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ARTICLE INFO ABSTRACT

Keywords: A realistic prediction of excess pore water pressure generation and the onset of liquefaction during earthquakes
Clean sand are crucial when performing effective seismic site response analysis. In the present research, the validation of two
Centrifuge

pore water pressure (PWP) models, namely energy-based GMP and strain-based VD models implemented in a
one-dimensional site response analysis code, was conducted by comparing numerical predictions with high-
quality seismic centrifuge test measurements. A careful discussion on the selection of input soil parameters for
numerical simulations was made with particular emphasis on the PWP model parameter calibration which was
based on undrained stress-controlled/strain-controlled cyclic simple shear (CSS) tests carried out on the same
sand used in the centrifuge test. The results of the study reveal that the energy-based model predicts at all depths
peak pore water pressures and dissipation behaviour in a satisfactory way with respect to experimental mea-
surements, whereas the strain-based model underestimates the PWP measurements at low depths. Further
comparisons of the acceleration response spectra illustrate that both the strain- and energy-based models provide
higher computed spectral accelerations near the ground surface compared with the recorded ones, whereas the
agreement is reasonable at middle depth.

Numerical analysis
Pore water pressure
Energy-based approach
Strain-based approach
Simple shear

1. Introduction

The build-up of excess pore water pressure during strong earthquake
shaking in saturated loose sandy soils may cause a severe reduction in
strength and stiffness up to triggering of liquefaction and consequent
serious damages to the built environment: building settlements, sand
boils, ground cracks, landslides, dam instability, embankment failures or
other hazards [1-4]. These damages are of great concern for public
safety and their economic impact. Consequently, realistic predictions of
liquefaction triggering and associated post-triggering phenomen-
a/effects are complex engineering issues which have to be addressed and
solved.

The residual excess pore water pressure Auy, (i.e. that one present
when the applied shear stress is equal to zero) represents the main
component resulting from the progressive collapse of the soil skeleton,
namely plastic deformations, and thus it alters the effective stresses
acting on the soil [5]. During the past 50 years, a number of
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methodologies were developed and proposed to predict the build-up of
residual excess pore water pressures in clean sands, grouped under the
categories of stress-based [ , strain-based [10-12], energy-based
[13-17], plasticity theory-based [ . or others [21-23]. Limited
studies concern sands with fines [ 1. These models and the cali-
bration parameters were developed based on extensive laboratory data
from undrained cyclic stress- or strain-controlled tests, i.e. triaxial,
simple shear or torsional shear tests as well [5,10,26,27,30,31]. Each of
the above mentioned models has both advantages and limitations; a
brief review of the different models Is reported in section 2 with
particular emphasis to those considered in the present study.

The validation of pore water pressure generation models is very
important, but it is difficult to achieve from field case histories because:
a) measurements of pore pressures generated and dissipated during real
earthquakes are rather limited [32-34]; b) the in-situ soil conditions and
input motion are seldom known with sufficient accuracy; c) installation
of adequate instrumentation (i.e. piezometers and accelerometers) for
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continuous recording of relevant parameters during seismic events are
required. For this reason, artificial generation of liquefaction in the field
(e.g. blasting [35-371], or physical modeling, e.g. shaking tables [38-40]
or centrifuge tests [41—45]) are generally adopted to obtain high-quality
pore water pressure and acceleration measurements. Among model tests
which can be conducted in the laboratory under controlled conditions,
dynamic centrifuge tests utilise a high acceleration field preserving the
stress-strain response of the prototype soil, thus providing accurate and
reliable measures of excess pore pressure build-up and onset of lique-
faction. In this context, comparisons between numerical simulations and
experimental measurements in centrifuge experiments demonstrate the
pronounced differences in the accuracies of pore pressure model pre-
dictions of soil subjected to a transient earthquake loading. Dobry et al.
[44] presented numerical predictions of excess pore pressure, liquefac-
tion and settlement response of four centrifuge model tests performed on
saturated clean Ottawa sand having a relative density ranging from 38 %
to 66 %. The deposits were subjected to 1D uniform base shaking con-
sisting of 10-15 cycles of peak acceleration. The experimental and nu-
merical results showed that both cyclic shear stress/strains and upward
water flow determine together the pore pressure build-up and lique-
faction phenomena. The soil response is partially drained rather than
undrained, and pore pressure dissipation does take place during shaking
both before and after liquefaction occurs. Moreover, a careful and
realistic selection of the input soil parameters in the numerical simula-
tions, such as compressibility and permeability, are crucial for capturing
in a realistic way the experimental measurements in terms of excess pore
pressure and settlement time histories. Changes in the effective (inter-
connected) porosity of the soil mass and tortuosity of the flow paths
through the porous medium have the main roles in altering the
permeability of the saturated sand during earthquake loading [46].
Several experimental studies evidenced an “average” increase of the
permeability coefficient k during cyclic loading as high as 4-10 times the
initial (static) value [46-51]. The assumption of a variable permeability
function in numerical models was shown to capture in a satisfactory way
the response measured in centrifuge tests in terms of excess pore pres-
sure time histories at different depths and settlements of ground surface
as well [46,49].

Recently, Pervaiz et al. [52] used centrifuge tests on mildly sloping
ground subjected to ramped sinewaves to investigate the performance of
three seismic pore pressure models, based on accumulated strain, energy
and stress, implemented in a one-dimensional (1D) site response anal-
ysis program. One-dimensional effective stress site response analyses are
run more frequently than two- (2D) and three-dimensional (3D) simu-
lations in engineering practice to develop site-specific free-field ground
motions [44,52].

This paper presents comprehensive numerical simulations of dy-
namic centrifuge tests through non-linear 1D seismic site response
analysis conducted by DEEPSOIL code [53]. A numerical procedure is
used to predict both generation and dissipation of excess pore water
pressures of sand to verify the reliability of two PWP models capable of
taking into account the developed strains during seismic events, namely
strain-based VD model [11] and energy-based GMP model . '] both
implemented in DEEPSOIL [53].

For this purpose, undrained cyclic simple shear (CSS) tests were
carried out on the same material used in centrifuge tests (Ticino sand),
and the results were used for the calibration of model parameters
essential to perform non-linear effective stress 1D analyses. The influ-
ence of permeability coefficient (and thus consolidation coefficient) was
analysed to verify the sensitivity of the considered models to the changes
of k coefficient. Numerical predictions of excess pore pressure, lique-
faction response and acceleration time histories of saturated Ticino sand
at different depths were compared with centrifuge test experiments. If
empirical PWP correlations developed from cyclic simple shear test data
are used, the fit between predicted vs. measured values is expected to be
improved [52].

