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ABSTRACT: Passive (site) stabilization is a new ground improvement technique against liquefaction at developed sites. It is based on
the low pressure injection of a stabilizer (colloidal silica) into the sand pores. Colloidal silica retains low initial viscosity values up
until a well-controlled time, when its viscosity increases rapidly and transforms the stabilizer into a gel. When this gel forms in the
sand pores, the sand is no longer susceptible to large shear strains and strength degradation related to liquefaction. This paper
compares numerical simulation results to recordings from a dynamic centrifuge test emphasizing on the lateral spreading response of
a gently sloping sand layer, with and without stabilization Then, the numerical investigation focuses on the seismic response of a strip
footing resting on a stabilized sand layer, thus depicting the benefits of stabilization on reducing the seismic settlements.
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INTRODUCTION

Passive (site) stabilization is a new concept of ground
improvement (Gallagher 2000; Gallagher and Mitchell 2002)
for liquefaction mitigation, which has competitive advantages
for use at developed sites. It concerns the low pressure injection
of colloidal silica into the sand pores under a structure, or
around lifelines. Colloidal silica (CS) is an aqueous dispersion
of silica particles, which initially has very low viscosity and
gels abruptly after well-controlled time. The gelled CS in the
sand pores alters the mechanical response of the sand, making it
less vulnerable to plastic strain accumulation and strength
degradation related to liquefaction. The insitu injection of CS
may be performed via injection and extraction wells on either
side of the developed site (see Fig 1).
This paper investigates the seismic response of stabilized
sands with an appropriately calibrated numerical methodology.
The investigation is verified via dynamic centrifuge tests and
aims at rendering this novel ground improvement method
applicable in practice.

analyses by introducing the properties of CS for the pore fluid
component, instead of the default values for water. In its
simplest form, this can be achieved via a decreased value for
the pore fluid (bulk) modulus, following the observations of
Towhata (2007) who performed unconfined compression tests
on gelled CS samples and found that CS has seemingly
increased volume compressibility in comparison with (the
practically incompressible) water. The foregoing adjustment is
used here in combination with the well-established bounding
surface plasticity model NTUA-SAND (Andrianopoulos et al.
2010) for the cyclic response of sands.
3

MITIGATION OF LATERAL SPREADING

The accuracy of the numerical simulation of stabilized sand
response in boundary value problems is evaluated via a
dynamic centrifuge test on a gently sloping CS-stabilized sand
layer (Conlee et al. 2012). As shown in Fig. 2, the centrifuge
model consists of two symmetrical soil profiles with a 3 o
inclination towards the centerline of the model, where lies a
latex membrane dividing them. The (Nevada and Monterey)
sand layers of the left part of the model are stabilized with
Ludox-SM colloidal silica at a concentration per weight of
CS=9%, while the respective layers of the right part of the
model remain untreated (CS=0%). The low permeability Yolo
loam layers (silty clay) rest on top of the sand layers and create
a central channel. The model is subjected to a base acceleration
consisting of 20 sinusoidal cycles of 0.10g peak acceleration at
a period T=0.5sec.

Figure 1. Concept of passive stabilization under an existing structure
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NUMERICAL METHODOLOGY

The mechanical response of this new geomaterial named
stabilized sand has been only macroscopically investigated in
the literature, which does not include a dedicated constitutive
model. However, according to Andrianopoulos et al. (2016),
existing constitutive models for sands can be used, after
appropriate adjustments, in order to phenomenologically
simulate the response of stabilized sands, as well. Particularly,
the effect of stabilization can be incorporated in fully coupled

Figure 2. Model geometry, soil types and grid for the numerical
simulation of the dynamic centrifuge test of Conlee et al. (2012)

Andrianopoulos et al. (2016) propose a decreased fluid bulk
modulus K=Kw/n, with Kw = 2x106 kPa for water and n taking
values of 500-1000 for a sand layer treated with CS=6%. In the
current study, the n is increased to a value of 1125 for CS=9%
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for the stabilized (left) side of the model, while a value of
K=Kw is used for the untreated (right) side. All sand layers are
simulated with the NTUA-SAND model, while the Yolo loam
is simulated with the Mohr-Coulomb model The values of
model constants for NTUA-SAND are as proposed by
Andrianopoulos et al. (2010) and are used for all sand layers at
both sides of the centrifuge model. The finite difference code
FLAC (Itasca 2011) is used for the plane strain analysis.
The comparison of the numerical simulation results with the
recordings is presented in Fig 3 in terms of horizontal
displacements (HT-3, HU-3; denoted by d) and settlements
(VT-3, VU-1; denoted by s) of the ground surface, for the
stabilized side (Figs 3a, 3c on the left) and the untreated side
(Figs 3b, 3d on the right). Observe that the displacement time
histories from the analysis (black lines) are in good agreement
with the recordings (gray lines), and show significantly reduced
horizontal displacements and settlements for the stabilized side,
i.e. effective mitigation of lateral spreading and liquefactioninduced related settlements.

vertical effective stresses due to footing load). Nevertheless,
noteworthy shear-induced settlements appear during shaking,
which are significantly reduced if the sand is stabilized, due to
the nullification of ru under the footing (black lines).
Interestingly, the settlements are essentially zero at the freefield in both cases.

Figure 4. Computed time histories of ru and settlements at the free field
and at the base of the footing resting on untreated and stabilized sand
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Figure 3. Comparison of computed versus recorded time histories of
horizontal and vertical displacement for different surface locations of
the centrifuge model of Conlee et al. (2012)

Based on the above, the following conclusions can be drawn:
 A decrease of the pore fluid bulk modulus K, depending on
the CS(%) concentration per weight, can constitute a simple
framework for the simulation of dynamic boundary value
problems involving stabilized sands
 Passive stabilization can effectively mitigate lateral
spreading and related settlements, as well as significantly
reduce the seismic settlements of footings.
6
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MITIGATION OF FOOTING SETTLEMENTS

Following its validation above, the same numerical
methodology is used here for the simulation of the seismic
response of a strip footing (of width 3m) that rests on the
surface of a 9m thick sand layer (with relative density Dr =
40%). The effect of passive stabilization on the footing
response is studied via 2 reference analyses, one when the sand
layer remains untreated and a second when the layer is
stabilized with Ludox-SM colloidal silica with CS = 7.5%, i.e.
the average value of the usually acceptable CS(%) values that
range from 5% up to 10% (Gallagher and Mitchell 2002). For
the stabilized layer, a decreased fluid bulk modulus K=Kw/n is
used, with n = 975, i.e. smaller than n = 1125 that was used
above, to account for the relatively smaller CS(%) value here.
Again, the NTUA-SAND model is used for both plane strain
analyses in FLAC (Itasca 2011), with the values for model
constants as proposed by Andrianopoulos et al. (2010).
The strip footing was first loaded statically, with a uniform
surcharge load which corresponds to a static factor of safety
equal to 3 and then subjected to a seismic loading of 10 cycles
of sinusoidal horizontal acceleration, with uniform peak base
acceleration of 0.15g at a period T = 0.15sec. The results of the
dynamic analyses are presented in Fig 4 in terms of time
histories of excess pore pressure ratio (ru) and settlement
(denoted by s) under the footing (Figs 4a and 4c, respectively)
and at the free field (Figs 4b and 4d, respectively). In all cases,
a range of ru time histories is presented, which accounts for the
area from the ground surface down to a depth twice the width of
the footing (0 – 6m). Observe that for the untreated sand (gray
lines), initial liquefaction (attainment of ru = 1) appears at the
free field, but not under the footing (as a result of the increased

CONCLUSIONS
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