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Abstract

Colloidal silica (CS) grouting is a soil improvement technique introduced as an innovative remedial measure against
seismic liquefaction. It consists of injecting soils with a time-hardening, nanosilica-based solution forming a silica gel
among soil particles. This paper presents the results of an experimental study on the effects of an initial static shear stress
on the behaviour of a cyclically loaded clean sand stabilised with 5% CS. Undrained cyclic triaxial tests were performed to
analyse the cyclic response of loose untreated and stabilised sand specimens, isotropically or anisotropically consolidated
at the same initial mean effective stress. The consolidation stage was used to provide insight on the compressibility of
stabilised soil. Stress—strain behaviour, pore water pressure response and cyclic shear resistance were investigated. The
results showed that: (i) stabilised sand exhibits higher compressibility than the untreated one during isotropic consolidation;
(ii) cyclic strength is higher for stabilised sand than for the untreated one, increasing as the degree of anisotropic initial
stress increases; and (iii) extra pore water pressure development does not depend on the degree of initial anisotropy for
stabilised sand, while the same does not hold for untreated sand. Simplified relationships are proposed to describe the
consolidation process and the residual extra pore water pressure build-up process.
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1 Introduction

Seismic liquefaction is considered one of the most critical
phenomena that can involve soils during earthquakes. It may
arise in saturated sandy/silty-sandy soils when subjected to
cyclic loading due to the reduction of soil strength and stiff-
ness caused by the development and build-up of pore water
pressure [e.g. 16, 19, 22, 37]; typical consequences of seismic
soil liquefaction are the loss of bearing capacity, earthen
structures failures, slope failures, lateral spreading, landslides
and increased lateral pressure on retaining walls.

In the framework of the liquefaction mitigation tech-
niques, the so-called passive site remediation by means of
colloidal silica (CS) grouting has been proposed as a
method to improve the liquefaction resistance of liquefiable
soils inducing minimal disturbance to the existing overly-
ing structures [8]. This technique consists of injecting a
low-viscosity, time-hardening nanosilica-based mixture by
means of low injection pressure (e.g. by natural or aug-
mented groundwater flow). This mixture becomes a silica
gel after a certain time; once gelled among the soil grains,
the gel modifies the soil mechanical response, increasing
the liquefaction resistance of the stabilised soil [4, 6, 11].
The main features of colloidal silica grouting, inferred
from the relevant literature, can be summarised as follows:

1. the initial viscosity of the CS grout can be controlled and
kept as low as that of water [1, 10], facilitating the grout
injection and permeation processes. Thus, colloidal silica
grouting is feasible when the use of some standard
liquefaction mitigation techniques (e.g. densification,
blasting) would be limited by negative side-effects (i.e.
induced deformation/vibrations) [e.g. 34, 43];

2. the soil stabilised by CS exhibits increased shear
strength under monotonic loading conditions. The
unconfined compressive strength values of the sta-
bilised soil increase with samples’ age (sometimes
referred to as curing time, namely the time between the
end of specimens’ preparation and the beginning of the
test) and silica content (namely, the percentage of silica
solids diluted in the stabilising grout) [11, 13, 26, 59],
generally showing an increased dilative behaviour
associated with higher peak shear stress at failure
[21, 29, 32, 35, 44];

3. the stabilised soil is more compressible than the untreated
one, and both the CS liquid and the CS gel are more
compressible than water [42, 47]: the enhanced com-
pressibility of the stabilised soil has been consistently
observed in laboratory under both oedometric and
isotropic compression [3, 13, 29, 43, 44];

4. the liquefaction resistance of the stabilised soil
increases with increasing silica content and curing
time [3, 6, 11, 21, 31, 43, 47];
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5. the failure condition of the stabilised soil during cyclic

loading seems not to be related to the pore water
pressure development and build-up [9, 29, 31];

6. in situ applications of CS grouting have been success-

fully performed, showing its feasibility at the field-
scale [9, 34].

Although laboratory investigations have been thor-
oughly carried out to analyse the cyclic response of soils
stabilised by CS, none of the experimental studies deals
with the effects of anisotropic initial stress on the cyclic
behaviour of stabilised sand [4]. On the other hand, in most
in situ conditions a soil element is subjected to an initial
anisotropic stress state [49, 55, 57]. In laboratory, this state
can be reproduced in anisotropically consolidated speci-
mens: in cyclic triaxial tests, specimens are subjected to a
nonzero deviatoric stress, applied before the cyclic stage,
resulting in a static shear stress of given magnitude acting
on the maximum shear stress plane. The presence of the
static shear stress makes the cyclic loading not symmetrical
about the hydrostatic state; this can result, in untreated soil
specimens, in distinctive deformation patterns and failure
modes depending, among other factors, on the magnitude
of the applied static shear stress, on the initial confining
stress, on the relative density, on the degree of stress-re-
versal, as well as on the specimen formation method [e.g.
41, 51, 54, 55, 57]. These factors also influence the residual
pore water pressure generated during cyclic loading that
can reach a limiting value also depending on the initial
anisotropic stress level [28, 45, 58].

Anisotropically consolidated specimens can yield, under
similar conditions, significant differences in the cyclic
behaviour and in the cyclic strength [15, 25, 45, 49, 54]:
previous laboratory investigations on untreated soil showed
that the presence of an initial static shear stress can be
beneficial or detrimental for the soil liquefaction resistance
[41, 45, 49, 54, 55, 57, 60]. While many studies evaluate
the effects of the initial static shear stress on the cyclic
behaviour of untreated sands, no data are available on the
effects of the initial static shear stress on the cyclic
response of sands stabilised by CS. Thus, the main purpose
of this paper is to start filling the gap on this topic. In this
perspective, laboratory investigations were carried out.
Varying the degree of anisotropic initial stress, undrained
cyclic triaxial tests were performed on untreated and sta-
bilised (by 5% CS grout, by weight) clean sand specimens.
After describing the used materials, the specimens’ for-
mation methods and the test set-up, the test results are
presented and discussed. The isotropic consolidation stage
was also used to get more information about the com-
pressibility properties of the stabilised soil. The cyclic
response is shown to be dependent on the degree of initial
anisotropy, with distinctive features belonging to untreated
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and stabilised sand. Simplified relationships are proposed
to describe the consolidation process and the residual pore
water pressure build-up process.

