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Abstract: This paper presents a laboratory investigation into the mechanical response of a silty sand,
with a fines content of 10%, stabilized with colloidal silica (CS). To this end, a series of unconfined
compression tests as well as monotonic and cyclic triaxial tests was performed on a silty sand,
comprising a mixture of a clean sand and a silty sand, stabilized with two concentrations of CS.
The effect of various parameters on the behaviour of the stabilized silty sand was studied, such
as CS concentration, soil density, and the presence of fines. The test results were compared with
the corresponding of the untreated silty sand as well as the parent clean sand. It is shown that
stabilization, even at the lowest CS = 6% concentration studied, significantly improves the undrained
shear strength as well as the liquefaction resistance of the stabilized silty sand. Both the monotonic
and cyclic response of the stabilized soil are only slightly affected by density. Furthermore, cyclic
straining up to at least 5% of double-amplitude axial strain does not influence the undrained shear
strength of the stabilized silty sand.
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1. Introduction

Passive stabilization is a non-disruptive soil improvement technique for the mitigation
of liquefaction potential of sands under existing developed structures [1]. The concept of
this technique comprises slow injection of a stabilizing material at the upgradient side of a
developed site by means of natural or augmented groundwater flow [2]. The stabilizing ma-
terial has initially low viscosity, and therefore, injection is performed effortlessly and, unlike
grouting processes, under low pressure [3]. After delivery at the target location, the stabi-
lizer viscosity increases rapidly at a controlled time. The presence of the stabilizer within
the subsoil alters the mechanical response of the soil skeleton—pore fluid system—and
results in increased deformation resistance [1] and shear stiffness [4,5]. Passive stabilization
is considered non-destructive and causes minimum disturbance at the normal operations
of the developed site under treatment [1,6], contrary to other soil improvement techniques,
such as vibratory methods, underpinning, and grouting. Among the various stabilizers
employed for passive stabilization, such as sodium silicate [7], laponite suspensions [8],
and bio-materials [9], colloidal silica has received increasing interest in the past years for
the reasons described below.

Colloidal silica, CS, is an aqueous suspension of silica nano-particles produced from
saturated solutions of silicic acid, H4SiO4 [10]. It is considered environmentally benign
since it is non-toxic and biologically and chemically inert [11] and also displays higher
durability compared to other potential stabilizers, such as sodium silicate [12]. For prac-
tical geotechnical applications, the commercially available CS suspension, usually at CS
concentrations by weight in water of 30% or more, is diluted to obtain a desired smaller
concentration of CS, which depends on the offered balance between improved soil be-
haviour and cost. Experimental investigations showed that passive stabilization with
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CS concentrations of up to 10% [1] is cost-competitive compared to other liquefaction
mitigation techniques, such as underpinning and grouting.

The initial viscosity of a CS solution with concentration up to 10% is only slightly
higher than that of water, thus enabling low-pressure infiltration within the sub-soil [13].
Any CS solution can transform into a rigid gel, holding a viscosity of >100 cP after a
pre-determined gelling time, which may range from a few minutes to more than a year [14].
Gelling time of a given CS solution at a specific concentration and temperature can be
effectively controlled by adjusting the ionic strength and the pH of the solution [2,15].
Following gelation, the structure of the CS gel comprises a 3-D continuous network of
molecular silica chains with strong interparticle interactions and an enormous number and
complexity of interconnections and micropores enclosing continuous water [16].

Within the subsoil, the gelled CS structure fills any accessible pore space and thus
blocks or delays water flow [14]. As such, injection of CS in soil was first attempted by
the petroleum industry [17] and thereafter for environmental protection of the ground
water quality [14,18-20]. Recently, it has been also used as a low-pH grout within nuclear
waste repositories in crystalline rock [21], in tunnelling, and the underground construction
industry [22]. The rheological and chemical properties of CS have attracted the interest of
many researchers in the past 30 years [14,18], who confirmed low hydraulic conductivity
of CS stabilized soils as well as long-controllable and reproducible gel times of CS.

