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1. Introduction

Bridges, as essential components of road networks in urban
areas and on major highways, are likely to significantly impact
traffic and emergency response to earthquake damage.

Such bridges in major earthquake areas need to improve their
seismic performance. The objective is to prevent structural
collapse of the bridge and effectively manage the remaining
states of damage to ensure that the global performance
indicators of the bridge are satisfied over the life cycle under
potential seismic events at a minimum cost. Therefore,
investigations of the seismic performance of bridges subjected
to seismic excitation are significant.

RC bridge piers constitute one of the most important
components of bridge systems that determine the overall
behaviour of bridges during seismic events. Numerous studies
aimed at improving the design and seismic performance of
bridge piers have been conducted in recent years. Zhou et al.
[1] performed a horizontal impact test on reinforced concrete
bridge piers with different reinforcement ratios of longitudinal
steel bars. Mili¢ et al. [2] studied the strategy adopted for
forensic structural engineering after a bridge failure. Yilmaz et
al. [3] investigated the effects of the changes in the coefficient
of variation of probabilistic scouring variables and probability
distributions on the probability of the loss of stability around
dual bridge piers. Kovacevic et al. [4] compared and analysed
seven state-of-the-art machine learning techniques for
estimating the construction costs of RC bridges. Wang [5]
thoroughly described the monitoring system used at the
Junshan Yangtze River Bridge. Here, the focus was mainly on
the selection of monitoring variables, arrangement of sensor
points, data collection and transmission system, data storage
and management strategy and user interface system.

Most of the bridges in Algeria were constructed before 2008
(the year of publication of the first version of the Algerian
seismic regulation code for bridge structures RPOA 2008 [6])
and before the introduction of seismic standards. A significant
number of these bridges need to be upgraded or reinforced
owing to fatigue effects. National authorities have raised
concerns regarding the maintenance of these bridges on critical
roads after a significant earthquake.

However, owing to the uncertainties of the ground motions
and dynamic characteristics of bridges, probabilistic methods
are widely used to assess the seismic performance of bridge
structures. A seismic risk assessment addresses the structural
vulnerability, hazard of the event and loss caused by the event
in terms of lives and economic impact. A fragility curve is a type
of seismic vulnerability tool used in risk assessment.

Inthis regard, the Pacific Earthquake Engineering Research Centre
(PEER) developed a framework for a primary probability method
for seismic design and assessment based on performance.
The fundamental framework of the seismic fragility analysis of
structures is based on the reliability theory and its theoretical
framework. It quantifies the structural seismic performance in a
probabilistic manner and correlates the ground motion intensity

with the structural damage state from a macro perspective.
Meanwhile, the intensity level of the ground motion depends
on the ground-motion parameter adopted and the structure
response uncertainty can be characterised through the intensity
measure (IM). Therefore, it is essential to select an appropriate IM
of ground motion parameters for bridge structure analysis with
regard to seismic fragility.

The selection of the IM determines the degree of dispersion
of the probabilistic model. Certain ground motion IMs related
to peak values, durations, spectral characteristics and energy
are available. In general, the existing IMs are divided into two
typical classes: scalar and vector. Scalar IM refers to a single
IM. A vector IM commonly involves at least two IM components
for the existing vulnerability curves for RC bridges, mainly
elaborated upon in scalar IM.

The reliability of the results obtained by a probabilistic approach
depends on the uncertainty level of the probabilistic seismic
demand models (PSDMs). This illustrates the relationship
between ground motion IMs and engineering demand
parameters (EDPs)) and, in turn, depends on the IM selected.
In this regard, many researchers have recommended certain
metrics to evaluate the optimal IM. Efficiency, practicality,
proficiency and sufficiency [7] were identified as the most
common of these. Several IMs were suggested by numerous
researchers for use in bridge engineering. Two of these that are
used extensively are the PGA maximum ground acceleration
and Sa(T,) spectral acceleration at the fundamental period of
the structure.

PGA and Sa(T,) are referred to as the optimal IMs in the case
of simple steel girder multi-span bridge class [8]. Sa(T.) was
selected as the optimal IM for a high-speed rail bridge seismic
fragility assessment [S, 10]. The peak ground velocity (PGV)
is recommended as the optimal IM for a cable-stayed bridge
subjected to both far and near-fault ground motions [11]. The
PGV tends to be the optimal IM for conditioning PSDMs for
isolated bridges subjected to pulse-like ground motions [12].
Three IMs (the peak ground acceleration (PGA), PGV and PGD)
were studied to assess the fragility of a tall pier bridge system
subjected to near-fault ground motions by considering a bridge
prototype in China and selecting the PGV as the optimal IM
owing to the efficiency, relative sufficiency and practicality
[13]. The PGA, PGV and velocity spectrum intensity (VSI) of the
horizontal component of the ground motion and acceleration
spectrum intensities (ASls) of both horizontal and vertical
components were identified as the optimal IMs for multi-span
continuous concrete box-girder bridges, which accentuate near-
field earthquakes. The spectral acceleration at 1.0 s (Sa, ) was
adopted as the optimal IM for a typical Algerian post-tensioned
highway bridge [14]. Several researchers have proposed a novel
IM. Bayat et al. [15] selected the average spectral acceleration
(ASA) as the optimal IM for skewed highway bridges. It
represents the average value of the S_ between a lower and
upper structural period. It is suitable for use in an appropriate
period range and the spectral acceleration at 0.3 sec (Sa (0.3T,
5 %)) for isolated bridges [16].
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In terms of vector IMs, the use of two- Selection of typical

