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Abstract

During their typical design working life, structures are subjected to multiple
sequential earthquakes that are divided into clusters of mainshocks and af-
tershocks. In consequence, the induced seismic damage accumulates due to
these several events in each cluster. On the other hand, the Performance
Based Earthquake Engineering (PBEE) methodology presents limitations in
accounting for the damage issued from multiple events and the fragility curves
represent the failure probability only in one event of a given intensity.

For this purpose, this work studies the response of a given structure subjected
to sequences of mainshocks - aftershocks during its lifetime. The used time
histories (mainshocks) were stochastically generated from a synthetic ground
motion model, whereas the aftershocks were generated from the Branching

Aftershock Sequence (BASS) model. The cumulative damage measure of the
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embankment is calculated after the tested sequences. More importantly, its
lifetime distribution is estimated and compared with previous results. Fi-
nally, to be compatible with the PBEE methodology, the fragility evolution of
the embankment over its lifetime was calculated as to emphasize its evolution
with the loading history in the soil.

Keywords: clusters, cumulative damage, lifetime distribution, fragility

evolution

1. Introduction

In earthquake-prone regions, structures are exposed to seismic sequences
that are composed of mainshocks, aftershocks and foreshocks. Aftershock
events are usually triggered by the mainshocks due to the change in the static
and dynamic stresses during the earthquake process [46]. It was shown that
the aftershocks exacerbate the damage generated from the triggering main-
shock and may be the reason of collapse even though they have a smaller
magnitude than the triggering mainshock [69, 72, 47, 67, 57, among oth-
ers|. Otherwise, the structures are designed to have a useful serviceable
lifetime. But when they are subjected to multiple events over their lifetime,
the induced potential damage can be interpreted as the accumulation of the
damages due to all the occurred earthquake shocks [52, 20, 32].

In practice, from the Performance Based Earthquake Engineering (PBEE)
methodology, structures are designed to resist the first damaging earthquake
scenario. Hence, the classical fragility curves represent the failure probabil-
ity of one event of a given intensity only. This means that this framework

neglects the cumulative damage and the evolution of the material proper-
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ties resulted from multiple events [19]. In addition, the commonly used
Probabilistic Seismic Hazard Analysis (PSHA) to select the corresponding
ground motions, is intended to evaluate the hazards from discrete indepen-
dent events. Thus, empirical scaling laws (i.e. Gutenberg-Richter, modified
Omori’s law, Bath’s law) have been proposed to generate the aftershocks
occurrence [55]. These laws are based on parameters that depend on the

statistical properties of particular seismic sequences [55, 46, 61].

Previous works on buildings subjected to mainshock-aftershock events
have been conducted [30, 13, 48, 46, 12, 72, 47, 31, 11, 20, 57, 40, 21, 54,
among others|. In this context, researchers, have been recently interested
in conducting methodologies to assess the fragility exposure of structures
subjected to mainshock-aftershock events [41, 19, 9, 66, 73, among others].
Therefore, evaluating the seismic performance of structures subjected to se-
quential seismic events, specially when dealing with the aftershock occur-
rence, requires explicit consideration of the uncertainty in the state of the
structure [57]. For example, the known Incremental Dynamic Analysis (IDA)
that assesses multiple realizations to capture record-to-record response vari-
ability requires the scaling of the used seismic inputs [58, 65, 20, among
others]. Then, failure is identified once the structure exceeds a threshold
limit. However, in liquefaction related problems, several aspects are impor-
tant to take into account. For example, the multi-physical aspects of the soil,
its history of loading and its correlation with several intensity measures, are
all important aspects that makes the IDA approach unrepresentative of the

overall response of the geo-structure [59, 6, 36, 26].
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Otherwise, several analysis exist in order to calculate or estimate the life
cycle of the structure [69, 52, 48, 20, 45, 51, 32, among others]. The Survival
Analysis has been a used approach in geotechnical engineering to identify
the relative risks of various earthquake [39, 32, 26]. It is defined as the time
length of the structure until the occurrence of an event of interest (i.e. equip-
ment failure, damage, complex system) [15, 39, 7, 10, 32, 26]. It accounts for
a set of statistical methods to analyze data that has the occurrence time of an
event as the outcome. It calculates the probability of survival of concerned

test data and estimates its Mean Time to Failure (MTTF).

In the work of Khalil and Lopez-Caballero [26], the lifetime distribution
of an embankment subjected to mainshock sequences was estimated . These
later were extracted from several subsets compatible with the seismic hazard
of a site of concern.The site seismicity as well as the occurrence rate of
mainshocks were extracted from the work of Aristizdbal et al. [2]. Each
subset was also in accordance with the event rate of the mainshocks and
the generated time histories were permuted many times in order to take into
account the randomness of the events. As a continuity of the work of Khalil
and Lopez-Caballero [26] and for the same geometry and numerical model,

this study will try to answer the following significant questions:

a) Is the cumulative damage of the embankment influenced by the se-
quence type (i.e. mainshocks sequences or mainshock-aftershock se-

quences) ? (Section 6)

b) Does the aftershock occurrence affects the lifetime distribution of the

4



73

74

75

76

v

78

79

80

81

82

83

84

85

86

87

88

89

90

embankment, as well as its MTTF 7 (Section 7)

c) How do the fragility curves evolve after multiple loading histories ?
Does this evolution depend on the type of the applied load ? (Section
8)

In order to answer these questions, it should be mentioned that the
methodology and the PSHA of the site of concern are similar to the ones
presented in the work of Khalil and Lopez-Caballero [26]. A large number
of time histories is generated using stochastic simulations from the synthetic
ground motion model of Rezaeian and Der Kiureghian [44]. The model used
to generate the aftershocks is based on the probabilistic version of the Branch-
ing Aftershock Sequences (BASS) model and is inspired by Turcotte et al.
[63] and Hu et al. [16]. Also in this paper, an interpretation of the potential
failure of the embankment is developed in order to understand what happens

globally in the embankment, and locally in the soil.