The mechanical response of stabilized sands has been extensively investigated in the
past years by means of monotonic [4,23] and cyclic testing [6,24]. The majority of these
investigations was mainly concerned with the stabilization of clean sands [25]. Yet, most
liquefaction cases in situ involve sands with at least a small amount of fines [26]. To date,
only very few investigations on CS stabilization were concerned with sands containing fines,
each of which focused on different aspects of their mechanical response. In particular, [15]
investigated the behaviour of CS-stabilized Trevino sandy loam, with a fines content
fe = % < 75 pm of 48%, by means of unconfined compression and permeability testing.
Ref. [27] performed cyclic simple shear testing on a CS-stabilized silty sand (f. = 11.5%)
from Lazaro-Cardenas Port in Mexico. [28] investigated the feasibility of CS stabilization to
permeate sands with various amounts of fines by means of physical modelling and showed
that f. up to 20% is considered appropriate for passive stabilization.

Despite the increasing research interest in CS stabilization, the data available to date
for the mechanical response of soils stabilized with CS are still scarce and, in some cases,
inconclusive. This is mainly attributed to the range of studied CS solutions [2]; the CS
concentrations used, varying mainly from 1% to 20% [29,30]; and the differences in curing
time employed for stabilized sands [31], i.e., the time elapsed from CS gelation time to
soil testing.

Moreover, two different procedures have been followed in laboratory testing regarding
back-saturation of CS-stabilized soils before monotonic or cyclic loading. In particular, a
few researchers [23,27,32] performed triaxial testing on back-saturated stabilized specimens,
as in the case of untreated specimens. However, according to other researchers [2,28,31,33],
the highly compressible nature of CS as compared to water [6,34] demonstrates that back-
saturation of CS-stabilized specimens after curing and prior to testing damages the gelled
network and creates fissures and fractures, where unobstructed water flow can occur.
Ref. [24] showed that the use of elevated back-pressure in stabilized, loose specimens alters
their response during loading to a dilative one, which is attributed to the damaged CS
bonds and the formation of clusters of solidified material within the stabilized specimens.
Furthermore, back-saturation is not representative of the process followed during the field
application of passive stabilization, where CS is permeated through the soil, replacing pore
water at very low-pressure differentials at a depth of a few meters [35].

The aim of this paper is the investigation of how the presence of fines affects the
monotonic and cyclic response of a CS-stabilized sand. The work presented adds to the
work by [24] on a CS-stabilized clean sand. To this extent, unconfined compression tests as
well as monotonic and cyclic triaxial tests were performed on a stabilized silty sand at loose-
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to medium-dense state, aiming at understanding the mechanism by which parameters,
such as the CS concentration, confining pressure, and density, affect its mechanical response.
In order to gain a better insight on the effect of CS stabilization, the test results on the
CS-stabilized silty sand are compared with the corresponding of the untreated silty sand as
well as the stabilized parent clean sand.

2. Tested Materials
2.1. Soil Properties

The soil used in this study is a silty sand, referred here as SF10, with a fines content
of f. = 10%. It comprises a mixture of 85% of quartz clean sand, M31, and 15% of quartz,
sandy silt, and D6, with f. = 63% [24]. The D6 is characterized as non-plastic, inert, and pH
neutral [36]. Microscopically, the sand particles of M31 display grains of variable roundness
and sphericity and of relatively uniform frosted texture, whereas the D6 particles are highly
polished and angular (Figure 1).

1aku

Figure 1. SEM view of M31 (left) and D6 (right) soil particles (zoom x500).

The physical properties determined for the studied silty sand, SF10, as well as its
components, M31 and D6, are presented in Table 1. The permeability, k, reported in Table 1,
was measured for both the silty sand, SF10, and the clean sand, M31, at a medium-dense to
dense state (D, = 41.8-73.3%), by means of constant head permeability testing, according
to [37]. Figure 2 shows the gradation curves for SF10 and its components, M31 and Dé.

Table 1. Physical properties of tested silty sand (SF10) and its components (M31, D6).

Soil f. (%)  emin €max Ydmin KN/M3?)  ygmax GN/mM3) Gy Cy dsp(mm) PI  k(m/s)

SF10 10 0.414 0.682 15.47 18.40 2.653 4.13 0.30 0 1.33-1074
M31 0 0.558 0.805 14.43 16.71 2.655 1.50 0.31 0 5.16-107*
D6 63 - - - - 2.639 2.73 0.06 0 -
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Figure 2. Grain-size distribution of the tested silty sand, SF10, and its components, M31 and D6é.

2.2. CS Solution Properties

DuPont Ludox SM-30 colloidal silica was selected as the stabilizing agent of soil
specimens. The solution is supplied at 30% by weight silica concentration, holding a
viscosity of 5.5 cP (20 °C), a pH of 10, and an average particle size of 7 nm.