This paper is part of an ongoing Research Project titled:
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“SAFEGUARDING AND ENHANCING THE NATURAL AND CULTURAL
HERITAGE AND IDENTITY OF THE TERRITORIES - TECHNOLOGIES FOR
RESILIENT AND ACCESSIBLE CULTURAL AND NATURAL HERITAGE”
involving University Mediterranea of Reggio Calabria. Evaluation of
seismic liquefaction hazard for structural and environmental safety of
cultural heritage (settlements and historic buildings) in transition sce-
narios was one of the goals of the action 3 of the pilot project, as
liquefaction vulnerability of soils in coastal areas may be amplified by
the sea-level rising consequent to climate changes. For this reason, it is
necessary to adopt mitigaton strategies to reduce the risk of
liquefaction.

Seismic centrifuge tests were performed in the context of the LIQ-
UEFACT research project involving University of Ferrara, among others.

2. Overview of PWP build-up models under undrained cyclic
loading

The well-known empirical stress-based models (StressBM) proposed
firstly by Seed et al. [6] and afterwards by Booker et al. [7] consider that
the residual excess PWP ratio (Ry ) is strictly related to the normalised
number of applied cycles (N/Np), where Ry res = Allres/0’p is the ratio
between the residual excess pore pressure, A, and the initial effective
stress, o’p (vertical stress in cyclic simple shear or mean effective stress in
different conditions) and Ny (one of the two calibration parameters)
represents the number of cycles required to cause full liquefaction in the
soil. The advantages of using the StressBM to predict excess pore water
pressure due to a seismic event are [5,12]: i) the stress-based models are
relatively simple and widely used for cyclic excess pore water pressure
evaluation; ii) they are based on stress-controlled cyclic tests where the
attained shear strain levels are higher than 1 % and therefore compatible
with high shear strains associated with significant pore water pressure
build-up. On the other hand, there are some disadvantages in using
StressBM, such as: i) the difficulty in defining and estimating Ny, ii) a lack
of effective differentiation between cyclic mobility and plastic strain
accumulation responses of the soil, the second typical of sloping ground
conditions; iif) earthquake motion has to be converted to an equivalent
number of uniform cycles for the implementation of stress-based models
in seismic site response analysis codes.

On this regard, an innovative category of stress-based models for
sandy materials, i.e. the “damage parameter” models (DBM), were
introduced to solve this last issue [25,54-57]. For sandy soils with low
fines contents (i.e. <35 %), the following equation based on the model
proposed by Seed et al. [ _ is adopted [

2 1/20
Rures =;-sin"‘ (2) @

where D is the damage parameter, Dy is the damage parameter at
liquefaction, and @ is a fitting parameter of the model. A value of 8 = 0.7
is recommended by Booker etal. [7] for clean sands. If the term (D/Dp) of
Eq. was replaced by (N/Np), the relationship proposed by Seed et al.
[ can be obtained.

The damage parameter is defined as follows:

D=(n/CSR)-(CSR — CSR,)’ ')

where CSR is the shear stress ratio (shear stress normalised to initial
effective vertical stress), CSR; is the threshold shear stress ratio, below
which no pore pressure rise can occur, j is the length of the stress-path
induced by seismic motion in the time domain and § is a curve fitting
parameter.

The variable 7 in Eq.

dr
\= [l

;
Ovo

is defined as [Eq. 'I:

&)

where 7 is the shear stressinduced by seismic motion in the time domain.
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Fig. 1. — Illustrative representation of damage-based model parameter: (a) trend of damage parameter D with time for irregular shear stress history, (b) cyclic

resistance curve.

Consequently, the damage parameter is an incremental quantity that
accumulates at each time step of an irregular shear stress history
(Fig. 1a) without the need of converting it to an equivalent shear stress
history. In a stress-controlled cyclic loading, # simplifies to 4-N-CSR.
Therefore, the damage parameter at failure (liquefaction) for cyclic tests
is expressed by Eq. (4):

Dy=4-N;-(CSR — CSR,)’ C))

The damage parameter model requires only the knowledge of the
cyclic resistance curve of the soil (Fig. 1b). Specifically, the empirical
parameter CSR, represents the horizontal asymptote of cyclic liquefac-
tion curve, while the curve fitting parameter & defines the slope of the
cyclic resistance curve in the logarithmic plane ( b). The parameter
& can be determined through a trial and error fitting procedure applied
to the equation of liquefaction curve [Eq. = . ]. This equation, derived
combining Egs. (2) and (4}, is the following:

( CSR - CSR. )“’ B (N,e,) s
CSR,; — CSR: N

where CSR is the CSR value at a reference number of loading cycles

(Nyf). The selection of (Nr, CSR,¢) point can be arbitrary.

As for the selection of the parameters 6, CSR,, and 6, useful correla-
tions relating these calibration parameters to the different influencing
factors, such as relative density (Dg), cyclic stress ratio (CSR), mean
grain size (Dsp), fines content (f;) for sands with non plastic fines less
than 35 % was proposed by Porcino et al. [25] and Polito et al. [. |. In the
case of silty sands with percentages of fines higher than 35 %, Eq. .  has
some restrictions and thus proposals of modification were made [ , 1.
Although some studies were conducted in the literature to verify the
performance of damage-based models through real case studies [ 1,
model tests [52] or laboratory experimental investigation | 1, defini-
tive conclusions can not be reached yet.

Another category of PWP models is that based on strain (StrainBM)
which considers that excess pore water pressure ratio (R,) is strictly
related to the cyclic shear strain () due to the seismic event. The ad-
vantages of using strain-based models to predict excess pore water
pressure due to a seismic event are [! J: a) the StrainBM are
implemented in many effective-stress-based non-linear ground response
modeling software, namely DESRA-2 [ ~, D-MOD2000 [59], and
DEEPSOIL [53]; b) the StrainBM PWP relationship is relatively inde-
pendent of the initial state (relative density, Dg) and cyclic applied stress
ratio (CSR). On the other hand, some limitations are: a) implementation
of strain-based models in earthquake site response analyses requires that
the earthquake motion be converted to an equivalent number of uniform
cycles; b) lack of effective differentiation between cyclic mobility and

plastic strain accumulation responses relevant under sloping ground
conditions; ¢) these models are generally based on strain-controlled
cyclic tests which are not reliably able to test specimens at larger
strain levels (>1 %).

The cyclic-strain based approach was originally developed by Dobry
etal. [ ] forsands based on the results of strain-controlled triaxial and
simple shear tests and subsequently modified by Vucetic and Dobry
. 1, as follows:

_ PfNFG —rs) (6)
u g

1 +fNF(7c - yrv)
where y, = cyclic shear strain, y,, = volumetric threshold shear strain
below which there is no excess pore water pressure generation (7, is in
the range 0.01 %-0.02 % for most soils [60]) and N = number of loading
cycles. Model parameter f is set to 1 or 2 depending on whether pore
pressures are induced by one- or two-directional shaking, whereas the
parameters p, F, and s are curve-fitting parameters depending on
grain-size distribution and void ratio of sand.

