sandy soils by grouting them with nano-silica solutions [13,14]. Nano-silica
grout treatments can be used for soil remediation, e.g., to remove contaminants [15] or
to form impervious barriers [13,16,17], or in tunneling industry to prevent piping and to
prevent water leaking through cracks [18,19]. Recently, the use of innovative nanomaterials
has also been extensively investigated for the purpose of earthquake risk reduction. In
view of possible applications for mitigation of seismic liquefaction hazard, a great number
of studies has focused on analyzing the performance, under cyclic loading conditions,
of sandy soils treated by nanomaterials such as bentonite, laponite and colloidal silica. The
use of bentonite and laponite has proved effective in improving the behavior of sandy
soils under cyclic loading [20–22] and a significant improvement of the cyclic liquefaction
resistance has been observed in sandy soils treated with nano-silica solutions (e.g., [23–25]).
This type of treatments can be listed among the recent innovative remediation methods
against liquefaction [26,27], which also include the adoption of specific microbial-driven
processes [28–30], the inducing of partial saturation [31–33], the recycling of waste mate-
rials, such as tire scraps [34,35]. Due to their environmental and economic sustainability,
these innovative techniques may represent an alternative to other more conventional soil
improvement methods that are commonly used to mitigate seismic liquefaction hazards
(e.g., vibro-compaction, blasting, drainage) [36].

Among the above-mentioned innovative techniques for the improvement of liquefiable
soils, this paper deals with colloidal silica (CS) grouting, which involves injecting a low-
viscosity, time-hardening, non-pollutant, chemically and biologically inert solution into
the soil voids [6,23]. Although the CS grouting technique had already been used for many
years in different fields of civil engineering, the earliest studies on the use of CS grout for
liquefaction risk mitigation date back to the beginning of this century (e.g., [23,37–39]).
Since then, a huge number of works dealing with this topic have been published. Most
of them refer to experimental studies on small-size soil elements, while others refer to
physical models and field tests. These studies have allowed rapid development with
non-stop updates of knowledge on CS grouting, as recently highlighted in [40,41].

The aim of this paper is to provide an overview, as complete as possible and combined
with a critical analysis of the results presented in the reviewed studies, of the existing
literature on the use of colloidal silica grouting for the stabilization of cohesionless soils
with emphasis on the mitigation of seismic liquefaction. The main goals can be summarized
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as follows: (i) to provide the reader with the most recent state of knowledge on the use of CS
grouting in cohesionless soil; (ii) to give a comprehensive review of benefits/drawbacks of
this non-conventional soil stabilization method; (iii) to give a critical summary of the most
significant results obtained from laboratory investigations, in situ testing and modeling
approaches on soil stabilized by CS grout.

After presenting a literature overview on the use of CS grouting followed by the
description of the CS properties, the mechanisms of grout transportation are described
pointing out the crucial problems for practical implementation of CS grouting. The discus-
sion around the experimental results on CS grouted materials is then presented, examining
all different aspects of the behavior of treated soil. After reviewing in field applications
of CS grouting for liquefaction mitigation, the mechanism of soil improvement and the
proposed modeling approaches are also discussed. Special attention is paid to those aspects
(i.e., soil compressibility) that have been less investigated in previous studies, despite their
importance for the possible side effects of the CS treatment.

2. Overview of Literature on the Use of Colloidal Silica Grouting

Since the beginning of this century, engineers have become increasingly familiar
with the best practical use of treatments by nanomaterials, and among them numerous
studies have been published highlighting benefits and drawbacks of colloidal silica (CS)
grouting. Although CS grouting could potentially be applied in several fields of civil and
environmental engineering (e.g., in tunneling construction [19], to prevent piping and to
prevent water leaking through cracks, or in environmental interventions [17] to remove
contaminants or to form impervious barriers; in the petroleum industry [42], to reduce
the rock permeability to water and gases), most of the published studies analyze the
behavior of grouted soil under cyclic loading, with the main purpose of investigating
the effectiveness of the treatment for seismic liquefaction mitigation. The interest in this
specific field of application has known a great impulse starting from the concept of passive
site remediation [43], according to which a soil layer can be stabilized by permeating CS
grout under low injection pressure, or by exploiting ground-water flow, without causing
disturbance to the overlying existing structures (Figure 1).

A colloidal silica grout is a low-viscosity and harmless solution which increases its
viscosity over time forming a colloidal silica gel [44–46]. The resulting colloidal silica gel act
as a filler/binder among soil particles, stabilizing the material [14,24,47–50]. Initially and
for some time, depending on a rheological behavior that can be controlled and designed,
the CS grout can be moved through highly permeable media, like sands, just by natural
or groundwater flow supplied without the need of high injection pressures, allowing
minimization of negative side-effects on the surrounding environment [23,51,52]. Therefore,
the use of colloidal silica grouting would be particularly favorable where other standard
ground improvement techniques (e.g., densification, drains installation, etc.) could not be
safely applied [37,53,54].

To date, most of the different aspects concerning the colloidal silica grout properties
and the effects of grouting on the behavior of cohesionless and sandy soils, as well as the
entire grouting process, have been investigated. The published literature includes studies
on the grout properties and on the management of its rheology, on the grout delivery
mechanism, and on the effects of the colloidal silica grouting on physical soil properties
and soil mechanical behavior. Excluding studies which only analyzed the behavior of pure
colloidal silica grout [46,55–59], most of the published studies on colloidal silica grouting
deal with laboratory investigations on grouted cohesionless materials. These studies differ
in the materials used (kind of grout and soil), in the specimens’ formation methods and
in the kind of performed laboratory tests, so that it is often not immediately possible to
compare their results. As this review comes from a critical evaluation of existing published
data, some themes are discussed more in-depth than others, reflecting the same tendency
of scientific literature.
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The response of colloidal silica grouted liquefiable material to dynamic and cyclic
loading has been widely investigated by many authors. Published data generally agree
that the liquefaction resistance of grouted soil improves due to soil grouting, and that
the level of improvement is directly related: (i) to the amount of silica particles di-
luted in the stabilizing grout; (ii) to the time between the end of the gelation process
and the beginning of testing (known as curing time), increasing as both these factors
increase [14,23–25,37–39,47–50,60–70]. The same findings apply for grouted material sub-
jected to static loading conditions [14,37,48–50,60,61,63–65,67,69–76]. The behavior of
grouted soil under dynamic loading at low–medium strain levels has been much less
analyzed [77–79]. According to published data, the shear modulus of grouted sand is
expected to be greater than that of untreated material; however, there is still some disagree-
ment on how much the damping ratio is affected by grouting.

On the contrary, it is well established that grouting leads to a dramatic reduction in the
soil hydraulic conductivity. This decrease can be of several magnitudes, and the more the
silica concentration in the grout, the more the expected permeability decreases, up to values
typical of clay [13,14,17,66,72]. Finally, the effects of grouting on the soil compressibility
have been scarcely investigated, even though this knowledge is fundamental for practical
applications (the compressibility of soil would influence the settlements of structures
and infrastructures in the area of intervention) [14,37,67,70–72]. Most of the results show
that the treated soil is more compressible than the untreated one, even though a strict
comparison among these data is not possible due to the differences in testing conditions.

The mechanism of grout-delivery has been investigated in several studies by large-
scale grouting laboratory tests [51,52,80–82]. These studies agree that the most important
factors affecting the grout transportation are the increase in grout viscosity, the injection
pressure, the grout sinking. Field-test and full-scale applications of colloidal silica grouting
are documented, representing, however, a very small part of the published literature [83,84].
These studies also contain limited information about in situ tests (e.g., the cone penetration
test, CPT) used to evaluate the performance of colloidal silica grouting. Lastly, few studies
discuss the constitutive modelling approach to represent the behavior of cohesionless
soils stabilized by colloidal silica grouting [60,85]; in these studies, an effort in modeling
this behavior was made by adapting existing constitutive models to reproduce some
experimental data from grouted soil.

Figure 1. Scheme of passive site remediation by colloidal silica grouting [85].

3. Colloidal Silica: An Overview
3.1. Main Characteristics and Gelation Process

A colloidal silica (CS) sol can be defined as a stable dispersion of silica (SiO2) solids
of colloidal size (ranging from 1 up to 100 nm) into a liquid phase [44]. It is obtained
from saturated solutions of silicic acid and it is a clear, harmless, and low viscosity fluid
that is commercially available with different (given) silica contents. Colloidal silica is not
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pollutant, it is chemically and biologically inert [6,44,45,86], and it has excellent durability
properties [50,87]. If diluted to 5% CS particles by weight, the material cost could be
comparable to that of microfine cement, with a viscosity (1.5–2 cP) comparable to that of
water (1 cP at 20 ◦C) [25].

The colloidal silica gel originates from the hardening process of a given CS dis-
persion. Silica particles agglomerate, forming a network of silica clusters connected by
siloxane (Si–O–Si) bonds. The gelation process depends on the different factors affect-
ing the interaction among silica nanoparticles, namely the silica content, the ion con-
centration (ionic strength), the temperature, the particles’ size and the pH in the CS
dispersion [23,46,57–59]. The time between the start and the end of the hardening process
(known as gel time) decreases as silica content, ionic strength and temperature increase,
while it increases as particles’ size increases; the minimum gel time is achieved for pH in
the range 5–6 [13,43,57,80,88–90]. Figure 2 shows the effects of the temperature (T) on the
viscosity (µ) increase in a CS grout, over time (t).

Figure 2. Viscosity against time for a 10% CS solution (NaCl normality = 0.1 N, pH = 6.0): effects of
temperature (mod. from [46]).