2 Experimental program
2.1 Materials and equipment
2.1.1 Sand

The material used in this research is a clean, uniform,
mainly siliceous sand, named S3 sand. This sand, made of
sub-rounded, low-sphericity grains, is classified as SP
material (Unified Soil Classification System). It has
specific gravity Gy =2.65, mean particle diameter
Dsy = 0.30 mm, uniformity coefficient U, = 1.6, and
maximum and minimum void ratio eq,, = 0.839 and
emin = 0.559 [7], respectively. The grain size distribution
curve of the tested sand is shown in Fig. 1.

2.1.2 Colloidal silica

Colloidal silica is a suspension of silica particles of col-
loidal size (ranging from 1 up to 100 nm) into a liquid
phase. It is obtained from saturated solutions of silicic acid
(H4S104) and it is a harmless, stable, not pollutant, chem-
ically and biologically inert fluid [14, 17]. CS is commer-
cially available with different given silica contents.
According to Whang [50], the expected lifetime of CS is

100 ——

more than 25 years, while according to Gallagher et al.
[12] the material cost, when diluted at 5% by weight, could
be comparable to that of microfine cement.

The CS mixture can form a silica gel if the repulsive
forces acting among silica solids are decreased, thus forc-
ing silica particles to coalesce and aggregate. To activate
the gel formation process, the ion concentration (ionic
strength), the silica content, the pH and the temperature of
the grouting solution can be adjusted in a controlled
manner [1, 11, 17]. For the purposes of geotechnical
engineering, the easiest and most common way to trigger
the gelation reaction is to adjust the ionic strength of the
CS suspension by adding an electrolyte (i.e. a salt-based
solution).

MasterRoc® MP 325 (BASF SE) was used in this study
as the colloidal silica product: it consists of a clear solution
with 15 £ 1% (by weight) silica content, density of
~ 1.1 kg/L (20 °C), viscosity of ~ 10 mPa s (20 °C) and
pH of 10 £ 1 (20 °C). To obtain the formation of the CS
gel, a sodium chloride (NaCl) solution (consisting of NaCl
powder mixed with demineralised water with ratio 1:10 by
weight) was used. The stabilising mixture, here referred to
as (CS) grout and used for soil treatment, was made of
distilled water, MasterRoc® MP 325 and NaCl solution
mixed at fixed ratios, depending on the required gel time
and silica content (herein intended as the percentage of
silica particles diluted in the grout, by weight, and indi-
cated as CSy in the following). All experiments were
carried out at room temperature (20 £ 1 °C).
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Fig. 1 Particle size distribution of the tested sand
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2.1.3 Triaxial apparatus

Stress-controlled undrained cyclic triaxial tests were per-
formed using an automated electro-mechanical triaxial
apparatus (Controls), capable of performing different
functions, including isotropic/anisotropic consolidation, as
well as applying different loading modes, such as regular or
user-defined waveforms.

2.2 Samples’ preparation and saturation
2.2.1 Overview

Cylindrical specimens = 50/100 mm diameter/height
were subjected to cyclic triaxial tests. The moist tamping
technique was used for the preparation of both untreated
and stabilised samples: in the latter case, a specific triaxial-
like apparatus (see Sect. 2.2.3) was used for specimens’
formation, pre-saturation and for the CS grout injection
before moving the samples into the triaxial cell.

It is worth reminding that different specimens’ forma-
tion methods (e.g. moist tamping, water pluviation, air
pluviation, etc.) can produce distinctive fabrics; thus,
specimens of the same material prepared by different
techniques can yield significantly different soil properties
under the same testing conditions [23, 27, 56]. Therefore, it
should be kept in mind that the findings of this study are
related to the method used for specimens’ reconstitution.

In the moist tamping method used in this study, the
material was placed in layers into a cylindrical split-mould
with a latex membrane stretched along its walls and com-
pacted to achieve the desired initial void ratio. For each
layer, a fixed weight of oven-dried sand was premixed with
5% distilled and deaired water and compacted with a
tamper; the top of each layer was gently scarified before the
following layer was put in place. To compensate for the
effect of further densification induced by tamping on lower
layers, and therefore to achieve a uniform mean initial void
ratio within the sample, an undercompaction technique was
adopted [24, 26]: each layer was prepared to a target rel-
ative density increasing of 1% from the bottom to the top of
the specimen, with the middle layer prepared at the target
initial void ratio. All specimens were prepared to a nominal
(namely, initial) target relative density D, =~ 30%, calcu-
lated from the samples’ dimensions measured before each
test was run.

After preparation, both untreated and stabilised samples
were saturated in the triaxial cell with distilled and deaired
water before they were isotropically/anisotropically con-
solidated; the actual D, (namely, after consolidation) was
calculated for all saturated samples, treated and untreated,
from the measurements of water volume change at the end
of the consolidation process.
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In some previous studies, no back pressure was used to
saturate the specimens stabilised by CS prior to shearing, as
not to disturb the gel structure (e.g. [3, 11, 47]). Recently
published data pointed out that repeatable results were
obtained from drained triaxial tests when the back pressure
was varied in the range 300-700 kPa, suggesting that no
disturbance to the gel was provided [29, 44]. Therefore, in
this study, the specimen saturation was achieved by
increasing both cell and back pressure by steps (the latter
with maximum value of 350 kPa), maintaining ~ 10 kPa
effective stress during this phase. The saturation phase
lasted about 24 h and it was considered complete if
Skempton’s coefficient B was greater than 0.95.

2.2.2 Untreated samples

Untreated sand samples were formed directly on the tri-
axial base: a small vacuum (20 kPa) was applied to sustain
the samples during the assembly of the triaxial apparatus
and then removed: as the cell pressure increased, the
applied vacuum decreased by the same amount. In this
way, the initial effective stress state (and thus the initial D,)
did not change due to vacuum release. Carbon dioxide was
then percolated under a cell pressure of 20 kPa for about
30 min before the samples were flushed with distilled and
deaired water, to facilitate air removal. A conventional
back-pressure saturation stage followed. B-check revealed
B > 0.98 for all samples after one night saturation.