Dilution of the as-supplied solution was performed by the addition of distilled water
in order to obtain concentrations of 6% and 10% CS, which are considered cost competitive
in comparison with other methods of chemical grouting [2,29].

The rheological properties of the selected CS solutions were investigated by con-
ducting dynamic viscosity measurements by means of a rotating Brookfield viscometer
(LVDV-II+PX model). For a given CS concentration at a given temperature, gelation time is
controlled by either adjusting pH, salinity, or both. In this work, it was decided to control
gel time of the tested solutions by their salinity and, in particular, their NaCl concentration.
For this reason, CS = 6% and 10% solutions at a pH of 6.0 were prepared by the addition
of only a few drops of 6 N HCl in a temperature-controlled laboratory room (at 20 °C).
This pH value was chosen because it yields minimum gelation time for a given CS solution
according to the literature [18]. Pure NaCl was used as a salt, often encountered in ground-
water, especially at sites near the sea. The normality of NaCl was studied within a range of
0.01 to 0.30 N. In order to avoid disturbance of the solutions, viscosity measurements were
performed directly inside 600 mL glass beakers at various time intervals. Torque values
during testing remained higher than 10% of the equipment scale, as suggested by the user’s
manual. This was achieved by utilizing initially an ultra-low viscosity adapter (ULA) for
measuring low viscosity values, which was afterwards replaced by spindle number 3 from
the LV series for the measurement of higher viscosities up to CS gelation. The rotational
spindle speed (rounds per minute, rpm) in all tests was set at 30.

According to the viscosity measurement results, initially the viscosity values, 1, of
all studied solutions were as low as 1.2 cP. With time, viscosity increased slowly up to
a threshold value n = 3.5 cP, after which 1 increased rapidly up to values higher than
100 cP [38]. Since there is not a precise definition for gel time [16], for the purposes of this
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work, it was defined as the elapsed time for which the tested solution viscosity is equal
ton = 3.5 cP. Beyond that value, during preparation of CS-stabilized soil specimens, it
was observed that CS flow through the soil practically ceases due to the following rapid
increase of viscosity and hence the eventual transformation of the solution into a rigid
gel [39], which was evident only shortly afterwards (in all cases after less than one hour).

To validate the approach employed herein for the determination of gel time, gel times
for CS = 10% were compared with the corresponding values from literature on the same
CS type (SM-Ludox). As shown in Figure 3, the results from this study are very similar to
corresponding results from [2,3,40]. Figure 3 also shows that for CS = 10%, a slight increase
of NaCl concentration results in a significantly reduced gel time, from 20 to less than 2 h.
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Figure 3. Variation of gel time with NaCl concentration for solutions with CS = 10% at pH ~ 6.0 and
comparison with the corresponding results from literature.

For the selected CS concentrations of 6% and 10% with pH = 6, the NaCl normality
of the solutions was adjusted, respectively, to 0.18 N and 0.03 N. Such concentrations
were found to correspond to gel times of 11 and 10 h, respectively, which were considered
adequate for the completion of CS permeation through the soil.

3. Experimental Procedure

As stated previously, the testing program comprised unconfined compression strength
tests as well as undrained monotonic and cyclic triaxial tests, performed using a closed-
loop automatic cyclic triaxial apparatus (MTS Systems Corporation, Eden Prairie, MN,
USA) [41].

3.1. Specimen Preparation

Soil specimens, both CS-stabilized and untreated, were formed in cylindrical moulds
(height/diameter ~ 100 mm /50 mm) according to the undercompaction method proposed
by [42], as described by [24], at density states ranging from loose to medium dense.

Stabilization of specimens with CS, which were used either for triaxial or unconfined
compression testing, was performed according to the following procedure: after their
formation, specimens were saturated by percolation initially of carbon dioxide (CO;) and
then de-aired water, from bottom to top. Likewise, the CS solution was afterwards injected
into the specimens from bottom to top, under a small pressure differential of 5-10 kPa,
until it filled the soil voids. The procedure was assumed complete when a solution volume
equal to four times the soil specimen volume was extracted from the top of the specimen.
The viscosity of the CS solution remained low (1 << 3.5 cP) throughout the permeation
process, which, in all cases, lasted less than an hour. After CS injection, each specimen
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was sealed from both ends inside the mould and was left to harden for 24 h. Following
this, specimens were taken out and placed inside a constant temperature (20 £ 1 °C) and
humidity chamber for another 24 h. Thus, the total curing period employed for all stabilized
specimens, starting from the injection of the CS solution until testing of specimens, was
equal to 2 days, which is five times the gelation time, approximately. No shrinkage was
observed throughout the curing process of stabilized specimens at both CS concentrations.
It is noted that the presence of 10% fines in the studied silty sand did not obstruct the CS
injection process as compared to treatment of the same sand without fines (M31).