The gel time can be varied from minutes to days [13,46,52,57,63,80]. The control and
prediction of the gelation process are crucial issues for practical application of CS grouting,
because the gel time should be long enough to avoid early gelation, so that the grout
can be delivered where designed [83], but it should also be as short as possible to avoid
grout dilution and sedimentation [81,84]. Visual observation of the formed gel [13,72] or
viscosity measurements [25,46,52] are usually performed in the laboratory to define the
gel time for a given CS grout, the latter often indicating the mixture of a CS dispersion
with an activator, whose job is to promote the gelation process. Using an electrolyte (i.e.,
a salt-based solution, such as a NaCl, KCl or CaCl2 solution) as an activator is considered
the simplest method for the gel time control [81]. Figure 3 shows five different CS mixtures
(100 mL) prepared at the same time with the same initial silica content (5% by weight)
and different amounts of activator, ranging from 30% to 70% (by volume). The picture
was taken ≈10 min after mixing. As can be seen, as the percentage of activator increases,
the solution changes from clear (30%, still liquid state) to matte (70%, gel state). It should
be emphasized that, since the commercial colloidal silica solutions have generally different
characteristics (i.e., particles’ mean size), the same value of CS content may not mean the
same thing in different research studies and this should be considered when comparing
their results.
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Figure 3. Colloidal silica mixtures (5% CS content) prepared at different ratios of activator to the
volume of grout, ranging from 30% to 70% (≈10 min after mixing).

3.2. Pure Silica Gel Properties

The properties of the pure CS gel (i.e., not combined with soil) for engineering pur-
poses have been scarcely presented and discussed in scientific literature. The strength
of the gel structure is strongly related to the amount and strength of silica agglomerates
developed during the gelation process. The gel strength increases over time because of the
progressive formation of siloxane bonds, while the electrolyte concentration in the grout
affects the gel time, but not the strength of the resulting gel pattern [59], which is in turn
affected by the amount of silica solids and by the type of the activator [58].

Experimental evidence proves that the strength of the pure gel is generally low,
(typically few kilopascals after few days from specimen preparation, up to a few dozen
as aging increases); in addition to the silica content, strength is affected by the relative
humidity and increases, for a certain test type, with samples’ age. Liao et al. [38] measured
a gel strength of 6 kPa after 7 d, increasing up to 18 kPa after 28 d, in vane shear tests.
Axelsson [55] performed fall cone and compressive strength tests on rectangular samples
40 × 40 × 160 mm (height × width × length). The CS silica sol (35% CS by weight) was
mixed with accelerator at the 8:1 weight ratio. Tests were performed at 8 ◦C with relative
humidity 75%, 95%, 100%. It was found that: (i) the strength of silica gel increased over
time without having reached an apparent ultimate value after 6 months; (ii) the strength
increase was faster at low humidity; (iii) the friction angle, in the Mohr–Coulomb failure
model, increased from ≈20◦ to ≈50◦ after 6 months.

The CS liquid solution, apparently irrespective of CS content, is more compressible
than water [66], and the gelled material is compressible [91]; this may explain why the pore
pressure build-up is delayed in treated specimens subjected to cyclic loading (Section 5.1.1).
In detail, Towhata [91] showed results from an unconfined compressive strength test
performed on a 6.5% CS content gel specimen (47/70 mm diameter/height, tested after
30 d curing in water), measuring both axial and radial strains. It was shown that the
sample collapsed showing brittle behavior and strain softening, with peak deviatoric
stress slightly > 5 kPa, and that the calculated Poisson’s ratio was ≈0.3 for gelled material,
thus implying a volume compressibility of the gelled mixtures greater than that of water.
Vranna and Tika [66] evaluated the compressibility of CS solutions before the gelation
(CS contents 6%, 10%) measured using a pressure and volume controller, in the isotropic
stress range 100–300 kPa. They showed that the compressibility of CS was 14–33 (under a
stress of 100 kPa) and 12–18 (under a stress of 300 kPa) times greater than that of distilled
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and deaired water, and that the CS content did not have effects on the compressibility of
CS. Similar results have also been recently shown in Vranna and Tika [68].

When subjected to confined 1D-compression tests, gelled samples exhibit significant
strain depending on samples’ age (Figure 4), gel time and curing environment. Butrón
et al. [56] performed unconsolidated and consolidated undrained triaxial, unconfined
compressive strength and oedometer tests on samples cured in different storage environ-
ment (temperature, relative humidity, chemical surrounding) and tested over a period of
5 months; 35% silica sol was mixed with accelerator at 8:1 weight ratio. They found that,
given a combination of relative humidity and temperature, the shear stress in unconfined
compressive strength tests increased with samples’ age. Furthermore, specimens tested
within 13 days after mixing exhibited a strain-hardening behavior, while samples tested
after 29 d and 69 d showed a peak shear stress (strain-softening) in the range 27–33 kPa
from consolidated undrained triaxial tests (effective consolidation stresses around 10 kPa
and 20 kPa for radial and axial stress, respectively). Up to ≈30% strain was measured
1 d after mixing from oedometer tests in the stress range 0–100 kPa, and strain generally
decreased, given a stress level, with samples’ age. From oedometer tests, they obtained
hydraulic conductivity values in the range 10−10 to 10−11 m/s. These values, typical of
clays, result from water flowing through small pore spaces randomly formed by particles
aggregates [58].

Figure 4. Oedometer test results on silica gel samples kept underwater at 8 ◦C with unloading-
reloading paths ([56] with permission).

Wong et al. [72] performed oedometer tests on pure CS gel samples (75/20 mm
diameter/height, 1 h or 5 h gel times; cured under water or at 90% relative humidity
(1–4 weeks); CS content 34%, vertical stress up to 1000 kPa). All samples, irrespective of
curing conditions, gel and curing time, exhibited significant void ratio decrease during
loading. Samples cured for 4 and 8 weeks showed a stiffer response at low vertical stress
levels than samples cured for 1 and 2 weeks while, at effective vertical stresses greater than
about 25 kPa, the slope of the compression curve was similar for all samples.
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In conclusion, the experimental results from existing research on the behavior of CS
solution and pure gel point out some fundamental aspects: (i) CS solution and gel are
more compressible than fresh water; (ii) the strength of CS gel increases with time, and it is
affected by environmental conditions such as relative humidity and temperature; (iii) CS
gel has hydraulic conductivity values typical of clays.

4. Transport of Colloidal Silica Grout through Porous Media

A key aspect for practical application of CS grouting is the permeation mechanism
of the stabilizing mixtures into targeted soil layers. The groutability of materials depends
on the grout viscosity and on the hydraulic conductivity and grain size distribution of
the permeated medium. Soils with hydraulic conductivity in the range 10−3–10−5 m/s
and particle size in the range 0.05–2 mm are easily groutable by all commonly used
chemical grouts [2]; liquefiable soils usually match both these criteria. Previous research
dealing with colloids showed that they can move through sand aquifers [92–94]. Fujita and
Kobayashi [95] evaluated the effects of the soil matrix, of the charge amounts of colloidal
silica particles, and of the air–water interface on the transport of the colloid in saturated
and unsaturated conditions, showing that the liquid transport significantly depends on pH
(high mobility at higher pH). Noll et al. [89] formed a permeability barrier (0.9 m wide)
with CS in a 3.6 m × 1.8 m × 1.2 m sand box. The grout was delivered by means of three
injection wells placed in the center of the container and three extraction wells located on
two sides of the model. Noll et al. [96] used CS to stabilize a contaminated area, disposing
one injection well surrounded by six extraction wells on a 6 m radius.

Gallagher and Finsterle [51] used delivered CS grout into a box model by means of
injection and extraction wells under low hydraulic gradient. The model consisted of a
20 cm thick layer of loose sand (relative density, Dr = 40%) pluviated into a box (76 × 30 cm,
26.5 cm height). Five PVC pipes were used to deliver the colloidal silica solution into the
soil layer for ≈10 h (16.5 L of CS solution). Two additional pipes were used as extraction
wells. The box model setup is shown in Figure 5 together with the red dyed CS grout
progression after 3 h. Curing time was set as 14 d once the grout delivery was completed.
Specimens collected for unconfined compressive strength (UCS) tests after the box was
dismantled showed UCS values in the range 16–61 kPa. The authors concluded that
low-gradient injection and extraction wells could be successfully used for colloidal silica
delivery.

Figure 5. Setup of the box model experiment (grout flow is from left to right): side (a) and plan (b)
view after 3 h CS progression ([51] with permission).

When dealing with CS grouting, together with the different density and viscosity of the
grout and the water it displaces, the time-dependent gelation process must be considered.
The gelation process leads to a progressive decrease in the hydraulic conductivity of the
permeated media [17,83,96], thus decreasing the rate of grout delivery. Gallagher and
Lin [80] evaluated the permeation of colloidal silica grout by means of four soil columns
(Dr = 40%) (Nevada 120 silica sand, mean particle diameter D50 = 0.15 mm). They pointed
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out that the mixture’s viscosity had the greatest influence on the grout travel time through
the columns: once this viscosity approached 3.6 cP the flow rate was greatly reduced. In a
subsequent study, Gallagher and Lin [52] performed several column tests (0.9 m-length)
on loose sand or graded silty sand specimens (Dr = 40%) permeated by CS grout under
low hydraulic gradients (0.04, 0.09, 0.18). The authors showed that the CS solution could
successfully permeate the soil columns. For a viscosity value of≈4 cP, the grout flow inside
the columns essentially stopped. It was concluded that hydraulic gradients (i.e., injection
pressures) must be appropriately chosen in accordance with the distance the grout has to
cover, and by considering that the initial hydraulic conductivity of the medium decreased
as the grout started gelling in the pores. Bolisetti et al. [82] analyzed the grout injection
process (40% CS grout mixed with NaCl solution (10% by weight) at a 4:1 weight ratio) and
the grout flow in sand columns (fine sand with D50 = 0.2 mm and hydraulic conductivity
in the range 2.7–3.3·10−4 m/s), confirming that the increase in the grout viscosity during
gelation significantly affected its permeation; sinking of silica due to the grout density
should also be considered because the CS particles of the grout may sediment where not
required.

