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Abstract

The shear wave velocity profile and dynamic soil properties are the main factors controlling the results of ground response
analyses for a given bedrock input motion. They are known to be spatially variable and adequate consideration of
their variability may lead to a better prediction of the site response. Furthermore, the elastic and nonlinear dynamic
properties of a soil deposit depend on the constitutive model adopted to describe the soil mechanical behaviour during
the seismic oscillation. This paper aims to investigate the effect of a statistical variation in the initial stiffness profile,
stiffness degradation and damping curves on ground response predictions by conducting Monte Carlo (MC) simulations.
The Large Scale Seismic Test (LSST) site in Lotung, Taiwan, is back-analysed using a fully-coupled finite element
procedure and applying at bedrock level one strong and one weak motion recorded at the site. A kinematic hardening
soil model, capable of capturing the stiffness degradation and damping data measured from laboratory tests, is adopted
in the analysis. The results of the statistical analysis indicate that the effect of variability in the elastic and nonlinear soil
properties on the LSST site response predictions is very sensitive to the seismic intensity of the input motion. When
the level of induced shear strain is higher, i.e. in the case of the stronger motion, the spatial variability of the stiffness
degradation and damping curves has a pronounced effect on the predicted site response. In contrast, the prediction is
particularly sensitive to the statistical variation in the initial stiffness profile when the weaker motion is considered. This
is mainly due to the early stiffness degradation at very small strains shown by the laboratory data on LSST soils, which
is described in the paper by assuming an appropriate elastic domain in the constitutive model calibration.
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1. Introduction

Ground response analysis is a key tool in the seismic design of geotechnical structures, buildings
and infrastructures. To predict local site effects, seismic input motions are propagated through the
deposit approximating the dynamic characteristics of the soil by means of equivalent linear or non-
linear approaches. The results of the simulations are, then, interpreted mostly in terms of response
spectra and amplification factors obtained at surface [1]. Nonlinear soil behaviour can be approxi-
mated by an equivalent linear characterisation of soil dynamic properties. The method, which repre-
sents the state-of-practice approach to quantify local site effects, makes use of the exact continuum
solution of wave propagation in horizontally layered visco-elastic materials subjected to vertically
propagating transient motions [2]. It models the nonlinear variation of soil shear modulus (G) and
damping (D) using of linear analyses with iterative update of stiffness and damping parameters. For
a given soil layer, G and D are assumed to be constant with time during the shaking. Therefore,
an iterative procedure is needed to ensure that the properties used in the linear dynamic analyses
are consistent with the level of strain induced in each layer by the input motion [1]. The analysis is
performed within a total stress approach. Nonlinear time-domain schemes are also widely adopted
in the literature for ground response analyses. Kaklamanos et al. [3] compared the results of lin-
ear, equivalent linear and nonlinear site response analyses of 191 ground motions recorded at six
validation sites in the KiK-net array network (Japan). They have showed that all models tend to
under-predict surface motions at short periods (< 0.2 s) and that there are relatively small differ-
ences in the accuracy between nonlinear and equivalent linear methods. Zalachoris and Rathje [4]
also concluded that both nonlinear and equivalent linear analyses under-predict surface motions at
short periods (< 0.4 s) and large strains by 55 to 65%. However, it should be noted that the nonlinear
analyses in these studies were performed adopting a total stress approach and relatively simple soil
constitutive models. In contrast, nonlinear effective stress approaches used in conjunction with ad-
vanced constitutive assumptions are capable of fully capturing soil nonlinearity, pore water pressure
build-up and consolidation settlements induced by the earthquake, thus leading to more accurate
results. In particular, the benefit of time-domain nonlinear schemes can be fully appreciated when
the site is shaken by a strong seismic motion [e.g. 5].

The free-field seismic response prediction under a single bedrock motion is controlled by the
elastic and nonlinear soil properties, i.e. the initial shear wave velocity (V) profile, the normalized
shear modulus (G/Gy) reduction and damping ratio curves. The V; profile of a soil deposit is com-

monly measured by means of in-situ tests, such as cross-hole, down-hole, seismic cone, MASW
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(Multichannel Analysis of Surface Waves), SASW (Spectral Analysis of Surface Waves), suspension
logging methods [e.g. [1]. The standard penetration test (SPT) and the cone penetration test (CPT),
although originally developed for the measurement of soil properties mobilised at large strains, can
be indirectly used to determine in-situ shear modulus profiles by using empirical correlations be-
tween penetration resistance (NSPT) or tip resistance (¢q.) values and G,,... These estimates are
affected by high uncertainties and should be used very cautiously for a preliminary assessment of
Gmaz, given the scatter in the data on which they are based and the variability in the results obtained
by different correlations. The shear modulus degradation and associated hysteretic damping can
be determined over a range of shear strains through laboratory testing of undisturbed soil samples
(e.g. resonant column/torsional shear, cyclic triaxial and cyclic simple shear tests). Nevertheless, it
is most common to use published modulus reduction and damping curves [e.g. 6} 7, 8] rather than
performing direct measurements of these soil dynamic properties in the laboratory.