3.2. Testing

In the case of untreated specimens, after their formation, saturation was achieved by
percolation initially of CO, and following of de-aired water and afterwards by increasing
the cell and back-pressure consecutively under a small effective stress of 10 kPa (B > 0.95),
up to a back pressure u, of 300 kPa. Following saturation, untreated specimens were
isotropically consolidated under an effective isotropic stress p’p of 100 kPa. A period
of time equal to double the consolidation time was allowed before either monotonic or
cyclic loading.

CS-stabilized specimens were not back-saturated for the reasons described previ-
ously [2,24]. Hence, the mean total, py, and effective, p’y, stresses for the CS-stabilized
specimens were considered herein practically identical.

The unconfined compressive strength tests on stabilized specimens, formed as de-
scribed above, were performed according to [43], at a constant strain rate of 0.5%/min. The
unconfined compressive strength tests served as index tests in order to further assess the
improvement imposed by CS stabilization.

In the monotonic triaxial tests, both stabilized and untreated specimens were subjected
to undrained compression at a constant strain rate of 0.1%/min. The monotonic tests data
reported in Table 2 for stabilized silty sand specimens are void ratio; e and relative density;
D prior to loading; and the undrained shear strength, sy = qu/2, at the point of maximum
q, Su-max, and ultimate q, s;,;1, as well as the corresponding ¢ . In a similar manner, the
monotonic tests data for untreated silty sand specimens reported in Table 3 are e and D,
prior to loading and deviatoric and mean effective stress at the Critical state, qcs and p'es, as
well as at the Phase Transformation state (state corresponding at p’min), qpt, p’pt, together
with the corresponding €.

In the cyclic triaxial tests, a sinusoidally varying axial stress (o04) was applied at
a frequency of f = 0.1 Hz under undrained conditions. The occurrence of epa = 5% was
customarily used as a reference point to define the state of cyclic softening or liquefaction
of sands [44]. Thus, in order to specify the onset of liquefaction, the number of loading
cycles, N, required to reach eps = 5%, N}, was determined by running a series of tests with
different values of cyclic stress ratio, CSR. In view of the typical number of significant load
cycles (10 to 20 for an earthquake of a 7.5 magnitude) of actual earthquakes, in this work,
the onset of cyclic softening and thus the cyclic resistance ratio, CRR5, was considered as
the CSR required to produce epp = 5% in 15 loading cycles.

Table 2. Summary of undrained monotonic triaxial tests on CS-stabilized silty sand.

Test CS (%) e D; (%) Su-max (kPa) Su-ult (kPa) £x (%) at sy-max e (%) at sy it
MT-S6-1 6 0.638 16.3 165.7 153.1 4.2 6.4
MT-56-2 6 0.634 17.8 177.7 167.4 59 10.8
MT-S6-3 6 0.583 36.8 204.6 189.9 3.1 6.1
MT-510-1 10 0.655 9.9 1514 151.4 7.7 7.7
MT-510-2 10 0.600 30.6 210.5 206.2 3.8 9.0
MT-510-3 10 0.551 49.1 231.0 230.5 5.0 6.0

p’0 =100 kPa for all tests. e, void ratio prior to shearing; Dy, relative density prior to shearing; sy-max, qu-max/2:
maximum undrained shear strength; syqit, qu-uit/2: ultimate undrained shear strength; €4 at Sy.max, axial
deformation corresponding to Sy-max; €« at Sy-yit, axial deformation corresponding to sy,
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Table 3. Summary of undrained monotonic triaxial tests on untreated silty sand.

Test e Dy (%)  qcs (kPa) p’cs (kPa) qpt (kPa) p'pt (kPa) ex (%) at qpt

MT-1  0.530 56.6 1291.2 992.4 - - -
MT-2  0.596 32.1 763.6 584.5 - - -
MT-3  0.597 31.9 4224 332.8 - - -
MT-4  0.598 31.2 394.5 305.0 - - -
MT-5 0.610 26.7 161.6 124.4 - - -
MT-6  0.630 19.2 112.3 89.4 759 58.3 7
MT-7  0.640 15.6 69.2 54.1 54.2 421 10.3
MT-8 0.643 14.5 56.4 40.3 50.1 34.2 13.1
MT-9 0.659 8.6 34.9 27.2 35.6 27.4 9.0

p’o =100 kPa for all tests. e, void ratio prior to shearing; Dy, relative density prior to shearing; qcs, p’cs, devi-
atoric and mean effective stress at the critical state; qpt, p’ pt, deviatoric and mean effective stress at the phase
transformation state; € at qpt, axial deformation corresponding to Jpt.