Hamderi and Gallagher [97] evaluated injection and extraction rates, and optimum
wells disposal, for in-field colloidal silica treatment by means of numerical analysis. The
authors pointed out the importance of the extraction flow rate for horizontal colloidal silica
delivery. They also found that a distance from the inlet to the outlet well between 2 and 4 m
could provide the soil with enough improvement for the maximum simulated injection-
extraction rates available. Conversely, when low injection/extraction rates were adopted,
the problem of grout sinking may occur, suggesting properly estimation of the minimum
flow rate when designing the treatment for a specific site. Hamderi and Gallagher [81]
developed a pilot-scale facility to investigate the delivery mechanism of colloidal silica
grout. Liquefiable sand (Dr = 22%, hydraulic conductivity 1.8 × 10−3 m/s) was put into
a large box facility (243 × 366 cm, 122 cm deep) and treated by a colloidal silica grout
transported by means of injection and extraction wells. Both low-rate (2) and high-rate (6)
injection tests were performed. For low-rate tests, 6% CS solution was used, and it was
made to move at a flow rate of 65 mL/min/well (total flow rate equal to 260 mL/min) for
the first test; due to sinking problems during the grout delivery, the flow rate was doubled
for the second test and the relative density of the sand was increased to 48%. For high-rate
tests, a 9% CS by weight solution was used for just one test, while for the remaining part a
tracer NaCl solution was used. At the end of the high-rate test with CS grout, the treated
sand was left 25 days to cure before it was excavated. The injection rate for this test was set
at 6800 mL/min/well (approximately 50 kPa/well). A 0.3 m deep horizontal surface was
used for testing with a pocket penetrometer. Finally, 24 cylindrical samples were trimmed
and subjected to unconfined compressive strength tests. The CS concentration resulting
after the grout permeation was estimated from electrical conductivity measurements, and
by relating pocket penetrometer and UCS measures on treated sand samples.

In addition to the viscosity increase, which may stop the delivery process and prevent
the target location being reached, the grout sinking is a crucial issue in the CS grout
treatment. It is governed by the difference between the density of the grout and that of
the water it displaces [81,97–99] and, as a consequence, the grout could not be delivered
to the target location with the required design properties. Hamderi and Gallagher [97]
pointed out that the maximum practical injection distance for colloidal silica is in the range
2.5–4 m, to avoid sinking. Hamderi and Gallagher [81] observed on a physical model
that sinking was much more significant when low injection rates were used instead of
high injection rates for grout delivery. As stated by Weggel et al. [98], while the viscosity
increase reduces the grout flow due to a decrease in hydraulic conductivity, the density of
CS, greater than that of the water it displaces, tends to increase its flow-rate. In numerical
simulation of grout injection, Gallagher and Finsterle [51] took into account the different
densities of water and stabilizer assuming that their volumes were additive. Moreover,
they also used a relationship to describe the stabilizer viscosity increase and a mathematical
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power-law expression to calculate the time-dependent viscosity of the liquid phase, which
they assumed consisted of water, stabilizer and dissolved air. Agapoulaki et al. [99], after
performing 1D-flow tests on soil columns permeated by 10% CS solution, proposed an
analytical tool based on a modified Darcy’s law in order to predict the grout flow rate
considering different densities of water and CS, and viscosity changes over time. Weggel
et al. [98,100] developed an analytical model to evaluate the rate at which the CS solution
displaces the water while moving through a porous medium column (1D flow). The
combined effects of density and viscosity difference between CS dispersion and water were
taken into account, and the proposed model was validated by comparison with data on
one-dimensional CS flow described in a previous work by Lin [101].

5. Influence of Colloidal Silica Treatment on Soil Behavior—Laboratory Investigations

Most of previous research studies dealing with CS grouting consist of laboratory
studies. This section reviews the most significant results obtained by researchers from
laboratory experimental activities on CS grouted soil. The behavior of treated material
under dynamic and cyclic loading is discussed distinguishing between liquefaction-related
problems and soil response up to medium-strain levels, followed by a discussion on the
soil response under static loading conditions.

When performing laboratory tests on CS-treated soil, a crucial issue is represented by
the specimen preparation method. Basically, two different methods have been extensively
used in the literature. The first one consists of pluviating the dry sand directly into the
liquid grout to achieve a desired initial relative density, waiting for the gel time and curing
time to expire, and then moving the specimen into the testing apparatus. The second
one consists of grout permeation through the specimen, which was previously prepared
in standard ways (e.g., dry tamping, moist tamping, dry deposition, etc.) and possibly
pre-saturated with deaired water. While the first method ensures good homogeneity, full
gel saturation and reproducible laboratory results, it is not representative of field conditions
(i.e., grout injection). On the other hand, despite being much more representative of field
injection, the second one does not guarantee a homogeneous grout distribution.

Before going through details of tests and results collected from the literature, the role of
back-pressure saturation in cyclic as well as monotonic triaxial tests needs to be discussed.
The application of a back-pressure is usually performed as a standard procedure to dissolve
air bubbles and to promote water saturation of the sample before the consolidation and
shearing phases. For treated soil, most of the tests reported in older studies and in some
recent ones were performed without prior water saturation [14,23,63,66,68,69] to avoid
disturbance to the gelled material. On the contrary, in other studies soil specimens were
previously saturated [48,64,70,71,74], in some cases using very high values of the back-
pressure (up to 700 kPa). When back-pressure saturation is not performed, pore pressure
response is not measured during the shearing phase and test results are processed with
reference to total stress, or assuming that mean total and effective stresses are practically
identical [68]. Vranna et al. [68] showed the results from monotonic undrained triaxial
tests on treated and untreated loose sand specimens subjected to different back-pressure
values, pointing out that the magnitude of back-pressure had a strong influence on the
stress–strain response of the material. Georgiannou et al. [71] showed that the results of
drained monotonic triaxial tests were independent from the back-pressure magnitude,
which was in the range 300–700 kPa. The same range of values was adopted by Triantafyllos
et al. [74], who stated that increasing the back-pressure within this range does not produce
damage to the gel since they observed that drained loading on similar stabilized samples
gave reproducible results. Pavlopoulou and Georgiannou [70] obtained repeatable results
from specimens that were back-pressure saturated in a standard way; they also stated that
increasing the pore water pressure does not damage the gel, and that the treated sand
response is controlled by the effective stresses; thus, measuring the pore water pressure
response is required in laboratory tests on CS-treated sand.
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5.1. Mechanical Behavior under Dynamic and Cyclic Loading Conditions
5.1.1. High Strain Levels and Liquefaction

Huang and Wen [26] included CS grouting among the newly developed techniques
against liquefaction. Mitigating the liquefaction effects by CS grouting has been the
main goal of several studies since the beginning of this century (e.g., [23,38,39]). It is
well established that seismic liquefaction arises due to the pore water pressure build-up
developed in loose saturated sandy and silty soils with no plastic fines under cyclic loading
conditions [36,102–105]. Reducing the pore water pressure development and bonding the
grains are two effective ways to improve the soil behavior against liquefaction [106]. These
effects can be successfully induced by CS grouting.

Undrained cyclic triaxial and cyclic simple shear tests have been extensively used
by researchers, together with cyclic torsional shear tests. The compressibility of the pore
gel poses the question whether the pore pressure response should have the same mean-
ing in treated and untreated material [24]. Therefore, the definition of initial liquefac-
tion as the condition at which the increase in pore pressure is equal to the initial effec-
tive confining pressure (pore pressure ratio ru = 100%) may not be fully satisfactory to
identify failure (or a state of softening) in treated specimens. Thus, the achievement of
a given value of strain (usually, but not as a rule, 5% double amplitude axial strain in
cyclic triaxial or 7.5% double amplitude shear strain in cyclic simple shear tests) has
been extensively used as a criterion to coherently define the state of failure condition for
treated sand [14,47,48,61,64,68,69].

As unanimously observed in the literature, regardless of tested materials and testing
conditions (i.e., test type, adopted failure criterion, specimens’ dimensions, formation
method and relative density, soil characteristics, CS characteristics, etc.), the liquefaction
resistance of treated material is higher than that of the untreated one, and increasing silica
content usually leads to higher liquefaction and deformation resistance, both increasing as
samples’ age increases [14,23,25,37,38,47,49,50,61,64,66,68–70,107]. The axial strain is not
symmetric about the zero strain axis (shifted towards the extension region) [23,64,68–70].

Figure 6 shows the results, in terms of axial strain (εa) versus number of loading cycles
(Nc), of cyclic triaxial tests performed on treated and untreated sand. Figure 6a shows the
comparison between treated (CS content 2%) and untreated (CS content 0%) loose sand;
Figure 6b shows the comparison between treated loose sand (CS content 5%) and dense
untreated sand. The tests were performed without prior saturation and pore pressure
measurements. As shown in Figure 6a, for a very similar Cyclic Stress Ratio (CSR) value,
the treated sand specimen does not fail (5% double amplitude axial strain), while failure
(the condition ru = 100% is followed by the development of large strain) occurs after a few
cycles for the untreated one. Figure 6b shows that, for the same CSR, the treated sand
specimen does not fail, despite it having a much lower relative density than the untreated
dense sand specimen.

Figure 7 refers to the results of cyclic triaxial and simple shear tests with pore pres-
sure measurements on treated and untreated loose sand. It shows the average trends
of maximum pore pressure ratio against the ratio of number of loading cycles (Nc) to
the number of cycles at failure (Nf). The loading path (triaxial or simple shear) does not
have significant effect on the pore pressure development for the untreated sand while it
markedly influences the response of treated material. In treated sand, the pore pressure
developed faster in the triaxial test than in the simple shear test, and in both cases the pore
pressure build-up was faster in grouted sand than for untreated sand. However, differently
from untreated sand, the ru = 1.0 condition was not reached. A faster development of
pore pressure in grouted sand was also reported by Porcino et al. [48] from undrained
cyclic simple shear tests and by Pavlopoulou and Georgiannou [70] from undrained cyclic
triaxial tests on loose and medium-dense treated sands; in the latter study, the authors also
observed that the condition ru = 1.0, that could be reached either by treated and untreated
sand, did not indicate the collapse in treated material.
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Figure 6. Axial strain versus number of loading cycles: (a) untreated and 2% CS-treated specimens;
(b) untreated and 5% CS-treated specimens (mod. from [14]).

Figure 7. Non-dimensional pore pressure build-up for treated and untreated sand for different
loading conditions ([64] with permission).

Conversely, Díaz-Rodríguez and Antonio-Izarraras [39] and Díaz-Rodríguez et al. [47],
from results of cyclic simple shear tests, showed a delayed increase in pore pressure in
the treated loose soil compared to the untreated one, with a slower rate of increase as the
CS content increased. However, it should be noted that the initial vertical effective stress
used by Porcino et al. [64] was significantly higher than that used in Díaz-Rodríguez and
Antonio-Izarraras [39] and Díaz-Rodríguez et al. [47]; in addition, in the latter, the pore
pressure was not directly measured, but it was obtained from the changes in vertical stresses
that were required to keep a constant height of the specimen, and in Díaz-Rodríguez and
Antonio-Izarraras [39] no details are given on how the pore pressure response was assessed.

