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ABSTRACT: In the framework of the LIQUEFACT project a series of centrifuge tests were
conducted at ISMGEO (Italy) to verify the effectiveness of three mitigation techniques against
soil liquefaction. This paper is focused on the study of horizontal drains as mitigation measure
against liquefaction. The centrifuge layout with horizontal drains was numerically modelled
and the change of boundary conditions reproduced by the FE code Plaxis 2D. Additionally,
slightly different layouts from those tested in the centrifuge were also modelled to expand the
scope of the experimental work. Horizontal drains were installed in the model, to analyse their
effectiveness in reducing the pore pressure build up as a function of their spacing. The soil was
characterized by an advanced coupled soils constitutive model implemented in the Plaxis
code: PM4sand. The input parameters for the model are evaluated on the basis of both
laboratory element tests and centrifuge tests.

1 INTRODUCTION

Centrifuge modelling provides a powerful experimental tool for liquefaction study. Although
earthquake-induced liquefaction can cause large destruction, it was only after 1964 earth-
quakes that struck Japan and USA that this phenomenon was brought to the attention of the
scientific community (Seed & Lee 1966). On the other hand, liquefaction has been observed in
many recent major earthquakes, as in Kobe earthquake of 1995 in Japan, the Kocaeli earth-
quake in Turkey and the 921 Ji-Ji earthquake in Taiwan in 1999, the Bhuj earthquake of 2001
in India and even in the 2010-11 New Zealand earthquakes, which highlight the need for fur-
ther research into the complex behaviour of shallow foundations built on liquefiable soils. For
instance, in Turkey, the Adapazari district suffered extensive liquefaction induced damage
during the Kocaeli earthquake of 1999. Even so, it remains a phenomenon quite difficult to
define; proof is that even today a few different definitions can be used (Boulanger & Idriss
2005). There have been numerous projects conducted on centrifuges in recent years that are
related to liquefaction studies. In the early 1990’s, the VELACS (Verification of Liquefaction
Analysis by Centrifuge Studies) project used extensively data from liquefaction tests on centri-
fuges to verify numerical procedures (Arulanandan & Scott 1993). The challenge now for
liquefaction study using centrifuge modelling is not whether it can be simulated in a centrifuge
test but how to simulate it properly and how to interpret the test data. LEAP (Liquefaction
Experiments and Analysis Projects) (Manzari et al. 2014) is a joint project that pursues to veri-
fication, validation and uncertainty quantification of numerical liquefaction models, based on
centrifuge experiments. Researchers have attempted to study liquefaction phenomena by con-
ducting centrifuge experiments to investigate effects of complete or near liquefaction in vari-
ous earth structures. Ground liquefaction is associated with large permanent ground
displacements, which can lead to major damages of structures during a seismic event. Earth-
quake-induced liquefaction is a major concern for structures built on saturated deposits of
cohesionless soils in seismically active regions. The effects of this phenomenon continue to
cause large direct economic losses as a result of earthquakes. Moreover, the consequences of
their collapse can cause serious impediment to post-earthquake emergency operations and
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impose a long-lasting disruption of social and economic life. Damage to shallow foundations
can be particularly severe, mitigation measures being poorly understood (Bardet et al. 1997,
Green & Mitchell 2003). In the framework of the LIQUEFACT project a series of centrifuge
tests were conducted at ISMGEO (Italy) to verify the effectiveness of three liquefaction miti-
gation techniques (Fioravante et al., 2019; Fasano et al., 2019). Vertical and horizontal drains
were installed in the models, in order to analyse their effectiveness in reducing the pore pres-
sure build up as a function of their spacing. Furthermore, the effectiveness of the “Induced
Partial Saturation” (IPS) technique on the soil liquefaction resistance was tested. Model were
both in free field conditions and in presence of a simplified structure. In this paper the efficacy
of the horizontal drains as mitigation technique against liquefaction was evaluated. Centrifuge
tests were reproduced in Plaxis 2D. Starting from the numerical model of the centrifuge test,
parametric numerical analyses were carried out to extend the study to different arrangements
of drains to obtain design indications.