parameter IMs for RC frame structures

Selection of ground Numerical model of Incremental dynamic |

[17] and unreinforced masonry buildings
[18] have been recommended.

For RC bridges, in the study of Lietal.[19], .
seismic fragility surfaces were applied to <
derive fragility functions for each bridge
component and spectral acceleration

at the first two periods of vibration
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modes. Sa(T,), Sa(T,) were selected as a

vector-valued IM. Baker and Cornell [20]
proposed the spectral acceleration in the
fundamental period of vibration Sa(T,)
and the measurement of the spectral
shape, R,,, ,, = Sa(T,) / Sa(T,). The spectral
acceleration Sa and the difference ¢
between the spectral acceleration of a
record and the mean of the ground motion
prediction equation in the given period
were considered as a vector IM [21].
However, vector-valued IM vulnerability functions for Algerian
bridges are unavailable. Hence, it necessitates improvement and
further development to achieve an integrated risk assessment
for these bridges. In the context of these limitations, this
study aimed to develop vector and scalar-valued vulnerability
functions for performing a seismic vulnerability analysis and
performance-based evaluation of an RC pier bridge considering
the soil class specified in the Algerian bridge design code RPOA
2008 [6]. A set of incremental dynamic analyses was performed
to capture the seismic response of the RC bridge piers through
60 ground motion records based on the shear wave velocity
V_, used for the soil classification in RPOA 2008 [6]. Then, 10
IMs were selected to determine the one that is optimal for use
in the scalar vulnerability analysis. The fragility scalar curves
were constructed in terms of the optimal IM, based on the
correlation, efficiency, practicality, proficiency and sufficiency
results for the selected IMs. Subsequently, the probability of
exceedance of different damage states was obtained using
vector-valued fragility functions. Finally, a comparative analysis
was conducted with the results derived from scalar fragility
functions. Thereby, an overview of the importance of the second
IM in the seismic fragility analysis of a typical Algerian RC bridge
pier is provided in this study.

Probability

2. Procedure for scalar- and vector-valued
vulnerability analysis

In the present study, a set of incremental dynamic analyses

(IDAs) [22] was carried out to generate scalar and vector fragility

curves (which are based on numerical analysis) for RC bridge

piers. The schematic overview of the proposed procedure is

shown in Figure 1 with the following eight steps:

1. Select a representative Algerian bridge design that features
a geometry and pier shape.

Probability

LT . o Correlation testing, R?
o Efficiency testing, B,
® Practicality testing, b

Ln (DM)

® Proficiency testing,

®

®

Figure 1. Overview of procedure for developing scalar- and vector-valued fragility functions of
RC bridge piers

2. Select a suite of ground motions with sufficient accuracy to
determine the seismic demand of the selected bridge.

3. Construct a numerical model of RC bridge piers according to
the geometry and shape of the selected piers.

4. Perform a set of IDAs using numeric model step (3) and
estimate the damage measure (DM) with the selected IM for
the bridge piers investigated.

5. Set up the regression models between the selected IM and
DM.

6. Identify the most appropriate IM required for the scalar
fragility analysis while conducting the correlation, efficiency,
practicality and proficiency tests

7. Develop a scalar-valued fragility function using the optimal
IM obtained in step (6) for the investigated bridge.

8. Develop the vector-valued fragility function for the
considered bridge based on two IMs.

3. Definition of scalar and vector fragility
functions

Bridge seismic fragility refers to the conditional probability that
the element response attains or surpasses certain specified
damage limit state induced by multiple earthquakes at varying
intensity levels.

A theoretical analysis method employing the reliability
probability principle was considered in this study to investigate
the seismic fragility of RC bridge piers.