2.2.3 Stabilised samples

In previous experimental investigations on sands stabilised
by CS, different techniques have been used to prepare
samples for cyclic/monotonic triaxial testing. The most
used techniques are: (1) the pluviation of dry sand into
liquid grout [3, 11, 13, 44] and (2) the preparation of
samples in standard ways (e.g. dry sand deposition, dry/-
moist tamping) followed by grout injection [31, 35, 47].
Specimens prepared according to method 1 are charac-
terised by a uniform grout distribution within the soil
sample; however, the pluviation technique is not repre-
sentative of field injection. On the contrary, even if the
treatment homogeneity may be questionable for samples
prepared according to method 2, this one simulates more
accurately than method 1 the process of grout injection/
penetration through the porous medium, where complete
full gel-saturation is not guaranteed. This is a key issue for
practical applications of CS grouting, and for this reason
method 2 was adopted in this study. As discussed in
Sect. 3.1, the adopted procedure led to reproducible results,
thus indicating the good quality of the tested samples.

In order to prevent the drainage lines and pressure
transducers of the triaxial cell from clogging by the CS gel,
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stabilised sand samples were prepared in a specific triaxial-
like apparatus and then moved to the triaxial cell at the age
of testing. This triaxial-like device, with slight modifica-
tions, was used in a previous study for hydraulic conduc-
tivity measurements in untreated and stabilised sand
samples [3] and it consists of a PVC pedestal, a plexiglass
cell and a 50-mm perforated top cap. Like a usual triaxial
apparatus, both the pedestal and the top cap are equipped
with drainage lines to allow a flow of water (or grout)
within the samples; moreover, the cell can be filled with
water from an outside tank, allowing the application of a
cell pressure by an air pressure regulator.
The specimens were prepared in two steps.

1. The sand samples were reconstituted by the moist
tamping technique, and the triaxial-like apparatus was
assembled; the vacuum removal, carbon dioxide and
distilled and deaired water flushing were identical to
those described in Sect. 2.2.2. At the end of this step,
hydraulic conductivity measurements were taken in
falling head mode. The hydraulic conductivity (k) was
measured in the range 1.2-3.9-10 m/s, typical values
of medium and fine sands with grain size between 0.1
and 0.5 mm and void ratios between 0.6 and 0.8 [20].
Such a narrow range of the k values was considered a
satisfying indicator of the samples’ quality before CS
grout injection.

2. CS grout injection followed: a 500 mL CS grout
solution was prepared into an external plexiglass
reservoir connected to the bottom drainage line on
the base and, eventually, the CS grout was permeated
through the samples at atmospheric pressure, from the
bottom to the top, under hydraulic gradients < 1.6, in
falling head mode. The gel time and CSy of the
mixture were set in & 24 h and 5%, respectively. The
injection phase was considered complete once
~ 440 mL of grout, corresponding to X6 times the
specimens’ volume of voids, was collected at the outer
drainage. The average time for grout injection was
=~ 3 min. After the injection, the drainage valves were
closed, and the specimens were left to cure in the cell.
At the age of testing, the samples were carefully
removed from the device and then put on the triaxial
pedestal, with water-saturated porous stones and wet
filter paper at the top and at the bottom.

Even though the gel strength continues to increase over
time (e.g. Yonekura and Miwa [59] found that the uncon-
fined compressive strength of samples was still increasing
after almost three years), there is no standard procedure to
select curing time for laboratory tests: this is usually taken
as a multiple of the gel time, varying from units to hun-
dreds of times the gel time (e.g. [11, 29, 47]), which usu-
ally ranges from minutes to days [1, 6]. In this study,

5 days, corresponding to 5 times the gel time, were chosen
as the standard curing time before starting the cyclic stage
of the test (4 days if one considers the beginning of the
water-saturation stage in the triaxial cell).

Some degree of specimens’ disturbance was expected
due to the unloading (removal of the 20 kPa confining
pressure during the disassembling of the triaxial-like
apparatus) and the following moving of the samples to the
triaxial pedestal after curing time had expired (e.g. [48]). A
disturbance assessment was undertaken by measuring
samples’ sizes before grouting (at the beginning of step 1)
and after the placement on the base platen of the triaxial
cell. For all tested samples, this difference in dimensions
was well < 0.1%, thus indicating that minimal disturbance
occurred during this process. The samples’ dimensions
recorded after placement on the triaxial base were used for
the nominal D, assessment; the triaxial cell was finally
assembled.

A conventional back-pressure water-saturation phase
followed; B-check revealed B > 0.96 for all samples after
one night saturation. Figure 2 shows a scheme of the tri-
axial-like system used for preparation and grouting of the
stabilised samples.

2.3 Isotropic and anisotropic consolidation

At the end of the saturation phase, all specimens were
isotropically consolidated to the same initial mean effective
stress pO’ = (aa’ + 20;)/3 = 100 kPa, where O'a/ and arl are
the major and minor principal effective stresses during the
consolidation stage, respectively. In the case of anisotropic
consolidation, a static shear stress (gs) was applied after
the isotropic consolidation stage by applying a deviatoric
stress (namely, gy = aa/ — ar/) under drained conditions
and different consolidation stress ratios K. = aa//ar/. In case
of isotropic consolidation, it follows that g, = 0 kPa and
K. = 1.0. The same definition of anisotropic consolidation
has been used in previous research [25, 39, 58]. The con-
solidation phase was considered complete if the pore
pressure increase (if any), once the drainage valve was
closed, was no more than 0.5% of po/ over 30 min. In this
study, three different test series were performed with K.
=1.0, 1.3, 1.6.

