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Abstract: In most current seismic design on bridges, only mainshock actions are considered without
incorporating the effect of mainshock-aftershock (MA) sequences and interaction soil-pile. However, a large
mainshock usually triggers numerous aftershocks in a short period. This paperstudy the effect of mainshock-
aftershock sequences on the behavior of interaction Soil-pile-structure system (ISPS). abeam on nonlinear
Winkler foundation (BNWF) model is usingand subjected to non-linear static analysis and incremental dynamic
analysis (IDA) leading finally to the fragility curves which are developed. These analyses aim to capture the
collapse state of structures under aftershock events preceded by various mainshock levels. Results obtained from
capacity curve, incremental dynamic and fragility curves of ISSP system. The analytical results show that in the
MA sequences, for dense soil the vulnerable of mainshock-aftershock (MS-AS) loading are more damage due to
mainshock loading for all diameter of the pile and the mass. For soft soil are more vulnerable to damage due to
mainshock-aftershock (MS-AS) loading. But in the stiff clay the effect of mainshock-aftershock (MS-AS)
loading for all the diameter of pile and for masse are neglected.

Keywords: bridge, interaction soil-pile-structure, Winkler foundation, dynamic analysis, fragility curves,
mainshock-aftershock

OILIEHKA CEUCMHMNYECKOM HEYCTOMYUBOCTHU
YOPEKTOB B3AUMOJENCTBUSA
I'PYHT-CBASI-KOHCTPYKIHS, IOJABEP)KEHHBIX 3AITUCSIM
OCHOBHBIX TOJIYKOB U A®TEPIIOKOB

Cyxeiina Caooyxu, /[ocapup HAxuayu, Paguk /lemaz

LGC-ROI, /lemapraMeHT rpakIaHCKOT'0 CTPOUTENbCTBA, TexHomorndeckuii hakyaprer YHuBepcurera batHsr 2,
r. batua, AJDKUP

AnHoTanusi: B OoNbIIMHCTBE COBPEMEHHBIX CEHCMUYECKUX PACYE€TOB MOCTOB YUHMTBIBAIOTCS TOJIHKO OCHOBHBIC
TOJMUKKM ©e3 ydera BO3JCHCTBHS TIOCIEIOBATEILHOCTEH OCHOBHBIX TONYKOB M adrepmokoB (MA) n
B3aUMOJICHCTBUS TpyHTa M cBaM. OJHAKO CHIIBHBIM TJIABHBIH TOJYOK OOBIYHO BBI3BIBAET MHOTOUYHMCIICHHBIC
TIOBTOPHBIC TOJYKM 3a KOPOTKMH Nepuoj. B naHHON cTaThe HCCiemyeTcs BIMSHHUE ITOCIEIO0BATEIbHOCTEH
OCHOBHBIX TOJYKOB M a()TEpPIIOKOB HA MOBEACHHE CHCTEMbI B3aMMOJCHCTBHS «TPYHT-CBas-COOPYKCHHUE»
(UCTIC). 6anka Ha HenuHeWHOM pyHAaMenTe Bunxiepa (BNWF) ucnons3yetcs u moaBepraeTcs HelMHMHEHHOMY
CTaTHYECKOMY aHAIN3y U HHKPEMEHTHOMY TUHaMu4YeckoMy aHanu3y (IDA), 9To B KOHEYHOM HTOTE IPUBOAUT K
MIOCTPOGHHUIO KPHUBBIX XPYNKOCTH. OTH aHAINW3bl HAINPaBICHB HAa TO, 4TOOBI 3a(HMKCHPOBATH COCTOSHHE
OOpyIIeHUs] KOHCTPYKIMH TMpH aTEPIIOKOBBIX COOBITHAX, KOTOPBHIM IPEIIECTBOBAIN OCHOBHBIE TONYKH
pa3Iu4YHBIX ypOBHEH. Pe3ynbTarbl, NOJy4EHHbIE U3 KPUBOM €MKOCTH, KPUBBIX MHKPEMEHTHOW IUHAMHMKHU U
KPHUBBIX XPYNKOCTH cucTeMbl ISSP. AHanuTndeckue pe3ynbTaTsl OKA3bIBAIOT, YTO B MTOCIEIOBATEIBHOCTIX MA
JUIs TUIOTHOTO TPYHTa VSI3BUMBIC HArpy3kd OCHOBHOro yraapa-adrepmioka (MS-AS) seustorcs Oonee
pa3pyLIUTENIBHBIMU M3-32 HAarpy3Kd OCHOBHOIO yjapa Juls BCEro AuaMeTpa. Bopca W Macchl. [[ng msrkoro
TpyHTa OHHU OoJiee ysS3BHMBI K MOBPEXKJICHUSIM H3-3a OCHOBHOTO ynapa-aprepmoka (MS-AS). Ho B xecTkoit
TJIMHE BIMSHHUEM TiaBHOTO yzaapHo-adTepmokoBoro (MC-AC) HarpykeHHst IO BCEMy IUAaMETpy CBaW U II0
Macce IpeHeOperaror.
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KioueBbie ciioBa: MocT, B3auMO/IeHiCTBHE TPYHT-CBasi-KOHCTPYKIus, pyHAaMeHT BuHKIepa,
JIMHAMHYECKNH pacyeT, KPUBbIE XPYIKOCTH, IIABHBIA TOIYOK-a(TepIIOK

