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Abstract After the mainshock of an earthquake, the major concerns are their serviceability
of damaged structures or safety when subjected aftershocks. How to choose the appropriate
maintenance actions for damaged structures in their limited post-mainshock service periods
is important. To consider the effect of aftershock events on the deterioration of structural
performance, reduction factors of seismic capacity for specified damage states based on
experimental data are used in the reliability analysis. Additionally, this work proposes an
integral method that can analyze the time-dependent capacity of a mainshock-damaged RC
pier and simulate aftershock events within a specified period after the mainshock of an
earthquake, while at the same time considering cumulative damage induced by ground
motions. To determine the post-mainshock service period for a mainshock-damaged RC
pier located in a region with high seismic hazard induced by the aftershock, the proposed
assessment method is applied to derive its reliability function of a specified damage state.
Finally, the proposed procedure for the reliability function for a specified limit state is then
applied to a case study of typical RC piers in Taiwan to demonstrate its applicability.

Keywords Reliability - Aftershock - Reduction factor - Reinforced concrete -
Cumulative damage

1 Introduction

Losses from earthquakes can be disastrous. The scientific community has devoted a sig-
nificant amount of effort to developing earthquake forecasting and warning systems,
seismic design and retrofit technology, and disaster prevention and reduction systems.
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However, a well-constructed civil structure, which meets seismic design code, may still be
damaged by an earthquake because design objectives allow for acceptable damage under
large earthquakes. Furthermore, inspection and management of civil structures after the
mainshock of an earthquake are challenging. The mainshock of an earthquake is typically
followed by a number of aftershocks (usually smaller in magnitude) which occur in a
limited area (i.e., the aftershock zone) around the epicenter of the mainshock. This
sequence of aftershock events can last for months. Although these events are smaller in
magnitude than the mainshock, they can be destructive.

When a large earthquake occurs, the residual seismic capacity of bridge or building will
be determined based on the mainshock-induced damage levels. Additionally, post-main-
shock deterioration of a structure due to a sequence of aftershocks may be an obstacle to re-
occupancy. After the mainshock of an earthquake, the major concerns are their service-
ability of damaged structures or safety when subjected aftershocks. How to choose and
when to start the appropriate maintenance actions and for damaged structures in a post-
earthquake period are important issues. Restated, decision variables (DVs) may be very
dependent of post-mainshock performance of (possibly mainshock-damaged) structures in
the aftershock environment when the rate of ground motion occurrence is high (Jalayer
et al. 2011).

In general, to prevent damage and to repair a damaged community as rapidly as pos-
sible, engineers conduct post-earthquake/mainshock damage assessments immediately via
site inspections of structural components. The main goal is to identify damaged structures
and those in danger of collapse. For structures in Taiwan, damage is signified be a yellow
or red tag, which warns people or prohibits access, respectively. Unless a building is totally
damaged or collapsed, or the drift ratio exceeds the collapse criteria, engineers without a
detailed financial loss estimation have difficulty deciding whether a building with badly
damaged structural components is worth retrofitting or must be demolished. Based on some
post-earthquake damage data for reinforced concrete (RC) residential buildings in Taiwan,
Xue et al. (2009) linked inspection-determined component damage level, building damage
state, and direct financial loss in terms of repair-to-replacement cost ratio. In the research
conducted by Xue et al. (2009), damage to structural components are quantified by a set of
damage factors, which are then integrated to create a building damage indicator. Addi-
tionally, the building repair-to-replacement cost ratio and story repair-to-replacement cost
ratio for various damage levels of RC residential buildings have been estimated. With these
statistical data, relationships between a building damage indicator and the repair-to-re-
placement cost ratio have been constructed from regression analysis by Xue et al. (2009).
However, the damage factor (DF) of a structural component was not derived on the basis of
the mechanical behavior of structural component. Obviously, DF is difficult to be applied
to assess the residual seismic capacity of a structural component. However, reduction
factors of seismic capacity for specified damage states are indispensable information to
consider the effect of aftershock events on the deterioration of structural performance.
Therefore, reduction factors of seismic capacity for RC members with specified damage
states should be suggested on the basis of the experimental data. Additionally, for RC
structures, how to simulate the cumulative damage induced by aftershock events for is still
an inevitable problem in the post-earthquake maintenance. In brief, an assessment method
that can be applied to derive the reliability function of a specified damage state for a
mainshock-damaged RC structure located in a region with high seismic hazard induced by
the aftershock is needed in the post-earthquake inspection and management of civil
structures.
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1.1 Literature review