Here, S, is the seismic demand and S_is the structural capacity.
The probability of the seismic fragility of the RC piers can be
expressed as shown in Eq. (1) [23]:

p-pP|Sdsq|-p|indeso
S S

c c

(1)
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Table 1. Threshold values of different damage measures

Threshold values
Damage measures References
Minor Moderate Extensive Collapse
1 1.18 3.22 4.18 [25]
Curvature ductility
1 2.73 4.54 6.5 [26]
Displacement ductility 1 1.2 1.76 4.76 [27]
2.25 29 4.6 5 [28]
0.46 0.72 1.05 4.91 [29]
Drift [%]
1 1.22 1.78 4.8 [30]
0.7 1.5 25 5 [31]

3.1. Scalar-valued fragility function

In previous studies, S, and S_have been assumed to follow
a lognormal distribution. Therefore, In (S, / S) follows the
normal distribution. Whether a linear regression analysis
between In (IM)and In (S, /S ) is carried out, the mean X (Eq.
(2)) and standard deviation ¢ can be expressed as shown in
Eq. (3):

L =aln(IM) + b (2)

=S, 1(n-2) (3)

N 2
S, = Z[In J; —In(alM? )} (4)

i=1

where a and b are the linear regression coefficients and S, is
the sum of squares of the residuals for the regression plane for
scattered points (Eq. (4)).

Eq. (1) can be transformed into a standard normal distribution
form [24]:

Pf—P{Sdzq—‘l—qﬁ(m(IM)_Aj—¢[iJ (5)
S, o

c (o2

¢ is the standard normal cumulative density function. 2 and o
are two parameters of the random DM distribution.

3.2. Vector-valued fragility function

In the case where the IM uses two parameters in the vector
form IM = (IM,, IM,), the mean and standard deviation of In
(S,7 S can be expressed by Eg. (6). Here, a, b and c are linear

regression coefficients.

L =aln(IM,) + bin(IM,) + ¢ (6)

o =S, 1(n-3) (7)

By substituting Eq. (6) and Eq. (7) in Eq. (5), the fragility function
of a bridge component with vector values is defined by

: :¢(aln(IM1)+bIn(IM2)+c] @)

JS, 1(n-3)

4. Damage states and measures

The DM is assumed to quantify the seismic damage state
(DS) of any structural element, such as bridge piers, exposed
to seismic hazards. Hence, various quantitative definitions
of the limit states of bridge damage are available in several
codes. In the case of bridge piers, the curvature ductility [25,
26], displacement ductility [27] and drift [28-30] are commonly
employed. Presently, no quantitative damage limit state
measurements are available for Algerian bridges.

The different damage measures and threshold values used
in the assessment of the fragility of bridge piers by several
researchers are summarized in Table 1. In this study, a drift
was selected as a DM. Furthermore, the limit states [31] were
selected to define the bridge pier drift limits. Four qualitative
damage limit states were defined: minor, moderate, extensive
and collapse. Wherein it correlated with the drift limits values
considered for the bridge piers was 0.7 %, 1.5 %, 2.5 % and 5 %.

5. Numerical modelling

5.1. Selected bridge

An existing post-tensioned highway bridge girder with two-
span simply supported structure and a total length of 51.50
m was selected for the scalar- and vector-valued fragility
analysis of reinforced concrete bridge piers. Each span
was 25.70 m long and was isolated by elastomeric rubber
bearings placed below the concrete girder supported on
top of the RC pier cap. The superstructure consisted of a
200 mm thick and 10 m wide RC deck slab with an 80 mm
wearing surface of asphalt layer. It was supported by seven
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I-type girders placed on 0.05 m-thick elastomeric bearings
measuring 0.30 x 0.30 m in the plan. The bridge pier bents
were formed of three circular columns, each of diameter 1.40
m and height 7.00 m and a cap beam with a length of 12.00 m
and a section of 2.00 x 1.00 m. Two shear keys were located
at the abutment level. There was a 10 cm longitudinal gap
between the deck and abutments and a 6 cm gap between
shear keys and girders. The pier reinforcement consisted
of twenty-seven longitudinal reinforcement bars of 32 mm
diameter and reinforcement spirals of diameter 20 mm at
15 mm spacing. Rigid spread footings supported the bents
and abutments. In addition, two rigid backfilled abutments
had been constructed to support the deck and retain the
embankment. The bridge bent configuration and geometry
are shown in Figure 2.

51,50 m

2570 m 2570 m

Figure 2. Configuration and geometry of the selected bridge
5.2. Numerical model

A numerical model capable of capturing nonlinearities in bridge
components and materials is required to accurately quantify bridge
seismic responses in global displacements. SeismoStruct software
[32] was used to perform the seismic evaluation of the case study
bridge. It allows for the visualisation of the damage pattern under
various earthquake events. It is also used to predict the structural
displacement behaviour of structures subjected to static and
dynamic loading. The software has been used in previous research
involving the seismic performance of RC bridges.