1. INTRODUCTION

An earthquake-prone region has the potential to
release several extreme earthquake events
within a few decades. In one violent earthquake
sequence, numerous strong aftershocks occur
within several hours or days after the
mainshock. For example, On February 6,
around 4:15 a.m. local time, a magnitude 7.8
earthquake  struck  south-central  Turkey
(Turkiye) near the Turkey/Syria border. Just 11
minutes later, it was followed by a magnitude
6.7 aftershock. The largest aftershock at the
time of writing was a M7.5 aftershock which
struck 95 km (~60 miles) to the north. USGS
observations and analyses indicate all these
events are occurring within the East Anatolian
fault system.

Bridges are required to withstand a disastrous
earthquake without collapses, and retain
sufficient capacity along emergency routes
prior to/during potential aftershocks in order to
promptly dispatch emergency vehicles to the
impacted area [2]. In seismically active areas,
bridges are subjected to the combined effect of
a mainshock (MS) and a series of aftershocks.
For example, the March 2011 Tohuku, Japan,
earthquake with a moment magnitude (Mw) of
9 was succeeded by hundreds of aftershocks
with at least thirty of them greater than Mw 6
[3]. Compared to the MS, the aftershocks (AS)
may have significant intensity with a longer
effective duration, and different spectral shape,
energy content and specific energy density [4].
The diversity of the bridge constitutive
components accentuates the need to consider a
vast range of interactions, including deck-
abutment, abutment embankment [5, 6] and
soil-foundation-pier [7, 8] where the Soil-
Structure Interaction (SSI) is deemed to
represent the most prominent factor in
modifying the dynamic response and seismic
performance of bridges [9]. Owing to the multi-
parametric nature of the soil domain, however,
the impact (either favorable or unfavorable) of
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SSI on the seismic response of bridges is scarce
and findings in this domain are conflicting [10].
Until recently, the consensus amongst
researchers was that SSI effects are beneficial
to the seismic response of bridges by providing
a natural isolation layer beneath the bridge with
additional flexibility and damping [11].
Mylonakis and Gazetas explored the
performance of a simplified bridge-foundation
system under a set of actual ground motion
records on soft soil and concluded that the
elongated period and increased damping of the
system has an adverse effect on the imposed
seismic demands [9]. In another study, Jeremic
et al. conducted a comprehensive finite element
analysis on the seismic performance of the I-
880 viaduct in California and concluded that
depending on the characteristics of the input
excitation, SSI can be both beneficial and
detrimental [12]. Several other studies have
been carried out on the effect of SSI on the
seismic response of bridges and shown that SSI
has a conspicuous effect on the bridges having
relatively light superstructures and heavy
substructures regardless of the soil stiffness
[10]. The influence of SSI on the seismic
performance of the bridge system is a function
of the adopted modeling approach of the
underlying soil domain. These approaches can
be categorized as (a) linear or nonlinear lumped
springs at the column bases representing the
dynamic characteristics of the of bridge
foundations and the supporting soil deposit
[13,14]; (b) coupled comprehensive 3D
representation of the entire soil-foundation-
bridge system [15,16]; and (c¢) employing the
concept of Beam on a Nonlinear Winkler
Foundation (BNWF) using a set of distributed
dynamic soil springs (p-y, t-z, and g-z) to
account for the nonlinear interaction along the
length of the piles [17,18]. While the inherent
nonlinearity and frequency-dependent nature of
the soil is prohibitive in using lumped springs,
and the computational cost of analyzing an
integrated finite element model of the entire
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soil-bridge system is cumbersome, BNWF is
discerned to be the most easy-to-manipulate yet
accurate approach for simulating the soil
domain [17]. Numerous studies have
investigated the influence of SSI on the seismic
performance of conventionally designed bridges
[15;19]. However, there are few publications
available in the literature on the extent to which
the SSI affects the structural response of
seismically isolated bridges [20].

Seismic fragility analysis is a crucial approach
to assess the earthquake performance of soil-
pile interaction in order to improve the seismic
design, retrofitting, and enhancing reliable
decision-making on structural engineering.
More recently, Ajamy et al.(2018)[21] have
worked on an analytical approach to develop
seismic fragility curves for an existing Jacket
Type Offshore Platforms (JTOP) located in the
Persian Gulf using the same data set as
described in Ajamy et al. (2014)[22]. The
approach used for developing the seismic
fragility curves is based on the IDA global
interaction method that takes intoaccount the
effects of both epistemic and random
uncertainties on the expected probability
seismic performance of the JTOP. Shafieezadeh
et al. (2013)[23] and Su et al. (2017) have used
three-dimensional nonlinear FE models to
evaluate the seismic performance of dock
structures.