Although site response analysis usually adopts the deterministic values of the elastic and nonlin-
ear soil properties, their uncertainty and variability in space, even within a single soil layer, should
be taken into account [e.g.[9]. In this respect, the effect of soil properties variability on site response
predictions is nowadays of great interest for researchers in the geotechnical earthquake engineering
field [e.g. 10, 11, 12, 13, (14} 15, 116, 17, 18, 19, 20} 21]. Most commonly, the variability of soil dy-
namic properties is accounted for just using the upper/lower bounds of the V; profiles and modulus
degradation and damping curves generated from statistical models. A more robust way of including
the variability of the soil properties in site response analyses is through Monte Carlo (MC) simula-
tions [e.g22]. They employed a stochastic finite-fault model able to produce a seismic motion with
a specific magnitude and distance from the fault. The model was also capable of accounting for soil
property variability within an equivalent linear formulation. The results indicated that i) site effects
variability is clearly a function of the distance (and, therefore, of the seismic intensity level); ii) path
effects have little impact on the response variability near fault, but become more pronounced as the
fault-to-site distance increases; iii) source effects contribute mostly to the parametric variability at
longer periods and are relatively insensitive to both site type and distance. Li and Assimaki [23]
also conducted MC simulations of three well-investigated down-hole array sites located in the Los
Angeles Basin, using the earthquake dataset developed by Assimaki et.al. [24] based on synthetic
records. It was demonstrated that the impact of nonlinear soil property variability depends strongly
on the seismic intensity of the applied input motion, particularly in the case of soft soil profiles. In

contrast, the effects of velocity profile uncertainties are less intensity dependent and more sensitive
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to the velocity impedance in the near surface that governs the maximum site amplification. Similarly,
Rathje et.al [25] performed MC simulations for equivalent linear site response analysis by including
variability in the bedrock motions, and the elastic and nonlinear soil properties. The statistical model
developed by Toro [26] was used to randomise the shear wave velocity profile and the model of
Darendeli and Stokoe [7] was implemented to vary the nonlinear soil properties. The results pointed
out that modelling shear wave velocity variability generally reduces the predicted median surface
motions and amplification factors, most significantly at periods less than the site period, while ac-
counting for the variability in nonlinear properties has a slightly smaller effect. Moreover, including
the variability in soil properties significantly increases the standard deviation of the amplification
factors but has a lesser effect on the standard deviation of the surface motions.

This paper investigates the influence of the variability in elastic and nonlinear soil properties on
the site response prediction of the Large Scale Seismic Test (LSST) site in Lotung, Taiwan. The
LSST down-hole accelerometer array has been extensively studied since its establishment by a
number of authors[e.g 27, 128, 129, 130, 31, [32, 33| [34], being a well-instrumented benchmark case to
test the performance of different numerical approaches in the prediction of site amplification effects.
In the great majority of these previous studies, the analysis has been focused on back-analysing
some of the recordings of the LSST array using a deterministic approach, while only in the work
undertaken by Borja and Sun [33] the sensitivity of the predicted deformation responses to statistical
variations of sediment constitutive properties has been considered. Elia et al. [35] attempted to
predict the horizontal site response at Lotung using different numerical techniques of increasing level
of complexity and adopting, within a deterministic scheme, a single shear wave velocity profile and
one set of G/G and D curves for each layer of the soil deposit. In this paper, however, the variability
of the elastic and nonlinear soil properties in Lotung is accounted for through a MC approach. Two
input motions recorded at the site, one stronger and one weaker, are considered to test the sensitivity
of the ground response prediction to the seismic intensity level. The fully-coupled finite element (FE)
code SWANDYNE II [36] is adopted and plasticity is introduced in the FE simulations through the
advanced elasto-plastic model (RMW) developed by Rouainia and Muir Wood [37]. The performance
of the RMW model in fully-coupled dynamic analysis of earth structures has been demonstrated in
previous works [e.g. 38, 139].

In the first part of the paper the geological and geotechnical properties of the LSST site are
briefly described. The methods adopted in the MC simulations to account for the variability of the

initial stiffness profile and soil nonlinear properties shown by the laboratory and in-situ LSST data are
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Table 1: Earthquakes recorded by the LSST array and used in the analyses.