2.4 Shearing and test series

Consolidated samples were subjected to a cyclic stress
applied by a sinusoidal load of given amplitude at a fre-
quency of 0.1 Hz to have stable input and output signals,
and thus reliable measurements during the tests. Depending
on the magnitude of the applied cyclic deviatoric stress
(gcyc), compared to the magnitude of the initial static
deviatoric stress (gs,), three different loading configurations
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Fig. 2 Scheme of the system used for the preparation of samples stabilised by CS (not to scale)

can be reproduced. When g, is zero, the application of the
cyclic deviatoric stress gy is symmetrical about the zero-
shear stress axis; conversely, the condition gy nonzero
imposes non-symmetrical loading condition, produced by
the application of the cyclic deviatoric stress geyc. If geye-
> ¢y, the loading is applied with stress-reversal; if gcyc.
< gy, the loading is applied without stress-reversal [54]. In
this study, only tests with symmetrical loading and non-
symmetrical loading with stress-reversal (i.e. with gcyc.
> g4) were carried out.

In triaxial tests on liquefiable sand (with or without a
certain amount of fines), it has become customary to
identify the failure condition with the occurrence of a given
value (typically, 5%) of double amplitude axial strain
(¢epa): in clean, loose sand, the development of sizeable
amount of cyclic strain immediately follows the initial
liquefaction condition (sometimes simply referred to as
“liquefaction”), namely when the excess pore water pres-
sure (Au) equals the initially applied confining pressure
[19]. This condition corresponds to a value of the pore
water pressure ratio, r, = Au/po/, equal to 1.0. However,
when dealing with sand stabilised by CS, it has been
observed that the pore water pressure response is somewhat
different from that of the untreated soil under the same
conditions, and that the stabilised soil never exhibits sand-
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like collapse [21, 29, 31]. Therefore, the (initial) lique-
faction does not have the same physical meaning in
untreated sand and in stabilised sand, whose failure con-
dition has therefore been defined in most of previous
studies in terms of accumulated strain. In the light of these
remarks, epp = 5% was adopted as the strain threshold to
coherently identify the failure for both stabilised sand and
untreated sand subjected to cyclic triaxial tests; the failure
is assumed to occur at a number of loading cycles at fail-
ure, Ny, associated with the first occurrence of eps > 5%.

The experimental tests performed in this study, along
with the relevant main information, are summarised in
Table 1, where ID is the test identification number, CSR
(cyclic stress ratio) is the ratio of the maximum applied
cyclic shear stress to the initial mean effective consolida-
tion stress (CSR = qcyc/(ZpO,) and épay is the double
amplitude axial strain at failure.

3 Results
3.1 Isotropic consolidation behaviour

A “side” effect of the CS treatment (when it is used with
the primary goal of liquefaction mitigation) is the reduction



Acta Geotechnica

Table 1 List of undrained cyclic triaxial tests

Series 1D CSw O’r, 0, K.

CSR D, after consolidation N¢ (epa > 5%) EDAF

) (%) (kPa) (kPa) =) =) (%) ) (%)

1 01-0 0 100 100 1.0 0.203 30 79 8.11
02-0 0 100 100 1.0 0.232 31 35 7.81

03-0 0 100 100 1.0 0.253 29 20 5.24

04-0 0 100 100 1.0 0.303 31 4 9.05

01-5 5 100 100 1.0 0.228 31 263 5.01

02-5 5 100 100 1.0 0.253 35 64 5.04

03-5 5 100 100 1.0 0.277 32 36 5.06

04-5 5 100 100 1.0 0.302 31 13 5.26

2 05-0 0 90 120 1.3 0.301 31 57 5.10
06-0 0 90 120 1.3 0.327 31 27 6.26

07-0 0 90 120 1.3 0.352 32 18 6.39

08-0 0 90 120 1.3 0.377 31 7 6.91

05-5 5 90 120 1.3 0.362 36 58 5.04

06-5 5 90 120 1.3 0.415 32 26 5.05

07-5 5 90 120 1.3 0.460 32 17 5.06

08-5 5 90 120 1.3 0.630 32 8 5.07

3 09-0 0 83 133 1.6 0.326 30 129 5.00
10-0 0 83 133 1.6 0.352 32 54 5.57

11-0 0 33 133 1.6 0.376 30 25 5.27

12-0 0 33 133 1.6 0.401 31 12 5.83

09-5 5 33 133 1.6 0.455 30 38 5.06

10-5 5 33 133 1.6 0.505 34 20 5.14

11-5 5 33 133 1.6 0.560 31 13 5.04

12-5 5 83 133 1.6 0.590 30 11 5.19

of the soil hydraulic conductivity, k. Previous research
showed that the k value of the soil after stabilisation by CS
was significantly lower than before the treatment. The
values of k for CS grouted soils fall in typical range of
clay-like materials [3, 30, 32, 46] and decrease as CSw
increases. By way of example, for the same kind of sand
used in this study with a relative density D, ~ 62-64%,
k values were measured in the range 2.4-2.6-10" m/s for
CSw = 0%, decreasing to k values in the range
1.5-3.8-107° m/s after stabilisation with CSw = 5% [3].
Because of the differences in k values in sand stabilised by
CS and in untreated sand, the isotropic consolidation pro-
cess is expected to be longer for the former material.

The experimental results are summarised in Fig. 3 in
terms of both volumetric strain (&,) versus time (f), and
average consolidation ratio (U) versus time; U is defined as
the ratio of the amount of extra pore water pressure dissi-
pated at time t (Au(tg) — Au(z)) to the maximum amount of
extra pore pressure at the beginning of consolidation
(Au(ty)). Plots in Fig. 3a, b show the experimental upper
bound and lower bound trend of ¢,(¢) for untreated sand and
for stabilised sand, respectively, while Fig. 3c, d shows the
experimental upper bound and lower bound trend of

U(?) for untreated sand and for stabilised sand, respec-
tively. In Fig. 3a, b, &, > 0 indicates the volume contrac-
tion (water is flowing outside the specimen); consequently,
the values on the y-axis increase downwards. For the
untreated sand (Fig. 3a), ¢, attains the maximum value
(&y,max) almost immediately; the same holds for the maxi-
mum consolidation ratio (Fig. 3c¢) and, in this case, the
upper and lower bound essentially coincide. For the sand
stabilised by CS, both the volume reduction (solid grey
lines in Fig. 3b) and the extra pore water pressure dissi-
pation (solid grey lines in Fig. 3d) are delayed. Moreover,
the values of &, n,x on stabilised soil are greater than those
of untreated soil, [3v,max(CSW = 5%)liower bound > [Sv,max('
CSw = 0%)]upper bound» Pointing out that the stabilised sand
is significantly more compressible. Thus, under the same
por, the CS gel seems to facilitate the grains’ mobility,
acting as a sort of buffer among soil particles [13, 44].