2 NUMERICAL MODEL

2.1 Constitutive model calibration

The PM4Sand constitutive model is calibrated to represent Ticino sand using results of
laboratory element tests from the literature. The PM4SAND model (Boulanger & Ziotopou-
lou 2015) is developed based on bounding surface plasticity theory embracing the concept of
critical state. The PM4Sand model has 22 input parameters, from which only three are
required as model input: the initial relative density (Dgy), the shear modulus coefficient used
to define the elastic shear modulus (Gy) and the contraction rate parameter used for calibra-
tion of the undrained shear strength (hpo). For this study the three primary parameters and
two secondary parameters were calibrated against the experimental data published for the
Ticino sand (Fioravante & Giretti 2016) while the other parameters have been left with their
default values.

The critical state line (CSL) is defined as a function of model parameters Q and R. Values
of Q equal to 8 and R equal to 1.2 were found to give the best fitting of the curve (Figure 1a).

The value of the shear modulus coefficient G, was determined in function of the relative
density obtained in the centrifuge tests using the follow relationship:

Go = 167 x /46 x D} +2.5 (1)

The parameter A, scales the plastic contraction rates and is the primary parameter for cali-
bration of undrained cyclic strengths. It is calibrated using an iterative process, in which
undrained single-element DSS simulations are conducted to match with a target liquefaction
triggering curve by keeping the other parameters fixed. The results of the calibration are
shown in Figure 1b. The properties adopted in the numerical analyses are summarized in
Table 1.

2.2 Numerical simulation of the centrifuge test

Centrifuge tests were performed at the ISMGEO (Istituto Sperimentale Modelli Geotecnici —
Italy) laboratory in the framework of the LIQUEFACT project. The aim of the tests was to
analyse the seismic behaviour of loose, saturated, sandy deposits, both homogeneous and strati-
fied, subjected to increasing seismic excitations up to liquefaction and to verify the effectiveness
of three liquefaction mitigation techniques (Fioravante et al., 2019). The centrifuge tests repre-
sent a benchmark model for the numerical analyses. Numerical analyses are performed to pro-
vide insight of advanced constitutive model on capacity to simulate the centrifuge tests response
and to obtain a reference numerical model which can be used for different geometrical layouts
to provide indications for the design of the most effective mitigation techniques. In this section
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Figure 1b. Calibration of the constitutive model against laboratory tests:
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the simulation of the test with the horizontal drains is shown. The drains in the centrifuge mod-
elwere deployed with two different spacing to diameter (s/D) ratios equal to 5 (on the right side
of the model) and 10 (on the left side of the model). A layout of the benchmark test with the
indication of the adopted instrumentation is provided in Figure 2.

Table 1. PM4sand parameters

Parameter Description Value Unit
Go shear modulus coefficient 624 -
hpg contraction rate parameter 0.1 -

pa atmospheric pressure 101.3 kN/m?
€max maximum void ratio 0.923 -
€min minimum void ratio 0.574 -

ny, bounding surface parameter 0.5 -

ng dilatancy surface parameter 0.1 -

Qev critical state friction angle 33 °

v Poisson‘s ratio 0.3 -

Q critical state line parameter 8 -

R critical state line parameter 1.2 -
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Figure 2. Layout of the centrifuge test.

Numerical models are developed and analysed using the FE code Plaxis 2D. The soil was
characterized by PM4sand constitutive model calibrated as shown in the previous section. The
drains were modelled by imposing a constant hydraulic head condition along their surface.
Tied degrees of freedom between vertical sides were used as boundary conditions to reproduce
the equivalent shear box used in the centrifuge. This option proposed by Zienkiewicz et al.
(1989) connects the nodes on the same elevation at the left and right model boundaries. The
nodes at the base of the finite element model were fixed in the vertical direction and a time
history of acceleration was applied in the horizontal direction. Drainage across the top surface
is allowed whereas flow across the lateral boundaries is restricted. The input signal used in the
centrifuge test is shown in Figure 3a. The results of the simulation are shown in terms of pore
pressure ratio R, (Figure 3), defined as the ratio between the generated excess pore pressure
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Figure 3. Input signal and comparison of the pore pressure ratio R, numerical and experimental: b)
point 3 (S/D=5); ¢) point 5 (S/D=10).
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Figure 4. Comparison of pore pressure ratio obtained by FE analyses with and without horizontal
drains a) point 3 (s/D=5); b) point 5 (s/D=10).

and the initial effective vertical stress, obtained during the shaking in the points 3 and 5
shown in Figure 2. Despite some differences, mainly in the rate of pore pressure dissipation
after the significative duration of shaking terminates (i.e. after 20 s), the comparison shows
that both in the centrifuge test and in the relevant numerical model liquefaction did not occur
in the drained ground (R,<0.7).