A three-dimensional (3D) model was developed for the bridge.
It incorporates both material and geometric nonlinearities.
In addition, in this study, the nonlinearity of the material was
supposed to be based on the behaviour laws for concrete and
steel reinforcement (derived as per the studies of Mander et
al. [33] and Menegotto and Pinto [34], respectively). It is noted
that the steel model was modified by Filippou et al. [35] to
include the Bauschinger effect, which captures the stiffness
degradation under cyclic loading.

The properties of concrete defined in SeismoStruct software
[32] are a compressive strength (f ) of 27 MPa, tensile strength
(f) of 2.2 MPa, modulus of elasticity (E ) of 24421.92 MPa, strain

at peak stress (¢ ) of 0.002 and specific weight (y) of 24 kN/m?.
Furthermore, the parameters introduced in the model of steel
reinforcement are as follows: a yield strength (fv) of 420 MPa,
an elastic Young's modulus (E_) of 200000 MPa and a strain-
hardening ratio (R) of 0.005.

The bridge piers were embedded with plasticity elements
distributed according to FB formulations based on inelastic
force across fibre sections. The pier section discretisation
resulted in a 250-fibre with five Gauss—Lobatto quadrature
integration points.

The cap beam was modelled as an elastic linear beam element
connected to the piers by rigid links in both longitudinal and
transverse directions. A linear elastic beam element with mass
distributed along the axis of the superstructure was employed
for the deck. It was computed across an equivalent cross-
section for the deck (slab and girders). A rigid link was applied to
connect the slab and girders.

To define the elastomeric bearing model, a spring element was
employed in both longitudinal and transverse directions and
connected to a girder through rigid links. Effective stiffness
K,..r and rotational stiffness K of 2160 kN/m and 5000 kN/rad,
respectively, were used in the SeismoStruct software [32].

To describe the active and passive action of the abutment,
three translational and three rotational linear spring elements
were employed to depict both spring and dashpot elements
connected to the deck. A proposed abutment model developed
by Aviram et al. [36] was used in the analysis. In this model, a
rigid elastic frame element and set of translational springs were
used in the longitudinal, transverse and vertical directions in
place of the abutment. In addition, the length of the rigid elastic
frame element was equal to the width of the superstructure.
Link elements that include three translational springs were
connected at the ends of the rigid frame element.

The abutment is assumed to be designed as perfectly elastic.
The stiffness of the abutment is given by Eq. (9) [371:

Kabut = Kw(hbm/1 ’7) (9)
where K is the initial abutment stiffness adjusted to the
backwall height, K is the initial abutment stiffness based on
test results (11.5 kN/mm/m) (Caltrans Seismic Design Criteria
recommends a value of 14.35 kN for K [38]), w is the backwall
width and h, is the backwall height. A linear gap/hook element
defined in SeismoStruct [32] was used to model the gap
between the deck and abutment.

The shear keys were designed to remain elastic under seismic
excitations. The assumption was that the shear keys contribute
to the stiffness in the transverse direction after the transverse
displacement occurs at the gap value. This prevents excessive
transverse displacement of the deck. Shear keys and a gap
between shear keys and girder existed at abutment level 2. A
spring element was used and shear keys stiffness at the pier
K,e, Was chosen as 500000 kN/m and for the abutments is
equal to the half of stiffness pier shear keys.
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Two lines with seven bearings each were present at the pier top
level. Thus, the total stiffness was considered to be fourteen
times the stiffness of an individual bearing. In addition, there are
two shear keys in each line, i.e., the total is four. The two lines of
bearings were simplified to one.

Figure 3 shows an analytical model of the typical bridge.

Abtument element Elastometric bearing Gap element

element

Ke ,,4
Ae: Deflection gld/’n/(

Elastic linear element //

for cap beam /S g »
_~~ Spring and gap Y
" element for the shear

keys and abutements

Force

Elastic linear 7 ?pring
beam elemeng//‘

o —
%%
iy
Nonlinear beam

/
column element

Pier Cap beam
element element

Steel

Spring

Figure 3. Numerical model of bridge
5.3. Selection of ground motions

It is essential to select appropriate ground motions to develop
fragility surface curves for RC bridge piers. In this study, the
design and calculation for bridge structures were performed
according to the Algerian seismic regulation code for bridge
structures RPOA 2008 [6].

In Algeria, the seismic zones are classified as |, lla, Ilb and IlI.
Furthermore, four soil types are defined: S1 (hard rock), S2
(dense), S3 (soft) and S& (very soft). These classifications are
based on the shear velocity V_ . Sixty ground motions were
selected from the NGA-West2 earthquake database [39] and
classified into four sets (see Figure 4).