Selection of the four curve fitting parameters of the model proposed
by Vucetic and Dobry [11] (in the following termed as VD model) is
crucial; useful recommendations were derived especially from labora-
tory experimental investigation performed by different researchers, such
as Mei etal. [ ], Matasovi¢ © ], Meietal. [ ] among the others. In
particular, Mei etal. = ] proposed empirical correlations to select the
StrainBM parameters based on an extensive database of 92 stress- and
strain-controlled cyclic simple shear and cyclic triaxial (CTX) tests. In
the present research, undrained cyclic stress- and strain-controlled
constant volume simple shear tests were used to calibrate StrainBM
for Ticino sand basing on Eq. (6). Additionally, a constant y,, = 0.01 %
was used in all DEEPSOIL simulations performed in the present study.

Although the strain-based model was proved to reasonably predict
the pore pressure build-up for the Wildlife liquefaction array case study
[63] and centrifuge model tests [44,64], in some cases an underesti-
mation of pore water pressures was found with respect to the experi-
mentally measured values in centrifuge tests [52,65].

As an alternative to stress- and strain-based models, the energy-based
approach (EBM) considers that R, is strictly related to seismic energy per
unit volume (W) dissipated up to the considered stage of the cyclic
history, i.e. R, = f(W). W is computed by integrating the area bounded
by hysteresis stress—strain loops of the soil subjected to a seismic
loading. For granular soils, the dominant mechanism of energy dissi-
pation is the frictional sliding at grain-to-grain contact surfaces [6€].

The common basis of energy-based liquefaction evaluation methods
{EBM) so far proposed is to compare energy capacity for liquefaction
(Wp) with energy demand of design earthquakes, similar to the currently
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employed stress-based method (StressBM). The energy capacity for
liquefaction (Wy) corresponds to dissipated energy needed to trigger
liquefaction condition during seismic loading according to the selected
criterion.

Energy-based pore pressure models have received remarkable
attraction because they offer several benefits with respect to StressBM
and StrainBM approaches, such as: a) the conversion of earthquake
motions to equivalent uniform cycles is not necessary [57]; b) the EBM
can simultaneously consider the effect of stress and strain time histories
on the liquefaction behaviour of soil; ¢) there is a unique relationship
between PWP generation and dissipated energy, regardless of the
stress-strain path and loading shape in each test [5,66-73]; d) EBMs are
characterised by a simple formulation, facilitating their implementation
in numerical modeling for assessing the pore pressure generation during
earthquakes. Energy-based approach was adopted by numerous re-
searchers performing cyclic triaxial tests [5,72,74-77], cyclic simple
shear tests [16,28,31] and torsional shear as well [15,68,78,79]. Jafar-
ian et al. [15] presented a summary of the previously published
energy-based pore water pressure models evidencing the need to take
into account the influence of parameters such as initial relative density,
effective vertical stress, initial static shear stress. In the cyclic simple
shear (CSS) tests, dissipated energy W can be determined using the
trapezoidal rule, by the following equation [Eq. (7]]:

n—

W= (T + 1) (i —70) @

\gH

1
2

T

1

where n = number of load increments, 7;4; and 7; are the applied shear
stress at load increment i+1 and i, respectively, whereas y;, ; and y; are
the shear strains at load increment i+1 and i, respectively.

In particular, Berrill and Davis [13] proposed a simple expression:

Ry,=a- Wf: (8)

where W, is the dissipated energy per unit volume of soil normalised to
the initial mean effective stress o'y, and a and g are two curve-fitting
parameters to be determined by undrained cyclic tests. The proposed
equation was developed based on undrained cyclic stress-controlled test
data.

Another well-known energy-based PWP model proposed in the
literature was the GMP model [14], which represents a special case of
the more general Berrill and Davis [13] model. It can be expressed
through the following relationship:

R,=vW,/PEC<1 9

where the calibration parameter PEC (dimensionless) is the pseudo en-
ergy capacity of the model. The illustration of how PEC is determined
from cyclic test data is shown in the paragraph 3.3.2.1.

The GMP model was developed using data from tests performed on
non plastic silt-sand mixtures that ranged in fines contents from clean
sands to pure silts. It is worth mentioning that the stress-normalised W
(i.e. W) is introduced to unify the R,-W response of soil specimens,
regardless of initial effective confining stress applied before cyclic
loading.

Both models [Eqgs. (8) and (9)] are implemented in 1D non-linear
code DEEPSOIL [53]. Since the GMP model is characterised by only
one calibration parameter, it will be adopted in the present study in the
numerical analyses.

Validation of EBMs to explore their predictive capability by centri-
fuge test results was made by several authors, namely Jafarian et al.
[15], Khashilaetal. { 1, Pervaizetal.[ 1, Meietal. 1. It was found
that numerical simulations by using the GMP energy-based model
underestimated the pore pressures with respect to centrifuge test data
[52,80]. On the other hand, other researchers, i.e. Khashila et al. [17],
demonstrated that the generated pore pressure curves in centrifuge
model tests on dense and loose Ottawa sand at different depths can
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successfully be compared with their counterparts obtained using the
numerical simulations where a specifically proposed energy-based pore
pressure model was incorporated by the authors. Basing on shaking
table data and centrifuge test measurements conducted on clean sands
(Toyoura sand and Nevada sand) to simulate level and mildly sloping
ground sites, Jafarian et al. [L5] observed a reasonable consistency
between the measured and predicted curves of R,-W/W; when an
energy-based PWP model proposed by the authors was adopted.

Despite these developments, the contradictory findings gathered in
the literature on the predictive capacity of different PWP generation
models (stress, strain, energy) evidence the need for further research to
compare experimental (centrifuge model tests) vs. predicted (numerical
simulations) pore water pressure build-up in liquefied and not liquefied
soils by applying real earthquakes, testing various soils of different
densities and selecting appropriately all input data for numerical
modeling. Additionally, high-quality laboratory tests by using apparatus
which reflect the field loading conditions before and during earthquakes
are necessary to derive the model calibration parameters in a reliable
way.

3. Experimental program
3.1. Material properties

Both centrifuge tests and undrained cyclic simple shear tests for the
calibration of excess pore water pressure models in this study were
performed on Ticino sand, herein referred to as TS, a natural quartz sand
whose particle-size distribution is presented in Fig. 2. The main physical,
mechanical and hydraulic properties of the sand used in these tests are
presented in Table 1.

TS was well characterised to derive input parameters of numerical
analyses by oedometer tests, bender element tests in triaxial apparatus,
resonant column tests and undrained cyclic simple shear tests as
described in sections 3.3 and 4.1.
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Fig. 2. — Grain size distribution curve of Ticino sand.