By drawing the liquefaction resistance curves of treated and untreated materials in
the number of cycles to failure—Cyclic Stress Ratio plane, it is therefore expected that the
resistance curve of treated soil lays above that of the untreated sand. By way of example,
Figure 8 shows typical liquefaction resistance curves of treated materials compared with
the corresponding curves for the untreated sands, collected from different studies on
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CS-treated materials. CS grouting produces an increase in liquefaction resistance that can
be related to the effect of particles densification [64]. Towhata and Kabashima [37] showed
that the effect on loose Toyoura sand (relative density Dr = 40%) of 4.5% CS content grout
was equivalent to densification (Dr within 75.1% and 77.8%) of untreated sand.

Figure 8. Cyclic Stress Ratio (CSR) against the number of cycles at failure (Nf) after cyclic tests
on loose (Dr ≤ 45%) untreated and treated sands (data collected from references in the legend;
liquefaction resistance curves calculated via a power relation CSR = aNf

b).

Gallagher and Mitchell [23] performed undrained cyclic triaxial tests on Monterey
#0/30 sand (D50 = 0.44 mm, uniformity coefficient Cu = 1.64, curvature coefficient Cc = 1.01,
specific gravity Gs = 2.65) treated with 5–20% (by weight) CS content grout. Specimens
were prepared by pluviating dry sand into liquid grout (Dr ≈ 22%, 3 × 6.25 inches; gel
time 4–28 h; curing time 40 h–56 d; confining stress of 100 kPa; frequency of 1 Hz). Back-
pressurization was not performed for saturation and pore pressure was not recorded during
the tests. They found that: (i) the CS treatment improved the deformation resistance of
treated sand; (ii) the level of improvement was related to the CS content; (iii) samples
treated with lower CS contents experienced more strain than samples treated with higher
CS contents, for a given Cyclic Stress Ratio; (iv) the axial strain developed in cyclic test sand
was not symmetric about the zero axis. According to their findings, CS contents of 5–10%
could be considered a good compromise between effectiveness and economic advantage to
improve the sand liquefaction resistance.

Liao et al. [38] performed undrained cyclic triaxial tests on sand from a hydraulic
fill (D50 ≈ 0.4 mm, Cu = 4.13, Cc = 1.238, Gs = 2.719, SP). Dry sand was tamped in layers
followed by grout permeation for specimen preparation (Dr = 50% ± 3%; gel time 8 min;
curing time 7–28 d; consolidation stress of 98 kPa; CS content: unspecified; frequency of
0.5 Hz). They obtained: (i) an increase up to 4–7-fold in the stress ratio needed to initiate
liquefaction of treated sand after 28 d compared to the untreated sand; (ii) 8% and 24%
increases in liquefaction resistance when curing time increase from 7 d to 14 d and 28 d,
respectively; (iii) very high stress ratios were required to activate the mechanism of pore
pressure build-up in grouted sand compared to ungrouted sand; these high stresses caused
a rapid increase in pore pressure at the initial loading stage, even if many more cycles could
be withstood before reaching initial liquefaction.

Díaz-Rodríguez and Antonio-Izarraras [39] performed cyclic simple shear tests on
Làzaro Càrdenas sand (uniform sand with low fines content, Cu = 2.71, Gs = 2.67). Spec-
imens were prepared by pluviating dry sand into liquid grout. (Dr = 40%, 40–100% for
untreated sand only; curing time 3 d; vertical stress of 0.3 kg/cm2; CS content: 10–20%;
frequency of 1 Hz). Liquefaction of Dr = 40% treated samples increased with increasing CS
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contents. They observed that: (i) the rate of pore pressure ratio increase was faster as CS
content decreased; (ii) the untreated material failed in fewer loading cycles than treated
material; (iii) peak-to-peak shear strain developed slower with loading cycles as the CS
content increased, being the minimum for CS = 20%, with a trend similar to that of the pore
pressure ratio response.

Kodaka et al. [61] carried out undrained cyclic torsional shear (hollow cylinder) tests
on specimens prepared by permeation of grout after water saturation (Dr = 40%, 100 mm
height, 100/60 mm outer/inner diameter (hollow cylinder); curing time 4 weeks; CS
content: 4%). According to their findings: (i) the liquefaction resistance of sand increased
due to grouting; (ii) collapse condition corresponding to zero effective stress (i.e., pore
pressure ratio ru = 100%) was not achieved; (iii) the development of strain was lower for
treated sand.

Díaz-Rodríguez et al. [47] performed cyclic simple shear tests on Làzaro Càrdenas
sand samples (poorly graded sand with 11.5% non-plastic silt-sized content, diameter
corresponding to 10% passing D10 = 0.07 mm, Cu = 3.0, Cc = 0.98, SP-SM). Sand was
directly pluviated into liquid grout (Dr = 40%, 60%, 22/70 mm height/diameter; curing
time 7 d; vertical stress 29.4–88.2 kPa; CS content: 7.25–14.5%; frequency of 1 Hz). They
found that: (i) loose and dense treated sand had a greater liquefaction resistance than loose
and dense untreated material; (ii) pore pressure ratio increase was delayed in treated sand,
becoming faster as CS contents were reduced (fastest for untreated sand).

Mollamahmutoglu and Yilmaz [63] performed cyclic triaxial tests on a clean sand
(Gs = 2.62, SP). Dry sand was tamped in layers, followed by water saturation and grout
permeation (Dr = 50%, 140/70 mm height/diameter; curing time 28 d; two different grouts
composed, respectively, of a mixture of saline solution with a ratio salt:water = 1:9 and
20% CS, and a ratio salt:water = 1:12 and 25% CS; frequency of 1 Hz; the consolidation step
was omitted). No failure was observed for treated samples over 1000 loading cycles, and
after cyclic loading, additional unconfined compressive strength tests showed that treated
samples exhibited little strength loss (≈10%).

Porcino et al. [64] performed undrained cyclic simple shear and cyclic triaxial tests
on Ticino silica sand (D50 = 0.6 mm, Cu = 1.3, Gs = 2.68). Specimens were prepared by
pluviation of dry sand followed by grout permeation (Dr = 45% (also 75% for untreated
sand), 22/80 mm height/diameter (simple shear), 140/70 mm (triaxial); gel time 60–90 min;
curing time 24 h (up to 30 d for some simple shear tests); effective consolidation stress
100 kPa (for both test types); CS content: 10%; frequency of 0.05 Hz and 0.30 Hz for a
few triaxial tests). They showed that: (i) treated sand exhibited little strain under cyclic
loading if compared with that of untreated material; (ii) pore pressure development was
different for treated and untreated sand; (iii) the effect of treatment was found equivalent
to densification of untreated sand to Dr = 75%; (iv) no significant increase in liquefaction
resistance was obtained as curing time increased; (v) the increase in loading frequency
tended towards a higher cyclic resistance of treated sand.

Porcino et al. [48] performed undrained cyclic simple shear tests on Ticino silica sand
(D50 = 0.6 mm, Cu = 1.3, Gs = 2.68). Specimens were prepared by air-pluviation followed
by grout permeation (Dr = 45%, 22/80 mm height/diameter; gel time 60–90 min; curing
time 24 h; effective vertical stress 25–100 kPa; CS content: 10%; frequency of 0.05 Hz). The
authors showed that: (i) liquefaction resistance of sand was improved by the treatment;
(ii) at lower effective vertical pressure the level of improvement was greater; (iii) the effect
of grouting was found equivalent to densification of untreated sand to Dr = 75%.

Vranna and Tika [66] showed the results of cyclic triaxial on quartz sand (D50 = 0.31 mm,
Cu = 1.50, Gs = 2.655, named M31 sand). Samples were formed by moist tamping followed
by grout permeation (Dr = 14.4–59.5%, 100/50 mm height/diameter; gel time 10–11 h;
curing time 5 times the gel time; isotropic pressure 100–300 kPa; CS content: 6, 10%; fre-
quency of 0.1 Hz; no water saturation prior to testing). They pointed out that: (i) the
cyclic response of 6% CS-treated sand was comparable to that of a weakly cemented sand
(1% white Portland cement content); (ii) the cyclic response of sand treated with 10% CS
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grout was not found significantly different from that of 6% CS grouted material; (iii) for
increasing stress levels, the benefits of stabilization (both cementation and CS grouting)
were reduced. In a later work, for cyclic triaxial tests carried out under similar conditions
on the same type of sand, Vranna et al. [68] highlighted that: (i) the treated sand in the
testing conditions had approximately two times the liquefaction resistance of the untreated
one; (ii) the treated specimens had higher deformation resistance (i.e., untreated samples
developed higher double amplitude axial strain during loading within the same number
of cycles). Moreover, they confirmed that the increase in CS content (from 6 to 10%) did
not significantly affect the cyclic response of treated sand. In a recent study, Vranna and
Tika [69] proved that the liquefaction resistance of a silty sand increased with rising CS
content from 6% to 10% when relative density was less than 40%, while for higher densities
the liquefaction resistance for both CS concentrations were similar.

Ciardi et al. [14] performed cyclic triaxial tests on a uniform silica sand (D50 = 0.30 mm,
Cu = 1.6, Gs = 2.65, SP). Dry sand was pluviated into liquid grout (Dr = 18–30% (treated
sand), 100/50 mm height/diameter; gel time ≈ 2 h; curing time 5 d; isotropic pressure of
100 kPa; CS content: 2, 5%; frequency of 0.1 Hz; no back-pressure saturation prior to testing).
They showed that: (i) 2% CS content (‘weak CS gel’) was enough to increase the liquefaction
resistance of grouted sand; (ii) the liquefaction resistance of 2% treated material was ≈28%
greater than that of the untreated one after 15 cycles; (iii) the liquefaction resistance
increased with increasing CS contents.