Yeo and Cornell (2009) developed formal stochastic estimation models for expected
financial loss over the lifetime of a building due to the mainshock and the subsequent
aftershock sequence. In the reference (Yeo and Cornell 2009), mainshocks were typically
modeled as a homogeneous Poisson process with a constant mean occurrence rate, while
aftershocks were modeled as a non-homogeneous process with random magnitudes and
parameters that were conditional on the random mainshock. However, almost every
engineering system deteriorates over time due to exposure to extreme conditions and
during routine use. Deterioration is a serious concern in engineering because it can con-
siderably reduce the life and reliability of systems (Kumar and Gardoni 2014). Kumar and
Gardoni (2014) proposed a novel probabilistic formulation for LCA of deteriorating sys-
tems named renewal theory-based life-cycle analysis (RTLCA). The RTLCA formulation
was built based on renewal theory and proposes analytical solutions for the desired LCA
variables using numerically solvable integral equations. Additionally, it can account for the
accumulated seismic damage in the bridge columns caused by the earthquakes occurring
during the bridge’s life cycle. Taking a bridge for an example in Kumar and Gardoni
(2014), the analysis results provided valuable insight into the importance of seismic
damage in a bridge’s life-cycle performance and the strategies to operate a system in an
optimal manner.

Kumar et al. (2015) modeled the deterioration process as a combination of shock and
gradual processes, which are independent of each other. The model proposed by Kumar
et al. (2015) account for the effects of deterioration on both capacity of a system and the
imposed demands on the system. The framework can account for two types of failure:
demand exceeding capacity and accumulated damage exceeding allowable limit. Addi-
tionally, an accurate and computationally efficient semi-analytical solution and an
approximate solution are proposed to estimate the time to failure. However, Kumar et al.
(2015) excluded damage-dependent structural properties in the shock deterioration
process.

For post-earthquake damage evaluation and retrofitting, the guidelines (JBDPA 2001)
developed in 1991 were revised in 2001 based on lessons learned from disastrous
earthquakes such as 1995 Hyogo-Ken-Nanbu (Kobe) earthquake (Maeda and Kang 2009;
Chiu et al. 2014a). In the guidelines stated in JBDPA (2001), damage state categories for
structural members are divided into five levels (Table 1). According to disastrous
earthquakes in Japan, the damage states of vertical members in a building markedly
influence a building’s seismic capacity. Therefore, the guidelines identify and classify
damage to columns and walls rather than to beams (Nakano et al. 2004). On the basis of
the definition of each damage state (Table 1) stated in the research conducted by Maeda
and Kang (2009) and Chiu et al. (2014a), Fig. 1 shows a ductile member deformed up to
its maximum lateral strength after the yielding point of tensile rebars embedded in the
member was reached. Obviously, after reaching maximum strength, the reduction in the
strength of a ductile member is relatively small. Additionally, the damage state for a
brittle member is similar to that of a ductile member up to maximum strength (Fig. 2).
However, diagonal or X-shaped cracks may occur in damage levels I, II, and III. After
maximum strength is reached, a significant reduction in both lateral and vertical strength
may occur (damage level IV).
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Table 1 Definition of damage levels for structural members (JBDPA 2001)

Damage level Description of the corresponding damage state

I—Non-damage Visible narrow cracks on concrete surface. Crack widths are less than 0.2 mm

II—Slight damage Visible cracks on concrete surfaces. Cracks widths range from about 0.2 to 1 mm

III—Moderate Noticeable wide cracks. Cracks widths range from about 1 to 2 mm. Localized
damage crushing of concrete cover

IV—Severe damage Crack widths are greater than 2 mm. Crushing of concrete with exposed reinforcing
bars. Spalling of cover concrete
V—Total Buckling of reinforcing bars. Crushing of core concrete. Visible vertical deformation
damage/collapse in columns and/or shear walls. Side sway, subsidence of upper floors, and/or
fracture of reinforcing bars are observes in some cases
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Fig. 1 Approximated lateral force—displacement relationships and damage levels for ductile members
(JBDPA 2001)

1.2 Main purpose of this paper

The main purpose of this paper is to propose a seismic reliability assessment method for
mainshock-damaged RC piers that can provide useful information to help engineers assess
their safety or serviceability in a specified post-mainshock period. In the proposed method,
reduction factors of seismic capacity for specified damage states are indispensable infor-
mation for considering the effect of aftershock events on the deterioration of structural
performance. However, according to the literature review, reduction factors of seismic
capacity for RC bridge piers with specified damage states are still insufficient. In this work,
experimental data for several full-size column specimens with various failure modes
(flexural, flexural-shear, and shear failure) are used to suggest reduction factors of seismic
capacity for specified damage states described in JBDPA (2001). While reduction factors
of seismic capacity are defined based on the residual capacity of energy dissipation under
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Fig. 2 Approximated lateral force—displacement relationships and damage levels for brittle members
(JBDPA 2001)

cyclic loading, nonlinear dynamic analysis of a single-degree-of-freedom (SDOF) system
for RC column specimens is conducted to discuss suggested reduction factors.