Table 1

— Physical, mechanical and hydraulic properties of Ticino sand.
Parameter Unit Value
Minimum dry density, yqmin (kN/m®) 13.64
Maximum dry density, yqmax (kN/m®) 16.67
Specific gravity, G, 2.68
Mean grain size, Dso (mm) 0.57
Critical state friction angle, ¢'cs @] 34
Hydraulic conductivity, k* (m/s) 21072

? Value at the nominal void ratio of the centrifuge tests.
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3.2, Seismic centrifuge model

The test here discussed was carried out in the framework of the
liquefact.eu/, Giretti and Fioravante
[ ], Fioravante et al. [51]) at ISMGEO laboratory in Italy, and, as
shown in |, it simulated a level ground, homogeneous, sandy de-
posit, 12.5 m deep, with the groundwater table at the soil surface. A
geometrical scaling factor equal to 50 was adopted and the centrifugal
acceleration of 50 g was imposed at the base of the model, g being the
earth gravity.

The model was reconstituted using TS, dry pluviated at 1 g in an
equivalent shear beam box [81,582], and it was saturated under vacuum
using a solution of water and hydroxypropyl methylcellulose (HPMC).
The sandy layer, once consolidated inflight, had a relative density of 47
%. Fig. 3a shows the position of the sensors at 1 g after reconstitution. As
depicted in Fig. 3a, the model was instrumented with miniaturized ac-
celerometers (acc), pore pressure transducers (ppt) and displacement
transducers (D) to measure horizontal accelerations along the shaking
direction, fluid pressures and settlements, respectively. The sensors
embedded in the sand were located during the pluviation along the
mid-section of the model. Accelerometer accl was fixed to the container
base and it measured the applied seismic excitation.

The time history of the ground motion, applied to the model by the
one DoF shaking table installed in the ISMGEO centrifuge, is shown in
Fig. 3b at the prototype scale. The motion is characterised by a peak
ground acceleration PGA = 0.215 g, significant duration dgg = 15.09 s,
an Arias Intensity I me = 0.348 m/s, the energy content concentrated at
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frequency higher than 1 Hz. The vertical lines in ¥ig. b indicate the time
instants at which 5 % and 95 % of the Arias Intensity was released.

Fig. 4 shows the accelerations recorded at three relevant depths by
the accelerometers, while Fig. 5 shows the excess pore pressure (Fig. 5a)
and the pore pressure ratio R, (Fig. 5b) measured by the ppts. It is worth
noting that the depth of the sensors indicated in Figs. 4 and 5 refers to
their pre-shock location, attained after the inflight consolidation that the
saturated sandy layer underwent at 50 g; this depth was estimated on the
base of the superficial settlements recorded during the consolidation
phase.

During the seismic excitation, all ppts recorded a peak excess pore
water pressure value almost simultaneously in the first 12 s, higher at
the base and decreasing upward. A max R, value equal to 0.7 was
measured by ppt5, the shallower of the sensor array. After an initial
accumulation phase, excess pore water pressures started to decrease, the
earthquake still running.

The triggering of excess pore pressure dissipation during the seismic
excitation indicates a partially-drained phenomenon occurring in the
madel, i.e. on one hand, the soil dynamically strained generates excess
pore pressure, and on the other hand, the established hydraulic gradient
triggers upward seepage [83,84].

Generation of excess pore pressure prevailed only in the first few
seconds, then dissipation and drainage prevailed at all depths,
increasing upward, as also confirmed by the measured accelerations
(strain softening associated with the development of excess pore water
pressures typically attenuates the propagating seismic waves).
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Fig. 4. — Accelerograms recorded at various prototype depths in the centrifuge test.
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Fig. 5. — Excess pore water pressure time histories at various prototype depths observed in the centrifuge test.

3.3. Laboratory cyclic simple shear tests for PWP model calibration

Undrained cyclic simple shear tests were conducted at the University
Mediterranea of Reggio Calabria on clean Ticino sand specimens using a
modified NGI-type simple shear (SS) device [85]. In this SS device, the
specimens having a diameter of 80 mm and a height of 20 mm were
laterally confined by a wire-reinforced rubber membrane to prevent any
lateral deformation (i.e. reproducing Kp conditions). The specimens
were prepared in a broad range of relative densities, between 40 % and
90 %, using the moist tamping (MT) reconstitution method. In the
present study, the moist tamping technique consisted in placing inside
the reinforced membrane two 10 mm high layers of wet sand to achieve
the target relative density. Each layer was compacted to a specified
height and the effect of vertical inhomogeneity was considered negli-
gible due to the specimen’s limited height.

Undrained cyclic SS tests were performed in both stress- and strain-
controlled modes. For the stress-controlled cyclic SS tests, they were
stopped in correspondence of liquefaction phenomena, i.e. when a single
amplitude shear strain (ys4) of 3.75 % was attained, in accordance with
previous studies [8,86,87]. It was demonstrated that this shear strain
level was associated with a quasi-stable value of limiting excess pore
water pressure ratio Rys [8,88]. On the other hand, for the
strain-controlled cyclic SS tests, they were conducted up to 15 loading
cycles. In all tests, the specimens were consolidated to a predetermined
effective vertical stress (¢,p) of 100 kPa, after which cyclic shear stress
(tey) or cyclic shear strain (yc.) was applied under stress- or
strain-controlled conditions, respectively. The applied cyclic stress ra-
tios (CSR = 7y/0,0) ranged from 0.12 to 0.25, while the applied cyclic
shear strain ranged from 0.12 % to 0.50 %, and both test types were
conducted at a loading frequency of 0.1 Hz, The tests were performed
under constant volume conditions to simulate undrained conditions in
the NGI simple shear apparatus [89,90]. In constant volume shear tests,
the change in vertical stress is assumed to reflect the excess pore pres-
sure that would develop in a true undrained scenario. In particular, an
automatic control system maintained constant volume by adjusting the
vertical load with vertical strain controlled to less than 0.05 %, in
accordance with ASTM D8296 [91]. The experimental program included
19 cyclic simple shear tests, as summarised in Table 2.

3.3.1. Typical experimental cyclic simple shear test results

Fig. 6 presents representative results from stress- and strain-
controlled undrained SS tests conducted on two reconstituted speci-
mens of Ticino sand prepared under comparable initial conditions (Dg =
48-54 %, d/yo = 100 kPa). In particular, Fig. 6a, 6¢c, 6e and 6g deplct
typical results from a stress-controlled test subjected to a cyclic shear
stress ratio (CSR) of 0.16.

In the stress-controlled test, it is apparent that in the first 8 loading
cycles the shear strains are not significant, while in the last cycles shear

Table 2
- Undrained cyclic simple shear test programme (o', = 100 kPa).