Event Date Magnitude Epicentral Focal PGA (g) at47 m PGA (g) at surface
ML Distance Depth  N-S E-W \ N-S E-W \

LSST07 20/5/1986 6.5 66.0 158 0.08 0.093 0.03 0.16 0.21 0.04

LSST11 17/7/1986 5.0 6.0 20 0.046 0.06 0.015 0.07 0.10 0.044

then discussed and the results of the Lotung nonlinear site response analyses are finally presented.

2. Lotung site and earthquake records

The Lotung accelerometer array is located in the North-East part of Taiwan [40]. The site geology
consists of recent alluvium and Pleistocene materials over a Miocene basement. The upper alluvial
layer, 30-40 m thick, consists mainly of clayey-silts and silty-clays [41]. The water table is located
approximately at a depth of 1 m. The local geological profile (Fig. [Tp) shows a 17 m thick silty
sand layer above a 6 m thick layer of sand with gravel resting on a stratum of silty clay interlayered
by an inclusion of sand with gravel between 29 m and 36 m, as indicated by the SPT log profile
reported in Fig. [fb. The site was instrumented in 1985 with down-hole accelerometers located at
different depths. Of particular interest here is the vertical array named DHB, which can be considered
representative of the free-field response at Lotung. The bedrock formation is assumed to be at a
depth of 47 m, where the recordings of the corresponding accelerometer have been used in the
numerical simulations as input motions. Between the 1985 and the 1990, 30 earthquakes were
recorded with low, moderate and high seismic intensity levels at the LSST site. Two input motions,
one strong (LSST07) and one weak (LSST11), have been considered in this work. For the sake of
simplicity, only the E-W component of the earthquake events has been adopted in the FE simulations.
The LSST11 event was characterised by a shallow focal depth, a smaller epicentral distance, a
relatively small magnitude (ML< 5) and peak ground accelerations (PGA) of 0.07 g and 0.10 g
respectively in the E-W and N-S direction. On the contrary, the LSST07 event was characterised by
a higher magnitude (ML > 5) and maximum accelerations recorded at ground surface equal to 0.16
g and 0.20 g in the E-W and N-S direction, respectively. Among the earthquakes recorded by the
Lotung array, the LSSTO07 event was the second strongest in terms of PGA, while the LSST11 event
was one with the lowest magnitude. Table [1| gives general information about the two earthquakes

and Fig. [2 shows their acceleration time histories and response spectra at 47 m depth (i.e. bedrock).
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3. Variability of soil properties

The shear wave velocity profile along with shear modulus reductionand damping curves are the
main soil dynamic properties which have significant impact on the response of a site subjected to a
specific earthquake event. These properties can vary spatially due to aleatory or epistemic uncer-
tainties. The aleatory uncertainty (or randomness) depends strongly on the site geology and cannot
be reduced by the collection of additional information [22]. On the other end, epistemic uncertainty
can be caused by man-made errors during laboratory soil testing or deficiencies of current methods
in determining the soil properties and can be minimised, for example, by gathering good quality data
and developing more rigorous field and laboratory measurement techniques [25]. Most of soil prop-
erties are known to exhibit a high coefficient of variation (CV) that can be represented appropriately
using a MC method [e.g 23]. In order to randomise the soil properties in each MC simulation, a
specific probabilistic distribution for each property is required. However, since the availability of soil
data to constrain the selected probabilistic distribution is usually very limited, it is more practical to
formulate such distribution based on data from well-monitored and investigated sites.

In this work, the amount of data from the Lotung site, in terms of highquality shear wave ve-
locity measurements and GG/Gy and D laboratory data, allows to undertake MC simulations with
well-constrained probabilistic distributions. This is in line with the findings of Teague and Cox [19]
and Teague et al. [20] supporting the use of measured data (e.g. surface wave dispersion data
and horizontal-to-vertical spectral ratio curves) in the randomisation of the small-strain stiffness pro-
file. The generation of stiffness variability with depth and G/G, and D curves for the LSST site is

described in the following sections.