To identify the effect of aftershock events on the deterioration of structural perfor-
mance, this work applies an integral simulation method. The proposed method can analyze
the time-dependent structural capacity of a mainshock-damaged RC pier and simulate
aftershock events within a specified period after the mainshock of an earthquake, while at
the same time considering cumulative damage induced by ground motions. Compared with
previous studies, this work considers the damage states induced by aftershock events in an
earthquake are not independent. To consider the cumulative damage induced by aftershock
events on the reliability function of a specified damage state, aftershock events are sim-
ulated and the Markov chain model is utilized to estimate the occurrence probability of a
specified damage state. We assume the number of aftershocks follows Omori’s law when
analyzing the cumulative density function (CDF) of the magnitude of the aftershock within
a specified post-mainshock period for an earthquake. Because a pier’s structural capacity
has several uncertainties, redactor factors of seismic capacity induced by the mainshock
and aftershock, Monte Carlo simulation (MCS) is applied. Finally, the proposed procedure
for the reliability function for a specified limit state is then applied to a case study of
typical RC piers in Taiwan to demonstrate its applicability.

2 Seismic capacity reduction for damaged RC columns

Experimental data for RC column specimens are used to derive reduction factors of seismic
capacity for damaged RC columns. Additionally, this work adopts nonlinear dynamic
analysis for the SDOF system of each RC column specimen to verify the application of the
suggested reduction factors of seismic capacity for damaged RC columns. For the
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convenience of engineers, relationships between reduction factors, maximum residual
cracking widths, and damage levels are also proposed.

2.1 Definition of reduction factors for damaged RC columns

According to Maeda et al. (2004), deterioration of seismic capacity for a damaged struc-
tural member can be estimated using energy dissipation capacity. Therefore, the reduction
factor of seismic capacity for a damaged structural member can be defined as the ratio of
residual capacity of energy dissipation to the initial capacity of dissipation energy (Fig. 3),
and the reduction factor can be estimated using Eq. (1). For column specimens tested in a
laboratory, the maximum response deformations under cyclic loading and the residual
deformations during the unloading process can be observed to derive the dissipated energy.
Then, a relationship between reduction factors of seismic capacity and residual deforma-
tions can be constructed using test results.

_ E E
CEit+E K

n (1)
where 7 is the reduction factor of seismic capacity; Eq is dissipated energy; E, is residual
energy dissipation capacity; and E, is original energy dissipation capacity (Eq + E, = E)).
For the convenience of engineers, reduction factors of seismic capacity should connect
residual cracking widths with damage states of RC columns based on experimental data or
analytical results. Maeda and Bunno (2001) suggested that a simplified geometric model
can be used to simulate the relationship between maximum residual cracking widths and
residual deformations for an RC column. Furthermore, they assumed the residual defor-
mation of an RC column equals the sum of residual flexural deformation and residual shear
deformation, which can be obtained from maximum residual shear and flexural crack
widths, respectively, as in Eq. (2).
max
d0=0¢+0s = %h + W™ ngcos w (2)
where J; is the residual flexural deformation of a column; J; is the residual shear defor-
mation of a column; W is the maximum residual shear crack width of a column
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Fig. 3 Energy dissipation capacity of damaged structural members

@ Springer



Nat Hazards (2017) 87:1333-1359 1339

(measured); W™ is the maximum residual flexural crack width of a column (measured); w
is the angle between the shear crack and the vertical direction of column (45° is assumed
herein); ng is the ratio of total width of the residual shear crack to the maximum residual
shear crack width (3~ W,/W™); n; is the ratio of total width of the residual flexural crack
to the maximum residual flexural crack width O Wy/W*); D is column depth; A is
column clear height; and x is the distance from the most outside compression fiber to the
neutral axis (0.2D is assumed herein).