2. Geometry and Numerical Model

2.1. Geometry

The model’s geometry is a levee of 9 m height composed of dry dense
sand. The foundation is formed of 4 m loose to medium sand (LMS) on the
top of a 6 m dense sand. The bedrock is located under the dense sand. The
water table starts 1 m below the surface to keep the embankment dry. The
inclination of the levee is a slope of 1:3 (vertical: horizontal). The geometry
in this work is inspired by Rapti et al. [43], Lopez-Caballero and Khalil [33],

and is detailed in Figure 1.
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Figure 1: Geometry and behavior of the soil [33]

2.2. Soil Constitutive Model

As for the constitutive model, the FEcole Centrale Paris (ECP) elastoplas-
tic multi-mechanism model (also known as Hujeuzr model) is the one chosen
for this study and is written in terms of effective stress. The non-linearity
of this model is represented by four coupled elementary plastic mechanism:
three plane-strain deviatoric plastic strain mechanism in three orthogonal
planes (k - planes) and an isotropic plane to take into account normal forces.
The model follows a Coulomb type failure criterion, contemplate the exis-
tence of dilatancy/contractancy phenomena, and use the critical state con-
cept. The cyclic behavior is taken into account by a kinematical hardening
that is based on the state variables at the last load reversal. The model is

written in the concept of the incremental plasticity which divides the total
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strain into an elastic and a plastic part. Refer to Aubry et al. [4], Hujeux [18]
and Lopez-Caballero and Modaressi-Farahmand-Razavi [34], among others,
for further details about the ECP model. For the sake of brevity, only some
model definitions will be developed in the following. Considering the well-
known sign convention in soil mechanics which sets the positive sign to the
compression forces, the yield surface of this numerical model is written in

the k plane as follows:
fulo,ebr) = qu—sing),-pj - F -1, (1)

where p). and ¢ are the effective mean and deviatoric values of the stress ten-
sors and ¢, is the friction angle at the critical state. The parameters that
control the behavior of the soil are F}, which controls the isotropic harden-
ing associated with the plastic volumetric strain and r;, which controls the
isotropic hardening generated by the plastic shearing. These two parameters
represent progressive friction mobilization in the soil. At perfect plasticity,
the product Fj - rp reaches unity, and the Mohr-Coulomb criterion will be
satisfied. Therefore, in order to measure the “distance to reach the criti-
cal state”, the variable r,, is calculated based on the adopted elasto-plastic

numerical model and an apparent friction angle ¢;,,, is defined by:

qk

sing),,, = -y (2)
sin ¢;pt

a - N 3

Tapt sin (b;,p (3)

2.53. Finite Element Model

The computations were conducted using the coupled FE modelling code

GEFDyn [3], using a dynamic approach derived from the u —p,, (i.e. u being

7
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the displacement tensor and p, being the pore water pressure) version of
the Biot’s generalized consolidation theory [74]. The FE model is composed
of quadrilateral isoparametric elements (3.5 m x 1 m) with eight nodes for
both solid displacements and fluid pressures. An implicit Newmark numer-
ical integration scheme with v = 0.625 and § = 0.375 was assumed in the
dynamic analysis [29]. The FE analysis is performed in three consecutive
steps: 1) a computation of the initial in-situ stress state due to gravity loads;
ii) a sequential level-by-level construction of the embankment and iii) a se-
quential seismic loading analysis in the time domain. For the computation of
the sequential seismic loading, for the first motion precisely, its final effective
stresses, pore-water pressures and model history variables are stored to be
used as initial state for the computation of the second ground motion. The
storage of the history variable of the ith computation will be used as ini-
tial state of the ith+1 computation. More details regarding the calculation

procedures are developed in each section.

2.4. Boundary Conditions

In the analysis, equivalent boundaries have been imposed on the nodes
of lateral boundaries (i.e., the normal stress on these boundaries remains
constant and the displacements of nodes at the same depth in two opposite
lateral boundaries are the same in all directions). They are the response of
a modeled infinite halfspace. Hence, only vertically incident shear waves are
introduced into the domain. The model is wide enough (194 m) to ensure that
the effect of the boundaries on the response of the model can be neglected
and also to satisfy the free field condition at the lateral boundaries. For

the half-space bedrock’s boundary condition, paraxial elements simulating
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deformable unbounded elastic bedrock have been used [38]. The incident
waves, defined at the outcropping bedrock are introduced into the base of

the model after deconvolution.
3. Assumptions for this study

For the following study, some assumptions are taken:

e The effect of external uncontrolled conditions (i.e. weather, rain, wind)

is not considered.

e The material aging is not taken into account since it is connected to

its resistance, origin and age.

e The numerical computations start after the construction phase so when
the embankment is in its original state. This means that the embank-

ment does not have a history of earthquake loading.
e The embankment is not subjected to any repairs during its lifetime.

e The constitutive model does not take into account the secondary con-

solidation or compression after each seismic loading.

e The cluster earthquakes consist of mainshocks and aftershocks only.

The effect of foreshocks is not considered in this study.

e The stochastic ground motion model to generate the mainshocks and
aftershock databases is based on the model proposed by Rezaeian and
Der Kiureghian [44]. For the sake of simplicity, the same database was

used to generate both types of motions.



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

190

191

192

e Only shear body waves have been used in this work. Nevertheless, any
other hypothesis about the complexity of the incident wave field can be
applied in the scope of this proposed methodology (e.g. [68, 62, 1, 22,

among others|).