Salvatore et al. [49] performed cyclic triaxial tests on silica sand (D50 = 0.303 mm,
Cu = 1.6, Gs = 2.65). Specimens were formed by dry sand deposition followed by grout per-
meation (no preliminary water saturation) (Dr = 20.6–61.2%, 140/70 mm height/diameter;
curing time 5 d; effective consolidation pressure 100, 200 kPa; CS content: 5, 10%). They
found that: (i) liquefaction resistance increased with increasing CS contents; (ii) for a given
Dr value, the peak pore pressure ratio developed slower for treated sand than for the
untreated one.

Pavlopoulou and Georgiannou [70] carried out cyclic triaxial tests on M31 sand
(76/38 mm height/diameter; curing time 50 h; mean effective consolidation pressure 100,
200 kPa). Specimens were formed in loose and medium-dense states by sedimentation of
sand in the hydrosol (10% CS grout), and they were back-pressure saturated in a standard
way. The authors found that: (i) despite a greater liquefaction resistance, the treated sand
showed a softer response at the early loading stage, resulting in a faster pore water pressure
and axial strain build up; (ii) (secant) stiffness measurements during cyclic loading revealed
that the stiffness at the early loading stage was an order of magnitude lower for treated
than for untreated loose sand; (iii) only dense treated sand had similar initial stiffness than
loose untreated sand; (iv) a univocal trend between stiffness and cyclic strain was obtained
for loose and dense treated and untreated sand.

5.1.2. From Low to Medium Strain Levels

Some studies showed that key soil parameters, like the initial shear modulus and
damping ratio, are somehow affected by the CS treatment. Both the initial shear modulus
and damping ratio increase because of CS grouting. However, there are controversial
data on the magnitude of this increase. Spencer et al. [77] performed resonant column
tests on sand samples (Nevada 120 sand; D50 = 0.15 mm, Cu = 1.6, uniform fine sand, SP)
treated with CS contents 4–9% (Dr = 40%, 142/71 mm height/diameter, gel time ≈ 3 h,
10 times gel time curing time, and confining stress of 50 kPa). They found that: (i) the shear
modulus of grouted sand increased with increasing silica content; (ii) the shear modulus
was significantly higher for pure sand than for treated material; (iii) the damping ratio was
practically unaffected by grouting at small strains. In a following work ([78]), the authors
showed the results of resonant column tests on Dr = 50% sand samples. They observed that
the shear modulus at small strain levels was higher for treated sand and that negligible
effects on damping ratio were measured over the whole cyclic strain range. By way of
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example, Figure 9 shows the results from experimental tests reported in Spencer et al. [78];
G, D and γ are the shear modulus, the damping ratio and the shear strain, respectively.

Figure 9. Experimental shear modulus (left axis) and damping ratio (right axis) versus shear strain
from resonant column tests on CS-treated and untreated sand (data from [78]).

While in Spencer et al. [77,78] negligible effects on damping ratio were found, Batilas
et al. [79] observed a broader range of values from resonant column tests (Dr = 30–50%,
110/50 mm height/diameter specimens; gel time 2 d; shear strain 10−5–10−3; confining
pressure 50–300 kPa; CS content: 6, 10%; clean sand and silty sand with 10% fines content).
They found that: (i) the damping ratio increase is related to samples density, shear strain
and confining pressure; (ii) both the shear modulus and damping ratio increased due to
10% CS treatment for clean and silty sand; (iii) the damping ratio increase varied from
negligible values (Dr = 50%, medium shear strain and confinement of 300 kPa) up to
55% (Dr = 30%, medium shear strain and confinement of 100 kPa); (iv) reducing the CS
concentration from 10% to 6% by weight for clean sand (Dr = 50%) led to a reduction in the
shear modulus and to an increase in the damping ratio ranging from 15% to 50%, as the
shear strain increased.

Results from bender element tests reported by Conlee et al. [24] showed that the
initial shear modulus increased by ≈12% for 9% CS-treated sand compared to untreated
sand, and by ≈14% for 5% CS-treated sand compared with 4% CS grouted sand. Krishnan
et al. [50] found that both damping ratio and initial shear modulus significantly increased
for treated samples with increasing curing time. Salvatore et al. [49] showed that the shear
wave velocity was greater for treated than for untreated sand and observed an increase
over time of the shear wave velocity measured by bender element tests on treated sand.
This agrees with the increase in gel strength as curing time increases.

In conclusion, since it is not clear how much the damping ratio and the initial shear
modulus are affected by CS grouting, the behavior of treated sand at small strain levels
needs to be studied more thoroughly.

5.1.3. Physical Modeling Tests

Compared to laboratory tests, which point out some important aspects on the behavior
of small-sized soil elements, the tests on physical models allow investigation of larger
volumes of soil and attainment of more complete information on the behavior of the CS–soil
system.

The available centrifuge model tests on CS-treated materials show that the deformation
exhibited by stabilized soil is significantly lower than for untreated material. Gallagher
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et al. [25] pluviated dry Nevada No. 120 sand for a thickness of approximately 200 mm
(to simulate 10 m prototype soil deposit at 50 g) into a 46 × 37 cm laminar box, 26 cm
height. The sand was packed at a relative density of 40%, and the CS grout (6% CS by
weight) was delivered by permeation under a vacuum during 13 h saturation. Gel time
was 56 h and curing time 240 h. The pore pressure response was not measured. The model
was subjected to 2 shaking events parallel to the base of the box, each of 20 loading cycles
(sinusoidal input) at 2 Hz, with peak accelerations 0.2 g and 0.25 g in prototype units. They
found that liquefaction did not occur during either shaking event: shear strains of ±0.5%
and ±1% were measured in the first and second shaking events, respectively, and 0.3% and
less than 0.1% settlements were recorded at the center of the model during the first and
second events, respectively. These values were up to 25 times less than those recorded by
Taboada [108] in a similar centrifuge test for untreated sand.

Pamuk et al. [62] performed physical modeling tests on pile foundations in liquefiable
sand (Nevada 120 sand; D50 = 0.15 mm, Gs = 2.67) treated by 5% CS grout. The model
consisted of a laminar box with a 3-layer soil system with a 2 × 2 end-bearing pile group
connected by a pile cap, characterized by a model height of 20 cm and tested at a centrifuge
acceleration of 50 g. Some interesting results were obtained by the authors: they showed
that the treated soil did not liquefy, and therefore that it was able to transmit shear stresses
from the base shaking through the surface of the model, with only small amplification of
the input acceleration at shallow depths both in free-field and at the pile cap. Acceleration
records along the soil profile after CS treatment indicated that there was substantially
no loss of soil strength and stiffness during shaking. The free-field lateral displacement
profiles were smaller when sand was treated with CS than those recorded in the model
without soil treatment, and the soil close to the pile cap did not fail when CS was used.
The CS treatment produced a dramatic decrease (97%) in pile bending moments, compared
to the moments recorded for the untreated model; the lateral deformation of the ground
surface, for CS-treated soil, was about 5% of that of the untreated soil.

Conlee et al. [24] performed centrifuge tests on two models. Each model was char-
acterized by 2 slopes with 3◦ inclinations towards a central channel. It consisted of a
bottom layer of Monterey 0/30 sand, and of a central liquefiable Nevada sand layer that
was overlain by a compacted Yolo loam layer. Grout was permeated under a vacuum.
Resonating time for the rigid gel was between 16 and 120 h, depending on initial CS content
(4–9%). Eight shaking events were applied to the models, with centrifugal acceleration of
15 g (a sinusoidal wave applied for 20 cycles at a frequency of 2 Hz). The authors found
significant deformation reduction in grouted sand, with ground deformations progressively
decreasing with increasing CS contents. Moreover, lateral spreading in slopes laying on
treated liquefiable layers was reduced.

5.2. Mechanical Behavior under Static Loading Conditions
5.2.1. Monotonic Loading

Colloidal silica treated soil can be easily subjected to unconfined compression strength
(UCS) tests, with resulting UCS values that depend on the percentage of silica diluted
in the stabilizing grout. Studies unanimously demonstrated that UCS values increase as
silica contents and the age of samples increase (e.g., [13,23,63,69,71]). Moreover, treated soil
subjected to monotonic loading shows enhanced dilative response (e.g., [48,49,61,70–72,74])
(Figure 10).

However, it is still not fully clear whether this depends on the effect of bonding the
grains, on the effect of an equivalent densification due to the presence of silica solids,
or more likely on a combination of both factors. In addition to enhanced dilation, the peak
shear resistance of treated soil is higher than for untreated material, and it increases with
increasing silica contents and samples’ age (e.g., [14,48,49,70,72]). The phase transformation
and critical state lines also move up for treated sand [60,64,70].
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Figure 10. Direct shear stress results for treated and untreated sand: (a) stress ratio vs. horizontal
displacement; (b) vertical vs. horizontal displacement [71].

The overall effect of CS treatment can be mainly viewed as an increase in the co-
hesive properties of soil, with minor effects on the peak angle of shearing resistance
(e.g., [14,48,50,61,65,70–73]), even though there seems to be a strong test-type dependence.

Soil samples subjected to monotonic loading after cyclic shearing showed little shear
resistance degradation and deformation levels related to the amount of strain developed in
the previous loading stage [23,63,65,68,69].

Most of the studies described in Section 5.1.1 also analyzed the behavior of CS-treated
soil under monotonic loading. Therefore, the test details (materials’ characteristics, speci-
men formation method, etc.) that have previously been described are not reported again in
the following paragraphs (unless there are significant differences to be mentioned), and
only the main conclusions of the studies are highlighted.

Kodaka et al. [61] performed drained and undrained torsional shear tests (Dr up to
80% for untreated sand; effective confining stress 50–200 kPa; velocity 0.5%/min). The
authors found that: (i) treated material exhibited enhanced characteristics of dilatancy
and higher shear stress at failure under the same confining stress; (ii) the dilation region
expanded for treated sand; (iii) the slope of the failure line, obtained from undrained
torsional shear tests, slightly increased and its position moved upward.

From undrained monotonic simple shear tests (Dr ≈ 45%; effective consolidation
stress 25–150 kPa; velocity 0.13 mm/min), Porcino et al. [64] obtained: (i) more dilation
and higher peak stress ratios for treated specimens than for untreated ones; (ii) cohesion
intercept of 3 kPa and internal friction angle of 37.4◦ for treated sand (no cohesion and
friction angle at ultimate state of 34.4◦ for untreated material); (iii) phase transformation
line higher for treated samples.