Since the residual flexural deformation of an RC column can be approximately eval-
uated by the rigid body rotation (Maeda and Bunno 2001), the summation of residual

flexural cracking widths measured in an RC column can be assumed equal to Ry x D (D is
W g
D

the depth of column; Ry is the residual flexural rotation angle and equal to —5—-) as shown
in Fig. 4. Additionally, the summation of residual flexural cracking widths can also be
estimated using the product of the maximum residual flexural cracking width and the
parameter ng, which means the ratio of the total width of residual flexural cracks to the
maximum residual flexural cracking width, as shown in the first item of Eq. (2). For the
residual shear deformation of an RC column, since the angle of shear crack is assumed to
be 45°, it can be estimated using the product of the maximum residual shear cracking width
and the parameter n;, which means the ratio of the total width of residual shear cracks to
the maximum residual shear cracking width, as shown in the second item of Eq. (2).
According to the research conducted by Choi et al. (2006), the total width of residual
flexural/shear cracks and the maximum residual flexural/shear crack width tend to increase
linearly with the peak drift ratio increasing after residual crack occurred, and the param-
eters ny and ng approximately are D/2s (s is the spacing of transverse reinforcement).

2.2 Experimental data for RC column specimens

The work uses RC column specimens with various failure modes—flexural failure, flex-
ural-shear failure, and shear failure—to identify reduction factors of seismic capacity.
Experimental data are acquired from NCREE (National Center for Research on Earthquake
Engineering, Taiwan) and JSCE (Japan Society of Civil Engineers, Japan), for 16 columns
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Fig. 4 Simplified crack-deformation model of column
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(6 column specimens with flexural failure; 4 with shear failure; and 6 with flexural-shear
failure). Table 2 lists the properties of all specimens. Table 3 shows yielding strength,
yielding displacement, ultimate displacement, and ductility of each column specimen with
flexural failure, i.e., BMRC1, NEWRCI, NEWRC2, NEWRC4, and NEWRCS.

2.3 Reduction factors of seismic capacity for damaged RC columns

For each specimen, residual and maximum drift ratios/deformations can be determined
from its experimental lateral force—displacement curve, which are then used to define
damage levels and their corresponding reduction factors of seismic capacity. Reduction
factors decreased as residual drift ratios increased. Notably, seismic capacity of RC column
specimens with shear failure declined significantly as residual drift ratios increased.
Moreover, for any structure, columns with shear failure adversely affect its safety.
Therefore, reduction factors of RC columns with shear failure should be determined
conservatively. On the basis of the residual crack-deformation model in Sect. 2.1, residual
deformations are utilized to calculate their corresponding maximum residual crack widths
at various residual drift ratios.

According to the descriptions of damage states for RC columns (Table 1), maximum
residual crack widths are used to classify damage levels on lateral force—displacement
curves and estimate their corresponding seismic capacity reduction factors. Figure 5 shows
the relationships between maximum residual crack widths and reduction factors for column
specimens. These relationships can be important information for engineers when con-
ducting post-mainshock inspections of damaged structures.

Compared to the reduction factors in Japan’s guidelines (JBDPA 2001) for RC columns
with flexural failure (Table 4a), the mean value of reduction factors in damage level I is
smaller than the guideline’s value, but the difference is insignificant. Additionally, the
mean value of reduction factors corresponding to other damage levels is slightly higher
than the guideline’s values.

For RC columns with flexural-shear failure (Table 4b), the mean values of reduction
factors obtained in this work are in the range of reduction factors for brittle and ductile
members suggested in Japan’s guideline, except for those in damage level I JBPDA 2001).
For RC columns with shear failure (Table 4c), the mean values of reduction factors
obtained in this work exceed the guideline’s values, except for those in damage level I.
Because shear failure of a column may adversely affect the safety of the entire structure,
we suggest using a reduction factor for damage level IV of zero, which is the same as in
Japan’s guideline. Therefore, on the basis of the experimental data, we suggest modified
reduction factors for the seismic capacity for damaged RC columns with various failure
modes (Table 5). The following section uses nonlinear dynamic analyses of an SDOF
system for specimens to investigate the application of the suggested reduction factors.

2.4 Reduction factor of seismic capacity defined by nonlinear dynamic
analysis

To investigate reduction factors of seismic capacity for RC column specimens, nonlinear
dynamic analysis was applied. In this analysis, we assume when a specified ground motion
causes an RC column without any damage to have damage level V (total damage or
collapse), the intensity of ground motion can be regarded as the original seismic capacity
of the column, Ag,. Furthermore, two sequential ground motions are applied to an RC
column specimen to investigate its residual seismic capacity: The first ground motion
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Table 2 Properties of all selected specimens

Parameters of specimen Name of specimen

BMRC1 NEWRC1 NEWRC2 NEWRC4 NEWRCS5 JSCE24

(a) Column specimens with flexural failure

Width (cm) 60 50 50 50 50 50

Depth (cm) 60 50 50 50 50 50

Clear height (cm) 360 360 360 360 360 215

Thickness of concrete cover 4 4 4 4 4 4
(cm)