S1 ' S2

‘ —— Original records
—— RPOA spectra
— -Mean

—— Original records
15 A | — RPOA spectra

Salg]

0 1 2 3 A

Period [s] Period [s]

S3 St

—— Original records
— RPOA spectra
= -Mean

—— Original records
—RPOA spectra
— -Mean

Salg]

2
Period [s] Period [s]

Figure 4. Classification of ground motions according to RPOA 2008
spectrum

Each set contains 15 ground-motion records. These ground

motions were selected based on

- The shear wave velocity of the 30 m soil layer (V_ ): V_,
800 m/s for S1, 400 m/s < V_, < 800 m/s for S2, 200 m/s <
V_,, <400 m/s for S3 and 100 m /s < V_ < 200 m/s for S&.

- Magnitude (M ):5<M <8,

- Hypocentral distance (R): 5 < R< 100 km.

): V.

The details of the selected ground motion sets in terms of
the magnitude M , distance R, PGA and shear velocity V_ are
illustrated in Figure 5.
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Number of ground notions

Figure 5. Classification of ground motions according to M, R, PGA
andV

A significant step in the development of fragility curves is to
match the selected motion records in terms of the spectral
characteristics to ensure an accurate representation of the
seismic hazard in the selected records. Furthermore, this
spectral matching provides a highly effective tool to ensure
that the scaling factors remain consistent during the IDA.
SeismoMatch software [40] was used to conduct this process.
Each accelerogram was adjusted according to the specific
target response spectrum in this matching procedure without
significant variation in frequency.

Matching was conducted in the period range, which was
assumed to be from T, to T, as specified in RPOA 2008 [6]. Here,
T, is the lower limit and T, is the upper limit of the constant
spectral acceleration period. The different response spectra
related to the period of the soil are tabulated in Table 2. No
requirements are specified in Sections 4.3.3.2 and 4.3.3.3 (time
history analysis and non-linear time-history analysis) of RPOA
2008 [6] for the scenario wherein the fundamental period
exceeds the T, value of the seismic response spectrum.

Table 2. Values of T, and T, in RPOA 2008

) r%Slte class s1 2 s3 i
Period —
T, [s] 0.15 0.15 0.20 0.20
T, [s] 0.3 0.4 0.5 0.7
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According to the RPOA 2008 [6], the normalised acceleration
spectrum is given by Eq. (10):

AgS[1+(T/Ty(2.57-1)] 0<T<T,
2,5nAgS T,<T<T,
Sae(T|§)(m/SZ) = 179 ! 2 (10)
2,5nAgS(T, /T) T,<T <30
2,57AgS(3T, I T?) 30<T
where:
S_.(T) - the elastic spectral acceleration
T - the vibration period
g - the gravitational acceleration (= 9,81 m/s?)
A - the acceleration coefficient of the zone
S - the soil factor
n - a correction factor for the damping ratio C.

The mean response spectrum of the matched ground motion
records and the target response spectrum are shown in Figure 6.

14

— S1: Hard rock
——S2: Dense

S3: Soft

Sk: Very loose

1.2

104 ¢

.

Salg]

Period [s]

Figure 6. Mean response spectrums matched with the RPOA 2008
spectrum

5.4. Modal analysis

A modal analysis was conducted on the model bridge to
understand its dynamic characteristics. Modal response results
including modal periods served as the main parameters in
the response spectrum analysis and time history analysis.

Mode 1 - Transverse

Figure 7. Mode shapes of selected bridge

Therefore, the seismic demand and structural response of the
bridge could be evaluated efficiently.

Figure 7 illustrates that the principal mode shapes of the study
involve the transverse and longitudinal translation and global
torsion of the bridge. Table 3 summarises the modal analysis
results including the periods and frequencies. Table 3 displays
the period values for modal analysis.

Table 3. Modal analysis results

Mode Mode 1 Mode 2 Mode 3
Period [s] 1.182 0.743 0.587
Frequency [Hz] 0.846 1.346 1.703

6. Fragility analysis
6.1. Scalar-valued fragility functions
6.1.1. Selection of examined seismic intensity measures

Various potential IMs were examined and the optimal one for
analysis was selected to predict the response of RC bridge piers.
Subsequently, the impact of the optimal IM on the fragility curve
development was investigated.

This study used a collection of ten widely used IMs including
amplitude and spectrum parameters, to investigate and select
the most suitable IMs (Table 4). IMs are generally classified
into acceleration, velocity and displacement types based on
the physical properties. PGA, ASI, Sa(T)), Sa ,, Sa,, and la are
categorized as acceleration type; PGV, VSland CAV are categorized
as velocity type and PGD is categorized as displacement type.