Enhanced dilative behavior was also detected from drained triaxial tests on loose sand
by Porcino et al. [48] (effective consolidation stresses 20–400 kPa; velocity 0.03 mm/min).
They also found that the peak failure envelopes of treated and untreated material were
almost parallel in the mean confining pressure-deviatoric stress plane, with a 29 kPa
increase in cohesion (c′) for the treated sand and a negligible increase (about 1◦) in the peak
friction angle (φ′).

Georgiannou et al. [71] performed drained triaxial and direct shear test on M31 sand
(dry sand pluviated into liquid grout; Dr ≈ 37–93% (untreated sand) and ≈ 2–68% (treated
sand); 100/50 mm height diameter (triaxial test), 24/60 mm height/diameter (direct shear,
circular shape); gel time 10 h; curing time 50 h; effective consolidation stresses 100–700 kPa
(triaxial), 53–555 kPa (direct shear); CS content: 10%; strain rate 0.025 (0.005) mm/min in
triaxial tests (direct shear)). Based on the results obtained, the authors concluded that the
behavior of treated loose sand under direct shear resulted comparable to that of untreated
dense sand and hypothesized a curved failure envelope for medium-dense sand subjected
to direct shear tests (c′ = 0 kPa; φ′ = 41.3◦ at vertical effective stress σ′v = 125 kPa and
φ′ = 34.9◦ at σ′v = 555 kPa; φ′ = 32.5◦ c′ = 0 kPa for untreated material). Furthermore,
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they obtained c′ = 14 kPa and φ′ =38.3◦–35◦ at effective confining pressure in the range
100–700 kPa from drained triaxial tests on treated sand.

Wong et al. [72] performed direct shear tests on Leighton Buzzard sand (D50 = 1.2 mm,
Cu = 1.26, Gs = 2.65) and kaolin clay (plastic limit 0.32, liquid limit 0.64), the latter not being
discussed in this paper. Sand specimens were formed by dry sand deposition followed
by grout permeation (squared samples 60 × 60 mm, 20 mm height; gel time ≈ 1 h; curing
time 1–4 weeks; vertical effective stress 100–300 kPa; CS content: 34% [109]; shearing rate
0.001 mm/min). They found that: (i) the maximum ratio between the shear stress and the
effective vertical pressure recorded during the tests was always greater for treated sand
than for untreated over the whole range of adopted vertical pressure; (ii) a marked increase
in peak shear stress ratio was only observed for 200 kPa vertical pressure, while for 100 kPa
and 300 kPa similar values were obtained irrespective of curing time; (iii) treated sand
samples were always dilatant (greatest volume expansion for the 4 week cured samples);
(iv) the increase in cohesion (26 kPa) and in peak friction angle (8◦) was notable.

Ciardi et al. [14] showed the results from direct shear tests (dry sand pluviated into
liquid grout; Dr = 22–33%, 60 mm squared specimens, 20 mm height; CS content: 2%;
strain rate 0.03 or 0.0015 mm/min for untreated or treated sand, respectively). They
observed that: (i) the failure envelope for treated sand was characterized by a cohesion of
approximately 8 kPa, while the peak friction angle was practically unaffected by treatment;
(ii) the dilatancy was less affected by treatment than the initial volume contraction during
loading.

Figure 11 shows the increase in the failure line intercept and in peak friction angle
for different CS-treated materials subjected to monotonic tests. It should be stressed that
the results presented in Figure 11 comes from different test types on different materials
under different testing conditions, including use of different commercial CS solutions. In
Figure 11, the increase in φ′ ranges from a minimum of 1.2% ([14]) to a maximum of 19.5%
([72]) compared to the values of the untreated material.

Figure 11. Increase in failure line intercept (left axis) and internal friction angle (right axis) after
monotonic tests (data collected from the references in the plot; data from triaxial tests for [71] for
normal effective stress < 200 kPa).

Recently, some studies have pointed out that there is not a clear trend of c′ and φ′

increasing with CS contents. Krishnan et al. [50] performed undrained triaxial tests on
poorly graded cohesionless soil (D10 = 0.47, Cu = 2.67, Gs = 2.69). Specimens were prepared
by dry sand compaction followed by grout permeation (Dr = 30, 40, 60%, 100/50 mm
height/diameter; gel time 7 h; 3–28 d curing time; confining stress 100–300 kPa; CS content:
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7.5–30%; strain rate 1.2 mm/min; unconsolidated tests). The authors concluded that:
(i) both friction angle and cohesion increased with increasing CS contents to a limit, after
which they decreased; (ii) no significant increase was observed over a 7 d curing time; (iii) a
colloidal silica content 12.5%, 11% and 10% can be assumed as optimum to treat Dr = 30%,
40% and 60% sand samples, respectively.

Nouri Delavar and Noorzad [73] performed drained triaxial tests on clean sand with
varying fines content (0%, 10%, 20%, 30%, 40%). Babolsar sand (D50 = 0.19 mm, Gs = 2.74)
and Babol silt (D50 = 0.02 mm, fine content 87.7%, Gs = 2.55). Specimens were prepared
by wet soil tamping (Babolsar sand and Babol silt mixed at different ratios, Silt content
0–40%; curing time 3 d; confining pressure 100–500 kPa; CS content: 5–30%; strain rate
0.05 mm/min; no back-pressurization, saturation under water under a suction of 800 kPa
for 2 d). The results showed that soil cohesion increased as CS content increased for all the
fine contents investigated, and the internal friction angle first increased and then decreased
with increasing silica contents.

The results of drained triaxial tests performed by Salvatore et al. [49] (Dr = 20–35%;
curing time 5 d (15 d to evaluate the effects of curing time); effective consolidation stresses
100–300 kPa; CS content: 1.7, 5%) showed that: (i) the ratio of the deviatoric over mean
effective confining stress was higher (in the range 10–25%) for treated sand for consolidation
pressures of 100–300 kPa; (ii) the dilative behavior was significantly improved for treated
sand.

Pavlopoulou and Georgiannou [70] performed a series of direct shear tests on ‘Long-
stone’ sand (D50 = 0.15 mm, Gs = 2.64) and M31 sand (normal effective stress 110–550 kPa;
Dr = 43–93%) and drained and undrained triaxial tests on M31 treated by 10% CS (initial
effective stresses ranging between 100 and 2000 kPa). They obtained that: (i) the treated
sand exhibited enhanced dilation; (ii) the peak strength was higher for treated sand but
stress-level dependent, reflecting the enhanced dilative behavior with decreasing stress
level; (iii) the stress ratio at critical state was the same for treated and untreated sand;
(iv) the critical state line of treated soils were higher than for the untreated ones and (v) the
small strain stiffness was higher for treated than for untreated material, under both drained
and undrained loading conditions. The reduced small strain stiffness of treated sand during
monotonic loading (that the authors also reported during cyclic loading, Section 5.1.1) was
previously observed by Ciardi et al. [67], who found that the small strain stiffness of treated
sand was lower than for untreated sand and it decreased with increasing CS contents.

Triantafyllos et al. [74] performed undrained and drained triaxial compression tests
on stabilized M31 sand (sand pluviation into liquid grout; curing time 50 h; initial mean
effective stresses 100–6000 kPa; CS content: 10%; strain rates 0.005–0.05 mm/min). The
authors showed that: (i) there is a unique critical state line for treated sand that lays above
that of untreated material, even though at high stresses the two lines tend to converge in
the skeleton void ratio—mean effective stress plane; (ii) the treated material is significantly
more dilative than the untreated one; (iii) at ultimate strength, both materials attained the
same stress ratio; (iv) the loose treated material was more compressible with increasing
stress levels (less difference was detected for denser sand); (v) in the initial shearing phase
as well as in isotropic compression, loose treated sand appeared to be more compressible.

Vranna and Tika [69], while performing undrained monotonic tests on silty sand
stabilized with CS (no pore pressure measurements), found: (i) a brittle response of the
treated soil and increased maximum strength, if compared to the strain-hardening behavior
of untreated material; (ii) an improved post-cyclic behavior of treated sand, for which the
undrained shear strength, in post-cyclic monotonic tests, was similar to that exhibited by
treated specimens that were not previously cyclically tested.

5.2.2. Soil Compressibility

Although the soil compressibility is a crucial aspect in civil design because of the
consequences it can have on the performance of structures and infrastructures, few data on
compressibility and settlements of grouted material have been reported in existing studies
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and it is still controversial whether CS grouting enhances or reduces the compressibility
of soil. However, recent studies seem to agree that a loose treated sand subjected to
isotropic or 1D-confined compression loading is more compressible than the untreated
counterpart [14,67,70,74]. It could be speculated that the enhanced compressibility is
related to the viscous nature of gel, which tends to enhance slippage between grains [71];
according to Pavlopoulou and Georgiannou [70], the gel being damaged during normal
compression forces free water to flow out of the pores, resulting in a different (denser) state
of the material. However, these possible explanations need to be further investigated.

Towhata and Kabashima [37] pointed out that 4.5% and 6.5% CS grouted sand speci-
mens exhibited more volumetric strain than the ungrouted sand during isotropic consoli-
dation at a given stress level. They also showed that the greatest contraction was exhibited
by sand treated with 4.5% CS, concluding that “the present method of grouting is different from
the conventional solidification and rigid bonding of particles”. Georgiannou et al. [71] compared
oedometer results with those obtained from isotropic normal compression. Samples were
formed by pluviating dry M31 sand into liquid grout (diameter 60 mm; gel time 10 h; curing
time 50 h; CS content: 10%). While deformations exhibited under isotropic compression
were similar for both materials, the treated sand exhibited more volumetric strain than the
untreated material over the entire range of vertical pressures under normal compression.