4. Model to generate Aftershocks

It is known that an earthquake event does not consist of only mainshocks,
but also the occurrence of aftershocks and foreshocks. A cluster earthquake
is in general composed of one mainshock with its corresponding aftershocks.
The Epidemic Type Aftershock Sequence (ETAS) model has been widely
used to model the statistics of seismicity [63, 16, 61, among others]. An
essential feature of the ETAS model is the magnitude dependent branch-
ing (parent-daughter) ratio. In this context, Turcotte et al. [63] introduced
Branching Aftershock Sequence (BASS) model as the self-similar limit of
the ETAS model. Both approaches are based on empirical laws describing
the distribution of earthquakes in magnitude, time and space. Four scaling
relations are required in order to generate and identify the aftershocks dis-
tribution: 1) the Gutenberg-Richter (GR) frequency-magnitude scaling, 2)
the Bath’s law (or the modified version) for maximum-magnitude scaling,
3) Omori’s law for power-law seismicity rate decay and 4) a spatial form of
Omori’s law. Both approaches utilize the concept of primary, second-order
and higher-order aftershocks. The primary difference between the ETAS and
the BASS model is in their use of the Bath’s law to estimate the a-value of
the GR relation; the BASS model uses the modified form of Bath’s law in-
stead of the productivity relation used in the ETAS model [63]. In addition,

10
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the branching statistics in the BASS model are identical to the self-similar
Tokunaga statistics of drainage networks [63, 70].

The following section will develop the theoretical model used to gener-
ate the corresponding aftershocks of the tested mainshocks in the work of
Khalil and Lopez-Caballero [26]. It should be recalled that the used PSHA
(which is based on the disaggregation of hazards) is extracted from the work
of Aristizébal et al. [2] and the mainshocks were generated from the stochas-
tic ground motion model of Rezaeian and Der Kiureghian [44]. As for the
aftershocks generation (M, R), it is based on the BASS model to compute
the distribution in magnitude and time of the aftershochs and is inspired by
Turcotte et al. [63] and Hu et al. [16]. As for the location of the aftershocks,
and due to the point source of the seismic propagation (i.e. no directivity
effects), an Aftershock PSHA (or APSHA) is used [20]. It should be men-
tioned that only primary order of aftershocks is considered in this study.
The theoretical equations will be developed first, and at the end of that, a
summary of the used scaling relations for this study and their parameters

will be presented.

4.1. Distribution of the magnitude-frequency

Similar to any seismic hazard model, the frequency-magnitude distribu-
tion of each sequence aftershock should satisfy the Gutenberg-Richter (GR)

relation (Equation 4):
logyy[Na(Z ma)] = aa —bamya , (4)

where my is the magnitude of the aftershocks, N;(= my) is the number of

the aftershocks with magnitude greater than or equal to my. Parameters aqy

11
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and by are constants (or known as a-value, b-value of the GR distribution).
It should be noted that in practice, the magnitude of the largest aftershock
Am* should be less than that of the triggering mainshock m,,. So

Ny(= (m, —Am*)) = 1. (5)

It must be emphasized that this Am* is not the magnitude difference between
the mainshock and the largest aftershock [63, 14, 70, 16, among others]. Now
considering both Equations 5 and 4, The GR relation for aftershocks will be:

logio[Na(= ma)] = balmy — Am* —my) (6)

In order to terminate the sequence of aftershocks, it is necessary to spec-
ify a minimum magnitude of the aftershocks m,,;,. The total number of

aftershocks Ngr based on Equation 6 is:
NdT — N(> mmzn) — 1Obd(mP_Am*_mmin) . (7)

Hence, the cumulative distribution function Pg,, for the magnitude of the
aftershocks, is deduced from Equations 6 and 7. It is a random value between

0 and 1 and is given by:

Ny(= .
PCm — d(]v md) — 1O—bd(md—mmm) . (8)
dr

In this study, the empirical parameters to calculate the aftershocks magnitude

are My, = 4.5, by = 1 and Am* = 1.3.

4.2. Distribution of the occurrence time

Knowing the magnitude of each occurring aftershock in the sequence from

Equation 8, the time delay t; until the occurrence of each aftershock after the

12
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triggering mainshock should be known. It should be mentioned that t; will
allow to know the sequential position of each occurring aftershock. Following
the generalized form of Omori’s law, the rate of aftershock occurrence R(t4)

would be:

dNg 1

where 7, ¢ and p are given parameters. Ny(> t4) is the number of aftershocks

that occurred after a time t4:

- D+ 2

4N,
Ny(>ty) = / d—tddt:

tq

(10)

Setting t; = 0 in Equation 10, the total number of aftershocks will be ob-
tained. Hence, the cumulative distribution function Pg; for the occurrence

time of the aftershocks will be:

Nd(> td) 1
P = = 11
or Nar (14 L)1’ (1)

Pg; is a random value between 0 and 1 and the time of occurrence of the
aftershock is deduced from Equation 11. The parameters used in this paper

to calculate t; are 7 = 0.001 and p = 1.25.

4.3. Location of the aftershocks

Concerning the seismogenic zone of the aftershock, it is assumed that each
mainshock has its corresponding aftershocks located within an area around
its epicenter [64, 20]. The size of this area depends on the magnitude of the

triggering aftershocks as follows:
Sy = 1QMdTMmin (12)

13
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Within this area, considered a square, the aftershocks occur on a smaller
lattice. Table 1 summarizes the parameters values of the scaling relations
used for this study. Having the magnitude, distance and the time delay until
the occurrence of every daughter earthquake, the generation of aftershocks

time histories is feasible.

Scaling relations Parameters values References

GR-Bath Parameters:

Nar = N (= Mypin) = 10%a(mp=Am"=1mmin) by =1 Turcotte et al. [63]
mg = —(1/ba) - log(Pem) + Munin Am* = 1.3 and Hu et al. [16]
Temporal Omori: Turcotte et al. [63]
tg=1- (PP —1) p=125 7=0001 and Hu et al. [16]

Space APSHA:
Sy = 10md—mmin Momin = 4.5 Iervolino et al. [20]

255

256

257

258

259

260

261

262

Table 1: The scaling relations of the magnitude, time and space distribution of the used

model to generate the aftershocks

4.4. Description of the generated aftershocks

In the following, it will be described the intensity measure (IM) of the
generated aftershocks. The median response spectra (structural damping &
= 5%) of the generated mainshocks and aftershocks are shown in Figure
2a. It is clear that the spectral acceleration of the mainshocks is slighly
higher than that of the aftershocks [63, 16]. Figure 2b shows a window of
a sequence example. From this figure, three ideas can be validated: i) the

aftershocks, if they exist, occur between two mainshocks, ii) the magnitude

14
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of the aftershocks is less than that of the principal mainshock and iii) the
mainshock of larger magnitude will generate more aftershocks comparing to

the one with a small magnitude (Equation 8).