6.1.2. Correlation analysis

The correlation of the IMs considered was analysed by a linear
regression between In (DM) and In (IM). R? represents the
correlation coefficient. It is an indicator of the accuracy of the
regressionin Eq. (2) and matches the computed seismic demand
of the RC bridge piers. Figure 8illustrates the regression analysis
between the ten selected seismic IMs and the DM.
Following the above introduction, an optimal IM was assumed
to have higher R? values than the other IMs. For the 10 IMs
considered in Table 4, the calculated R?
values for the DM are displayed in Figure
Mode 3 - Torsion 9. Sa(T,, 5 %) is the most correlated IM
= _ among those examined. It is followed by
VSl and ASI. The corresponding R? values
are 0.974, 0.954 and 0.944, respectively.
It can be demonstrated that the R? values
are close to unity. Furthermore, the
lowest correlation of IM with DM (see
Figure 9) is for PGD, with R? = 0.543. It is
followed by | and CAV (R? = 0.8 and 0.81,
respectively).
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Table 4. Intensity measures used in the analysis

No Symbol Eq. unity Description
1 PGA max(|di(8)]) g Peak ground acceleration [41]
2 PGV max(ju(d)]) m/s Peak ground velocity [41]
3 PGD max(|u(d)]) m Peak ground displacement [41]
[
4 CAV I(|U(ﬂ|dt m/s Cumulative absolute velocity [£1]
0
fo
cos&E [
5 I —— j(”(ﬂ)dt m/s Arias intensity [42]
g1-¢&4
6 Sa(T,, 5%) SAT. 8 g Spectral acceleration in the first period
Sa,, S 7;'2, é) g Spectral accelerationat 0.2 s
8 Sa,, Su(Tw, é) g Spectral accelerationat 1.0 s
05
9 ASI Vsl = IS,,(T. &=5%)dT g's Acceleration spectrum intensity [43]
0,1
25
10 VS| Vsl = JSV(E E=5%)dT m Velocity spectrum intensity [43]
01

0 0
-1 -1
-2 -2
= = s
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-— o - |
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Figure 8. Regression analysis for the 10 IMs

y %
T T T T T T T T T 1
PGA PGV PGD CAV la Sa(T,) Sa,, Sa,,ASl VS|

IMs

Figure 9. Regression parameter R? for the 10
IMs

6.1.3. Efficiency analysis

An efficient IM for a given DM for a
specific purpose has the potential to
decrease the variation in the seismic
demand estimate. A lower standard
deviation B, (see Eq. (11)) indicates a
more efficient IM:

N
Z[ln(DM,- —In(alMP )T

= (11)
Poim = N_2

The calculated standard deviations B,
 for the 10 IMs are illustrated in Figure
10. From the above, it is concluded that
Sa(T,, 5 %) is the most efficient IM with
the lowest standard deviation (0.198).
In addition, VSI and Sa,; are the most
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efficient IM among those evaluated. For the other IMs, the B,
w Values are 0.206 and 0.399, respectively. Meanwhile, the PGD
has the lowest efficiency, with the highest standard deviation
(0.832) among the IMs investigated. It is followed by |_ and CAV
(0.547 and 0.538, respectively).

084

06

D/IM

04

024

00 T 1
ASI VSI

10

T T T T T T T T
PGA PGV PGD CAV la Sa[T) Sa, Sa
IMs

Figure 10. Regression parameter 3, , for the 10 IMs
6.1.4 Practicality analysis

A measure of the dependence of the structural response demand
on IM is practicality. The slope b in Eg. (2) is used to depict this
dependence. It generally fits only the linear regression model. A higher
b indicates that the IM examined contributes more significantly to
the structural response demand. Therefore, this IM is more practical.
The calculated slopes b for the IMs examined are shown in Figure
11. The figure shows that Sa(T,, 5 %), the VSl and Sa,, are the most
practical IMs. Their b values are 1.445, 1.442 and 1.346, respectively.
Meanwhile, the PGD, |, and the CAV are the least practical of the IMs
reviewed, with b values of 0.769, 1.211 and 1.255, respectively.

204"
12

084

04

00 T T T T T T T T T 1
PGA PGV PGD CAV la SaT) Sa, Sa, ASI VSI

10
IMs

Figure 11. Regression parameter b for the 10 IMs
6.1.5. Proficiency analysis
According to Eq. (12), the proficiency ¢ represents a compound

measurement of the practicality and efficiency. A lower value of
Cis typically provided with a more efficient IM.

_ Boum

=)

(12)

The resulting calculation of the 10 IMs examined is shown in Figure
12. From this, Sa(T1, 5 %) is the most proficient IM, as demonstrated
by the lowest value of 0.137. It is followed by VSI and Sa, with
values of 0.143 and 0.303, respectively. However, the PGD is the
least proficient measure (1.082) among the IMs examined. It is
followed by |_and CAV (0.452 and 0.428, respectively).

2090

1,64

1,24

0.8

04

0'0 T T T T T T T T T 1
PGA PGV PGD CAV la SalT) Sa, Sa, ASI VSl

10
IMs

Figure 12. Regression parameter ( for the 10 IMs
6.1.6. Selection of optimal intensity measures

Table 5 reveals the three IMs to be the most correlated, efficient,
practical and proficient based on the previous analyses. Sa(T,
5 %), the VS| and Sa,, appeared to be the best seismic IMs for
the vulnerability analysis of the selected RC bridge piers. In
this study, the optimal IM was Sa(T,, 5 %). It had the highest
correlation, efficiency, practicality and proficiency.