The smaller the spacing among drains, the lower the generated excess pore pressures.

Once that the model was validated against the experimental data, a numerical analysis on
the same model without horizontal drains was carried out in order to have a reference “no-
drains” condition to compare and to assess the effectiveness of the mitigation technique. The
results in terms of pore pressure ratio obtained in the same points indicated before are then
plotted in Figure 4, showing that without drains liquefaction would occur (R,>0.8).

3 PARAMETRIC ANALYSES

3.1  Numerical model

Parametric numerical analyses were carried out with the aim to evaluate the effect of different
geometric configurations of the horizontal drains. The drains were modelled varying their spa-
cing s and their depth H from the water table, in a range of possible realistic configuration of
the drains. The analyses carried out are summarized in Table 2 in which the spacing and the
depth are presented in dimensionless form (s/d and H/d respectively), by dividing them by the
diameter of the drains (Table 2).

Geometrical model implemented in Plaxis 2D is reported in Figure 5. The boundary condi-
tions adopted are the same described in the previous section. Water table is set to 0.46 meters
depth from the top ground surface, according to the condition modelled in the centrifuge test.

Table 2. Parametric analysis set.

Model (s/d) (H/d)
H/d=5_s/d=5 5 5
H/d=5_s/d=10 10 5
H/d=5_s/d=15 15 5
H/d=10_s/d=5 5 10
H/d=10_s/d=10 10 10
H/d=10_s/d=10 15 10
H/d=15_s/d=5 5 15
H/d=15_s/d=10 10 15
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Figure 5. Example of numerical model implemented in Plaxis 2D (H/d=15; s/d=5).

The drains were placed along three rows extended to the whole domain in order to obtain
indefinite system and to have an independent distribution of excess pore pressure between
drains. These assumptions avoid the introduction of other geometric variables.

Figure 6 shows the results of the analyses in terms of the maximum pore pressure ratio R,
profiles obtained at middle section during the shaking. It is evident the beneficial effect of the
horizontal drains in reducing the pore pressure ratio with respect to the “no-drain” condition.

The use of a small spacing reduces the pore pressure ratio in the area between the drains
and increases it in the area outside, as occurs in the case of s/d equal to 5. A more homoge-
neous distribution of the drains yields to a reduction of the pore pressure ratio in the whole
model. It is worth nothing that when the spacing is lower than or equal to the depth H, the R,
profiles are independent from the spacing. The pore pressure dissipation at the top of the
model causes a less reduction of the shear stiffness and then it produces an increment of the
pore pressure at the base of the model.

In Figure 7 the effect of the drains in terms of spectral accelerations calculated at the top of
the model is shown. Without drains a de-amplification of the accelerations with respect to the
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Figure 6. Vertical profiles of maximum excess pore pressure ratio (Ry).
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Figure 7. Acceleration response spectra of input motion and top ground surface acceleration.

input signal is observed for low periods, indicating the occurrence of liquefaction. The pres-
ence of drains produces an amplification of the spectral accelerations at the top of the model
compared to the case without drains. A single exception is observed for the case of H/d = 5
and s/d = 10. In this case there is a large de-amplification of the spectral accelerations. This
effect is probably due to the distribution of the pore pressure at the base of the model which
create an isolation effect.

4 CONCLUSIONS

In this paper the potential of horizontal drains as mitigation technique against liquefaction
was investigated. Numerical parametric analyses were carried out by the FE code Plaxis2D.
The soil was characterized by an advanced coupled soils constitutive model implemented in
the Plaxis code: PM4sand. The input parameters for the models are evaluated on the base of
both laboratory element tests and centrifuge tests. A centrifuge test with horizontal drains,
carried out for the LIQUEFACT project, was reproduced in Plaxis 2D and the results of the
simulation was shown, indicating a good ability of the numerical model to reproduce the
experimental behaviour. Consequently, different numerical models were analysed by varying
the drain spacing and their depth, in a range of possible realistic layouts. It was assessed that
the geometrical configuration has a crucial role in reducing the pore pressure build-up. In par-
ticular the distribution of drains should be as more uniform as possible, by increasing the spa-
cing or the depth, in order to minimize the pore pressure build-up. In conclusions the
technique seems to be effective as a mitigation technique against liquefaction. Further studies
are needed to evaluate the impact below a structure.
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