3.1. Variability of the initial stiffness profile

The shear wave velocity values obtained at different depths from the results of seismic cross-hole
and up-hole tests performed at the LSST site are illustrated in Fig. [2c. The in-situ measurements
[42] 143] show a value of about 100 m/s at the surface reaching a value of about 300 m/s at 50
m depth. It is also evident from the in-situ data that the layers consisting in sand with gravel are
characterised by distinctively higher V, values in comparison with the adjacent silty clay and silty
sand strata. In the bottom silty clay layer, the V, data are almost constant or slightly decreasing
with depth. Assuming a total unit weight of the soil equal to 20 kN/m? (as proposed by Borja et al.
[28]), the corresponding values of the small-strain shear modulus, Gy, are reported in Fig. with

open dots. The profile of initial stiffness with depth is randomised here, considering the G values
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shown in Fig. [2d. To represent the G profile of the Lotung site, the well-known equation proposed

by Viggiani and Atkinson [44] is adopted in the FE procedure:

Go _ A(p—)Rm (1)
pr pr

where p, is a reference pressure (equal to 1kPa), p’ is mean effective stress, R is overconsolidation
ratio and A, m and n are dimensionless stiffness parameters. The details of the FE model and its
boundary conditions are presented in Elia et al. [35]. The G, profile is described the parameters A,
m and n of Eq. [12]and to randomise the small-strain shear modulus profile it is necessary to transfer
the variability of G to these parameters. Considering that m and n have relatively less effect on the
elastic formulation (due to their small range of values), they are regarded as deterministic input with
values of 0.2 and 0.6, respectively. Hence, only the parameter A is subjected to variability when the
initial stiffness profile is randomised for the MC simulations. In particular, the initial stiffness profile
is varied with a certain standard deviation with respect to a baseline profile. A lognormal distribution
of A (and consequently of Gy) can be reasonably fitted through the data points for the different
layers, as presented in Fig. [2d. In addition, this assumption provides realistic stiffness profiles as it
only generates positive values of GG [14]. The mean variation of G, with depth shown in the figure
corresponds to the profile used to obtain the baseline response.

If the only random parameter in Eq. [12]is A, then the mean, p, , and standard deviation, o, of

G, are given by:

Gy = Ha (p—) R™ 2)

T

S (p—> g @)

r

Furthermore, if the mean effective stress and overconsolidation ratio dependency of G, is pre-
served during the calculation of the mean and standard deviation, with the consequence that the CV
is held constant during the transformation of A into Gy, it can be shown that the above assumptions

result in the following statistical parameters of the lognormal distribution:

Hina = In (L) (4)
V1+CV3

Oma =1/1n (1 + CVX) (5)
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Additionally, the log-normally distributed Go ~ (1 c,, 0n o )» With the fact that the transformation
of variability from A to G only affects the mean of Ingg, thus preserving the standard deviation

implies [43]:

g, = pima+ (1 —n)lnp. +nlnp +min R (6)

OlnGy = O0lnA (7)

Once the G|, profile has been randomised, the corresponding V; variation with depth is obtained
for each realisation (assuming v = 20 kN/m?). Fig. |2c displays examples of randomised shear wave

velocity profiles used in this study.

3.2. Variability in nonlinear soil properties

The randomisation of the stiffness degradation and corresponding damping curve is, in most
cases, based on empirical expressions developed considering different soil types and stress condi-
tions [e.g.7,18]. To randomly generate the nonlinear soil parameters, it is necessary to describe their
statistical distribution and define any correlation between them. In this work, the G/G, and D curves
are the output of the RMW model adopted in the simulations. The model consists of three surfaces
(Fig. [3). The reference surface controls the state of the soil in its reconstituted, structureless form
and describes the intrinsic behaviour of the clay [46]. The structure surface controls the process of
destructuration which can be accompanied by significant strain-softening effects. The yield surface

(bubble) encloses the elastic domain of the soil. The expression of the reference surface is

3
fr:ms:s%—(p'—pc)z—pg:() (8)
0

where s is the deviatoric stress tensor, p. is the mean effective stress that defines the size of the
reference surface and My is the slope of the critical state line in triaxial space.

The bubble surface is written as

3
T
where {p.I, s, } denotes the location of the centre of the bubble in the stress space, and accordingly

(58— 8a): (8 —8a) + (1 —pa)® — (Rpe)?> =0 (9)

controls its kinematic hardening, I is the second-order identity tensor, and R is the size of the bubble

relative to the structure surface.
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The structure surface is given by

3
f5:2_]\4—92|:

where 1 is a fixed deviatoric tensor controlling the structure and r represents the progressive degra-

$— (T - 1)770]%} : [S - (T - 1)7701%} + (p, - Tpc)Q - (rpc)Q =0 (10)

dation of the material. For more details on the formulation and implementation of the RMW model
the reader is referred to Rouainia and Muir Wood [37, 147] and Zhao et al. [48].