Similar results were found by Ciardi et al. [14], who observed a strong dependence
of deformation on CS content upon loading in 1D-confined compression tests. Specimens
were formed according to two different methods: dry sand pluviated into liquid grout
(method 1); dry sand poured into a mold followed by the grout permeation (method 2)
(Dr = 12–22%, 20/71 mm height/diameter; gel time ≈ 2 h; curing time 5 d; CS contents:
2–13%). Each loading/unloading step kept for at least 24 h; test results are shown in
Figure 12, where εv, σvc

′, pa and CSW are the vertical strain, vertical effective consolidation
pressure, atmospheric pressure and silica content by weight, respectively. They found that:
(i) the compressibility of treated samples was greater than that of the untreated material
over the whole range of investigated effective stress; (ii) during loading, regardless of the
specimens’ formation procedure, test results showed a strongly CS content-dependent
behavior, i.e., the volumetric strain did not increase linearly with increasing CS content for
a given pressure, and for CS content >5% the stress–strain curves were comparable with
those for 5% CS-treated material (Figure 12a); (iii) the unloading paths were practically
unaffected by the presence of gel, i.e., they had a similar slope in the stress–strain plane
(Figure 12b), suggesting that the elastic recovery was almost exclusively due to the soil
skeleton.

On the contrary, Wong et al. [72] reported that the vertical strain in oedometer tests on
34% CS-treated sand (dry sand poured into mold followed by grout permeation; diameter
75 mm; gel time ≈ 1 h; each loading/unloading step kept for at least 24 h) was significantly
lower than that of the untreated one. According to the authors, the stiffer behavior of
treated sand was due to the gel filling the pore space: in natural sand, particles are free to
rearrange upon compression, while in grouted sand, the particles rearrangement is limited
due to the presence of CS gel.

Pavlopoulou and Georgiannou [70] performed oedometer tests on M31 and ‘Long-
stone’ sand (Section 5.2.1) treated by 10% CS. Specimens were directly formed within
the testing apparatus by sedimentation in the grout. Samples were prepared at different
relative densities, and they found that higher volume changes were achieved in treated
compared to untreated sands over the whole range of Dr.

Triantafyllos et al. [74] showed the compression curves of treated and untreated M31
sand after isotropic compression. They found different consolidation curves for treated
and untreated material, concluding that: (i) treated sand was more compressible than
untreated one with increasing stress levels; (ii) for denser sand, the differences were
smaller; (iii) treated sand exhibited loading rate-independent behavior.
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Figure 12. Oedometer test results on CS-treated and untreated sand): (a) loading path (linear
abscissa); (b) unloading path (semi-log abscissa) (mod. from [14]).

5.3. Effects of Gel Age on the Mechanical Behavior of Stabilized Soil

The gel strengthening over time leads to an improvement over the same period of
the mechanical properties of grouted soils. For a given laboratory test on stabilized soil,
the soil-gel performance increases with increasing curing time. Many studies [13,23,63,110]
have shown that the unconfined compressive strength increased as curing time increased,
depending on CS content value. For 27.5% CS content, Persoff et al. [13] showed UCS
values of stabilized Monterey sand samples of ≈400 kPa after 7 d: moreover, the strength
of samples with 19.7% CS after 7 d was 350 kPa and it increased up to 490 kPa after 30 days’
immersion in water. Persoff et al. [13] showed that the UCS of material treated with 10–20%
CS increased proportionally with the concentration of silica particles. Similar results were
obtained by Gallagher and Mitchell [23] for samples treated with 5–20% CS. Moradi and
Seyedi [111] found that the UCS of a stabilized silty sand (0–30% silt content) increased after
a period of 6 weeks and Yonekura and Miwa [112] observed that the UCS of treated soil
samples was still increasing after 3 years. More recently, Georgiannou et al. [71] showed
that the UCS of colloidal silica treated sand samples with 10% silica concentration slightly
increased (about 15% more) with increasing curing time. Figure 13 shows the pocket
penetrometer resistance (PPR) against curing time (tc), for sand treated with different silica
contents.
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Figure 13. Pocket penetrometer resistance of CS-treated sand versus curing time for different CS
contents (mod. from [107]).

Spencer et al. [78] found that the initial shear modulus of 5% CS-treated sand measured
at time intervals over 28 d in a resonant column test increased by ≈6 MPa, without
apparently having reached an ultimate value. Krishnan et al. [50] observed that the shear
modulus increased by ≈130% after 3 d curing time and by ≈1001% after 28 d while the
damping ratio increased by ≈106% after 3 d up to ≈151% after 28 d for Dr = 30% soil
samples. Salvatore et al. [49] showed that the shear wave velocity of a 5% CS grouted
triaxial sand specimen, measured by bender element tests at different confining pressures
over 24 d, was higher than that of untreated material and progressively increasing with
time. The rate of increase was significant up to 9 d, after which the increase continued at
a slower rate. Furthermore, they observed that the peak stress ratio exhibited by 5% CS
grouted dense sand (relative density 60% and 200 kPa confining stress) after drained
monotonic triaxial tests increased as curing time increased from 5 d to 15 d. Vranna
et al. [68] stated that increasing curing time above 2 d resulted in significantly higher
stiffness of treated samples in monotonic triaxial tests, while curing times up to 2 months
did not have much effect on the peak deviatoric stress of a 10% CS-treated sample. An
increase in peak deviatoric stress of ≈25% was measured after 1 year, even though, after
the peak, the stress–strain response tended to converge to that of sand cured for 2 d.

5.4. Hydraulic Conductivity

Experimental results highlighted that CS grouting causes a dramatic decrease in the
initial hydraulic conductivity (k) of soil and typical clay-like values are expected in sands
after the treatment (e.g., [13,14,48,66,72]). Past research studies pointed out that k decreases
as CS content increases (e.g., [13,17]); this decrease in k is ascribed to the structure of
the gel, which is essentially made of silica chains forming a micro-porous network (CS
content-dependent) through which water can flow [44,58]. In the untreated soil, the water
flow is mainly governed by the amount and size of pore space, while in the gelled soil
the water flow is mainly governed by the amount and size of the small pore space within
the gel. Figure 14 shows hydraulic conductivity values for different sands treated with
different CS contents.
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Figure 14. Hydraulic conductivity versus colloidal silica content for different CS-treated materials
(data collected from references in the legend; data for Monterey 0/30 sand for [13]).

Reducing k is the main goal when CS is used to form impervious barriers and, more
generally, to control locally the groundwater flow [17,89,96], but it may represent a critical
side-effect if the CS treatment is used in soil improvement against liquefaction. Since
the grout viscosity increases over time, the change in soil permeability during grouting
significantly affects the mechanism of grout delivery, reducing the grout flow [52,82].

Table 1 shows significant results obtained from hydraulic conductivity measurements
on CS grouted materials for both liquefaction mitigation and soil remediation.

Table 1. Significant studies on the effects of CS grouting on the soil hydraulic conductivity.

Reference Tested Soil(s) Test Type Specimen Formation, Testing Details Main Findings

[17]
Hanford sand, Los

Banos sand
(from quarry)

Flexible wall
permeameter

Three kinds of samples:
(1) prepared by pouring sand into liquid grout;
(2) prepared by grout injection into sandpacks;

(3) collected from field

Sands with initial k ≈ 10−4 m/s
could attain a final hydraulic
conductivity of ≈10−10 m/s

after CS grouting

[13]

Monterey silica sand No.
0/30 (D50 = 0.49 mm)

and Trevino sandy loam
(52% sand, 42% silt and

6% clay, by fraction)

Falling head
permeability test Soil and grout mixed in a cylinder mold

k ranged from ≈5 × 10−9 m/s
for 5% CS content up to

≈2 × 10−11 m/s for 27.5% CS
content (Monterey sand);

k ranged from ≈1.5 × 10−9 m/s
for 5% CS content up to

≈1.5 × 10−10 m/s for 27.5% CS
content (Trevino loam)

[48]
Ticino silica sand

(D50 = 0.6 mm, Cu = 1.3,
Gs = 2.68)

Constant-flow
permeability test Grout permeation

k ranged from 1.2 × 10−9 m/s
to 2.3 × 10−9 m/s
for 10% CS content

[72]
Leighton Buzzard sand

(D50 = 1.2 mm,
Cu = 1.26, Gs = 2.65)

Oedometer See Section 5.2.2 (Permeability estimated from
the consolidation times in oedometer tests)

k values ≈ 10−10 m/s for
grouted sand

[66]
M31 quartz sand
(D50 = 0.31 mm,

Cu = 1.50, Gs = 2.655)

Triaxial
permeability

Grout permeation. Dr = 40%, 100/50 mm
height/diameter

K = 2.3 × 10−9 m/s and
k = 2.2 × 10−11 m/s for CS

contents 6% and 10%,
respectively

[14]
Silica sand

(D50 = 0.30 mm,
Cu = 1.6, Gs = 2.65, SP)

Falling head

Dry sand tamped in layers. Dr ≈ 50–64%,
100/50 mm height/diameter, gel time ≈ 2 h,

curing time 1 d. CS content: 2, 5%.
Specimens were first water-saturated and then

injected with grout under gravity;
k measurements before and after treatment

104 (105) fold k reduction for 2%
(5%) CS grouted material
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6. In-Field Colloidal Silica Grouting for Liquefaction Mitigation

Most of the earliest studies on field applications of colloidal silica grouting (e.g., [86,89,96])
aimed to prevent the flow of contaminants, while CS applications for liquefaction mitigation
have been rarely discussed in the literature. Among these past studies, Noll et al. [96]
described the treatment of a 5 m diameter zone (≈3 m thick) with a 5% CS solution by
means of a central injection well and radially disposed extraction wells, to demonstrate
the ability of CS grout to prevent pollutants flow. Moridis et al. [17] injected a CS solution
into a heterogeneous unsaturated gravel-sand-silt deposit by means of tube-à-manchette
technology at depths of 3.0, 3.6 and 4.2 m, with the aim of waste containment. A soil
column (≈3 m height) uniformly grouted could be excavated after treatment.