Based on the experimental results acquired from the
isotropic consolidation process of stabilised soil specimens,
the following equations are proposed for the variation of
volumetric strain (Eq. 1) and average consolidation ratio
(Eq. 2) with time (7), respectively:
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Fig. 3 Volumetric strain (&,) and average consolidation ratio (U) versus time in isotropic consolidation stage: a, ¢ untreated sand, b, d stabilised
sand (experimental data in solid grey lines and curve fitting in dashed black lines)

Table 2 Best fitting parameters for the curves shown in Fig. 3b, d

Curve a b c d f R* (Eq. 1) R* (Eq. 2)
Lower bound 0.4594 0.1794 0.6347 0.008068 1.183 0.978 0.994
Upper bound 0.7367 0.2400 0.5234 0.02203 1.124 0.964 0.999
ID 11-5 0.5920 0.2080 0.5652 0.01656 1.108 0.988 0.999

e =a-(1-1/e"") (1)
U=1-1/" (2)

In Eqgs. 1 and 2, a, b, c, d, f are curve fitting parameters
to be calibrated on the experimental data. For a given soil,
it is likely they depend on the initial D,, CSw and po/.
Figure 3b, d shows the proposed models (Egs. 1 and 2)
fitted to the upper and lower bounds of the experimental
results obtained on stabilised sand specimens (dashed black
lines). In addition, the experimental data from test ID 11-05
and the corresponding fitting curve are also reported in
Fig. 3b, d, by way of example. The best fitting parameters,
together with the coefficient of determination R* for Eqs. 1
and 2, are summarised in Table 2.

The different behaviour between stabilised sand and
untreated sand shown in Fig. 3 has been consistently
observed for all tests performed in this study. The lower
permeability of the stabilised soil slows down the dissi-
pation of the extra pore water pressure and volumetric
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strain changes, while the compressibility of the gel inside
the voids, together with the enhanced soil grains’ mobility,
causes an overall greater value of &, ,.x. A possible
explanation of these results can be given following a
phenomenological approach. The gel matrix itself can be
viewed as a sort of soil-like structure, being composed of
aggregated silica clusters (the “equivalent” to soil parti-
cles) with water dispersed in micro-pore spaces through
which water can flow [40]. Consequently, a saturated CS
gel volume element behaves like a water-saturated
untreated soil volume element when subjected to an
undrained total stress increase followed by drained condi-
tions: the water will flow outside the volume element, with
silica particles rearranging in a denser state. The stabilised
soil can therefore be viewed as composed of a soil skeleton
with pores filled with CS gel: when subjected to an
effective stress increase, the soil grains rearrange in a
denser state and, at the same time, this holds for the silica
particles in the gel matrix. This process enhances the
mobility of the soil grains themselves, resulting in an
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overall greater volume reduction, if compared to the case
of untreated water-saturated soil under the same conditions.
According to the results of previous research, this enhanced
grains’ mobility could depend on CSy: Ciardi et al. [3],
analysing oedometer test results on samples with different
CS contents, found that the volumetric strain exhibited by
stabilised sand was always greater than that of the
untreated sand; moreover, for CSyw > 5%, the stress—strain
curves were comparable with those for CSyw = 5%. Based
on this evidence, they speculated the presence of a CSw
threshold above which the compressibility of stabilised soil
was reduced. Towhata and Kabashima [43] showed that the
volumetric strain of sand specimens stabilised by CS dur-
ing isotropic consolidation in triaxial cell was greater than
that exhibited by the untreated sand. In addition, they found
that specimens stabilised by 4.5% silica showed a higher
compressibility than sand stabilised by 6.5% silica. For
high CS content (34%), Wong et al. [52] found that the
compressibility of stabilised soil samples in oedometer
tests was lower than that of the untreated ones.

3.2 Cyclic behaviour and failure mechanisms

Figures 4, 5, 6, 7, 8 and 9 show typical results from the
cyclic shear stage of undrained triaxial tests on untreated
sand and on stabilised sand under different K. values in
terms of: mean effective stress p/ versus deviatoric stress g;
axial strain ¢, versus ¢; number of loading cycles N against
r, and N against ¢,. The obtained results are discussed in
detail in the following paragraphs.
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3.2.1 Isotropic initial stress conditions

Figures 4 and 5 show the experimental results on untreated
sand and on stabilised sand, respectively, under the same
CSR = 0.253 and consolidation conditions (isotropic state,
K. =1.0). As shown in Fig. 4 for the untreated sand, pl
decreases continuously as the pore pressure develops. In
the proximity of the initial liquefaction, the axial strain
starts growing significantly, and once the condition r,.
=1.0 (p’ = 0 kPa) is reached (N = 19.1), ¢, increases
dramatically (epp = 2.31% for N = 19, rising to 5.24% for
N =20 and to 9.72% for N = 21) identifying a state of
softening for the untreated material. According to the
adopted failure criterion (Sect. 2.4), the number of loading
cycles at failure in this test is Ny = 20. For the stabilised
soil specimen, the stress paths and deformation patterns are
substantially different (Fig. 5). Like for the untreated sand,
p/ decreases as r, increases: in this case, however, the
initial liquefaction condition (r, = 1.0 for N = 51.2) does
not produce a sudden development of axial strain, and the
material can be stressed by many more loading cycles
before 5% DA axial strain is developed (eps = 5.04% for
N = 64). It is observed that ¢, is not symmetric about the
zero-strain axis and that it gradually develops mainly to the
extension zone [11, 31]. The rate at which r, increases is
faster for the stabilised sand than for the untreated one
[29, 31]: by way of example, for the stabilised sand
r, = 0.8 for N = 12.2 (Fig. 5c), occurring after ~ 19% of
Ng, while for the untreated sand (Fig. 4c) r, = 0.8 for
N = 18.1, corresponding to = 90% of N Finally, by
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Fig. 4 Undrained response of untreated sand (D, = 29%; CSw = 0%; CSR = 0.253; K. = 1.0; pO’ = 100 kPa)
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Fig. 5 Undrained response of stabilised sand (D, = 35%; CSw = 5%; CSR = 0.253; K. = 1.0; pO’ = 100 kPa)
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Fig. 6 Undrained response of untreated sand (D, = 32%; CSw = 0%; CSR = 0.352; K. = 1.3; pO’ = 100 kPa)

comparing Figs. 4 and 5, it is shown that (under the same  3.2.2 Anisotropic initial stress conditions