Compressive strength of 37.4 82.5 82.5 82.5 82.5 -
concrete (MPa)

Yielding stress of longitudinal =~ 544.3 750.5 750.5 750.5 750.5 -
reinforcement (MPa)

Yielding stress of transverse 347.6 828.5 828.5 828.5 347.6 -
reinforcement (MPa)

Diameter of longitudinal 2.54 2.54 2.54 2.54 2.54 22and 1.3
reinforcement (cm)

Diameter of transverse 1.27 1.27 1.27 1.27 1.27 0.6
reinforcement (cm)

Spacing of transverse 10 10 20 10 10 13
reinforcement (cm)

Number of longitudinal 16 12 12 12 12 12-2.2 and
reinforcement 16-1.3

Number of transverse 5 4 4 4 4 2
reinforcement (X direction)

Number of transverse 5 4 4 4 4 2
reinforcement (Y direction)

Axial load (kg) 136,000 136,000 136,000 272,000 136,000 -

Parameters of specimen

Name of specimen

JSCE02 JSCEO03 JSCE04 JSCEO5 JSCE14 JSCE20

(b) Specimen columns with flexural-shear failure

Width (cm) 90
Depth (cm) 40
Clear height (cm) 100
Thickness of concrete cover (cm) 4
Diameter of longitudinal reinforcement 1
(cm)
Diameter of transverse reinforcement (cm) 0.6
Spacing of transverse reinforcement (cm) 15
Number of longitudinal reinforcement 34
Number of transverse reinforcement 6
(X direction)
Number of transverse reinforcement 2
(Y direction)

90
40
100

0.6
15
38

40
40
124.5

1.3

0.6

20

50
50
235

0.6
25
56

125
40
190

0.6
12
66
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Table 2 continued

Parameters of specimen Name of specimen

Al A2 A3 A4

(c) Column specimens with shear failure

Width (cm) 60 60 60 60
Depth (cm) 60 60 60 60
Clear height (cm) 180 180 180 180
Thickness of concrete cover (cm) 4 4 4 4
Compressive strength of concrete (MPa) 94.3 101.8 98.7 109.2
Yielding stress of longitudinal reinforcement (MPa) 749.3 749.3 749.3 749.3
Yielding stress of transverse reinforcement (MPa) 878.7 878.7 878.7 878.7
Diameter of longitudinal reinforcement (cm) 3.22 3.22 3.22 3.22
Diameter of transverse reinforcement (cm) 1.27 1.27 1.27 1.27
Spacing of transverse reinforcement (cm) 45 45 26 26
Number of longitudinal reinforcement 16 16 16 16
Number of transverse reinforcement (X direction) 3 3 3 3
Number of transverse reinforcement (Y direction) 3 3 3 3
Axial load (kg) 339,000 367,000 355,000 393,000

Table 3 Experimental results
for BMRC1, NEWRCI,
NEWRC2, NEWRC4, and

Name of specimen  Fy (kN) &, (cm)  J, (cm)  Ductility (n)

NEWRC5 BMRCI 351.76 4.98 28.8 5.8
NEWRCI1 286.57 5.89 32.4 5.5
NEWRC2 267.18 5.88 21.6 3.7
NEWRC4 314.01 4.94 28.8 5.8
NEWRCS 279.87 6.21 36.0 5.8

causes the specified damage state, and the second ground motion is used to cause the
column to collapse or be totally damaged. Then, the intensity of the second ground motion
can be regarded as the residual seismic capacity of the column with a specified damage
state, Ag;. Compared to its original seismic capacity, the reduction factor of seismic
capacity can be derived as

Aqgi

'/Idyn Ado (3)
In nonlinear dynamic analysis of an RC column, a hysteretic law is needed to describe
its hysteretic behavior. The first such law was proposed by Clough et al. (1965). A refined
hysteresis model was proposed by Takeda (Takeda et al. 1972). In the Takeda model,
monotonic behavior is described by a trilinear skeleton curve which accounts for concrete
cracking and reinforcing steel yielding. Moreover, hysteretic behavior is described by a
number of rules for unloading and reloading, and it is based on data obtained from
specimens tested in an earthquake simulator. However, failure or extensive damage caused
by shear or bond deterioration was not considered in the model; that is, the Takeda model,

similar to the Clough model, simulates only flexural behavior.
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Fig. 5 Relationship between
maximum residual crack widths
and reduction factors for column
specimens with various failure
modes. a Flexural failure,

b flexural-shear failure, and

¢ shear failure
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Table 4 Reduction factors for seismic capacity of column specimens with various failure modes