Su et al.(2017)[24]have used uncertainties in
structural and soil properties as part of a
numerical analysis to investigate the variability
of seismic behavior of pile-supported
wharves.Chara et al. (2016) [25]and Stefanidou
et al. (2017) have estimated the effects of SSI
on seismic fragility of bridges and building
structures respectively. Xiaowei Wang et
al.(2019)[26] have identified parameter
sensitivity rankings for the evaluation of the
seismic performance of bridges supported by
groups of piles in liquefiable soils undergoing
scour potentials

The primary goal behind the present study is to
interrogate the prevailing perception that
incorporating the ISSP effects mitigate the
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probability of damage to a bridge system and its
comprising components subjected to mainshock
and aftershocks seismic excitations. This
research study aims to identify the structural
and soil parameters (types of the sand, pile
diameter and mass) that have the most and least
sensitive effects on theseismic fragility of ISSP
system. To reach this objective, a soil-pile-
structure finite element (FE) model and a
pushover analysis are used to determine the
curve of capacity of the ISPS, define the
damage condition criteria, and finally generate
the fragility curves.

2. NUMERICAL TOOL AND MODELING
STRATEGIES

The numerical analyses developed and
described in this paper with different nonlinear
modeling strategies were studied using the
computer program SeismoStruct V7
(SeismoSoft and 2022)[27]. The program
includes models for the representation of the
behavior of spatial frames and soil under static
and/or dynamic loading, considering both
material and geometric nonlinearities. With this
software, seven types of analyses can be
performed, namely: dynamic and static time
history (analysis, conventional and adaptive
pushover, incremental dynamic analysis, modal
analysis, and static analysis (possibly nonlinear)
under quasi-permanent loading.

2.1. The Finite Element Model Of Frames

In this study, the elements with distributed
inelasticity and all the elements are based on
force formulations. In this approach, the entire
member is modeled as an inelastic element, the
source of such in elasticity beingdefined at the
sectional level. The global inelasticity of the
frame is obtained by integration of the
contribution provided by each controlling
section (Fig. 1). A major advantage of such
models is the nonexistence of a predetermined
length where the inelasticity can occur, because
all the sections can have excursions in this field
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of response. Though this approach is a closer
approximation to reality, it also requires more
computational capacity; that is, more analysis

time, as well as memory and disk space
(Calabrese et al. 2010) [ 28].

Core concrete (confined)

o
>

Steel bars

L I 1 1

Integration sections

\(__‘over concrete (unconfined)

Figure 1. Example of controlling sections along the element and b section fiber discretization

The Material concrete of Mander model was
used; to simulate concrete behavior with tensile
strength and linear tension softening. For
confined concrete material parameters, the
equations proposed by Mander et al [29]. were
used as represented in Esq.(2) and (3).

2¢&, .  \?
fe = KJe 0.002K _](CO.OOZK) ]
Ps yh
K=1+22
fe

Wherefyhis the hoops yield strength, ps is the
ratio of the volume of hoop reinforcement to the
volume of the concrete core, fc, and ec are the
concrete longitudinal compressive stress and
strain. variable Kf’cand ecu are the ultimate
compressive strength and compressive Strain of
the confined concrete.

The cyclic behavior of the steel bars is
simulated using the classical Menegotto and
Pinto (1973) [30]model with kinematic
hardening and possibility to take into account
buckling by introducing a negative modulus
slope in compression depending on the
transverse steel reinforcement spacing. The
monotonic behavior is defined through the
initial Young’s modulus (Es), the plastic
threshold (esy, rsy), the ultimate strength and
strain (eu, ru) and the yielding slope (Eh). The
unloading and reloading process, is guided by
analytic relations (Eq corresponding to a set of
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curves ranging between the elastic and the
yielding asymptotes

1-b

o" = be* + 1+ (e)R)UR

where:

05 — Oy

oy + 0,
& — &

&+ &

A&
R=R, -
O A +E

Tension: 1= 1 and j = 2; Compression: i = 3 and
j = 4. (rs, es) is the studied point; (ro, eo) is the
crossing point of the elastic and yielding slopes;
(rr, er) are the coordinates of the previous point
of load reversion; b is the Eh/Es ratio; R is a
shape parameter; n is the ratio between the
maximum reached strain during loading; eo, Ro,
Ai and Aj are material constants that can be
obtained from experimental results. A detailed
description of the model is presented in
Menegotto and Pinto (1928)[31].

2.2. Definiton Ofpy Curves

The backbone curve defined in this model is a
multilinear curve defined by fitting a given
(theoretical or experimental) non-linear force
displacement curve, namely a p-y curve. It is
constituted by four segments that can either
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simulate monotonic or post-peak behavior (
Each slope is determined by the ratio to the
initial stiffness of the backbone curve defined
by the parameter KO. Cyclic behavior is
achieved by introducing specific unload-reload
rules. Fig. 2b shows the unloadingcurve, termed
the General Unloading Curve (GUC) (segments
5 — 6) and the reloading curve, termed the
Standard Reload Curve (SRC) (segments 7 — 8 —
9 — 10), derived by scaling the backbone curve
by a factor based on the force at the beginning
of reloading or unloading [32] andon the current
cyclic degradation factor [33], i.e.

pur

k=1+
65pf

in which pur is the current force at the onset of
unloading or reloading, ds is the strength
degradation parameter (described in more detail
in the next paragraph) and pf is the ultimate
force. The plus (+) and minus (-) signs denote
unloading and reloading, respectively. The
model simulates either progressive gapping with
depth and with the number of load cycles, or
pile moving through the slack zone. The Direct
Reload Curve (DRC) simulates the soil reaction
when the pile moves through the slack zone and
is designed as a convex strain-hardening curve
controlled by a limiting-force parameter related
to the past maximum force. Fig. 2c depicts the
formation of pure gap (segment 11), or slack
zone (segment 12 characterized by a strain-
hardening behavior simulating the densification
of the loose caved-in soil).