0.2
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=
s 0
|
[0}
© -0.1
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Figure 2: a) The obtained median response spectra of both the generated mainshocks and

aftershocks and b) a section of a sequence

Another illustration of the mainshock-aftershock parameters is shown in
Figure 3. This figure considers three mainshocks (in dashed circles) with their
corresponding aftershocks. Each cluster earthquake is drawn in a different
shape (circle, square and diamond). Figure 3a shows a scatter plot of the
outcrop acceleration Gpmaz out; the equivalent predominant frequency 1/7,,
and the magnitude M,,. Based on Kawase [25], there exists a proportional
relation between the peak ground velocity PGV, tpazoue and 1/T, and is
represented as dashed lines. In addition to these parameters, Figure 3b shows
also the variation of the source-to-site distance R. Thus, it can be seen that
the corresponding aftershocks have close values of a4z 0ut and 1/7,, but are

in general less than those of the mainshock. In addition, the magnitude of the

15
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mainshock is higher than that of the aftershocks, whereas the source-to-site

distance of the aftershocks is close to that of the mainshocks.
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Figure 3: Scatter plots of some ground motion parameters of mainshocks and aftershocks

with respect to a) M, and b) M,, and R

In order to take into account all the generated Mainshocks (MS) and the
Aftershocks (AFS), Figure 4 shows a matrix form of a logarithmic comparison
of some ground motion parameters. The comparison is conducted in terms of
the density functions located in the diagonal of the matrix, the scatterplots
and the histograms that are both located to the bottom left of the diagonal
and finally, the boxplots that are located to the right.

For the density distribution function of the chosen parameters, it can be
seen that the distributions of MS and AFS overlap for almost all the tested
parameters, except a small change in the effective duration (Dsgs). For the
median value of each database, it can be seen from the boxplots, that it is
almost close for the two ground motions. Concerning the scaterplots and

the histograms, they are useful to have an idea about the precise values

16
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Figure 4: The logarithmic distribution of some ground motion parameters of the Main-

shocks (MS) and the Aftershocks (AFS)

or the relation between each parameter. After the aftershock generation,
it will be analyzed in the next section the possible damage measures of the
embankment and their link to the soil mechanical behavior. For this purpose,

an example ground motion will be analyzed.

5. Potential embankment failure and soil behavior

The assessment of seismic structural vulnerability has broadened the ob-
jectives of seismic design so that not only the safety against collapse is the
required criteria but also the long term resistance of the structures. A great
effort has been made to improve the current earthquake-resistant design
methods in order not only to avoid collapse under a destructive earthquake,

but also to limit the damage under moderate earthquakes [8]. In engineering
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practices, a stability analysis is required in order to define a safety index
above which the structure will reach failure. This later is commonly known
by the factor of safety F'S. It is typically defined as the ratio of the avail-
able shear strength to the shear stress required to maintain the equilibrium
along the prescribed failure surface [17, 28, 37, among others|. The basic
idea for stability analysis, specially for soils, is to calculate at each point in
a domain of interest, the so-called local factor of safety LF'S. It is defined as
the ratio of the potential mean stress to the current mean stress under the
Mohr-Coulomb failure criterion [37].

Furthermore, the damage indices used to measure the potential structural
failure are either defined for each structural element (local) or related to the
entire structure (global) [8]. In this study, the potential failure and damage
state of the embankment are going to be examined. For the sake of brevity
only, one example ground motion will be analyzed in details. The acceleration
time history at the bedrock for this example is shown in Figure 5a. Typically,
the global structural failure for any similar geo-structure (the embankment)
is to calculate the relative crest settlement u, ,.;. Thus, Figure 5b shows the
evolution of u, ;. and the excess pore water pressure ratio r, (i.e. = Ap,,/p})
for a point placed under the center of the embankment, at 3 m depth. It
should be mentioned that 30 seconds of zero values were added at the end
of the ground motion in order to ensure the recovery time (i.e. the Ap,
dissipation) of the soil foundation. It is clear from Figure 5b that at the
beginning of the motion, wu, ,¢ and r, were zero. When the strong phase of
the motion starts the relative crest settlement decreases rapidly, in parallel,

the excess pore water pressure is generated which results in peak values for
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ry. After the strong phase, the crest settlement is constant and the excess
pore water pressure dissipates. Thus, from Figure 5, it was shown that there
is a link between the evolution of the vertical displacement with the excess

pore water pressure dissipation.
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Figure 5: The example a) ground motion of this section and b) the evolution in time the

relative crest settlement wu, ; and the excess pore water pressure ratio 7, (i.e. = Apy,/pp)

In order to have a complete idea about the response of the soil foundation-
embankment system, the distribution of the vertical co-seismic displacement
at the end of the earthquake loading was calculated. Since the liquefaction
induces settlement (as shown in Figure 5), the results of Figure 6 show that
the damage of the soil foundation is located under the embankment towards
the free field [28, 27, 49, 42, among others].

As for the potential failure of the embankment from a local damage index,
a local safety factor LFS could be estimated by calculating the residual
strength. The LF'S discussed in this paper is the one proposed by Lopez-
Caballero and Modaressi-Farahmand-Razavi [35] and Rapti et al. [43] and

derived from the yield surface of the model (Equation 1). The parameter 7,y
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Figure 6: Enlarged view of typical vertical co-seismic displacement contours at the end of

the shaking

(Equation 2) provides, for any soil state, a direct measure of the “distance
to reach the critical state”.

It varies between 0 and 1 where perfect plasticity is reached and could
be defined as the inverse of a local safety factor (rq, = 1/LFS). Thus, the

potential mean stress is evaluated from the friction angle at the critical state

/

p and the current mean stress from the apparent friction angle ¢ A

apt
threshold value of the damage measure is taken as 0.75 (i.e. corresponds to
LFS = 1.33). This value was chosen based on sensitivity analysis performed
in previous works on the same geometry [35, 43]. The domain of interest in
which the local damage 7, is calculated is composed of the liquefied layer
with the embankment (i.e. the green window in Figure 1). It was chosen
vertically due to the depth of the liquefiable layer (4 m) and laterally because
of the possible zones where the failure pattern could occur.