Table 5. The regression parameters

Gradevinar 6/2023

M A b R
PGA 2382 1.346 0.871
PGV 8391 1.317 09
PGD 6.120 0.769 0.543
CAV 12.908 1.255 0.809

I 4.702 1211 0.801

SafT,. 5%) 2.046 1.445 0.974
Sa,, 3.583 1.343 0.86
Sa,, 2304 1.416 0.884

AS 2225 1.371 0.944

Vsl 10.702 1.442 0.954

6.1.7. Proposed scalar-valued fragility functions

According to Table 4, a seismic fragility analysis and an
earthquake damage assessment of the typical RC bridge piers

GRADEVINAR 75 (2023) 6, 577-590
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Figure 13. IDA curve of the selected RC pier bridges for the 10 IMs
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Figure 14. Scalar-valued fragility curves for RC pier bridges in terms
of Sa(T,, 5 %)

were performed by implementing IDA [22]. IDA is widely used to
evaluate the performance of bridges and components subjected
to earthquakes [29, 44, 45].

A series of ground motion data is fed into the model with increasing
intensity until a structural deficit is identified. A relationship between
the IM and the structural damage indicator DM can be observed in

the IDA curves. The step size of the selected
ground motion in this work was 2 g and
the step size increment was 0.1 g. Figure
13 shows The IDA curve of the selected
RC bridge piers according to the IDA of the
calculation of the 10 examined IMs.

It can be concluded from Figure 13 and
Table 5 that Sa(T,, 5 %) is a scalar-valued
fragility function. The mean and standard
deviation of the fragility functions for the
bridge pier in four limit/damage states
are presented in Table 6.

Table 6. Mean and standard deviation of
fragility

Damage

Mean

()

Standard
deviation (o)

Minor

0.58

0.198

Moderate

0.62

0.198

Extensive

1.02

0.195

Collapse

2.65

0.191

The fragility curves for minor, moderate,
extensive and collapse damage in terms
of scalar-valued IM Sa(T, 5 %) are
illustrated in Figure 14.

6.2. Vector-valued fragility functions

Assume that an IM vector is composed of IM, and IM, and that
In (IM) follows a linear relationship with In (EDP). Thus, this
relationship can be represented as a multiple linear regression
model:

IN(EDP) = b, + b,(IM,) + b,(IM,) (13)
The Pearson correlation coefficients between the different IMs
were determined using Eq. (14). R* is a statistical measure that
reflects the predictive power of the regression equation and
measures its success:

Z[In(EDP,-)—In(Ef)P)T

R?=1- >
Z[ln(EDP,-)—ln(EE)P)J

(14)

where In(EDP) is the logarithmic regression mean of the EDP; In
(EDP) is the logarithmic value of the sample of EDP; and b, b,
and b, represent the regression coefficients.

The correlations obtained using multiple linear regression
analysis are illustrated in Figure 15. The figure shows various
colours corresponding to the correlation coefficients. The
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IMs whose values are close to one were selected as vectors.
The pairs Sa(T,)-Sa,, Sa(T,)-VSI and Sa, -VSI indicate high
correlations (1, 0.99 and 0.99, respectively). Meanwhile, the
pairs PGD-I, PGD-CAV and PGD-5a,, exhibit weak correlations
(0.56, 0.59 and 0.66, respectively).

10

09

1
B

CAV |0.85 0.84 [okstel 1

ASI

PGA PGV PGD CAV la

Sa(T,) Sa,, Sa.

ASI VSI

10

Figure 15. Pearson'’s coefficient of multiple correlations

The selection principle of the two IMs is to ensure that both
are strongly correlated with the safety factor. In contrast,
the correlation between the two measures should be
minimum. These two conditions generally cannot be satisfied
simultaneously [19].

For this study, based on the above and considering these two
requirements synthetically, Sa(T1, 5 %) and VS| were designated
as the spectrum IM and velocity IM,
respectively. Therefore, Sa(T,, 5 %) and
VSl were selected as vector-valued
from the above selection principle of
the two IMs. The damage measurement
progression of the DM with both Sa(T,, 5
%) and VSI for the RC bridge piers studied
is illustrated in Figure 16.