A generalized fatigue formulation s
implemented for simulating the cyclic soil
hardening/degradation of both stiffness and
strength wheresoil failure conditions and
damage evolution functions are dealt separately.
The failure condition curve (e.g., S—N curve
from cyclic hardening/degradation function
[32], used to estimate both the stiffness and
strength hardening/degradation factors

§=1+©—D[1-@1-D)e]""
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where the subscript { stands for either k, the
stiffness degradation factor, or s, the strength
degradation factor. 6 m({ represents the
minimum or maximum amount of degradation,
D the current cumulative damage and 6 the
curve shape parameter. Fig. 3a shows the
hardening factor, 0, versus the number of
cycles, N, the maximum hardening factor of &
m{ (> 1) can be achieved by either a concave
(6C< 1) or a linear (86 =1) or a convex (8> 1)
curve shape parameter. In Fig. 3b the
degradation factor, 0, versus the number of
cycles, N; the minimum degradation factor of 6
m{ (< 1) can be attained by either a concave
(68> 1) or a linear (6C =1) or a convex (0C< 1)
curve shape parameter. The
hardening/degradation factor remains constant
as & m( is reached. It is worth mentioning that
the cyclic soil degradation and hardening is
linked to an increase or decrease in the mean
effective confining pressure due to the void ratio
and pore pressurechanges. The fatigue model
used in this paper might be also used for
simulating the effects of the liquefaction in
terms of degrading behaviour (Allotey and El
Naggar[33,34] ) but neglects the lateral
spreading that can be accounted for by adding
further inertial loads tothe pile (e.g. see
Brandenburg et al.[35]). In this paper, non-
liquefiablesoil deposits are considered.

2.3. Pile-Soil Interaction Analysis With Bnwf
The soil-pile interaction is evaluated using a
BNWF model, which approximates the soil-pile
interaction using non-linear (p-y) springs in
parallel with stiffness proportional dampers.
This  allows  estimating the  relative
displacements between soil and pile due to the
free-field motion. In the BNWF model the pile
itself is modelled as a series of beam-column
elements, each with discrete springs connecting
the pile to the soil, and the freefield motion
obtained within the deposit is applied to the p-y
springs as excitation to the system.

In this paper, the BNWF model proposed by
Allotey and El Naggar[34]is employed for
investigating the effect of soil nonlinearity on
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the seismic performance of a single pile. This
BNWF model is able to simulate generalized

dynamic normal force-displacement
relationships, accounting for cyclic soil
degradation/hardening, soil and structural

yielding, slack zone development and radiation
damping. In addition, this BNWF model was
revised [33] to account for the build-up of pore
pressure due to cyclic loading and the different
compaction levels of the soil in the vicinity of
the pile in a simplified fashion. In particular, a

e o o = = o — — o — — —

7 osed N i
: Heemeng ¥ Inelastic force based
1 non-structural
d
| Pile column S
1
1
I (OO I THEER T 000000 [ —
[ @
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] W w2
\ il spring >

generalized fatigue model based on the total
stress method has been developed for simulating
cyclic hardening/degradation of stiffness and/ or
strength that can account implicitly for several
hysteretic soil-pilebehaviours. Finally, results
demonstrating the effects of soil non-linearity
and the duration of strong motion on the seismic
behaviour of piles are compared to the results
obtained by the linear soil-pile interaction
model defined by Dezi et al. [36,37].

e L L

— e o P e = e = e o o e e e e e = e e e e e — — —

Mander et al. (1988) model for monotonic response

of confined and unconfined concrete.

[
i -
: -~

Menegotto-Pinto steel model

— e e e e e = e e = —— —— — — —

——— e = — — o — — — ——

Material Models for concrete and steel rebars

Figure 2. Numerical Tool and Modeling Strategie

3. INCREMENTAL DYNAMIC ANALYSIS
AND FRAGILITY ASSESSMENT

IDA is a parametric analysis method that is used
to estimate the structural performance under
certain earthquake record (see [38]for details).
It consists of the development of one curve,
under each ground motion, for a specific
damage measure (i.e. drift) versus a specific
intensity measure of the ground motion (i.e.
peak ground acceleration, PGA). The main
objectives of IDA are simply to provide deep
understanding of the response versus the
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potential level of the ground motion records and
better understanding of the relation of the
structural response versus the intensity of the
ground motion (maximum  displacement,
strength, stiffness). This method has been
widely used by several researchers in a
nonlinear dynamic analysis (see[39;40], for
example) as well as in studying pounding
phenomenon (see [41-42] for example).