Damage level Mean Mean + lo Mean — lo Guideline (ductile)
(a) Flexural failure

Initial 1.00 1.00 1.00 1.00

1 0.93 0.94 0.92 0.95

1I 0.75 0.80 0.70 0.75

I 0.53 0.59 0.47 0.50

v 0.22 0.27 0.16 0.10

A% 0.00 0.00 0.00 0.00

Damage level Mean Mean + lo Mean — lo Guideline (ductile) Guideline (brittle)
(b) Flexural-shear failure

Initial 1.00 1.00 1.00 1.00 1.00

1 0.92 0.95 0.90 0.95 0.95

I 0.64 0.67 0.61 0.75 0.60

I 0.31 0.37 0.26 0.50 0.30

v 0.14 0.16 0.12 0.10 0.00

\Y 0.00 0.00 0.00 0.00 0.00

Damage level Mean Mean + lo Mean — lo Guideline (brittle)
(c) Shear failure

Initial 1.00 1.00 1.00 1.00

I 0.94 0.96 0.93 0.95

I 0.73 0.85 0.61 0.60

111 0.34 0.36 0.32 0.30

v 0.00 0.00 0.00 0.00

v 0.00 0.00 0.00 0.00

Flexural failure The flexural failure mode of a column occurs when the flexural capacity is less than 60 % of
shear capacity

Flexural-shear failure The flexure-shear failure mode of a column occurs when shear force related to
flexural capacity exceeds 60 % of shear capacity and is less than the shear capacity

Shear failure The shear failure mode of a column occurs when flexural capacity exceeds shear capacity

Table 5 Suggested reduction factors for seismic capacity of damaged RC columns

Flexural failure Flexural-shear failure Shear failure

Damage level

Initial 1 1 1
I 0.9 0.9 0.9
1I 0.7 0.6 0.6
111 0.5 0.3 0.3
v 0.1 0.1 0
v 0 0 0

The Takeda model is adopted for nonlinear dynamic analysis of the residual deformation
response corresponding to a ground motion for the SDOF system of an RC column member.
Several parameters are needed to define the Takeda model (Fig. 6): initial elastic stiffness, ky;
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Fig. 6 Hysteretic behavior in the Takada model

ratio of post-yielding stiffness to initial elastic stiffness, f; yielding strength, F; and the
unloading stiffness degradation parameter, o. For each column specimen, these parameters
are identified using experimental results. Notably, the unloading stiffness of the adopted
model is reduced by an exponential function of the previous maximum deformation response.

In this work, acceleration time histories recorded in the Chi—Chi earthquake are used as
ground motions in nonlinear dynamic analysis. To investigate the ground motion effect on
reduction factors of seismic capacity, nine of the acceleration time histories are chosen
from measurement stations TAP003, TAP005, TAP008, KAU062, TCUO052, TTNO46,
CHYO050, ILA050, and HWAO51. Additionally, all acceleration time histories are modi-
fied, such that they are compatible with the elastic design response spectrum suggested in
Taiwan’s seismic design code (MOI 2005) (Fig. 7). This work performs only nonlinear
dynamic analysis for RC column specimens with flexural failure, which is most common
failure mode in RC bridge piers. Taking the measurement stations TAP003, TAPOOS,
TAPO08, KAU062, HWAO051, and TCUO052 for example, Fig. 8 shows the reduction
factors of seismic capacity obtained from nonlinear dynamic analysis. According to the
simulation results, the reduction factors are slightly higher than suggested factors
(Table 5), regardless of ground type. That is, engineers can use the reduction factors of
seismic capacity in Table 5 to obtain a conservative residual seismic capacity for damaged
RC columns for post-mainshock inspection.
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Fig. 7 Acceleration time history of ground motion from TAP003 (19990921, M, = 7.3)
3 Seismic reliability of main-shocked RC piers subjected to aftershocks

An integral simulation procedure, which is based on the Markov chain model, is applied to
acquire the post-mainshock reliability function of safety or serviceability, which is related
to an acceptable limit state for an RC pier in seismically active zones. Based on the post-
mainshock reliability function of safety or serviceability, engineers can understand the
effect of cumulative damage associated with aftershocks. Restated, the simulated reliability
function data can improve resource allocation and asset management.