In order to explain the function of this local damage measure, Figure 7
considers the threshold value of 7., (i.e. 0.75). Thus, in this figure, for each
integration point (IP) in the domain of interest, when 74, < 0.75, red color

is designated and when r,,; > 0.75, black color is attributed. It is clear that

at the beginning of the ground motion, some instability points (black points)
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are shown in the foundation layer. However, at 7 seconds, which is the end
of the strong phase, additional instability points appear in the foundation

and increase upwards towards the slope of the embankment (Figure 7b).
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Figure 7: The distribution of rqp > 0.75 from the IPs (black points) for the example

ground motion

In order to statistically represent the values of r,, during the co-seismic
duration of the example ground motion, Figure 8a shows the empirical Com-
plementary Cumulative Distribution Function (CCDF) of this parameter.
The limit value of 0.75 is also plotted as a dashed line in this figure. As
expected, the CCDF of r,; evolves with the increase in time. It may also be
interpreted that the probability of exceeding the limit value of 0.75 increases
with time. Because r,, can be interpreted as a LF'S, its global representa-
tion can be defined as the probability of exceeding the 7, limit value, which
is going to be introduced in this paper as the failure density concept. This

later intends to give a measure of the failure extension in the embankment,
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and is defined in Equation 13 such as:

Ny pi>075(1)
Nr

P(rape(t) > 0.75) = / >075f(7“apt)'d7’apt N " = przoas(t) (13)

N;opi>0.75(t) gives the number of IPs that surpassed the rqp limit and Ny is
the total number of IPs in the domain of interest (2484 in this case).

Therefore, having two global damage indices: u.,¢ and p,,, it will be
interesting to compare them to understand the potential failure of the em-
bankment. For this purpose, Figure 8b shows the variation in time of both
Uz e and pr, ,>0.75 and points out on the fact that they are linked. For ex-
ample, around 5 seconds, the settlement increases when p,, ,>0.75 increases.
Once the settlement reaches a maximum value, p,, ,>0.75 reaches a peak value
of 0.4. This value means that 40% of the domain of interest had r,, > 0.75.
It is interesting to mention that around 10 seconds, even if u, ,; was constant,
Prapi>0.75 Was decreasing. This can be interpreted as the dissipation of the
excess pore water pressure at this time (Figure 5b) and a proof that the soil
tries to densify. At the end of the strong phase of the motion, the soil tries
to recover where its settlement and r,, are constants. Thus, for practical
purposes, p,,,.>0.75 at the end of the ground motion is able to represent the
state of failure of the embankment.

It can be partially concluded in this section that the damage measure
represented by the relative crest settlement du, ./ H is a global indicator of
the potential failure of the embankment. In addition, the ratio of apparent
to critical friction angle, designated as the parameter 74, provides a reliable
measure of soil strength, which takes into account the loading history and
can be used as a criterion for estimating the local state of soil during cyclic

loads. More importantly, this section interpreted the link between the global
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Figure 8: a) The CCDF of the parameter rqp: during the co-seismic duration of the example
ground motion and b) the dependency of the parameter ro,; with the crest settlement of

the embankment

damage measure with the soil mechanical behavior via the predefined failure
density concept.

Hence, it was presented in this paper a model to generate aftershocks and
the analysis to interpret the potential embankment failure. In the coming
section, one of the objectives of this paper will be developed, as to quantify

the potential failure for sequences of mainshocks and aftershocks.

6. Damage measures during sequential clusters

The PBEE methodology provides a probabilistic description of the system-
level performance of structures. It requires the calculation of an engineering
demand parameter that can be related to the intensity measure of the oc-
curred ground motions. Therefore, it was presented in Section 5, the potential

structural failure and its link to the soil mechanical behavior. However, for
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life cycle assessment, it is necessary to account for the build-up of seismic
losses due to the damage issued from multiple events [11, 20, 19, among
others].

In this study, 210 sequential cluster events of mainshocks-aftershocks are
considered. It should be reminded that each sequence contains 44 acceler-
ation time histories of mainshocks that were permuted 10 times. In order
to be statistically representative of a large number of sequences, 21 subsets
compatible with the seismic hazard of the site of concern were considered. In
addition, as to take into account the recovery time of the embankment, 30
seconds are interposed between each mainshock and its corresponding first
aftershock. The choice of this recovery duration was validated in the work
of Khalil and Lopez-Caballero [26]. Since the used numerical model takes
into consideration the damage history of the embankment, in this section,
the evolution of the global response will be examined from the two damages
indices that were presented in Section 5: u.,¢ and p;,,,. All over this paper,

the notation MS designates Mainshocks and AFS designates Aftershocks.

6.1. Relative crest settlement for sequential earthquakes

The performance of the embankment during its lifetime is evaluated from
its cumulative global damage measure. In the case of embankments (or
dams), the damage is quantified from the percentage relative crest settle-
ment du, .o/ H where u, . is the crest settlement and H is the height of
the embankment with the foundation (i.e. 19 m in this case) [60, 33, 26].
In order to classify the damage, levels are also attributed to the relative
crest settlement. When du, ,./H < 0.02%, there is No damage, if 0.02%
< Oy /H < 0.1%, the damage is Minor, if 0.1% < du,a/H < 1%, the
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damage is Moderate and finally if du,,/H > 1%, the damage is Serious.
For the sake of brevity only, Figure 9 shows a comparison of 6, e cum/H for
two examples of MS and MS-AFS sequences in order to examine the effect
of the aftershock occurrence. It should be mentioned that for each presented
case in Figure 9, the permutation of the mainshock events is the same in

both sequence types. The only difference is the aftershock occurrence.
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o MS-AFS Serious Damage o MS - AFS Serious Damage
O O
9 10 Moderate Damage i (0 10 ©00000000AROEIFOOT"
= goooooooow‘ i Moderate Damage
< - —M@ ________ I L _ _ _oseoo00 _ _ _ _ _ _ ]
g f Minor Damage g o Minor Damage
T s 0= — = = = = = — m - = - - - — =
©102 ©102;
N N
> >
S S
No Damage No Damage
107 ‘ ‘ ‘ ‘ 107 ‘ ‘ ‘ ‘
0 10 20 30 40 0 10 20 30 40
Number of Shocks [1] Number of Shocks [1]
(a) Seql (b) Seq2