Furthermore, to examine the possibility of particle-bonding breakage during cyclic
loading of the stabilized specimens, undrained monotonic compression tests were also
performed after cyclic loading of specimens to at least eps = 5%.

The cyclic tests data reported in Tables 4 and 5, respectively, for CS-stabilized and
untreated silty sand specimens are e, D;, CSR, and the number of cycles required to
reach epp = 1%, 2.5%, and 5%, Ni¢,, N2 59, and Nj, respectively. In the case of stabilized
specimens, sy-max attained during monotonic loading after cyclic softening is also reported
in Table 4.

In order to examine the effect of the presence of fines on the response of the studied
soil, both monotonic and cyclic triaxial tests results on silty sand specimens (SF10, f. = 10%)
were compared with the corresponding results on clean sand specimens (M31, f. = 0%).
Details on the M31 tests data are found in [24].

Table 4. Summary of cyclic triaxial tests on CS-stabilized silty sand.

Test CS (0/0) e Dr (0/0) CSR N]% N2‘5% N1 Su-max (kPa)
CT-S6-1 6 0.636 17.2 0.40 0.7 0.8 3.8 165.1
CT-S6-2 6 0.624 21.8 0.32 0.8 7.8 18.3 195.9
CT-S6-3 6 0.616 24.6 0.27 1.7 14.8 46.7 -
CT-S6-4 6 0.572 41.2 0.43 0.7 15.8 51.9 164.8
CT-S6-5 6 0.565 43.8 0.30 18.6 80.7 122.7 2247
CT-S6-6 6 0.562 44.6 0.25 10.8 54.3 132.5 202.3
CT-S6-7 6 0.537 54.0 0.62 0.6 1.6 1.8 233.6
CT-56-8 6 0.513 63.1 0.60 0.6 0.7 0.8 272.1
CT-S10-1 10 0.636 17.0 0.60 0.6 0.7 1.7 219.2
CT-S10-2 10 0.620 23.0 0.31 0.7 7.3 49.8 193.8
CT-510-3 10 0.617 24.2 0.43 0.7 1.8 9.8 140.2
CT-S10-4 10 0.590 344 0.30 6.7 384.6 640.0 177.5
CT-S10-5 10 0.582 37.1 0.36 0.6 1.1 10.0 142.0
CT-510-6 10 0.582 374 0.33 9.8 105.3 222.3 -

p’o =100 kPa for all tests. e, void ratio prior to shearing; Dy, relative density prior to shearing; Ny, Nas%, Ny,
number of cycles required to reach epa = 1%, 2.5%, and 5% respectively; Sy-max, maximum undrained shear
strength.
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Table 5. Summary of cyclic triaxial tests on untreated silty sand.

Test e D; (%) CSR Ny, N3 59, N;
CT-1 0.650 12.1 0.14 11.2 12.2 -
CT-2 0.654 10.5 0.32 1.7 2.2 2.6
CT-3 0.614 25.3 0.21 14.2 14.7 15.1
CT-4 0.613 25.8 0.30 22 27 3.1
CT-5 0.602 29.7 0.24 6.7 7.8 8.8
CT-6 0.600 30.5 0.21 8.7 9.3 10.1
CT-7 0.582 37.2 0.15 120.6 122.6 124.2
CT-8 0.582 374 0.30 22 2.6 37
CT-9 0.567 429 0.38 0.8 1.5 2.1
CT-10 0.507 65.3 0.33 5.8 7.7 9.7

p’o =100 kPa for all tests. e, void ratio prior to shearing; Dy, relative density prior to shearing; Nyo, Naso, Nj,
number of cycles required to reach epa = 1%, 2.5%, and 5% respectively.

4. Test Results and Discussion
4.1. Unconfined Compression Tests

Figures 4 and 5 show results from the unconfined compression tests on the stabilized
silty sand as well as on the stabilized parent clean sand for comparison.

The CS-stabilized silty sand at a loose- to medium- dense state (D, ranging from
10.2% to 44.7%) exhibits an unconfined compressive strength, qc, and brittle behaviour, as
indicated by the distinct shear surfaces created in the specimens at the end of the tests.