Loading mode Dg (%) CSR Yeye (%)
Stress-controlled 86 0.20 -
Stress-controlled 86 0.23 -
Stress-controlled 86 0.25 -
Stress-controlled 71 0.14 -
Stress-controlled 71 0.16 -
Stress-controlled 71 0.18 -
Stress-controlled 71 0.20 -
Stress-controlled 71 0.23 -
Stress-controlled 54 0.12 -
Stress-controlled 54 0.14 -
Stress-controlled 54 0.16 -
Stress-controlied 54 0.18 -
Strain-controlled 48 - 0.12
Strain-controlled 48 - 0.27
Strain-controlled 48 - 0.50
Stress-controlled 43 0.12 -
Stress-controlled 43 0.14 -
Stress-controlled 43 0.16 -
Stress-controlled 43 0.20 -

Note: Dg = relative density, CSR = applied cyclic stress ratio, y.,. = applied
cyclic shear strain.

strains increase abruptly attaining liquefaction condition (ys4 = 3.75 %)
(Fig. 6c). On the other hand, in the strain-controlled test (Fig. &b, 6d, 6f
and 6h), where a constant cyclic shear strain equal to 0.5 % was applied,
a progressive reduction of 7.y was apparent (Fig. 6b and 6d) and, after
about 7 cycles, a limiting condition corresponding to Au = d',p was
reached (Fig. 6b and 6h). It is interesting noting that as N increases, the
trend and the shape of W and Au differ in stress vs. strain controlled tests.
These differences can be ascribed to the specific mode by which the
cyclic load is imposed on the soil [92]. In particular, in the
strain-controlled test a monotonic increase of W with increasing number
of cycles was observed (Fig. 6f), whereas in the stress-controlled test
firstly low W values were measured but subsequently an abrupt W rise
occurred just in the last loading cycles (Fig. 6e). The different trend of Au
(Fig. 6g and 6h) reflects accordingly the different response in terms of W.

3.3.2. Calibration of the excess pore-water pressure models by laboratory
cyclic simple shear tests

Numerous methodologies have been proposed in the literature to
predict the generation of cyclic excess pore water pressure in saturated
sandy soils, as thoroughly described in section 2. In the present paper,
energy-based and strain-based approaches were considered to assess the
performance of these two models using both stress- and strain-controlled
CSS test results for comparison purposes. Conversely, the damage-based
approach {also categorised as a stress-based approach) was not analysed
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Fig. 6. - Typical behaviour of Ticino clean sand (Dg = 51 % + 3 %; o/, = 100 kPa) determined in stress-controlled tests (a,c,e,g) and strain-controlled tests (b,d,fh).

in the present study because only the PWP models accounting directly
for cyclic shear strains were considered.

3.3.2.1. Energy-based PWP model. To calibrate the energy-based models
for Ticino sand using experimental data from undrained CSS tests, the
fundamental factors affecting the relationship between residual R, (R,
res) and normalised W (W,)) were initially analysed and discussed. Key
factors include relative density (Dg), applied cyclic stress ratio (CSR),
and loading mode. The residual values of R, and W represent the pa-
rameters measured at the end of each applied loading cycle, as illus-
trated in Fig. 6e—6h (indicated by filled circles).

Fig. 7aillustrates the effect of CSR on Ry s Versus W, relationship for
Ticino sand tested at the same initial state (Dg = 86 %, &',y = 100 kPa). It
is evident that CSR has a negligible influence on the pattern of pore
water pressure generation, consistently with the findings gathered from
previous literature studies based on stress-controlled cyclic tests [31,75,
493]. The slight dependence of R, es vs. W;, relationship on CSR as well as
loading shape, i.e. irregular, sinusoidal, square or triangular loads, is one

of the advantages of the energy-based approach [75,92,94].

Fig. 7b intends to highlight the influence of relative density (Dg) on
Ry res versus Wy relationship resulting from CSS stress-controlled tests
conducted on Ticino sand prepared under various Dy values and sub-
jected to different CSR. All specimens were consolidated at the same
initial vertical effective stress equal to 100 kPa. In particular, when Dg
increases, R, s was generated more slowly with higher values of nor-
malised cumulative dissipated energy needed to reach failure condition
(Wyp). Additionally, it is noteworthy that the limiting R, value (Ryyp)
decreases as relative density increases. Such evidence was found also by
other authors in the literature, such as Tomasello and Porcino [2£], Yang
and Pan [. | and Qinetal. [ ;. The experimental evidence that dense
materials exhibit a more dilatant behaviour and show less liquefaction
tendency is in accordance with critical state theory [96].

On the other hand, the effect of loading mode on the development of
the R, s versus W, relationship remains poorly understood. Recently,
Polito and Martin [92] have demonstrated that the energy-based
approach yields to similar Ry, ;e-Wn/Wy s relations for undrained stress-
and strain-controlled cyclic triaxial tests. In the present study, this
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finding remains valid for undrained cyclic simple shear tests (Fig. 7c),
which replicate accurately in situ stress conditions before and during an
earthquake.

In the original formulation of Green et al. [14] model, a single
empirical constant, the PEC parameter, is required. This parameter is
derived from CSS test data by plotting R, s against the square root of
W,. Specifically, PEC is defined as that value on the horizontal axis
corresponding to the intersection of two lines, the first one passing
through the origin and the point at R,, s = 0.65, the second one being
the horizontal line at R, ;s = 1 (Fig. 8a).

The energy-based PWP model originally proposed by Green et al.
[14] was revised to incorporate experimental evidence discussed above
to enable a more accurate prediction of R, in the numerical analyses of
seismic centrifuge tests conducted on Ticino sand. In addition to PEC,
the GMP model was further adjusted in the present study to account that
R, s values could be less than unity in dense Ticino sand, as follows:

Ru =y Wn/PEC < Ruj (10)

The performance of the revised model is shown in Fig. 8b on the R,
res—Whn plane. Notably, when applied to the CSS test data, the modified
model demonstrates a strong fit (R*>0.89) with data points placed
within a zone defined by upper and lower bounds corresponding to the
following parameters: PEC = 0.006-0.025 and R,s = 0.95-0.89
(Fig. 8b).

The availability of analytical relationships between the model pa-
rameters of Eq. (10) and the influence factors is crucial in non-linear
seismic site response analyses. Fig. 9 illustrates the variation of PEC
and R, s empirical parameters with Dg. Some scatter in the experimental
data can be observed in Fig. 9, probably due to the variation of CSR; for
this reason, upper and lower bounds were identified for the subsequent
analysis. It is noteworthy that the model parameter PEC increases with
Dp of the sand, whereas R, s decreases as Dy increases. The correlations
presented in Fig. 9 were employed in the numerical modelling of the
centrifuge test.