3.1 Method for simulating the aftershock
Generally, calculating cumulative damage due to aftershocks requires knowledge of the

number of events and their magnitudes that will likely occur with each earthquake within a
given time window. The number of aftershocks in a given period depends on knowledge of
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Fig. 8 Residual factors of seismic capacity from nonlinear dynamic analysis
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the time rate of aftershocks. For convenience, the aftershock sequence can be modeled
using a non-homogeneous Poisson process, and the time-decaying rate of aftershocks is
modeled by modified Omori’s law (Utsu 1961):

K
"=y

(4)

t+7days
M@:/ n(t)dt (s)

where n(?) is total (daily) number of aftershocks at time ¢ after the mainshock and K, p, and
c are constants. Additionally, the magnitude distribution for aftershocks is modeled using
the Gutenberg—Richter law (G-R law; Eq. 6):

logN=a—bxm (6)
Fm) W (7)

where N is the number of events with a magnitude >m and a and b are constants.

According to the research (MOTC 2011), Eq. (5) can be used to estimate the number of
aftershocks within a specified period after the mainshock, N,. Then, using the same slope
value of the G-R law, b, parameter a can be defined as logN,. Restated, the G-R law for
aftershocks within a specified period can be generated. Furthermore, the number of
aftershocks, N,, can be set at 1.0 to obtain the maximum magnitude of aftershocks within a
specified period. For a specified period after the mainshock, the CDF of aftershock
magnitude can be generated based on maximum magnitude and number of aftershocks, as
in Eq. (7).

Based on Eq. (7) and the attenuation law of ground acceleration, Y;, suggested in the
research [Campbell 1981; (Eq. 8)], this work simulates using MCS the magnitude of
aftershocks and their corresponding spectral accelerations within a specific period after the
mainshock for a structure.

Yr if(m7R) = Cleczm [R + C4€C5m} -G (8)

where Cy, C,, C3, Cy4, and Cs are constants, which can be obtained using the regression
analysis; R is the distance between the epicenter and structure’s site (km).

3.2 Cumulative damage evaluation using the Markov chain model

After the mainshock of an earthquake, a structure may be damaged to varying states. If this
damage is not repaired, the likelihood of the structure being further damaged by subsequent
ground motion increases. Damage can be classified into several damage states, such as no
damage, light damage, moderate damage, severe damage, and total collapse (Table 1). A
structure either remains in the same state or moves to another state after each ground
motion. Therefore, according to the Markov chain model suggested by Chiu (2014a, b),
simulated probabilities determine the likelihood of a structure being in a particular damage
state after a number of ground motions or at a future time.
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3.2.1 The Markov chain model

The Markov chain model (Ang and Tang 1984) is a stochastic process, a mathematical
model for a system or an element that has random outcomes. These outcomes are con-
sidered a function of an independent variable such as a temporal or spatial factor. For a
discrete parameter Markov chain model, transitional probability from state i at time z,, to
state j at time ¢, is derived by Eq. (9). The Markov chain model is homogeneous when
pij(m,n) depends only on the difference between ¢, and 1,,; in this work, Eq. (10), which is
the k-step transition probability function, can be defined. Additionally, a transition prob-
ability matrix can be generated by summing the transition probabilities for a system with m
states, as in Eq. (11).

pij(m,n) = P(X, = j|X,, = i);n > m 9)

pij(k) = P(Xi = j|Xo = i) = P(Xps = j1X, = j);5 20 (10)
P11 -+ Pim

Pr=1 : (11)
pm,l e pm,n

The probabilities of the initial states of a system can be listed in a row matrix, as in
Eq. (12). In matrix notation, the n-stages state probabilities can be expressed by Eq. (13).

P(0) = [p1(0), p2(0), -, pm(0)] (12)

P(n) = p(0)py (13)

where p;(0) is the probability that a system is initially in state i. In the special case for
which the initial state of a system is known, such as at state i, then p;(0) = 1.0 and all other
elements in the row matrix, P(0), are zero.

In the homogeneous Markov chain model, transition probabilities depend only on
current states, not on time. However, this is an assumption and it is questionable for a
structure because seismic hazard of aftershocks varies over time. Therefore, to predict
post-earthquake seismic reliability for a structure while considering the seismic hazard of
aftershocks, this work adopts the non-homogeneous Markov chain model. Restated, the
transition probability matrix, P, varies over time and can be a specific period after the
mainshock of an earthquake.