Gallagher et al. [83] performed a field test on a 2 m thick sand layer (Dr = 40–45%
based on cone penetration test, CPT, results) located ≈6.5 m below the ground surface and
treated with silica solution. CS grouting (injection by tube-a-manchette, two stage bottom-
up process) was followed by a blast-test to evaluate the level of improvement at the target
site by comparing the pore pressure response and settlements measured in the treated
area with those recorded in an adjacent untreated site. Eight injection wells, disposed
radially on a 4.5 m radius zone, were used to pump the grout into the subsoil, and one
extraction well was equipped with a submersible pump in the center of the improved area
to direct the grout flow toward the inner of the circle. Low grouting pressures (75–150 kPa,
175 kPa occasionally) were used for grout injection. After grouting, the injection wells were
equipped with explosive charges at depth (6.4 m and 8.5 m below the ground surface)
to induce liquefaction. Based on the pore pressure analysis, the treated area liquefied
(the calculated pore pressure ratio ranged from 0.93 to 1.04 immediately after blasting).
However, no large deformations were recorded in the treated site, suggesting that the CS
treatment had significantly improved the deformation resistance of the sand layer. Typical
deformations connected to flow liquefaction (e.g., sand boils) were not observed. In an
adjacent untreated test pile area, 0.5 m maximum settlements were recorded, while the
maximum values in the treated site were ≈0.3 m. The authors concluded that, even if
liquefaction occurred in the treated layer according to the pore water pressure criterion,
the minor settlements were clear indicators of the increased stiffness of the grouted site.

Rasouli et al. [84] presented a detailed report on the application of a controlled per-
meation CS grouting technique used to improve liquefiable areas at the Fukuoka Airport
(Japan). A controlled curve drilling machine was developed and used to inject the stabiliz-
ing grout point-by-point by an injection hose inserted in a borehole. Two different areas
of the Fukuoka Airport, named A and B in the study, needed to be improved. Zone A
corresponded to the runway; therefore, to maintain its full operation during the treatment,
vertical boring was not possible. The controlled curved drilling machine was used in
zone A. Both zones A and B consisted of shallow liquefiable loose sand layers with 10.5%
(zone A) and 9.9% (zone B) fines contents. A colloidal silica grout (8% silica content) was
used for the improvement of both areas. Grouting pressures ranged between 300 kPa and
500 kPa. The full operation of the runway in zone A was maintained while the point-by-
point improvement was successfully performed. Controlled permeation grouting was
proven to be effective to deliver the silica grout in the vicinity of existing structures.

To date, the lack of data from field experience does not allow an a priori identification
of the best injection technique for a given site. Furthermore, since not only the subsoil char-
acteristics, but also the equipment and procedures can strongly influence the effectiveness
of the subsoil stabilization, it would be of great advantage to produce test sections (e.g.,
before injection), allowing a proper evaluation of the effectiveness of the improvement
treatment [36].

Grouting Performance Evaluation

In laboratory investigations, tracers can be easily used to evaluate the grout flow [51,82];
silica, and chloride ion (Cl-) concentration measurements can be adopted to evaluate the
grouting performance [25,51,52]. Gallagher et al. [83], after in situ blasting, obtained several
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CPT and shear wave velocity profiles at different locations in the tested area: they found no
significant increase in these profiles, concluding that those traditional field testing methods
were less appropriate to measure the soil improvement. Starting from this consideration,
Rasouli et al. [84] evaluated the grouting quality by three different approaches. They
excavated several boreholes and extracted soil samples for analysis. Firstly, the grout
injected was controlled by a methyl red indicator, a chemical that reacts to the pH of
the water and that became red when in contact with CS. The methyl red indicator gave
qualitative information on the improvement level. Then, they evaluated the silica content
based on laboratory data and finally they performed unconsolidated undrained triaxial
tests on undisturbed samples.

7. Mechanism of Soil Improvement

As shown in the previous sections, CS grouting improves the soil response under
monotonic and cyclic loading, increasing the liquefaction resistance of cohesionless soil.
However, the mechanism of improvement is still unclear: it has not yet been well clarified
if the soil improvement entirely/truly depends on the grains’ bonding. From the results of
drained torsional shear tests, Kodaka et al. [61] stated that “the intercept of failure line occurs
due to the cohesive properties of treated sand”; some studies agree with this interpretation
(e.g., [14,48]); in some others, however, a curved, stress-dependent failure envelope was
adopted for the treated soil [70,71], assuming that the stabilized sand behaves substantially
different from cemented or lightly cemented materials. According to Gallagher et al. [83],
“the improvement mechanism of colloidal silica is bonding between the gel and the individual sand
particles”.

Bonding reduces the contractive tendency of loose soil, thus producing a delay in the
development of extra pore pressure. Some experimental results, however, show that the
extra pore water pressure build up is faster in treated than untreated sand subjected to
cyclic loading [64,70]; in addition, the initial stiffness of treated soil is lower than for the
untreated one under monotonic and cyclic loading [70,107], at least for cost-effective CS
contents [14,70,71,74]. Furthermore, the bonding of grains justifies the increase in shear
strength under monotonic loading, but not the behavior observed by some authors under
1D—normal compression. Additional complexity arises from the nature of the pore gel:
being more compressible than water, it follows that “the significance of ru for CS sand does not
represent the same physical meaning” as for untreated material [24]. The experimental results
prove that the failure mechanism in treated sand is not intimately related to the extra pore
water pressure accumulation, like for the untreated sand [64,70,83].

Concerning Monterey sand, Persoff et al. [13] stated that “any unconfined compressive
strength results from the cementing effect of the grout [ . . . ]. This suggests that the colloidal particles
bond not only to each other, but also to the silica surface of the sand”. Wong et al. [72], supported
by microscopic analysis, stated that the silica particles filling the pores of grouted sand
are responsible for the improved shear strength and stiffness under monotonic loading.
The improved dilative behavior of treated soil agrees with this interpretation. Similarly,
according to Salvatore et al. [49], the gel filling the pore space of grouted sand prevents
the mobility of sand particles, thus improving its response under both static and cyclic
loading conditions. Bonding would justify the increase in the shear modulus at small
strain levels, and a decrease in the damping ratio due to artificial cementation should be
expected. However, experimental results showed that the damping ratio of grouted sand
was higher than for untreated material, ranging from negligible up to significant increase. It
is probably due to the nature of the pore gel that the damping ratio is expected to increase,
since the energy dissipation would be enhanced by the viscous nature of the gel. Moreover,
the shear velocity of grouted material increased when measured in laboratory [78], but a
remarkable increase in the shear wave velocity was not measured in field [83]. In conclusion,
the mechanism of soil improvement has not been fully clarified yet.
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8. Numerical Modeling of CS Grouted Materials

All the aspects shown in the previous sections pose specific questions that need
to be answered before dedicated constitutive models can be developed for CS grouted
material. Specifically, the validity of the Effective Stress Principle for water-saturated soils
is questionable when the treated soil is saturated with compressible gel. Moreover, due to
the absence of a unique framework able to match all the different aspects of the behavior of
grouted materials, dedicated constitutive models have not been developed yet. To date,
only few studies discuss the adaption of pre-existing constitutive models to grouted soils.
Kodaka et al. [60] modified an existing elasto–plastic constitutive model [113] for sand to
account for the reduced excess pore pressure development due to the soil stabilization.
Andrianopoulos et al. [85] adopted an existing bounding surface critical-state plasticity
model for sands (NTUA-sands proposed by Andrianopoulos et al. [114]) without changing
its mathematical formulation. The simulation of passively stabilized sand was undertaken
by following two approaches, the first one being a recalibration of some of the model
constants, to consider a stiffer and more dilative material. This approach essentially reflects
the modifications induced by grouting to the soil skeleton. Following the second procedure,
the authors assumed the same model parameters for both treated and untreated sand, while
the more seemingly compressible pore gel was modeled by reducing the bulk modulus
of pore fluid in coupled analysis, to simulate the slower pore pressure build-up in treated
sand. Element tests on stabilized sand were successfully simulated, while the model was
not fully capable of simulating the system response in a boundary value problem (i.e.,
a centrifuge test). By way of example, Figure 15 shows the effects of increasing the plastic
modulus constant h0 of the NTUA-sand model (h0 is a positive scalar multiplier of the
plastic modulus of the model) on the predicted surface settlements over time and compares
numerical simulation with pertinent recorded data from a centrifuge test on stabilized sand
(data from [25]).

Figure 15. Comparison of surface settlements from numerical simulation and centrifuge testing on
CS-treated sand [85].

The authors stated that the most promising approach to simulate boundary value
problems consisted in the decrease in the pore fluid bulk modulus. This phenomenological
approach used to simulate the effects of CS grouting was also used in Papadimitriou
et al. [115], to numerically investigate the effectiveness of this grouting method to mitigate
the liquefaction-induced buried pipe uplift.

9. Summary and Conclusions

The current state of knowledge on the main aspects concerning the soil treatment
by colloidal silica grouting, a non-standard soil stabilization technique, was presented
and discussed in this paper. The literature studies were critically reviewed analyzing
benefits and drawbacks of this technique, with particular emphasis on CS grouting as a
liquefaction mitigation technique, without neglecting other possible grouting applications.
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While the behavior of small-sized soil elements has been widely described in the literature,
research studies on physical and on-site models are still limited. The main conclusions
which emerged from a critical review of the existing studies can be summarized as follows:

• CS grout can be successfully transported through porous media; however, the effects
related to grout viscosity increase over time and grout sinking need to be considered
in design;

• CS grouting improves the liquefaction resistance of liquefiable soil;
• CS grouting enhances the soil strength under monotonic loading conditions;
• The strength of the treated material increases with the increase in both CS content and

gel aging;
• The treated soil shows enhanced dilative behavior under monotonic loading conditions;
• The mechanism of soil improvement has not been fully clarified yet;
• The effects of CS grouting at low-medium strain levels have not been fully clarified yet;
• The compressibility of the treated material seems to be greater than that of the un-

treated one, at least for the CS contents that would be cost-effective for liquefaction
mitigation;

• The CS treatment produces a significant decrease in soil hydraulic conductivity;
• Field experiences of CS grouting demonstrated the feasibility of this improvement

method;
• Appropriate constitutive models able to simulate the behavior of the CS-treated

material have not been developed yet;

In conclusion, from the current state of knowledge on the subject, it is clear that the
behavior of soil treated with CS grout is very complex. To shed light on controversial or
not yet fully discussed aspects, future research on colloidal silica grouting should further
investigate the following aspects:

• The effects of CS grout on soil compressibility;
• The effects of CS grout on damping ratio;
• The sinking phenomenon in the grout delivery process;
• The development of adequate constitutive laws to describe the behavior of the stabi-

lized soil;

Finally, before the application of the CS grouting stabilization technique in engineering
practice, the use of test sections is strongly recommended, for both identifying the most ap-
propriate site-specific design parameters and evaluating the performance and effectiveness
of the CS treatment.
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