The constitutive law allows to reproduce some of the key features of the cyclic behaviour of natural
soils, such as the destructuration induced by the loading, the decay of the shear stiffness with strain
amplitude, the corresponding increase of hysteretic damping and the accumulation of excess pore
water pressure under undrained conditions. A kinematic hardening translation rule is used to model
the movement of the centre of the yield surface, o , in a direction parallel to the line joining the

current stress, o, and the conjugate stress, o, as follows:

AQ
Structure surface - F

Critical State Line

Bubble - f,

| >
o | >
‘!’/ | [i P
Reference surface - f,
Figure 3: Schematic representation of the RMW model in the (p’, ¢) plane
por
d:a(——l——)—i—ﬂ(ac—a) (11)
Pe T

where p is a positive scalar of proportionality, p. is the mean effective stress that defines the size of
the reference surface and r is the degree of structure, which is a monotonically decreasing function of
the plastic strain. It should be noted that the centre of the structure surface represents the anisotropy

of the soil due to structure. The plastic modulus H is assumed to depend on the distance between

10



O©CO~NOOOTA~AWNPE

the current stress and the conjugate stress and is given by:

Bp? b\
H=H + —— 12
+ A — K* (bmax) (12)

where \* and x* are the slopes of normal compression and swelling lines in the In v — In p’ compres-

sion plane (v is the soil specific volume), b = 72 : (0. — o) is @ measure of the distance between the
yield and the structure surface and b, is the nominal maximal value of b. The additional soil param-
eters ¢ and B control the rate of decay of stiffness with strain and the magnitude of the contribution
of the interpolation term, respectively. The hardening modulus H. is derived from the consistency
condition on the structure surface when the yield and the structure surface are in contact.

Fig. [4] presents the comparison between the stress-strain timehistories estimated by Zeghal et
al. [49] processing the accelerations recorded during the LSST16 event and those predicted at
the same depths during the LSSTO7 event using RMW with baseline parameters. The LSST16
earthquake was characterised by a local magnitude of 6.8 and a focal depth of 15 km, with values
of the peak ground acceleration very similar to those of the LSST07 event. The results shown in
Fig. 4| represents a validation of the advanced RMW analyses, highlighting the good performance of
the model to properly capture the observed continuous change of stiffness and damping properties
throughout the motion.

The randomisation of the soil nonlinear parameters can be achieved by varying the RMW param-
eters which mostly affect the predicted stiffness degradation and damping curves. To identify these
parameters, a series of single element simulations of strain-controlled undrained cyclic simple shear
(CSS) tests are conducted by applying different shear strain amplitudes. After 500 cycles for each
strain level, which is considered to be sufficient to achieve a steady-state condition [50], the secant
shear modulus and damping ratio values are obtained. From an extensive parametric study, it is
observed that the G/G( and D curves are greatly affected by the interpolation exponent ¢ in Eq.
[l The soil parameter ¢ is, then, considered as log-normally distributed between a lower value of
0.1 and an upper value of 4. The range of v values is determined in order to reasonably capture
the variability of the torsional shear and resonant column laboratory measurements performed on
undisturbed soil samples from Lotung [43] and the data back-figured by Zeghal et al. [49], both pre-
sented in Fig. [B] It should be noted that the back-calculated values of G/G, and D show a higher
variability than the laboratory data. Nevertheless, previous works on Lotung [31] have identified in
the variations of the moduli and damping ratios with shear strain, rather than the variability of the

measured shear wave velocities, the greatest source of uncertainty. Therefore, both sets of G/G)

11
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Table 2: RMW material parameters for the different soil layers used in the analyses.