3.3.2.2. Strain-based PWP model. The CSS test results were also ana-
lysed to determine the empirical constants of the widely recognised PWP
model proposed by Vucetic and Dobry [11] implemented in the software
used to perform numerical analyses. Fig. 10 presents the experimental
data collected in this study from both stress- and strain-controlled CSS
tests conducted on Ticino sand reported in Ry, res7max plane considering
the same number of loading cycles N = 10. Specifically, in
strain-controlled tests, the Ry s values are determined at the end of 10

1
N=10 cycles F
7 Dg=43-86% 0
08 Tw=100kPa / hd
- . t s
- ‘ II
06 b
» 0.6 e
S ' /’Q
x b -
0.4 +
4 o stress-controlled
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0.2 ,/ sirain-controlled
L CSS tests
P —— Dobry (1985)
0 L L e s e e e e Rl
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Fig. 10. - Trend of residual R, with maximum shear strain obtained in the
present study by stress- and strain-controlled undrained CSS tests on Ticino
sand and comparison with the upper and lower bound curves proposed by
Dobry [97] for clean sands.
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cycles of applied cyclic shear strain (ycy) (Fig. 6g). In contrast, in
stress-controlled tests, the R, s values correspond to the first occurrence
of the recorded maximum strain levels at the 10th loading cycle
(Fig. 6h). Fig. 10 also displays the boundary curves proposed by Dobry
[97] for clean sands from strain-controlled cyclic triaxial tests for the
sake of comparison. The dashed lines in the same figure represent the
best-fit curves for the experimental data obtained through regression
analysis using the strain-based model proposed by Vucetic and Dobry
[11] [Eq. (6)]. In the present study, data points derived from
strain-controlled CSS tests on Ticino sand fall inside the range proposed
by Dobry [97], whereas the results from stress-controlled CSS tests align
with Dobry’s lower boundary, in agreement with other authors (Cetin
and Bilge [12], among others). Notably, the data from the
stress-controlled tests fall to the right of their strain-controlled coun-
terparts resulting in lower Ry, values. Such differences could be
explained considering the different stress path between stress- and
strain-controlled tests. Therefore, this difference makes a direct com-
parison between the two types of tests potentially misleading [ 1.
Additionally, the relationship between Ry, res and ymax for both loading
modes appears poorly dependent on sand’s relative density ( ).

The regression analysis conducted using Eq. (6} yields the parame-
ters p, f, F, and s listed in Despite the limited number of strain-
controlled CSS tests, would highlight that p, f, and s are similar
for strain- and stress-controlled tests, whereas F accounts for the dif-
ferences observed in

4. Numerical simulations of the seismic centrifuge test

To simulate the response observed in the centrifuge test (prototype
scale) described in section 3.2, non-linear effective site response ana-
lyses were conducted using DEEPSOIL v.7.1.2 [53]. The bottom
boundary was assumed fixed and impermeable, so that dissipation was
only allowed to occur at the surface. The water table was placed at the
top of the Ticino sand column, as lllustrated in Fig. 11. Recording accl
was used as input motion and the excess pore water pressures were
allowed to build-up and dissipate as well. The dissipation model was
based on Terzaghi 1-D [98] consolidation theory, where the consolida-
tion coefficient C, is a key parameter required for the analysis. The co-
efficient C, which can be expressed as a function of permeability
coefficient k and constrained modulus M, C,=(k-M)/y,, is assumed to be
variable with depth in the numerical model (Fig. 11f).

4.1. Input parameters

shows the profile of the input soil parameters required for the

numerical analyses. As for input parameters relative to PWP generation
models [Egs. (6) and (10)], they were previously discussed in section
Nevertheless, one aspect to be underlined is that W, (dimen-
sionless) has to be expressed in percentage to meet the requirements of
the DEEPSOIL code. Furthermore, preliminary sensitivity numerical
analyses suggested to set PEC values variable with depth, i.e. the upper
values of the band (Fig. 9a) were assigned at the base of the centrifuge
model, whereas the lower values (Fig. 9a) were assigned at the top of the
centrifuge model. A possible explanation of this variation with depth can
be found considering the influence of other factors, different from Dpg,
which could affect PEC values (e.g. CSR, o', among others). In addition,

Table 3
Empirical parameters of Vucetic and Dobry [11] model for Ticino sand reported
in Fig. 10,

Loading mode p f F s R?
Stress-controlled 0.951 1 0.538 1.083 0.99
Strain-controlled 1.098 1 1.193 1.059 0.99

Note: p, f, F, s= parameters of VD model [Eq. (6)]; R? = coefficient of
determination.
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Fig. 11. - Profiles of the soil parameters used in the numerical analyses of centrifuge test: (a) soil profile at prototype scale, (b) relative density, (c) shear wave
velocity, (d) constrained modulus, (e) permeability coefficient, (f) consolidation coefficient; and (g) normalised shear modulus and damping ratio versus shear strain

for Ticino sand.

the adopted variation of PEC parameter with depth is supported by
previous studies [52,80], which reported an underestimation of excess
pore water pressure at shallow depths when an energy-based model was
applied.

o Dy profile

Traditional methods for determining the relative density in centri-
fuge tests rely on measurements of the model mass and volume even if
alternative methods have also been proposed in the literature [ __. In
the present study, the relative density determined by global measure-
ments of mass and volume resulted 47 %. Nevertheless, D value based
on mass-volume measurements can be affected by errors [ ]; for this
reason, experience gained at ISMGEO indicated that soil relative density
can be better deduced by back-analysis of measured inflight settlements.
This method follows a trial-and-error approach, in which the model is
divided in j sub-layers, whose unit weight and void ratio are adjusted
iteratively. In particular, for each jth sub-layer the current values of unit
weight and void ratio are computed as follows:

140 ={Gs 1)/ (1 +6) (11a)
Ouit =Tajrts + 0y (11b)
€11 =€ — Ce-log (%,z) (11¢)

where:

tp and 74, are the thickness and dry unit weight of the jth-layer at the
Ith—iteration. The process utilises the average compression index (C,),
estimated from the total surface settlement of the soil model (i.e. 56.47
mm), to calculate the density profile. The iteration procedure is usually
concluded after 3 to 5 iterations [ when the convergence error is |41 -
el < 1078, The resulting profile indicates the sample density to vary
between 28 % (at the sample surface) and 48.5 % up to a depth of 11.5
m.

e Vs profile
Shear wave velocity (Vs) profile (and related initial shear modulus

Gy) was gathered from bender element tests in triaxial apparatus [100]
performed on pluvial deposited Ticino sand specimens prepared at

10

different values of relative density.

The following equation was found:
05

Vs =Cs- [f(e)-(p' /P (12)

where Cg = experimentally determined material constant = 235, f(e) =

generalised void ratio function = ¢®d = ¢7%8 p' = mean effective stress

and P, is the atmospheric pressure (i.e. 100 kPa), and m coefficient =

0.22.