Figure 9: Comparison of the percentage relative crest settlement for examples of mainshock

(MS) sequences and mainshocks - aftershocks (MS - AFS) sequences

Clearly, two typical behaviors can be identified. In Figure 9a, the global
response during the lifetime of the embankment was almost similar for the
two sequences. At a point in time, when the 17th shock occurred, a small
peak in the damage appears for the MS-AFS sequences. It should be noted
that this shock has 3 aftershocks. On the contrary, the damage for MS-
AFS sequences in Figure 9b, has a rapid increase in the 9th shock so that
it surpassed a damage level. It should be noted that this shock produced
70 aftershocks. After it, the damage was higher for the MS-AFS sequences,
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until the end of the lifetime when the soil densifies and was subjected to
multiple types of motions, the level of damage is the same. Thus, it should
be remarked that the existence and the high number of aftershocks have a
major importance on the lifetime behavior of the embankment due to the

aging effect.
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Figure 10: Median value of the crest settlement for the MS and MS-AFS sequences

In order to take into consideration all the tested sequences, the median
estimator value of the cumulative relative crest settlement is shown in Figure
10. A comparison with the MS sequential type appears also in this figure.
Clearly, the damage during the lifetime of the embankment is not the same,
whereas at the beginning and the end of the lifetime, the cumulative crest
settlement is slightly different between both sequences. However, for the level
of damage, no remarkable difference is noted (i.e. at the end of the lifetime,
Moderate damage was reached for MS and MS-AFS sequences).

It can be deduced from the comparison of the MS and MS-AFS sequences,
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that the lifetime damage of the embankment could be affected by the occur-
rence and number of aftershocks. As for the level of damage, similarity
between both sequences is identified. In order to understand the reason be-
hind this behavior, a close examination of the damage index related to the

soil residual strength is conducted in the next section.

6.2. Damage index from the soil residual strength

It was presented in Section 5 the parameter r,, that provides, for any
soil state, a direct measure of the “distance to reach the critical state”. It
varies from 0 and reaches perfect plasticity at 1. It could be defined as the
inverse of a local safety factor (rq, = 1/LFS). A threshold value of the
damage measure is taken as 0.75 (i.e. corresponds to LF'S ~ 1.33) [35, 43].
In addition, in the same cited section, the failure density concept represented
by pr,,.>0.75 at the end of the ground motion, was presented. It was shown its
ability to represent the state of failure of the embankment. In this section,
similarly to Section 5, the link between the two global damage measures is
shown in Figure 11 for an example of MS and for the same sequence with
added aftershock occurrence. It should be mentioned that for the sake of
clarity, the notation p,,,,>075 means p,, ,>075(t = tena). The response of
the embankment for this sequence example can be divided into three time
intervals: before 30 years, between 30 and 60 years, and after 60 years. A
discussion on each sequences will be developed and then a comparison of
both types will proceed.

For the mainshock sequence in Figure 1la, before 30 years, pr,,>0.75
slightly increases when du, ,.;/H was also increasing. The global damage

for this duration is still acceptable. It should be remarked that for one shock
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Figure 11: The time evolution of du. ,.;/H and pr,,,>0.75 for a a) MS sequence and b) a

MS-AFS sequence

at 18 years, the crest settlement increases whereas pr,,,>0.75 decreases, this
means that this shock did not induce many local instabilities, or on the
contrary it helped the soil to dissipate the residual excess pore water pres-
sure Ap,,. Between 30 and 60 years, the behavior was almost similar to the
previous time interval, however, at 50 years, du, ,;/H increases rapidly to
reach severe damages which induced instabilities in 30% of the domain of
interest (i.e. py,,>075 = 0.3). After 60 years, both damage measures are
constants. For the aftershock occurrence in this example sequence (Figure
11b), no change in the response for two time intervals: before 20 yeas and
after 60 years. However, between 30 and 60 years, the aftershocks prevented
the rapid increase in the crest settlement and in p,, ,>0.75. It is interesting
to mention that for both MS and MS-AFS sequences, at the end of the life-
time duration, the level of damage is the same. This result confirms the one

deduced from the lifetime evolution of the relative crest settlement and also
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verifies the link between both damage indices.

As to take into consideration more example sequences and the lifetime
evolution of p,, ,>0.75, Figure 12 shows this parameter for two example se-
quences of MS and their corresponding sequences with aftershock occurrence.
As expected, two typical behaviors can be identified: a similarity in the re-
sponse during time, for example the sequence in Figure 12a, and a slight

difference in the damage response specially after a strong shock (Figure 12b).
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Figure 12: The time evolution of p,, ,>0.75 for two examples of MS or MS-AFS sequences

It can be partially concluded from this section, that the lifetime embank-
ment failure, evaluated from two damage indices slightly differs between MS
and MS-AFS sequences. The occurrence of AFS increases the damage during
time, but, at the end of the working life, the damage of both sequences is
slightly close and the level of damage is the same. The coming section will
try to answer the second question of the Introduction section about the effect

of the aftershocks occurrence on the lifetime distribution of the embankment.
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7. Survival Functions of the tested sequences

Survival analysis is the time needed for an event of interest to occur. It is
also called the time-to-event data [5, 24, 53, among others|. Survival analysis
is represented by survival functions or hazard functions. They are both
inversely proportional, so when the hazard increases the survival function
decreases. This later estimates the lifetime distribution of a test model and
more importantly its Mean Time To Failure (MTTF, the expected time to
failure for a non-repairable system). Several approaches exist in order to
calculate the survivors [15]. The approaches can be parametric and non-
parametric. The commonly used method is the Kaplan-Meier estimator [23].
It is a non parametric method that does not need any assumption for the
distribution of the survival time, or the relationship between the covariates
and the survival time (please refer to Khalil and Lopez-Caballero [26] for
more details).