Figure 4 shows that increasing CS concentration results in an increase of both the
initial stiffness and q.. For the range of densities studied, q. increases linearly with density,
shown in Figure 5. Moreover, the rate of q. increase is greater at the higher CS = 10%
concentration.
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Figure 4. Typical unconfined compression tests results for stabilized silty sand with (a) CS = 6% and
(b) CS = 10%. Comparison with corresponding results for the parent clean sand.

According to Figure 5, at the lowest CS = 6% concentration, the presence of 10% fines in
the stabilized silty sand results in higher q. values as compared to the stabilized parent clean
sand. In particular, at D; = 20%, q. values for the silty sand are approximately 114% higher
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than the corresponding for the parent sand. However, increasing CS practically diminishes
the effect of fines on the unconfined compression of the studied sand. The measured q.
values for the stabilized silty sand, ranging approximately from 36 to 105 kPa, are slightly
lower than the corresponding results by [15] for CS = 10% Trevino silty (f. = 48%) sand.
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Figure 5. Variation of q. with relative density, Dy, for stabilized silty sand with (a) CS = 6% and (b)
CS = 10%. Comparison with corresponding results for the parent clean sand.

4.2. Monotonic Triaxial Tests

Figure 6 presents typical monotonic triaxial tests results in the q-¢ plane for both
stabilized and untreated silty sand as well as for the parent clean sand for comparison,
at a loose state (Dy = 27.6-36.8%) under p’p = 100 kPa. Comparison of the stabilized
and untreated silty sand response shows distinct differences. CS stabilization results in a
significant increase of both the initial stiffness and the strength of the silty sand initially.
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Figure 6. Typical triaxial monotonic tests results for stabilized and untreated silty sand with

(@) CS=6% and (b) CS = 10% at p’g = 100 kPa. Comparison with corresponding results for the
parent clean sand.



Geotechnics 2021, 1 252

In particular, the stabilized silty sand exhibits brittle behaviour, characterized by
a significant initial increase of q with ¢4, up to a maximum value, qmax, mobilized at
e« = 3-8%, followed by a decrease of q with further increasing e. At larger strains of
eo = 12% and 18% for CS = 6% and 10% respectively, the strength of the stabilized silty
sand drops below that of the untreated silty sand.

In comparison with the stabilized parent clean sand, both the gmax and the initial
stiffness of the stabilized silty sand are slightly increased at both CS concentrations. This
increase is more pronounced at the lowest studied CS = 6% concentration. Yet, with
increasing ¢, the stabilized silty sand experiences a more unstable response compared
to the parent sand, with significantly reduced ultimate q values as compared to qmax-
Therefore, it is indicated that the presence of fines results in a more brittle response of
the CS-stabilized soil. Moreover, for the specific densities shown in Figure 6, the above
€« values up to which the improvement of the CS stabilization is observed for the silty
sand are lower than the corresponding ¢ values of 23% and 26% at CS = 6% and 10%,
respectively, for the clean sand.

Figure 7 summarizes the results from monotonic triaxial tests on both stabilized and
untreated silty sand. In particular, Figure 7 shows the effect of soil density on the undrained
shear strength, s, = q/2, of both untreated and stabilized specimens with CS = 6% and
10% at p’ o = 100 kPa. For the stabilized specimens, the reported s, corresponds to qmax,
which was mobilized at a range of € = 3-17%. For the untreated specimens, the undrained
shear strength at critical state was mobilized at a range of ¢ = 10-30%. For this reason, for
the untreated specimens, s, presents the undrained shear strength corresponding to the
Phase Transformation state (point of transition from a contractive to a dilative response,
which takes place at a minimum p’), s, pr, which was mobilized at a comparable range of
€« = 1-13%. In order to assess the effect of confining pressure on the response of stabilized
specimens, the s, values derived from unconfined compression tests are also presented.
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Figure 7. Variation of the undrained peak shear strength, s,,, with Dy, for stabilized and untreated silty sand with (a) CS = 6%
and (b) CS = 10% at p’ = 100 kPa. Comparison with corresponding results for the parent clean sand.
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Although the available data allow comparison only at a loose state, they indicate that
there is a distinct difference between the behaviour of the stabilized and the untreated
specimens. At a loose state and under the same p’y = 100 kPa, the sy max of the stabilized
specimens is considerably higher than the s, pr of the untreated specimens. In particular,
at CS = 10% and at a very loose state (D; = 9.9%), sy max is 6.7 times the s, pr. While the
behaviour of the stabilized silty sand is not significantly influenced by density, it is strongly
stress dependent. For the studied range of densities, the increase of confining pressure
from 0 kPa to 100 kPa results in five times higher values of s,. Increasing CS concentration
from 6% to 10% does not influence significantly the s, values.