Fragility is the probability of reaching or
exceeding a specified damage state. It is
expressed in terms of a certain seismic
parameter,such as spectral acceleration, spectral
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displacement, peak ground velocity and PGA
[43-44] Some researchers have provided
historical background on the development of the
fragility curves (see ,[45-46], forexample). Four
different methods can be used to develop the
fragility curves, i.e. the expert-based or
judgmental method (it depends on the estimates
and opinions of experts), empirical method (it is
based on thedamage data reported from
previous earthquakes - see loannou et al.,[47]for
example), analytical method (it is based on the

sy,

Mainshock- damaged

Aftershock-damaged
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time history analyses), andhybrid method (it
involves both experimental and numerical
analysis [48]). Billah and Alam[49]described
the advantages and disadvantages of each
method. Among all of them, the analytical
method is the most often used one since no
experimental or damage datais required for it.
One of the most simplest approaches among the
analytical methods is the method developed by
Ibrahim and El-Shami[50].

N -

p -

CC N

—_—

Figure 3. Incremental dynamic analysis method

In this method, the conditional probability of a
structure to reach or exceed a specific damage
state, D, given the PGA, is defined inEq. (3):

P(D/PGA) = ®((In (PGA) — w)/0)

where® is the standard normal cumulative
distribution function; pand care the mean value
and standard deviation of the natural logarithm
of PGA at which the building reaches the
threshold of a specific damage state or
performance level, D.

Eq. (3) was developed based on the work of
Shinozuka et al. [51] where the analytical
fragility curves were constructed based on the
nonlinear dynamic analysis and the fragility

curves were represented by using two-parameter
lognormal distribution functions estimated by the
maximum likelihood method. The cumulative
distribution functions were calculated by
dividing the number of data points that reached
or exceeded a particular damage state by the
number of data points of the whole sample [52].
The accuracy of the use of the mean and standard
deviation was investigated and the analytical
interpretation of randomness and uncertainty
associated with the mean was also provided [51].
Five different damage states/performance levels
have been described in the literature, i.e. the
operational performance (OP), immediate
occupancy (10), damage control (DC), life safety
(LS), and collapse prevention (CP). These
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performance levels are defined by certain
damage measure, mainly the interstorey drift
ratios (or percentages). The maximum allowable
interstate drifts for each performance level may
differ because it depends on the opinion of the
expert. One of the most often wused
recommendations are the suggestions of Xue et
al. [53] which are summarised in Table 1.

Table 1. Limit states considered in this study

Limit state Transverse drift ratio
%

occupancy (10), 0.7

life safety (LS), 1.5

collapse  prevention 2.5

(CP).

4. GROUND MOTIONS USED IN THE
DYNAMIC ANALYSIS

In order to investigate the nonlinear behavior of
the mainshockdamaged concrete gravity the ISPS
systems for bridge subjected to strong
aftershocks, seismic sequences including the
mainshock and one major aftershock are needed
for performing the nonlinear dynamic analyses.
In this study, as-recorded mainshock—aftershock

seismic sequences are selected according to the
following criteria: (a) the magnitude of the
mainshocks isequal to or greater than 5.5 and that
of the major aftershocks is equal to or greater
than 4.0, (b) accelerograms are recorded at
stations, which are located in free fields or low-
rise buildings, and (c) the predominant period
(Tp) of the mainshocks is less than 0.4 s, which
corresponds to the typical dam sites. With these
criteria, 19 as-recorded mainshock— aftershock
seismic sequences shown in Table 2, which were
recorded at the same station and in the same
direction, are selected from the strong motion
database of the COSMOS [54]. The data sample
includes wellknown earthquakes with strong
seismic activities, such as the Mammoth Lakes
(1980), Kozani (1995), Whittier Narrows (1987),
and Cape Mendocino/Petrolia (1992) events. For
each of the 19 sequentialground motion records,
the time gap between the mainshock and the
aftershock seismic events is set to be 10 s as
illustrated in Fig. 4, whichshows the
aforementioned four representative mainshock—
aftershock seismic sequences. This gap has zero
acceleration ordinates and is adequate to allow
the structure to cease moving after the previous
seismic event.

Table2. List of mainshock-aftershock seismic sequences considered in this investigation