Vs values for Ticino sand in centrifuge test were determined basing
on Eq. (12) considering D and p’ values of the model. In particular, the
void ratio e ranged from 0.82 to 0.75 with a target value equal to 0.76
(Dr = 47 %). For p’ calculations, the effective horizontal stress was
assumed as o’ = [1-sin(¢)]-0'vp, being ¢’'=¢'c; the internal friction
angle at critical state (Table 1).

e M profile

The constrained modulus (M) profile was gathered by oedometer
tests carried out on Ticino sand and the relationship between M and
stress level (i.e. depth) resulted [Eq. (13]]:

— oJ"o ’
M—a-Pa(P—ﬂ)

where a and b are emplrical constants specifically calibrated through the
aforementioned oedometer tests with values equal to 255 and 0.54,
respectively.

(13)

e k profile

The importance of selecting proper values of permeability coefficient
k in effective stress seismic analysis is reported by several authors [44,
46-50,101]. In fact, k values affect both build-up and dissipation of
excess pore water pressures; furthermore, k can be different from the
initial static value (k; = 2-1072 m/s) and can also vary during the
earthquake. Several relationships between (variable) permeability co-
efficient and excess pore water pressure ratio in all build-up, liquefac-
tion and dissipation phases were proposed in the literature [49-51,101].
In the present study, average values of k {(constant with depth) in the
range from 2.5-k; to 4.5-k; were assumed. This range resulted from the
relationships k/k; = f(R,) calibrated by centrifuge model tests proposed



D.D. Porcino et al

by Shahir et al. [49] in build-up phase (R, < 1.0) which represents the
case of the centrifuge test in the present study. In particular, for the
depths between 2 m and 10 m, k/k, permeability ratio (average values
calculated for the duration of earthquake at a given depth) were in the
range 2.5-4.5. These values are also consistent with the experimental
findings gathered by the authors from previous research [51].

o Normalised modulus reduction G/Gop curve and damping factor D

The normalised modulus reduction G/Gyp curve and damping factor D
curve used in the numerical analyses were gathered from resonant col-
umn tests performed on Ticlno sand. Stress-strain curve was interpreted
by the non-linear constitutive model implemented in DEEPSOIL [53],
namely modified hyperbolic model Matasovic and Vucetic [102] termed
as the MKZ (modified Kondner and Zelasko [103] model); a non-Masing
rule, termed as the modulus reduction and damping factor (MRDF), was
employed. For the degradation indices of shear modulus (65) and shear
strength (&,), the curve fitting parameter v termed as the degradation
parameter resulted 2.91, in accordance with the range from 1 to 5 re-
ported for cohesionless soils in previous literature studies [52,104,105].
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The stress-strain relationship of the implemented MKZ model is the
following:

e 7-Go-bc ] a4)

£
A P S
1+5 [(‘m'ﬁv)/(co'ﬁa)]

where 7 is the shear stress, y is the shear strain, §* and s* are curve fitting
parameters. The degradation indices reported in Eq. (14) adjust the
unloading-reloading equation during excess pore water generation to
incorporate the mobilised shear stress reduction as follows [Eq. (15)]

[h]]:

b6¢=+1-R, (15a)
§=1-R} (15b)
4.2. Results

The measured and computed time-histories of residual excess pore
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Fig. 12, - Comparison between measured and predicted trends of residual R, with time at various depths using GMP model (k = 2.5:k,).
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Fig. 13. — Comparison between measured and predicted trends of residual R, with time at various depths using VD model (k = 4.5-k,).

pressures and accelerations using the PWP models are presented in
Figs. 12 and 13, In particular, for different depths corresponding to ppt1,
ppt2, ppt3, ppt4 and ppt5, Fig. 12 reports R, vs. time gathered from
numerical analysis using GMP model and, for comparison purposes, the
corresponding trends measured in the centrifuge model test. A favour-
able overall agreement between measured vs. computed PWP trends can
be observed at different depths. Consistently with experimental mea-
surements, Ry values are well below unity value even at low depths. In
the first phase of the input motion up to 7 s, it is evident that non zero
values of R, are computed by numerical analysis, whereas in the
centrifuge test there is practically no build-up of excess pore water
pressures. This discrepancy can be explained considering that in energy-
based models, the dissipated energy is calculated even if shear strains
are less than a threshold value, as it happens in the centrifuge due to the
background noise produced by the rotation. For this reason, the energy-
based approach provides R,7£0 even for very low values of W. An
improvement could be obtained by the introduction of a limiting shear
strain level below which no dissipated energy is calculated and conse-
quently R, values would result equal to zero. The numerical results
obtained considering as input parameter k = 2.5-k; for Ticino sand

12

illustrate that a satisfactory agreement is attained in terms of peak R,
and dissipation behaviour between experimental and predicted
measurements.

Fig. 13 shows both pore water pressure response from 1D analysis
using VD model, calibrated through strain-controlled CSS tests, and
centrifuge measured values. Using the VD model, an underestimation
between computed and measured Ry, max at low depths, i.e. 2.21 m and
4.47 m, was obtained with differences of 30 % and 14 %, respectively.
Conversely, a reasonable correspondence was observed for all the other
cases. This discrepancy at depths near the surface was also observed by
other authors based on 1D effective stress site response analyses [52]
even fully coupled [106,107]. A value of inflight permeability k = 4.5-k,
was found to match better the dissipation response at all depths, as
shown in Fig. 13.

To compare the response of recorded and computed accelerations at
different depths, 5 % damped acceleration response spectra of the ac-
celeration time-histories using the two PWP models are displayed in
Fig. 14, The recorded acceleration time-histories refer to acc4, acc3 and
acc2, corresponding to 2.21 m, 4.47 m and 6.68 m, respectively.

At medium depths (z = 6.68m), calculated accelerations using both
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Fig. 14. — Comparison between measured and the predicted 5 % damped acceleration response using GMP and VD models at various depths.

PWP models are agreeable with respect to measured ones; nevertheless,
near the surface (z = 2.21 m), the simulated response spectra are
significantly higher (overprediction) compared with the recordings as
well as Arias Intensities. In particular, the presence of some acceleration
spikes at certain frequencies is apparent in the predicted trends. These
discrepancies between the measured and calculated spectra accelera-
tions values especially at low depths were observed also by other authors
in 1D seismic response analysis vs. centrifuge measurements, such as
Pervaiz et al. [52] and Ramirez et al. | l.

To provide an overall interpretation of numerical simulations against
experimental measurements in centrifuge, presents the profiles

of Rymae, PGA, and maximum shear strain (ymax) with depth. The
experimental yax values were derived from acceleration measurements
in the centrifuge, following the procedure proposed by Zeghal and
Elgamal [108].