For the stabilized specimens with CS = 6%, it is indicated that the presence of fines
may further improve the s, values, though slightly. This may be attributed to the increased
contacts between soil grains in the silty sand as compared to the parent clean sand. At the
highest studied CS = 10% concentration, the s, values of both the stabilized silty and the
parent clean sand practically coincide, indicating that the effect of soil particle-to-particle
friction diminishes with increasing CS concentration, and the response is governed mainly
by the gelled CS inside the soil pores.

4.3. Cyclic Triaxial Tests

Figure 8 presents results for the cyclic response of loose stabilized and untreated silty
sand subjected to the same cyclic stress ratio, CSR = 0.30 under p’y = 100 kPa.
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Figure 8. (a) Evolution of eps with N for untreated silty sand and stabilized silty sand with CS =6
and 10% at Dy = 34.4-37.4% and CSR = 0.30 under p’g = 100 kPa. (b) Evolution of Au/p’y, with N
and (c) variation of q, with p’, for the untreated silty sand of Figure 8a.



Geotechnics 2021, 1

254

During cyclic loading, the untreated specimen exhibits a rapid increase of epa to
a value of 5% and reaches liquefaction in only a few cycles, Nj = 3.7. The values of
N for epa =1, 2.5 and 5% are also very close. Moreover, the occurrence of eps = 5%
practically coincides with the development of Au/p’y > 0.95, shown in Figure 8b. As a
result, the effective stress path moves to the left, touches initially the Phase Transformation
Line (PTL) at epa =1 and 2.5%, and then reaches the origin (p’ = 0) at epa = 5% and
Au/p’y > 0.95, shown in Figure 8c. Over a short period of time, the specimen suffers
significant degradation in its stress-strain response, as indicated by both the decrease of its
stiffness (inclination of loops) and the increase of damping (area of loops), Figure 9a.
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Figure 9. Stress-strain response, 04—€pa, at various cycles up to epa = 5%, for (a) untreated silty sand, (b) stabilized silty
sand with CS = 6%, and (c) stabilized silty sand with CS = 10%, at CSR = 0.30 and D; = 34.4-43.8%.

However, stabilization with even the lowest studied CS = 6% concentration results in
a distinctively improved cyclic response of the silty sand. In particular, for the stabilized
silty sand with CS = 6%, epa increases gradually to a value of 5% and reaches liquefaction
in a significantly larger number of N as compared to the untreated specimen, N; = 122.7,
shown in Figure 8a. For CS = 10%, liquefaction delays significantly since the stabilized
loose specimen experiences a maximum epa = 4.9% after Nj = 610. Moreover, there is a
distinct difference between N at epa =1, 2.5, and 5% for both CS = 6% and 10%, as also
reported in Table 4. As shown in Figure 9 for the stress-strain response of the stabilized
speciments, stiffness degradation is significantly reduced as compared to the untreated silty
sand, and this degradation is smaller at the higher CS concentration, CS = 10%. A very
similar response was also observed for the stabilized parent clean sand [24].

Ref. [24] attributed the improved behaviour of the stabilized clean sand to the viscosity
and compressibility of the CS gel network, which causes the soil to behave in the manner
of solid-like, one-phase, visco-elastic material. In fact, the majority of stabilized specimens
remained intact after cyclic loading even when eps = 5% was reached.

Figure 10 presents the variation of CSR with N corresponding to epa = 1, 2.5, and
5%, for stabilized and untreated silty sand at a loose state (D, = 17.0-29.7%). Whereas in
the case of the untreated specimen, number N practically coincides at all the above epa
levels, CS stabilization results in substantially increased N values with increasing epa.
This difference is more pronounced at the lower studied CSR values. This may indicate
that cyclic loading at high CSR values may induce some minor bonding breakage at even
epa = 1% and therefore acceleration of axial strain. Furthermore, it is shown that at a given
CSR value, the stabilized silty sand can sustain much larger N up to a given epa level as
compared to the untreated.
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(a) untreated silty sand, (b) stabilized silty sand with CS = 6%, and (c) CS = 10%, at a loose state (D, = 17.0-29.7%).