Depth A* K* M R B () o A m n

0-177m 0.044 0.015 0922 0.085 1.0 varied 1.0 varied 0.2 0.6

17-23m 0.044 0.015 1.096 0.085 1.0 varied 1.0 varied 0.2 0.6

23-29m 0.044 0.015 0.814 0.085 1.0 varied 1.0 varied 0.2 0.6

29-36 m 0.044 0.015 0.941 0.085 1.0 varied 1.0 varied 0.2 0.6

36-47m 0.044 0.015 0.730 0.085 1.0 varied 1.0 varied 0.2 0.6

and D data are considered in the analysis presented in this paper. The mean value of the parameter
Y is set equal to 1.0, as this assumption, along with the remaining soil parameters, gives the baseline
nonlinear curves adopted in previous deterministic studies [35]. The CV of v is assumed equal to
0.4, in accordance with the guidance given in the literature [e.g 9, 51]. Random ¢ values are gen-
erated such that they are within the lower and upper limit. The corresponding range of G /G, and D
curves obtained through CSS simulations with the RMW model are shown in Fig. [5 A small amount
of viscous damping, equal to 3%, is introduced into the FE model through a standard Rayleigh for-
mulation [52] to compensate for the RMW underestimation of damping within the small-strain range.
The smaller ¢ value gives the stiffer G /G, reduction with shear strain and thus leads to the lower
damping curve. In contrast, for the largest value of » the RMW model predicts a more rapid stiffness
degradation, resulting in higher hysteretic damping. This inverse trend of the predicted G /G, and D
curves showsthe RMW model is able to automatically replicate the well-known negative correlation
between the two curves. Table [2| summarises the RMW parameters adopted in the MC simulations.
The critical state stress ratio value for each soil layer corresponds to the effective friction angle back-
calculated from the SPT data reported in Fig. and is assumed fixed in the analyses. It should
be also noted that the adopted value of the parameter R, which represents the ratio of the sizes of
the elastic bubble and the reference yield surface, is very small in order to capture the early stiffness
degradation at small strains shown by the LSST soils (see Fig. [5). This assumption in the model
calibration implies a prediction of a highly nonlinear cyclic behaviour over a wide range of seismic

induced strains, which has a strong influence on the MC results described in the following section.

4. Results and discussion

In this section, the results of MC simulations of Lotung nonlinear siteresponse are presented

in terms of median response spectrum predicted at ground surface and compared with the actual

13
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LSST recorded data and the response spectra computed by Elia et al. [35] for the best-estimate

soil properties (baseline response) using a deterministic approach. The influence of initial stiffness

and nonlinear soil property variability is investigated for both the strong and the weak input motion.

The figures show the results obtained using 200 stiffness (V) or, alternatively, 200 nonlinear curves

(G/G)) realisations. The simultaneous variability of the V; profile and nonlinear curves is also con-

sidered. To accurately assess the site response predictions, the standard deviation of the logarithmic

spectral accelerations, o0y, 5,, is plotted, as proposed by Li and Assimaki [23] and Rathje et al. [23].
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4.1. Effects of soil property variability on LSST site response during the stronger input motion

The surface response spectra of the nonlinear site response analyses when the strong input mo-
tion (LSSTO7) is applied at bedrock are shown in Fig. [6] The results are obtained with the V; profile
and G/G, and D curves being randomised around the baseline within + one standard deviation.
Different levels of truncation around the baseline (i.e. adding + two and three standard deviations)
are also considered. By statistically changing the V; profile, the MC simulations clearly exhibit only a
modest variation in the response spectra at surface over the engineering period of interest (Fig. [El).
Moreover, the median is remarkably similar to the baseline response prediction. This is confirmed by
the plot of residual spectral accelerations (i.e. the difference between the baseline and MC median
logarithmic spectral accelerations) presented in Fig. [Bd. In contrast, a significant variation in the
response spectra can be observed by randomising the G/Gy and D curves, keeping the V; profile
unchanged (Fig. [6b). The median, in this case, also closely matches the baseline response (Fig.
[6d). As a third possible case, the V profile and the nonlinear curves are randomised simultaneously
(Fig. [6k), leading to standard deviation values higher than those obtained by changing the G /G,
and D curves only.

The median surface response obtained for one, two and three standard deviation level of trunca-
tion around the V; baseline profile is presented in Fig. [7, while the effect of changing the truncation
level of the G/G, and D curve distributions is shown in Fig. As the standard deviation around
the V; profile is increased from one to three, no appreciable effect on the median response spectra
at the surface can be observed, resulting in an identical degree of uncertainty in terms of oy, 5,. In
contrast, increasing the level of truncation of the G/G,, and D distributions causes high variability in
the standard deviations of the logarithmic spectral accelerations at surface, but the median response
remains almost unchanged.

The greatest influence of nonlinear curves variability, compared to that of the initial stiffness pro-
file, on the site response predictions during the LSSTO7 event is confirmed by the results of maximum
horizontal acceleration and shear strain profiles, shown in Fig. [9| The comparison between Figs.
Oa and Fig. [Oc, where the acceleration data recorded at the LSST site are also reported, clearly
highlights the higher influence of G/G0 and D variability, with respect to the initial stiffness profile,
on the maximum accelerations predicted at different depths. In both cases, the median profile is,
nevertheless, very similar to the baseline prediction. Moreover, the variation of shear wave velocities
implies a variability of the induced shear strains between 0.05% and 0.13% (Fig. [9b), with maximum

standard deviation of 0.011% at 15 m depth, while the variability associated to the variation of the
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moduli and damping ratios is much higher, especially in the top 10 meters (Fig. [9d), ranging be-
tween 0.02% and 0.22%, with maximum standard deviation of 0.029% at 9 m depth. This level of
shear strain (i.e. 0.02-0.22%) is sufficient to cause a nonlinear soil behaviour in conjunction with a
considerable reduction of the initial shear modulus and corresponding increase of damping ratio (as
can be seen in Fig. [5). This is due to the very small size of the elastic domain assumed in the RMW
calibration (Table [2).
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Figure 9: Influence of (a-b) stiffness profile and (c-d) nonlinear curves variability on the maximum horizontal acceleration and shear strain profiles for

the LSST07 event.