CSR) N{CSw = 5%) > N{(CSw = 0%), confirming the

benefits of the CS treatment in improving the cyclic  Figures 6 and 7 show the results for K. = 1.3 on untreated

response of liquefiable sand. sand and on stabilised sand, respectively. The applied cyclic
deviatoric stress is different, resulting in CSR = 0.352
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Fig. 7 Undrained response of stabilised sand (D, = 32%; CSw = 5%; CSR = 0.460; K. = 1.3; pO’ = 100 kPa)
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Fig. 8 Undrained response of untreated sand (D, = 31%; CSw = 0%; CSR = 0.401; K. = 1.6; pO’ = 100 kPa)

(Fig. 6) and CSR = 0.460 (Fig. 7) for untreated sand and
for stabilised sand, respectively. For the untreated sand, the
stress paths and deformation patterns are similar to those
exhibited in the case of K. = 1.0 (Fig. 4). For the stabilised
material (Fig. 7), it is worth observing that r, shows great
amplitude oscillations within each loading cycle; the initial
liquefaction condition is reached for N = 16, and failure

occurs at Ny = 17 (epa = 5.06%). Compared to the condi-
tion K. = 1.0 (Fig. 5), the axial strain is much more sym-
metrical about the zero-strain axis. By comparing Figs. 6
and 7 it should be noted that stabilised sand and untreated
sand fail at a similar number of loading cycles (N; = 17 and
Ng = 18, respectively), although the applied cyclic stress
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Fig. 9 Undrained response of stabilised sand (D, = 31%; CSw = 5%; CSR = 0.560; K. = 1.6; p(), = 100 kPa)

was significantly greater for the stabilised sand than for the
untreated one.

Broadly speaking, by comparing the N; values for sim-
ilar CSR values in the cases of K. = 1.0-1.3 on untreated
sand (Table 1), it follows that the presence of a static shear
stress improves the cyclic response of the anisotropically
consolidated material: by way of example, the failure
condition was reached for N; = 4 under CSR = 0.303 with
K.=10 and for N;y=57 under CSR = 0.301 with
K. =1.3. The same holds for the stabilised sand speci-
mens: by way of example, the failure condition was
reached for Ny = 13 under CSR = 0.302 (the maximum
CSR adopted for tests on stabilised sand in isotropic state,
series 1, Table 1) with K, = 1.0, and for Ny = 58 under
CSR = 0.362 (the minimum CSR adopted for tests on sta-
bilised sand in K. = 1.3 condition, series 2, Table 1) with
K.=13.

Figures 8 and 9 show the results for K. = 1.6. In this
case, the untreated sand specimen fails in 12 cycles under
CSR = 0.401 (Fig. 8), while the stabilised one fails in 13
cycles under CSR = 0.560 (Fig.9). The r, amplitude
oscillations increased with increasing K. from 1.0 to 1.6
(Figs. 5c¢, 7c, 9c¢).

3.2.3 General comments
In none of the experimental tests performed in this study on

sand stabilised by CS the r, = 1.0 condition represented a
state of softening in the same way it was for the untreated
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soil: the stabilised material could be stressed by many more
loading cycles after the r, = 1.0 condition, and no sudden
axial strain increase was detected afterwards. In stabilised
sand, the axial strain progressively and steadily increased
with the number of loading cycles. On untreated sand in the
isotropic state, the condition r, = 1.0 was immediately
followed by the development of e¢pp > 5%. Conversely,
when K. = 1.6, some additional loading cycles after r,.
= 1.0 were required to achieve epp > 5%. When K. = 1.3,
épa > 5% was either achieved a few cycles after r, = 1.0
or immediately following the initial liquefaction condition.
On stabilised sand, instead, when K. = 1.0 the r, = 1.0
condition was reached earlier than the achievement of
épa = 5%; the contrary happened for 1/4 tests for K. = 1.3
and for 3/4 tests K. = 1.6. It seems reasonable to expect
that, for further increase of K, values in stabilised sand, the
failure condition in terms of DA axial strain would always
anticipate the », = 1.0 condition. It is clear, however, that
the failure mechanism in stabilised sand is mainly due to
fatigue phenomena, depending on the CS bonding degra-
dation during cyclic loading, rather than to the pore water
pressure build-up.

3.3 Cydlic resistance

Figure 10 shows the liquefaction resistance curves in Ny
CSR plane for all tests performed in this study, obtained via
a power regression of experimental Ny-CSR data. It is
shown that the cyclic behaviour of sand is improved as
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Fig. 10 Number of loading cycles at failure against cyclic stress ratio for untreated sand (solid lines) and stabilised sand (dashed lines)

both CSy and K, values increase. For the untreated sand,
the cyclic resistance curves are almost parallel in the Ny
CSR plane, laying one above the other as K, increases. This
also holds for the stabilised sand, for which the K increase
seems to induce a significant change in the steepness of the
cyclic resistance curve. This effect is much more pro-
nounced for K. = 1.3 than for K. = 1.6, if compared to the
condition K, = 1.0. With reference to the mean value of the
number of equivalent stress cycles for a 7.5 magnitude
earthquake [36], N.q = 15, the cyclic resistance ratio at
N¢ =15, CRR,5, was calculated on each cyclic resistance
curve, and it corresponds to the CSR value required to
produce failure in 15 loading cycles. The influence of K. on
CRR5 is shown in Fig. 11. For the testing conditions used
in this study, it was found that increasing K. was always
beneficial in increasing CRR,5 for both stabilised sand and
untreated sand. Figure 12 shows Ny against CSR* = CSR/
K., where CSR* is the equivalent cyclic stress ratio needed
to induce failure in N; cycles, as if all the specimens were
in the condition K. = 1.0. With this assumption, two dif-
ferent series can be identified, one for the stabilised
material and one for the untreated one. As shown in
Fig. 12, the experimental data can be interpolated by two
distinct curves, confirming that the liquefaction resistance
curve is higher for stabilised sand than for untreated one,
regardless of the initial degree of anisotropy.