Figure 11 shows the liquefaction resistance values, CRR;5 at p’y = 100 kPa and their
variation with Dy, for both stabilized and untreated silty sand as well as for the parent
clean sand for comparison. CS stabilization of silty sand results in 1.81 times higher CRR;5
values than the corresponding for the untreated silty sand. An increase in CS from 6% to
10% results in further improved liquefaction resistance only at D, < 40%, approximately. At
higher densities, the liquefaction resistance for both CS concentrations practically coincides.
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Figure 11. Variation of cyclic resistance ratio, CRR;5 with Dy, for stabilized and untreated silty sand
with (a) CS = 6% and (b) CS = 10%. Comparison with corresponding results for the parent clean sand.
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Furthermore, for the studied range of densities shown in Figure 11, the effect of density
on the liquefaction resistance is significantly reduced or diminished both for the stabilized
and the untreated silty sand, whereas in the case of the parent clean sand, either stabilized
or untreated, increasing density yields significantly higher CRR;5 values.

4.4. Post-Cyclic Monotonic Triaxial Tests

Figure 12 shows the undrained shear strength, s, max, determined for stabilized speci-
mens with both CS = 6% and 10% during monotonic loading, which was performed after
their cyclic loading to at least epa = 5%. The number of preceding loading cycles was
N =4-628, and the preceding accumulated strain was epa = 5-13%. The above sy max is
compared with the corresponding determined for stabilized specimens, which were not
loaded cyclically prior to monotonic loading. It is shown that the preceding cyclic loading
of the stabilized silty sand at both CS concentrations and at both loose- and medium-dense
state induces practically no loss in their shear strength. A similar finding was also presented
by [31] for clean sands at D, = 50% stabilized with CS solutions of 10-25% concentration
and cured for 28 days prior to cyclic loading. This observed post-cyclic monotonic response
is also unaffected by the presence of 10% fines, as demonstrated by the similar s, max
values for both the stabilized silty and parent clean sand. It is therefore indicated that the
governing parameter in the monotonic response of the studied stabilized silty sand with
10% fines is neither density or soil grading but the bonding induced by CS inside the soil
pores and between soil particles, which is shown to be unaffected by the accumulation of
cyclic strains.
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Figure 12. Variation of the undrained shear strength, sy max, with Dy, for stabilized silty sand with
(a) CS = 6% and (b) CS = 10%, after monotonic loading and after monotonic loading that followed
cyclic softening. Comparison with corresponding results for the parent clean sand.

5. Discussion and Conclusions

The experimental work presented herein examined the effectiveness of stabilization of
a silty sand with colloidal silica. In particular, the following remarks can be drawn from
the analysis of the tests results:
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(a) CS stabilized silty sand exhibits an unconfined compressive strength, which depends
on both CS concentration and density;

(b) Under undrained monotonic loading, the CS-stabilized silty sand exhibits brittle
behaviour and increased maximum strength as compared to the strain-hardening
behaviour of the untreated silty sand. Furthermore, for the studied range of den-
sities, the s, of the stabilized specimens is significantly higher, up to 6.7 times the
corresponding s, of the untreated silty sand, under the same p’y;

(c) The undrained shear strength, sy, of the stabilized silty sand is not considerably influ-
enced by soil density variations, but it is significantly increased with increasing p’o;

(d) CS stabilization of silty sand results in significantly increased liquefaction resistance
as compared to the corresponding of the untreated silty sand. An increase in CS from
6% to 10% results in further improved CRR;5 values only at D; < 40%. At higher
densities, the liquefaction resistance for both CS concentrations practically coincides;

(e) CS-stabilized specimens exhibit increased deformation resistance to cyclic loading as
compared to the untreated, which experience much larger epa in fewer cycles; and

(f) Post-cycling undrained monotonic shear strength of stabilized specimens is not af-
fected by the accumulated strains (at least epa = 5%) during the preceding cyclic load-
ing, indicating that no deterioration of soil improvement occurs during cyclic loading.

In conclusion, colloidal silica stabilization of a loose to moderately dense silty sand
with 10% fines improves significantly both its monotonic and cyclic response and thus
reduces substantially its liquefaction potential. However, increasing CS concentration from
6% to 10% does not significantly improve either the monotonic or the cyclic response of the
stabilized soil. Thus, stabilization with the lowest tested CS = 6% concentration may be
considered effective in terms of both cost and performance.
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