Finally, to estimate the number of MC simulations required to achieve a consistent site response
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prediction, when the G /G, and D curves are varied, five suites of 10, 20 and 50 realisations are
considered. Each suite represents a reasonable realisation of nonlinear curves, such that the com-
parison between the results of different suites provides an evaluation of the statistical stability of the
computed response. This analysis is not performed for the shear wave velocity profile, as the MC
simulation results presented in Fig. [ show that the spectral response at surface of 200 different re-
alisations of V exhibit inconsiderable level of dispersion around the baseline prediction. The median
surface response spectrum and the standard deviation of the surface response spectra (oln .S,) at
each period are computed for each suite of G/G and D curves and plotted in Fig. . It is clear how
10 and 20 realisations do not produce a consistent median response at surface. In contrast, using 50
realisations allows to predict a stable response, very close to the baseline prediction (Fig. [T0c). This
is also evident in Fig. [T0d, where the reduction of the standard deviation as the number of realisa-
tions increases from 10 to 50 is presented. At the lower periods, sets of 10 and 20 realisations have
similar but higher values of standard deviation with respect to the suite composed by 50 realisations,
while the difference becomes evident at around 0.85 s, representing the first natural period of the
column (7}). This can be explained by the tendency of the system to oscillate around its fundamental
period, leading to substantial spectral amplifications at this period. Therefore, the spectral response
predictions become more sensitive to the variability of the soil properties at around 77, causing great
deviations in the results. At the higher periods (greater than 2 s), the standard deviations of the

suites composed by 20 and 50 realisations are very similar.

4.2. Effects of soil property variability on LSST site response during the weaker input motion

An analogous statistical analysis is conducted applying the LSST11motion at bedrock. Fig.
describes the influence of stiffness profile and nonlinear curves variability on the site response pre-
diction in this case. The variation of the V; profile has now a significant impact on the site response
prediction at the surface (Fig. [T1R). The median response spectrum obtained from the MC simula-
tions is greater than the baseline result for periods below 0.35 s and smaller at 77, as observed from
the spectral residual plot shown in Fig. [T1d. In contrast, there is almost no influence of the variability
of the G/Gy and D curves on the response at surface, as can be seen in Fig. showing an exact
match between each MC simulation and the baseline spectral prediction (Fig. [11d). Consequently,
the standard deviation of the logarithmic spectral accelerations is equal to zero for each period. If the
initial stiffness profile and the nonlinear curves are randomised simultaneously, the predictions are
not particularly different from those obtained by changing the V; profile only (Fig. [11fc), with slightly
higher spectral residuals at the lower periods (Fig. [T10d).
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Fig. [12presents the median surface response obtained for one, two and three standard deviation
level of truncation around the V; baseline profile. The consideration of a wide range of variability of
the V; profile by increasing the level of truncation leads to an improvement in the response predic-
tion at the surface. Actually, the predicted median response spectrum becomes almost identical to
the recorded data for periods higher than 0.2 s when two standard deviations are considered (Fig.
12p). No further improvements with respect to the recorded accelerations can be obtained increas-
ing the truncation level to three standard deviations (Fig. [12c). At the same time, the logarithmic
standard deviation of the spectral accelerations increases with the rise of the truncation level (Fig.
12d). Therefore, considering two or three standard deviation levels of truncation around the V; base-
line profile can result in a slightly better prediction at surface, but this requires more site response
analyses to obtain the same level of stability in the simulation results. On the contrary, the change
in the truncation level around the G /G, and D curve distributions does not introduce appreciable
changes or variability in the response prediction, as shown in Fig. [13] thus confirming the results
presented in Fig. [TT1p. The site response is, in fact, more sensitive to the initial stiffness profile when
the weaker motion is applied at bedrock, as the level of shear strain induced by the earthquake is, in
this case, relatively small.