Section 6 analyzed the damage measure of example sequences of MS and
MS-AFS. In order to take into account all the tested sequences and evaluate
their survival probability, a survival analysis is conducted to estimate the
useful working life of the embankment. The survival functions for Moderate
(DL3) and Serious (DL4) damage levels are shown in Figure 13. The MTTF
and the p-value are indicated in this figure. Typically, if the p-value < 5%,
the null hypothesis Hj is rejected, and vice versa. The null hypothesis H
in the case of this study is to state that there is no difference in the lifetime
distribution of the embankment between a MS or a MS-AFS sequence. In
addition, an informative risk table shows the number of sequences that did

not reach the precised damage level in a specific period of time.
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Figure 13: Survival functions of the two types of sequences used in this study for a)

Moderate damage (DL3) and b) Serious damage (DL4)

Concerning the Moderate damage (or DL3, Figure 13a), the MTTF of
both MS and MS-AFS sequences occurs within the useful life of the embank-
ment (i.e. 100 years). However, the occurrence of aftershocks decreased the
MTTEF of the embankment for 5 years (i.e. 20.5 years instead of 25 years
in the case of MS sequence). The risk table shows also that more sequences
have reached DL3 when the aftershocks occurred. For example, at 20 years,
126 MS sequences resisted this level of damage comparing to a decrease to
108 MS-AF'S sequences that resisted it. Moreover, the p-value < 5%, which
means that Hj is rejected and thus, there is a difference between the life-
time distribution of the MS and MS-AFS sequences for Moderate damage
level. As for the Serious damage (or DL4, Figure 13b), the embankment

maintains its initial performance and then starts to degrade. The survival
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function did not reach its MTTF and the null hypothesis is accepted, thus,
the two distributions are alike for this damage level. However, after 70 years,
the lifetime distribution for DL/ in the case of MS-AFS sequences is slightly
different from that of the MS sequences. This remark can also be seen from
the risk table. Thus, for DL/, the embankment might reach its MTTF for
a time window greater than 100 years (e.g. 475 years). This means that for
the same event rate of mainshocks, the number of shocks should be greater
than 44 input motions in one sequence. Clearly, the survival probability is
site and structure specific because it is controlled by the ground motions
characteristics and the working life of the concerned structure.

It can be partially concluded that for the considered working life of the
embankment, the aftershocks occurrence is important for small damage lev-
els whereas it is not the case for high damage levels. This aspect was seen
because the embankment for DL3, started to degrade directly after the first
shock, however for DL4, it maintained its initial performance and then de-
graded with time.

Since the survival analysis can be interpreted as a probability of failure,
the coming section will develop the classical way to calculate this proba-
bility (i.e. fragility curves) and evaluate it during the working time of the

embankment.

8. Fragility Curves Evolution

From Section 7, it was found that for Moderate damage level, the life-
time distribution of the MS and MS-AFS sequences is not the same, on the

opposite to Serious damage level. In this section, and because the fragility
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curves are commonly used for seismic loss estimation and risk management,
their time evolution will be assessed. Classical fragility curves represent the
failure probability of one event of given intensity [56, 50, 71, 19, among oth-
ers|. However, for life cycle assessment, it is necessary to account for the
build-up of seismic losses because of the damage in multiple events. In addi-
tion, the fragility functions are developed from independent and identically
distributed observations. Hence, it is difficult to conduct the fragility curves
for the cluster earthquakes since the aftershocks depend on their correspond-
ing mainshock. More importantly, the history of loading in the soil plays a
major role in its future behavior, which emphasizes the importance of the
sequential analysis [26]. In order to overcome these challenges, the evolution
of the fragility curves during the lifetime of the embankment proposed in this

study is summarized in Figure 14.
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Figure 14: The methodology presented in this section

For different time intervals during a MS-AFS sequence, the damage state
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of the embankment is not the same. For each corresponding state that is
considered as a new initial state (site and structure specific), the damage
is calculated after a number of unchained real motions (structure-specific)
in order to calculate the fragility curves. Thus, the total induced damage
is the one produced from the cumulative damage at ¢t = ¢; resulted from
the MS-AFS sequence added to the one produced from unchained ground
motions (i.e. Dyt = Deym,,, ., folt) T Dyear). According to that, and given
the IM corresponding to the real ground motions, the evolution in time of
the fragility curves is calculated. In the case of this work, the real ground
motions are events ranged between 5.2 and 7.6 in magnitude and a site-
to-source distances from 15 to 50 km. The MS-AFS sequence taken as an
example is shown in Figure 15 and the years interval after which the fragility

curves will be calculated are 0, 11, 22, 45 and 100 years (dashed lines).
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Figure 15: The MS-AFS sequence example and the time interval after which the fragility

curves will be calculated

First, in order to examine the evolution of the global response of the
embankment after each time interval, its damage measure is drawn in Figure

16a. It should be noted that in this figure, “NH” means “no history” and
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“WH” means “with history”. Taking as a reference the damage at ty =
0, which means when the embankment did not have a loading history, the
evolution of du,,./H shows that the crest settlement increases when the
time increases. It is interesting to mention that for longer ¢y, the history
of loading delays the arrival to high values of du,,./H that are compatible

with the referenced values (at ¢, = 0).

/H - WH [%]

Su. /H-NH[%] Su. [H[%]

z,rel z,rel

(a) (b)
Figure 16: The time evolution of the crest settlement du, r.;/H and the density parameter

Prapt

Concerning the second damage index related to the soil’s residual strength,
Prap>0.75, and its link with du. ;e /H, Figure 16b shows that for a short life-
time duration (i.e. ty = 11 or 22 years), 0u e/ H and py,,,>0.75 were still
acceptable. In addition, the results overlap with the ones of tg = 0. This in-
dicates that sometimes, the short term analysis may be enough to represent
the performance of the embankment. However, for higher values of 3, both
du. e/ H and the density parameter p,,,,>0.75 showed important values with

a tendency to regain the initial values at ty = 0. This result emphasizes the
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need to consider sequential analysis to understand the global performance of
the structure during its lifetime.