3.4 Axial strain and pore pressure development

In this paper, the axial strain developed during cyclic
loading was used to identify the failure condition on a
common basis. However, as shown in representative plots
for both materials (untreated and stabilised, Figs. 4, 5, 6, 7,
8, 9), the way both the axial strain and the pore pressure
build-up develop shows distinctive features depending on
CSw. For this reason, both the axial strain and the pore
water pressure response are more in-depth analysed in the
following Sections.

3.4.1 Axial strain

Figure 13 shows, for the untreated sand, the ratio N/Ng
versus the strain ratio epa/epar (calculated within each
loading cycle), for K. = 1.0 (Fig. 13a), K. = 1.3 (Fig. 13b),
K. = 1.6 (Fig. 13c); Fig. 13d shows a summary plot on
tests subjected to similar CSR values with varying K.. As
shown in Fig. 13a, the ratio epa/epa s slightly increases
until N/N; =~ 0.8 for tests subjected to CSR = 0.203-0.253,
and it sharply increases afterwards; furthermore, for a
given N/Ny, épalépas increases with CSR. When the
applied CSR is high enough to induce in the specimen a
state of instability from the early loading cycles, the
amount of epa/epar is also significant for lower N/Ng
values, and the curve is smoother: the specimen subjected
to CSR = 0.303 failed at Ny = 4.
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The trends depicted in Fig. 13a are also detectable in  similar CSR, the increase rate of the strain ratio depended
Fig. 13b, ¢ with varying K. and CSR. It should be noted  on K., resulting in an overall improved response under

that the increase rate of epa/epa ¢ (before the abrupt cur- cyclic loading (Sects. 3.2-3.3).

vature change) is higher as K, increases, indicating an Figure 14a—c shows, for the stabilised sand, the ratio
increased axial strain build-up in anisotropically consoli- N/N; versus the strain ratio for K. = 1.0 (Fig. 14a), K..
dated sand. Figure 13d shows that, when subjected to a = 1.3 (Fig. 14b), K. = 1.6 (Fig. 14c); Fig. 14d shows a
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Fig. 14 Number of loading cycles to the number of loading cycles at failure versus DA axial strain to the DA axial strain at failure for stabilised
sand: a K. = 1.0, b K. = 1.3, ¢ K. = 1.6, and d summary of all tests

summary plot of all tests with varying K.. The strain ratio
develops progressively without any abrupt curvature
change before failure is reached (Fig. 14a-c); the shape of

the epa/epa ¢ curves and their position in the N/N-epa/epa ¢
plane is similar for almost all tests and in a narrow range of
epalepa ¢ values (Fig. 14d). Contrary to what observed for
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the untreated sand, the epa/epa ¢ curves do not significantly
depend on CSR and K, (Fig. 14). Some of the curves show
an initial shape with a double inflection point for N/Ng
< 0.2; this is well observed for those specimens whose
failure condition was achieved after numerous loading
cycles. This experimental evidence is associated with the
lowest CSR values adopted in each test series shown in
Table 1 (CSR = 0.228, Fig. 14a; CSR = 0.362, Fig. 14b;
CSR = 0.455, Fig. 14c). It is not clear whether a sort of
yielding point exists (or becomes evident) under certain
conditions. From the test configurations and results,
Fig. 14d shows that the increase rate of the strain ratio is
fairly constant in stabilised sand; a faster rate of increase
was found in the range N/N; < 0.3 for approximately all
tests.

Furthermore, it is shown in Figs. 13 and 14 that the
strain ratio builds up faster in stabilised soil than in the
untreated one. The initial stiffness of sand samples sta-
bilised by CS, which is lower than that of untreated sand
samples (as observed in cyclic and monotonic loading
conditions [2, 29]), is responsible for the observed beha-
viour. For instance, epa/epas = 0.6 was achieved at N/
Ny =~ 0.8 for an untreated sand sample under CSR = 0.303
(Fig. 13a); for a stabilised sand sample under similar
testing conditions (CSR = 0.302, K. = 1, Fig. 14a), epa/
épas ~ 0.6 was obtained for N/N; ~ 0.45. Nonetheless,
the number of loading cycles at failure is higher for the
stabilised sand than for the untreated one (N;y= 13 and
N¢ = 4, respectively, see Table 1).

3.4.2 Pore pressure

The extra pore water pressure generated during undrained
cyclic loading consists of two components, transient and
residual [18]: the former reflects the real-time change of
applied total cyclic stress, whereas the latter is obtained at
the end of each loading cycle, and it directly affects the
effective stress of soil. For this reason, to investigate the
pore water pressure response and its effects, it is conve-
nient to refer to the residual pore water pressure ratio, here
indicated as RPWP.

As shown in Sect. 3.2, the extra pore water pressure in
untreated samples progressively builds up, eventually
approaching po/. Figure 15 shows N/N; versus RPWP for
untreated sand with varying K. (Fig. 15a—c) and a sum-
mary plot of tests with similar CSR (Fig. 15d). The shape
of the N/N-RPWP curves is typical of clean sands [38]; in
this case, the RPWP development can be quite satisfacto-
rily predicted by using empirical correlations already
available in literature. The RPWP curves, as well as strain
ratio curves (Sect. 3.4.1), depend both on CSR (Fig. 15a—)
and on K. (Fig. 15d). For a given K., the RPWP grows
slower as CSR decreases, except for the test under
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CSR = 0.253 (Fig. 15a—c), and the curves move downward
in the N/N-RPWP plane with increasing K. under a similar
CSR (Fig. 15d).