The scatter points depict the
corresponding DM values under
increasing intensity for the typical RC
bridge piers investigated using the
selected ground motions. The surface
plot displays the regression fit surface
for these DM values. It is shown in
Eq. (15) with R? = 0.991 and standard
deviation B, = 0.154:

Probability

Probability

InDM = 2,582 + 1,32InSa(T,,5 %)
+1,311InVS/ (15)

IThe R? values in the case of the vector-
valued IM (Sa(T, 5 %), VSI) are marginally

higher than those in the case of a and Vsl

scalar-valued IM (i.e. 0.974 for Sa(T,, 5 %) or 0.954 for VSI). This
demonstrates that the vector-valued IM Sa(T,, 5 %), VSI has a
better correlation relationship with the DM.

Ln (DM)

Figure 16. Evolution of the damage measure (DM) with Sa(T1, 5 %)
and VSl

6.2.1. Proposed vector-valued fragility functions

There are various advantages of vector-valued IMs compared to
scalar IMs for assessing the seismic demand by a probabilistic
approach. One of these is that a vector-valued IM significantly
reduces the fragility function dispersion. In contrast, considering
only an intensity parameter and scalar-valued fragility curves
can vield different exceedance probabilities, which depend on
the selected IM. Coupling two IMs provides an opportunity to

£
Probability

o
Probability

2
%

o
m?vc)%\\‘

Figure 17. Vector-valued fragility surfaces for typical RC pier bridges based on Sa(T,, 5 %)
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develop a robust fragility function in terms of standard fragility
curves, which can be incorporated into seismic risk assessment.
The minor, moderate, extensive and collapse damage fragility
surfaces for the vector-valued IM (Sa(T,. 5 %), VSI) are depicted
in Figure 17.

6.2.2. Comparisons of the scalar- and vector-valued
fragility functions

The effect of the second IM was investigated based on
fragility surfaces in this study. Univariate fragility curves were
constructed with a constant second IM (VSI). In addition, the
resultant and scalar fragility curves (constructed according to
the first IM (Sa(T,, 5 %))) were compared.

The scalar and vector fragility surface intervals are compared in
Figure 18 for minor, moderate, extensive and collapse damage.
Here, the V/SI constant is set to 1, 2, 3, 4 and 5 m, respectively. The
vertical lines represent the values of Sa(T,) with the lower limit of the
constant spectral acceleration period T, corresponding to the four
soil classes S1, S2, S3 and S specified in the RPOA 2008 code [6].
A significant effect of the second IM for damage probability is
observed numerically in the results. In addition, the fragility
curves of scalar values can underestimate or overestimate the
damage probability (as observed in Figure 18).

Fragility curves can induce an underestimated damage
probability under earthquake events with VSI > 3 m. It generates
an overestimated damage probability under seismic events
with VSI < 3 m for the RC pier bridge.

This investigation of the RC bridge piers also demonstrated that
vector-valued fragility curves have better and more relevant

information for evaluating the seismic performance, compared
with scalar fragility curves.

S4 I winor
\: Moderate
[ Extensice
- Collapse

S3

S2

S1

T T T T T T T T

I~
0
=
o
=
©

20

Underestimated [%] Overestimated [%]

Figure 19. Underestimation and overestimation of the probability of
the four damage states

Figure 19 summarises the underestimation and overestimation
of the probability of the four damage states between the
scalar and vector fragility surfaces for the four soil classes
S1, 52, S3 and S4 specified in the RPOA 2008 code [6]. A high
overestimated value of 19 % was observed in the extensive
damage corresponding to the S2 soil and a high underestimated
value of 12 % was observed in the extensive damage
corresponding to the S1 sail.

0 - - 0 ' ' 7. Conclusion
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744
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7 —usi-2m / o ele2m The fragility of typical Algerian RC
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—\Vsl=4m —\Vsl=4m bridge piers was examined in this study.
£ 05 —si-sm[] £ 06 ——VSl=5m| ] g P ) Y
3 — — Scaler 3 — — Scaler The seismic demands were calculated
8 8 . .
S o4 S oa under 60 ground motions by numerical
o HHEE o HEEE ;
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Z (5505 HEIEE
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Figure 18. Comparison of fragility surface and fragility curve

Sa(T,, 5%) [g]

IM in the bridge fragility analysis.
The following conclusions can be drawn
from this study:
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The correlation, efficiency, practicality and proficiency were
examined based on the 10 selected IMs for a typical RC bridge
pier. Sa(T,, 5 %), VSI and Sa,, were observed to be better IMs
for fragility analysis with a scalar value. In addition, Sa(T,, 5 %)
was identified as the optimal IM based on its high correlation,
efficiency, practicality and proficiency compared to of the other
IMs.

The fragility curves using scalar values for the optimal IM
Sa(T,, 5 %) were developed. Vector-valued IMs based on the
fragility functions were developed for the RC bridge piers to
determine the exceedance probability of various damage states
as a function of two IMs (Sa(T,, 5 %), VSI). Unlike a scalar IM,
the vector IM composed of two IM Sa(T,, 5 %) and VSI displayed
better correlation and efficiency toward the seismic demand.
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