As for the calculation of the fragility curves, two-parameter log-normal
distribution functions are used (Equation 14) and are estimated from the
maximum likelihood method [56, 50]. In addition, the quality of fit and the
estimation of the confidence intervals are conducted from the methodology
presented in the work of Sdez et al. [50]. Considering a threshold damage
measure DM, an IM of level im and the “initial” damage Dy, ¢, issued from
the MS-AFS sequence, the fragility curve has the following form:

Inim — In nDM|IM

Bomirm

P(DM > DMo|IM = im, 5y, Digseg) = & (14)

where ¢[.] is the standardized normal distribution function. npasa is the
median threshold value of IM required to cause the damage and Bpasrar is
the total lognormal standard deviation. One or more IMs can be used to
represent the fragility curves [33]. In this study, the intensity measure is
the outcrop acceleration @pazout, and the damage levels are Moderate and
Serious. The results are shown in Figure 17. The solid line in this figure
shows the response of the embankment without a past history which means
at tg = 0.

Clearly, from Figure 17, the fragility curves evolves with time. At 11
years, the probability of exceeding the Moderate damage level depends on
the severity of the ground motion that happened during this time (Figure
17a). For example, for ground motions of accelerations less than 0.2 g, the
fragility curve is lower than that at ty = 0. However, greater than 0.2 g and
for this short time interval, the embankment reaches failure faster when it

has a history of loading. It should be mentioned that the other time intervals
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Figure 17: The evolution in time of the probability of exceeding the a) Moderate and b)

the Serious damage level

(i.e. 22, 45 and 100 years) are not drawn for this damage level, since their
probability of failure is 1. As seen in Figure 15, the new “initial” state of the
embankment after those time intervals has already surpassed the Moderate
damage level. Concerning the Serious damage level in Figure 17b, also for ¢
= 11 years, the probability of failure depended on the severity of the ground
motion. However, at 22 and 45 years, the fragility curves is lower than that
at to = 0. Thus, it can be deduced that the embankment resisted the applied
load better than the beginning of its lifetime. This results points out the
importance of the soil history of loading that affects its future behavior and
may result in soil densification. Nevertheless, at 100 years, the probability
of failure increases, and the embankment resistance to the amount of loading
decreases.

In order to take into account different sequence example, Figure 18 shows

the fragility curve of the Serious damage evolution for two other example se-

37



659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

quences having different permutations of their mainshock occurrence. First,
it can be seen that the result of this case is different from that in Figure 17b.
For the same IM, in the case of sql4, the probability of failure decreases at
the beginning of the lifetime, indicating a soil densification, after that an
increase starts at 43 years. However, for higher time intervals, the probabil-
ity of exceeding this damage level increases. It is interesting to notice that
sql4d and sq48, at almost close ¢y (i.e. purple and yellow curves), showed
completely opposite behavior. sql4 indicates a probability of failure close to

that at ty = 0, however, sq48 shows an increase in this probability.

1 : ‘ =
'o\—o' 0.8+
<
Al 0.6
I
° , 0
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-g 0.2 , — -t,=52yrssq48 ||
o 5, — -t, =100 yrs sq48
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Figure 18: The evolution in time of the probability of exceeding the Serious damage level

for different sequence examples

Thus, it can be deduced from these results, that the initial state of the
embankment for each selected time interval is site-specific and is affected by
the history of loading. Otherwise, the fragility curve computation is somehow
a structure-specific approach. The probability of collapse decreases if the
embankment tends to densify due to its history of loading, or the opposite

if its initial state was already excessively damaged. It should be reminded
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that the embankment during its lifetime was not subjected to any type of

reinforcement or amelioration.

9. Discussions and Conclusions

In the present paper, the work focuses on the effect of the aftershock
occurrence on the liquefaction-induced settlement on the embankment. It
presented a model to generate the aftershocks which is based on the prob-
abilistic version of the BASS model and is inspired by Turcotte et al. [63]
and Hu et al. [16]. Moreover, this work developed a methodology to take
into account the fragility curve evolution during the lifetime of the studied
embankment that analyses its potential failure and the link with the soil
mechanical behavior. For the sake of simplicity, the same database was used
to generate both MS and AFS ground motions (i.e. the stochastic ground
motion model proposed by Rezaeian and Der Kiureghian [44]).

It is important to mention that any other approaches could be imple-
mented, if needed, under the proposed methodology of this paper. Since the
proposed model is highly flexible, some aspects can be refined or modified if
there is a need to capture specific characteristics of the seismic environment.
In addition, the embankment was build on a layered homogeneous model.
However, in practice, significant material heterogeneities may exist.

As a conclusion of this work, the presented findings are based on the
results corresponding to the soil behavior model and the stochastic ground
motion model adopted in this work. Thus, the answers to the questions

presented in the introduction are cited correspondingly:

a) During sequential earthquakes, the cumulative damage of the embank-
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ment is affected by the sequence type. It was shown in this paper that
the damage is higher for sequences with aftershocks (i.e. MS-AFS)

than the ones without the aftershocks occurrence (i.e. MS).

b) The survival functions with their MTTFs values, showed that the con-
sideration of the aftershocks events is important for moderate levels of
damage. However, the embankment survived high damage levels for a

working life of 100 years.

c) The evolution of the fragility curves depends on the sequence type, and
more importantly the initial soil state. It should be mentioned that the
fragility functions were not computed for the sequential cluster events
themselves due to some challenges (i.e. dependency of the mainshock
and aftershock events, the randomness of the aftershock occurrence
and the soil history of loading). Instead, it was evolved for some time
intervals of a sequence example, after a bundle of unchained recorded
ground motions. It was shown that the probability of failure is unpre-
dictable because it either increases or decreases from the very initial

probability of failure at to = 0.
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