In stabilised sand, the extra pore water pressure builds
up faster than in the untreated soil (Sect. 3.2), accordingly
with previous observations and pore water pressure mea-
surements in materials stabilised by CS [29, 31]. Figure 16
shows N/N; versus RPWP for stabilised sand with varying
K. (Fig. 16a—) and a summary plot of all tests (Fig. 16d).
The way RPWP develops resembles typical trends shown
in cemented or moderately cemented sands [5, 33, 53]. Test
results do not show a clear dependence of the relationship
N/IN-RPWP on the applied CSR (Fig. 16a—c), nor on K.
(Fig. 164d).

Porcino et al. [33] proposed a 4-parameter model to
describe the RPWP trends in specimens stabilised with a
mineral-based grout and subjected to cyclic simple shear
tests. According to [33], the model parameters mainly
depend on the type and level of cementation, and on D..
Based on the experimental results obtained from cyclic
triaxial tests on stabilised sand samples (Fig. 16), the fol-
lowing 3-parameter equation is here proposed to describe
the RPWP development:

RPWle—l/(l—&—m%_)n (3)

In Eq. 3, m, n, N; are the model parameters to be cali-
brated on the experimental data. The parameters m and » in
Eq. 3 are related to each other by a power function, as
shown in Fig. 17, so that Eq. 3 can be rewritten as follows:

7.379m=0947
RPWP:1—1/<1+m—) (4)
Ny

Figure 18 shows the fitting of the proposed models
(Egs. 3 and 4) on 2 tests on stabilised sand, characterised
by similar CSR and different K. values (ID 07-5, ID 09-5).
As expected, Eq. 3 is more accurate than Eq. 4 in data
fitting, being the latter less able to predict the RPWP
development especially for N/N; < 0.3. However, Eq. 4
requires less calibration parameters, and it could ultimately
be a satisfactory compromise, considering that the pore
pressure build-up is not a significant indicator of the col-
lapse in stabilised sand. It should be noted that none of the
proposed models can satisfactorily match the behaviour
observed in case of K. =1 and CSR = 0.228 for 0 < N/
Nix < 0.2 (Fig. 16a), and, more in general, the behaviour
observed when the applied CSR was so low that a large
number of loading cycles were required to achieve failure.
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Fig. 16 Number of loading cycles to the number of loading cycles at failure versus residual pore water pressure for stabilised sand: a K, = 1.0,
b K. =1.3, ¢ K. = 1.6, and d summary of all tests

@ Springer



Acta Geotechnica

1
18 é
1
1
161
1
1
Lo
14r- |
1
12 \
\
|
~10- 0947 12
< \ n=7.379xm ™ R"=0.988
s \/
L \
8 \
\
\
6 e
\
\
\
4+ N
N ~
DR
2 ~~._
e e TT~o e . o
0 | 1 | | | | - I_ T
0 2 4 6 8 10 12 14
m (-)
Fig. 17 Relationship between parameters m, n obtained from experimental data
KC=1.3
12
(@
1.0 . - o = = [T - I x| L
=] 5]
081 ==
£ o6 -
e, 77 o CSR=0.460
r 04 ,/' Eq.3 R*<0.989
02/ - === Eq.4 R*-0981
0 d 1 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
N/Nf ()
Kc=1.6
Y21 )
1.0 . e B e E == 0 0=0-0 O
T 08 =5 0 0 O
£ o6 -
& sl S - ’ O  CSR=0.455
A Eq.3 R’-0.986
0.2 /s == -~ Eq.4 R-0933
4
O 1 | Il | Il 1 1 1 1 J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
N/N, ()

Fig. 18 Curve fitting of the proposed models (Eqgs. 3 and 4) on experimental data: a ID 07-5, b ID 09-5

@ Springer



Acta Geotechnica

4 Conclusions

Undrained cyclic triaxial tests were performed on loose
untreated sand samples and on loose sand samples sta-
bilised by colloidal silica (CS). All samples were subjected
to isotropic or anisotropic consolidation, to investigate the
influence of an initial static shear stress on the cyclic
response of the materials. The behaviour during the con-
solidation process, the deformation patterns, the cyclic
resistance and the pore water pressure generation under
cyclic loading were analysed. Based on the experimental
findings of this study, the following conclusions can be
drawn.

e Under isotropic consolidation, pore water pressure
dissipation and volumetric strain development are
almost immediate for the untreated sand; both phenom-
ena are instead delayed for the stabilised one.

e The stabilised soil is more compressible than the
untreated one under the same initial conditions, show-
ing greater maximum volumetric strain during the
isotropic consolidation process.

e Simple models are proposed to fit the curves of the
volumetric strain variation and of the average consol-
idation ratio (in terms of pore water pressure dissipa-
tion) for the stabilised soil during isotropic
consolidation in triaxial tests.

e The stress paths and deformations patterns resulting
from cyclic triaxial tests are significantly different and
distinctive for stabilised sand and for the untreated one,
for all investigated initial stress conditions (isotropic or
anisotropic, with the consolidation stress ratio K. (the
ratio between axial and radial effective stresses) equal
to 1.0, 1.3 and 1.6). For the untreated sand, the initial
liquefaction is a state of softening that anticipates the
sudden development of significant axial strain amount,
leading the soil to collapse. For the stabilised sand, the
axial strain progressively accumulates during loading:
the initial liquefaction condition is not representative of
the specimens’ collapse.

e The rate at which the extra pore water pressure
increases during cyclic loading is higher for stabilised
sand than for untreated sand.

e The cyclic resistance of sand stabilised by CS is higher
than that of the untreated one. The cyclic resistance
increases as K. increases for both stabilised sand and
untreated sand specimens.

e For the untreated sand, the ratio of the double amplitude
axial strain to the double amplitude axial strain at
failure (strain ratio) clearly depends on the applied
cyclic stress ratio (CSR) and K. On the contrary, for the
stabilised soil, the strain ratio increases without

showing any clear dependence on CSR and K.. More-
over, the strain ratio builds up faster in stabilised soil.

e The shape of the residual pore water pressure ratio
(RPWP) curves resembles that of clean sand and lightly
cemented sand, for untreated sand and stabilised sand,
respectively.

e RPWP clearly depends on K, and CSR for the untreated
sand, while the same does not hold for the stabilised
sand.

e A parametric model fitting the experimental data for
RPWP development in stabilised sand is proposed.
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