To prove this idea, Fig. [14]presents the influence of stiffnessprofile and nonlinear curves variability
on the maximum horizontal acceleration and shear strain profiles for the LSST11 event. The variation
of the initial stiffness profile implies a variability of the induced shear strains between 0.002% and
0.03% (Fig. [14b), with maximum standard deviation of 0.006% at 6 m depth. This level of shear
strains induced by the weaker motion (i.e. 0.002-0.03%) is reported in Fig. [ and results to be
almost one order of magnitude lower than that associated to the LSSTO07 event, thus justifying the
higher sensitivity to the V; variability in the LSST11 case. In contrast, the shear strain variability
associated to the variation of the moduli and damping ratio is almost negligible (Fig. [14d). The
median profile of amax is closer to the Lotung data recorded along the depth when the variation
of the V; profile is accounted for (Fig. [14p), while the variability of the G /G, and D curves has
almost no effect on the MC simulation results in terms of maximum acceleration profile (Fig. [14c),
consistently with the results shown in Fig. [T1]

Since the V; profile is the main factor controlling the predictedspectral accelerations when the
weaker input motion is considered, the adequate number of initial stiffness profile realisations re-
quired to get a consistent response at the surface is investigated. Fig. presents the median

response spectra for five sets of 10, 20 and 50 realisations of V; and their standard deviations. The
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Figure 14: Influence of (a-b) stiffness profile and (c-d) nonlinear curves variability on the maximum horizontal acceleration and shear strain profiles for

the LSST11 event.
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suites of 10 or 20 realisations produce a significant variation in the median responses (Figs.

and [15b). Conversely, the set of 50 realisations reduces the variability of the median responses,

particularly in the period range between 0.3 s and 2 s, as shown in Fig. [T5c. This ensures the

prediction of a surface response characterised by less variability. When a suite of 50 realisations is

considered, some discrepancies between the median spectral values can be still observed, but the

level of standard deviation is considerably reduced (Fig. [154d).
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5. Conclusion

This study investigates the influence of variability of elastic andnonlinear soil properties (i.e. shear
wave velocity profile, shear modulus reduction and damping curves) on site response predictions
through a Monte Carlo approach. For this purpose, the Large Scale Seismic Test site in Lotung is
back-analysed using a fully-coupled finite element code and plasticity is introduced in the simulations
through a kinematic hardening soil model. Two different input motions recorded at the site, one
weaker and one stronger, are applied at bedrock to investigate the sensitivity of the statistical results
to the seismic intensity level. The outputs of the MC simulations are interpreted in terms of spectral
responses at surface and standard deviation of the logarithmic spectral accelerations. They are
also compared to the recorded array data available at the site and to the baseline predictions of
deterministic FE analyses performed adopting best-estimate soil properties.

Overall, the results of the statistical approach indicate that, in the specific Lotung case, the effect
of variability in the elastic and nonlinear soil properties on the site response predictions shows a
great dependency on the seismic intensity level of the input motion. In the case of a stronger motion,
the spatial variability of the stiffness degradation and damping curves has a more pronounced effect
on the predicted LSST site response, as nonlinearity is triggered by the high level of induced shear
strains. Nevertheless, the median response spectrum of the MC simulations is remarkably similar
to the baseline prediction, even if the level of truncation is increased. In contrast, the MC results
at surface are particularly sensitive to the statistical variation in the initial stiffness profile when a
weaker motion is considered, as nonlinear effects are negligible in this case. The novelty of the
work is represented by the clear separation between the effect of stiffness variability and that of soil
nonlinear properties on the MC simulation results obtained with the advanced kinematic hardening
model. Previous studies have, in fact, shown a more pronounced influence of V; variability on ground
response predictions, even when large strains are induced by high intensity motions. With respect

to this point, it should be noted that:

e this is one of the first attempt to use an advanced soil constitutive model in nonlinear MC
simulations of ground response, as much simpler constitutive assumptions are usually adopted

in this type of statistical investigations;

e The advanced constitutive model employed in this paper is characterised by a very small elastic
domain, thus simulating a mechanical behaviour of the LSST soils dominantly controlled by the
soil nonlinear properties over a wide range of seismic induced strains. A more evident influence

of the initial stiffness variability could be obtained with the advanced nonlinear approach in other
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62

case studies where the stiffness degradation data indicate a larger yield surface enclosing the

elastic soil behaviour.

Finally, this work complements the results obtained by Elia et al. [35] for the same case study,
which has highlighted the importance of the shear wave velocity profile in the top layers of the LSST
deposit on the prediction of the accelerations recorded at surface. The results of the FE simulations
can be highly affected by the stiffness contrast between adjacent layers and the thickness adopted
in the modelling for each soil layer. Although the spatial stiffness variability implemented in this study
can be considered as a random characterisation of the stiffness contrast between layers, further

research is still required on this aspect of the work.
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