The analysis of Fig. 15 indicates:

e a satisfactory agreement in terms of R, max between experimental and
predicted values by using GMP model, whereas when VD model is
adopted an underestimation was observed at shallow depth;

e an apparent overprediction of PGA values, regardless of PWP model;

® Centrifuge

— GMP model 7 Nymerical
== VD model analysis
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Fig. 15. Comparison between measured and predicted Ry max (a), PGA (b) and ymax profiles using GMP and VD models.
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Fig. 16. -~ Comparison between measured and predicted stress-strain loops using GMP and VD models.

e a reasonable agreement between yp., predictions from numerical
simulations and experimental data.

Fig. 16 shows the stress-strain loops at different depths gathered by

numerical analysis together with those obtained indirectly through the
aforementioned procedure proposed by Zeghal and Elgamal [108].
Although some discrepancies can be observed in numerical vs. experi-
menta] results, Fig. 16 demonstrates a relatively reasonable agreement.
Notably, it is interesting to observe that the numerical analysis carried
out using the GMP model appears to better capture the stiffness degra-
dation observed in the centrifuge tests compared to the results obtained
with the VD model, suggesting a more accurate representation of the
soil’s nonlinear response under cyclic loading conditions. The
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differences observed in shear stress values were expected to occur due to
the acceleration overestimation, especially at shallow depths (Fig. 15b).

Finally, a possible explanation of the observed discrepancies in terms
of acceleration profiles (Fig. 15b) and shear stress-strain loops (Fig. 16)
could be attributed to the fact that the modified hyperbolic Kondner and
Zelasko model is inherently unable to capture the dilative behaviour of
soil, which is expected at shallow depths. Furthermore, such non linear
model does not account for density changes associated with PWP build-
up and the corresponding updates of input parameters [52].

These results highlight that if a given PWP model is able to capture
the response in terms of R, in a satisfactory way, it does not mean that at
the same time it predicts well the response in terms of accelerations. The
finding that can be drawn by the present study and other previous
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Fig. 17. - Comparison between measured and predicted trend of residual R, with time at various depths using: (a,c,e) GMP model, (b,d,f) VD model.

research [52,106,107] is that, in general, at depths far from the surface
one can expect a more reasonable agreement between computed and
measured accelerations. This aspect would require further research to
explore all input factors (V;, k, d'vo, etc) affecting the acceleration
response when a given pore water pressure generation model is used in
the numerical analysis.

4.3. Discussion

The selection of an appropriate value of k and consequently of C, in
1D non-linear seismic response analysis appears crucial, especially when
the seismic loading causes the triggering of liquefaction [46,49,51]. To
verify the influence of permeability coefficient (assumed constant with
depth) on the calculated pore water pressure response, the simulations
were repeated using the lower and the upper values of the k range
(2.5-4.5'k5). Fig. 17 reports for the two analysed PWP generation
models, i.e. GMP and VD models, the variation of generated and dissi-
pated pore pressure with time at different depths.

For GMP model (Fig. 17a, 17¢ and 17e¢), a value of k = 2.5k
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improves the accuracy of the numerical results at all depths in terms of
maximum excess pore water pressure and dissipation rate, compared to
the corresponding trend gathered when using a higher value of k. On the
other hand, for the VD model (Fig. 17b, 17d and 17f), a value of k =
4.5k, improves the numerical predictions, especially in terms of dissi-
pation rate, compared to the corresponding trend when using a lower
value of k, i.e. 2.5-k. It is worth mentioning that the VD model appears
more sensitive to the variation of k especially in the post-peak phase of
R, with respect to the GMP model.

Since previous literature studies (e.g., Dash and Sitharam [109], Mei
et al. [62], among others) have calibrated strain-based models using
stress-controlled test data, it is valuable to verify the influence of loading
mode (i.e. stress-vs strain-controlled undrained CSS tests) on pore water
pressure response in numerical simulations. For this reason, Fig. 18 in-
tends to show the time-histories of excess pore water pressure at several
depths obtained by numerical simulations together with the experi-
mental measurements for comparison purposes. The results refer to the
VD model only since for the GMP model it was verified (Fig. 7c) that the
loading mode (stress-vs. strain-controlled tests) has a minor influence on
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Fig. 18. — Comparison between measured trend of residual R, with time at a given depth and predicted one gathered by numerical analysis using VD model

calibrated from strain- and stress-controlled CSS tests (k = 4.5-k,).

the R, res-W, relationship and for this reason this aspect was ignored.
Fig. 18 illustrates that, when laboratory undrained stress-controlled SS
tests are used to calibrate the VD PWP model (Table 3), a significant
underestimation of pore water pressure build-up is apparent with dif-
ferences in percent that are equal to 55 % at all depths.

Finally, to obtain reliable results from numerical analysis, it appears
important to derive the empirical parameters of the PWP models taking
into account the influence of key factors, such as loading mode and stress
path (triaxial, simple shear, torsional). In particular, for strain-based
mode], it is recommended using calibration parameters from strain-
controlled undrained cyclic tests to improve the accuracy of PWP nu-
merical predictions.

5. Summary and conclusions

The paper presents a comprehensive study focused on the validation
of two pore water pressure (PWP) models, specifically the GMP and VD
models, through numerical simulations of a selected seismic centrifuge
test performed on Ticino sand. The two PWP models which are

implemented in the 1-D site response analysis program DEEPSOIL were
rigorously calibrated using high-quality undrained cyclic simple shear
(CSS) tests conducted on Ticino sand reconstituted at varying initial
states (Dgp = 40-90 %) and subjected to different CSR or y.y. values.
These CSS tests replicate in a realistic way in situ ground conditions
before and during earthquakes if compared with respect to traditional
cyclic triaxial tests. To achieve a more accurate numerical prediction in
terms of PWP, the original energy-based GMP model was revised by
introducing an additional calibration parameter R,y In addition, the
calibration of soil parameters (e.g., permeability coefficient k, con-
strained modulus M, shear wave velocity Vs, normalised shear modulus
G/Go and damping D curves) was based on high-quality lab tests spe-
cifically performed on the same material used in the centrifuge test. This
approach enhances the accuracy and reliability of the results.
The main conclusions of the study are the following.

e The key factors (Dg, CSR) influencing the development of PWP from
laboratory tests were analysed. The results of undrained CSS tests
reveal that the parameters PEC and R,y of the GMP model are
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almost simultaneously in the first 12 s at all depths (Fig. 5). A
maximum R, value of 0.7 was measured at a depth of 2.2 m indi-
cating that full liquefaction condition was not triggered. After an
initial accumulation phase, excess pore water pressures started to
decrease, the earthquake still running indicating that a partially-
drained phenomenon occurred in the model.
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computed (from the numerical analysis) PWP response illustrates a Data availability
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