No | Seismicseq | Station Com | Date Mag R Recorde | Predomin | Duratio
uences location p- (km) d PGA | antPeriod n (5-
(cm/s2) (s) 95%) (s)
1 Mammoth | 54099 90 1980-05- 6.1(My) 9.1 402.19 | 0.22 8.96
Lake 25(16:33:44) 5.7(ML) 34 338.87 | 0.16 3.54
1980-05-25
(20:35:48)
2 Mammoth | 54301 270 1980-05- 6.06(M) | 14.1 303.97 | 0.1 7.72
Lake 25(16:33:44) 5.94Mp) | 144 372.42 | 0.25 3.42
1980-05-25
(16:49:27)
3 ChalfantVa | 54428 270 | 1986-07— 6.4(ML) 18.5 435.80 | 0.20 7.26
lley 21(14:42:26) 5.6(Mv) 27.9 156.56 | 0.12 7.66
1986-07—
21(14:51:09)
4 ChalfantVa | 54428 360 | 1986-07— 6.4(My) 18.5 394.60 | 0.24 8.16
lley 21(14:42:26) 5.6(My) 27.9 101.54 | 0.12 11.16
1986-07—
21(14:51:09)
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5 ChalfantVa | 54171 180 1986—-07— 6.4(ML) 23.7 249.10 | 0.24 12.76
lley 21(14:42:26) 5.6(ML) 15.5 179.66 | 0.34 14.16
986-07—
31(07:22:40)
6 ChalfantVa | 54171 270 1986—-07— 6.4(ML) 23.7 169.00 | 0.36 17.04
lley 21(14:42:26) 5.6(ML) 15.5 121.44 | 0.24 17.18
986-07—
31(07:22:40)
7 Imperial | 0952 140 1979-10-15 6.5(My) 52 539.78
Valley (23:16:53) 5.01(Mp) | 13.9 221.36
1979-10-15¢(
23:19:35)
8 Imperial | 5055 225 1979-10- 6.5(My) 8.8 24296 | 0.19 13.32
Valley 15(23:16:53) 5.01(Mp) | 123 112.67 0.22 12.84
1979-10-
15(23:19:35)
9 Imperial | 5055 315 1979-10- 6.5(My) 8.8 209.4 0.22 13.22
Valley 15(23:16:53) 5.01(Mp) | 123 246.96 0.22 12.84
1979-10-
15(23:19:35)
10 Kozani ITSAK 0 1995-05- 6.1(MLr) 19.5 211.03 0.20 5.84
13(08:47:00) 5.3(Myp) 12.1 126.19 0.22 541
1995-05-
17(04:14:00)
11 Kozani ITSAK 90 1995-05— 6.1(Myr) 19.5 136.00 | 0.20 7.72
13(08:47:00) 5.3(Mvr) 12.1 119.26 | 0.14 5.63
1995-05-
17(04:14:00)
12 Whittier | 24400 270 1987-10— 6.1(My) 14.2 399.10 | 0.20 7.94
Narrows 01(14:42:20) 5.3(My) 16.3 33330 | 0.14 5.18
1987-10-
04(10:59:38)
13 Whittier | 24400 360 1987-10— 6.1(My) 14.2 420.10 | 0.18 7.14
Narrows 01(14:42:20) 5.3(My) 16.3 308.60 | 0.16 6.2
1987-10-
04(10:59:38)
14 Whittier | 24402 0 1987-10- 6.1(My) 19.4 299.30 | 0.10 4.54
Narrows 01(14:42:20) 5.3(My) 18..2 266.00 | 0.14 2.14
1987-10-
04(10:59:38)
15 Whittier | 24402 90 1987-10- 6.1(My) 19.4 15790 | 0.22 8.1
Narrows 01(14:42:20) 5.3(My) 18..2 187.90 | 0.14 3.04
1987-10-
04(10:59:38)
16 Whittier | 24461 270 1987-10- 6.1(My) 13.9 3743 0.15 5.72
Narrows 01(14:42:20) 5.3(My) 14.8 210 0.14 4.5
1987-10-
04(10:59:38)
17 | Northridge | Castaic- 90 1994-01-17 6.69 568
Oldridge 1994-01-17 5.93 138
route
18 | Northridge | Rinaldi 318 1994-01-17 6.69 472
Receiving 1994-03-20 5.28 476
Sta
19 | Northridge | 0637 270 1994-01-17 6.69
1994-01-17 5.28
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3004 Mammoth Lakes 150
Station:54099 Comp:90 Whittier Narrows
2004 1004 Station:24402 Comp:90
g 1004 Time gap (10s) N\; 504 Time gap (10s)
Q -— —
g z 0
37" 53 52 50 . s -
o A S = 5 T e
< -2004 N s ™M o 100+ S S
-3004 1504 =~ ==
-400 T T T T =200 T T T
0 10 20 30 40 50 0 10 20 30 40
Time (s) Time (s)
(a) (b)

Figure 4. Four representative as-recorded mainshock—aftershock seismic sequence:(a) Mammoth
Lakes, Station: 54099-Comp,(b) WhittierNarrows, Station: 24402-Comp

5. NUMERICAL MODELS OF BUILDINGS Table 3. The problem investigated and the two
types of presumed soil deposits

Figure 5 shows a single column that extend Loose | Dense | Soft | Stiff
toSm above and 30m below ground. The sand sand clay | clay
column has a wuniform section and steel ©=30° | @=45°

reinforcement. SeismoStruct v7 (SeismoSoft

and 2022) software allows for strength and Kpy 54 1266 105 30,
stiffness degradation in the components by (below

providing the force deformation criteria for water

hinges used in the numerical analyses. The table)

material properties of the structure, piles and (MN/m3)

soils are given in Tables 3and 4

10.5

I

1

(1]

3
o o

| d=15,2,3m
o =

o o m m m m mm m mm  mm mm m m mm  mm

Figure 5. Interaction of soil-pile-structure configuration
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Table 4. Parametric cases

Paramet | M(t) Pile | Type of soil
er diamete
r)
D (m)
Value |150;35 (1.5 ;2 | (Loose,Dense)sa
0; 700 | ;3 nd
(soft,stiff) clay
5.1. Pushover Results
600
¢ ,
‘? 2 1
0:0 012 0'4 076 0.8&

Displacement (m)

500

IS
)
S

Base shear (KN)

1 2

0.0 0.2 0.4 0.6 0.
Displacement (m)

Figure 6. Lateral load-Displacement behaviour:
the ISPS system and the fixed: a) sand; b) clay

Figure 6 show Lateral load-Displacement
behaviour the ISPS system: a) sand; b) clay The
results indicate that the lateral capacity of the
dense sand more capacity and less ductility
compared the loose sand and the fixed ,note
in the result the lateral capacity of the soft caly
gives a lower lateral capacity and more
ductility compared the stiff clay
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5.2. Ida Results

The figure 7 presented the IDA results obtained
with nonlinearanalysis of 19 earthquakes for the
two extreme cases (mainshock only and
mainshock - aftershock) for ISPS system with
dens soil type. In order to show the effect of
earthquakes with the two extreme cases, after
the end of IDA analysis, we take the average
results of the acceleration for each
displacement.

0.5

=]
n
1

<
W

4
o

Sa(T1,5%)/g

o
-

e
o

Sa(T1,5%)/g

Inter-Story drift%

(b)
Figure 7. IDA results in ISPS system (a)
Mainshock+Aftershock; (b) Mainshock

Effects of the Section of Pile

The average IDA curves for the ISPS systems
for dense soil and Losse soil are presented in the
Figs 8 The results indicated that the effect of the
aftershock damage on ISPS are negative and
depend on the diameter of the pile. For the
dense soil, the results show the decrease in the
values of acceleration after adding the
aftershock earthquake with the percentage

International Journal for Computational Civil and Structural Engineering
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18.3%, 21.5% and 23.04% for diameters 1.5m,
2m and 3m respectively. For the losses soil, the
results show the slight decrease in the values of

earthquake with the percentage 7.01%, 8.26%
and 10.04% for diameters 1.5m, 2m and 3m
respectively.

acceleration after adding the aftershock
| R s e e e
o6 ——(MS-As) D=1.5m 1 0.36g
P T—MsAs D=1 5m o, __'x:gfilscéf;i'sm = - - =
— MalnShOCkP:l.Sm ._0; 17g1 — Mainshock D=2m /_
0.5 === (MS-As) D=2m 0.3 4|e— (MS-As) D=3m
= ' Mainshock D=2m e == - = = = ] — Mainshock D—3 m
—— (MS-As) D=3m - —7
o0 0.4 4= Mainshock D=3 m @ g 7 - s
\? A A0, v 0.2 / -
S bl -] — -
0.3 5 /
b vl
5 /
w2
0.2 0.1+ /4
0.1
0.0 . T
0.0 1 r 0 1 2
Inter-Story drift% Inter-Story drift %
(a)Dense (b) Loose

Figure 8. Average IDA curves of in ISPS system different section :Mainshock+Aftershock; and
Mainshock for Dense soil and Losse soil
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Figure 9. Average IDA curves of in ISPS system different section :Mainshock+Aftershock; and
Mainshock for Soft and Stiff soils

Figure 9 The average IDA results for[SPS
systems for soft soil and stiff! soil shows that
the consideration of aftershocks The influence
can be seen in the differences between the
median curves;increases the extent of ISPS
systems responses and depend on the diameter
of the pile; For the soft soil, the results show the
decrease in the values of acceleration after

Volume 19, Issue 3, 2023

adding the aftershock earthquake with the
percentage 12.2%, 15.77% and 23.5% for
diameters 1.5m, 2m and 3m respectively. For
the stiff soil, the results show the decrease in the
values of acceleration after adding the
aftershock earthquake with the percentage
16.3%, 34.1% and 43.64% for diameters 1.5m,
2m and 3m respectively

103




Souheyla Saddouki, Djarir Yahiaoui, Rafik Demagh
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Figure 10. Fragility curves of theSPS system different section :Mainshock+Aftershock, and
Mainshock (a)Dense, (b) looce
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Figure 11. Fragility curves of theSPS system different section :Mainshock+Aftershock,; and Mainshock

(a) Soft, (b) Stiff.

Figure 10 and 11 show the fragility curve under
loading of  Mainshock+Aftershock  and
Mainshock with variation of the pile section for
Dense, loose, soft and stiff soil.For the
probability of exceeding equal to 50%, when add
aftershock and increase in the diameter of pile
the damage state becomes more serious,for the
dense sand the medium intensity St are
increased with 0.017g, 0.029g, 0.04g for 1.5 m,

104

2 m and 3 m diameters, respectively. As in the
loose sand Sct are increased with 0.015g,
0.018g, 0.0212g for 1.5 m, 2 m and 3 m
diameters, respectively. As for the soft caly are
increased with 0.016g, 0.022¢g, 0.05g for 1.5 m,
2 m and 3 m diameters, respectively.

And for stiff clay the medium intensity Sct are
increased with 0.017g, 0.02g, 0.11g for 1.5 m, 2
m and 3 m diameters, respectively.
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Effects of the mass

Fig. 12 shows the average IDA curves for ISPS
systems for different types of sand (dense sand
loose sand) under mainshock-only and the
mainshock-aftershock loading with the varying
of the masse (150t , 350t ,700t). Can be seen
that the effect of the mainshock-aftershock
loading are neglected when the inter-story drift
as low as to 1%, but when the inter-story drift

grate to 1% the effect it depends on sand types
and masse.

For dense sand the results gives a decrease with
10.33% .15.83% and 18.57% for masse 150t,
350t and 700t respectively, and for loose sand
with masse 150t the results give a decrease with
7.26% but for masse 350t and 700t the effect of
aftershockare neglected.

0.35 e (MS-A5) M=150m l_(;“a_?g,_ |
== Mainshock M=150t --7- = 0.3
0.30 === (MS-As) M=350t _ = = (MS-As) M=150t o
== Mainshock M=350t 7 » == ' Mainshock M=150t 10.248g 1
= (MS-As)M=7001 = (MS-As) M=350t S |
0.254__ 1(\/[ainshso)ck M:7t00t 7 = Mainshock M=350t -
o0 —— (MS-As)M=700t P
2 0.24|=  Mainshock M=700t P
$0.204 w
o S
o | 5 R O by
Eotsd 47 01 z
i 5
— 7]
o4 S == 0.1
0.05 4
0.00 7
0 1 . 2 3 0.0 4 T T
Inter-Story drift% 0 1 . 2 3
Inter-Story drift %
(a)Dense (b) Loose

Figure 12. Average IDA curves of in ISPS system different mass :Mainshock+Aftershock; and
Mainshock: (a)Dens (b)Loose

Fig. 12 shows the average IDA curves for
ISPS systems for different types of clay (soft
clay stiff clay) under mainshock-only and the
mainshock-aftershock  loading with the
varying of the masse (150t , 350t ,700t). Can
be seen that the effect of the mainshock-
aftershock loading are neglected when the
inter-story drift as low as to 1%, but when the
inter-story drift grate to 1% the effect it
depends on sand types and masse.

For soft clay the results gives a decrease with
12.5% 22.7% and for masse 150t, 350t and and
700t the effect of aftershockare neglected, and
for stiff clay with masse 150t the results give a
decrease with 36.7% but for masse 350t and
700t the effect of aftershockare neglected.

Volume 19, Issue 3, 2023

For the dense sand, the medium intensity Sct are
increased with 0.029g, 0.014g, 0.008g for 150t,
350t and 700t masse, respectively. As in the
loose sand Sct are increased with 0.027g,
0.013g, 0.009g for 150t, 350t and 700t mass,
respectively. As for the soft caly are increased
with 0.022g, 0.017g, 0.015g for for 150t,
350tand 700t masse, respectively. And for stiff
clay the medium intensity Sct are increased with
0.012g, 0.009g, 0.008g for 150t, 350tand 700t
masse respectively.In globale the results indicat
that the efect of the masse and type of soil are
effected by mainshock-aftershock.

105




Souheyla Saddouki, Djarir Yahiaoui, Rafik Demagh

0.25 = v N Rl [==—rrwrvaren ’ T 02560
(MS-As) M=150m 102489 ] (MS-2) \ 0.256g:
. _ o0 == Mainshock M=150t] -
== Mainshock M=150t P 0.24 o | (MS-As) M=350t -
—— (MS-As) M=350t e ~ — Mainshock M=350t -
0.204=Mainshock M=350t 7 0204 Ms-AsM=700t P s
e (MS-As)M=700t 7 0.217 : — Mainshock M=700t PA
== Mainshock M=700t 0
0.164
) N
=0.151 “
9 p
b /7 PN o2
— 1%5]
g
F0.101 0.08 4
0.04 4
0.05 1
0.00
0.00

! Inter-Story drift%2

(a) Soft (b)Stiff

Figure 13. Average IDA curves of in ISPS system different mass :Mainshock+Aftershock;
and Mainshock: (a) Soft ; (b)stiff
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Figure 14. Fragility curves of the ISPS system different mass :Mainshock+Aftershock; and
Mainshock: (a) Denes, (b) Loose
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Figure 15. Fragility curves of the ISPS system different mass :Mainshock+Aftershock; and
Mainshock: (a) Soft; (b) Stiff
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CONCLUSION

In this paper, the seismic evaluation of soil
structure system (ISPS) with different soil,
diameter and mass , subjected to sequential
mainshock-aftershock records, was studied by
means of the pushover analysis and IDA for
generate the fragility curves. The effect of the
soil type, masse, diametre of pile on ISPS
system under mainshock (MS) and mainshock-
aftershock (MS-AS) loading was investigated in
this paper using the pushover, the IDA and the
fragility assessment methods. Four type of soils
(dense and loose sand, soft and stiff caly ) with
different masse (150t, 350t, 700t) and varing the
diamtre of pile (1.5m, 2m, 3m) were considered
in the study.From the findings of this research,
the following conclusions can be drawn:

- In most cases, the lateral capacity of the loose
gives a lower lateral capacity to dense sand, but
about the ductility the loose sand more ductility.
And for clay, the stiff clay show higher lateral
capacity to soft clay.

- Based on both IDA and fragility assessment
methods, the effect of type soil on ISPS system :
for dense soil the vulnerable of mainshock-
aftershock (MS-AS) loading are more damage
due to mainshock loading for all diameter of the
pile and the masse; But for loose sand the effect
of aftershock are neglected after mainshock
loading for all the diameter of the pile and the
masse effect.

- The effect of clay type on ISPS system : for
soft soil are more vulnerable to damage due to
mainshock-aftershock (MS-AS) loading. but in
the stiff clay the effect of mainshock-aftershock
(MS-AS) loading for all the diameter of pile and
for masse are neglected.
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