3.2.2 Transition probability matrix of seismic structural damage

When the estimated damage state of a structure after a ground motion event exceeds the limiting
value of a specified damage state, one can assume the estimated damage state of the structure
exceeds it specified damage state. According to the suggestion stated in Chiu (2014a, b), by
incorporating uncertainty into aftershock events, as well as into structural capacity, the
exceedance probabilities for different damage states, P, can be estimated using MCS (Eq. 14)
in this work. Each uncertainty considered in this work is characterized in Sect. 3.2.3.

pse(0™) = P[(8; — o,™) > 0] (14)

where 6?‘“ is the limiting width of residual cracks for a specified damage state (cm).
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We assume an RC pier damaged by a previous ground motion event experiences
additional ground motion events. Because seismic structural damage is not repaired, the
structural properties (i.e., stiffness and yielding deformation) of a pier must be modified
based on maximum deformation response on the basis of the research conducted by Chiu
et al. (2014b). For example, when an RC pier with a specified damage state is not repaired
before the next ground motion event, residual deformation corresponding to the damage
state and modification to its structural properties are considered when estimating the
damage state for the next ground motion.

After modifying the structural properties, except for yielding base shear force, which we
assume remains constant, elastic stiffness and yielding deformation must be recalculated
based on maximum deformation response corresponding to the previous ground motion
event, 511\,?. Additionally, maximum deformation response, L', can be estimated using
residual seismic capacity, n x Et (Fig. 9) as in Eq. (15), which is derived assuming the
post-mainshock/aftershock dissipation energy capacity equals 5 x Et, where 5 is the
reduction factor of seismic capacity corresponding to a specified damage state, and Er is
the original dissipation energy capacity. Additionally, we assume elastic stiffness after a
ground motion event, k;s‘, becomes less than the original elastic stiffness and can be

modified using Eq. (16). The yielding deformation, 5;5‘, can be represented by (5:‘“ + % If

maximum response deformation does not exceed yielding deformation, structural prop-
erties can be assumed the same as the original properties.

Sl = 25, — ol — (—Z”ET> (15)
Fy

i (16)

Ist
ke = Slst _ gslst
M T

where F\ is the original yielding base shear force (kIN); k, is the original elastic stiffness;
and 0, is the original ultimate deformation capacity (cm).
To estimate the maximum deformation response and residual deformation associated

with the next ground motion event, 6%,'1“1 and 53"‘1, while considering the modified structural
Fig. 9 Concept of modification Force
of structural properties A Original struc‘tural properties
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properties for an RC pier with seismic structural damage, as in Eqs. (17) and (18), this
work applies the equivalent energy method.

1 2MS,
52nd _ 515{ 518[ a 17
=g (oo (B (17)

y
5= 5%+ (oy — o) (18)

where S, is the response spectral acceleration of an aftershock (g) and M is the equivalent
mass of the SDOF system for an RC pier (kg).

To build a transition probability matrix for an RC pier, we assume an RC pier has
already been damaged by a ground motion of an earthquake to a specific damage state. Its
maximum residual crack width is assumed to be a uniform distribution in the range of
limiting values for the specific damage state. Based on Egs. (15)—(18) and their corre-
sponding uncertainties, transition probabilities from the specific damage state to other
damage states, which are equal to or more severe than the initial damage state, can be
derived via MCS. Following the same simulation procedure (Fig. 10), the transition
probability matrix, P, can be constructed. Additionally, when repair work is not per-
formed after the mainshock and aftershocks, the occurrence probability of each damage
state can be estimated using the Markov chain model, which sets occurrence times of
aftershocks within a specified period.

3.2.3 Uncertainties considered in the assessment procedure for the post-mainshock
reliability function of safety or serviceability

Uncertainties associated with aftershocks, structural capacity, and seismic structural
damage induced by a ground motion must be considered when estimating a structure’s
post-mainshock seismic reliability in this work. Uncertainty related to aftershocks is

i i i:from1to4
Setting a spemﬁc @m0
Damage state i l

* Monte Carloisimulation

Seismic hazard of Seismic structural .
“ o et r#=— Structural properties
aftershocks damage evaluation H

|
y

Transition probability from the specified
damage state to another one (> 1)

Transition Probability Matrix

Fig. 10 Simulation procedure for the transition probability matrix
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included in the location and magnitude, m. In this work, aftershocks recorded in the Chi—
Chi earthquake are used to generate a hazard curve of magnitude of aftershocks, as in
Sect. 3.1. In addition to the hazard curve of the magnitude of aftershocks, the distance
between an aftershock’s location and the structure’s site is assumed to have a uniform
distribution, reflecting the uncertainty of ground motion of an aftershock when estimating
the transition probability matrix for an RC pier, which is needed by the Markov chain
model.

Uncertainty related to structural properties is included in ultimate deformation capacity,
0y, yielding strength, Fy, and elastic stiffness, ky, of the SDOF system for an RC pier.
Because this uncertainty is altered by material properties, the structural system, and
construction process, estimating this uncertainty is difficult. In the case study, Table 6 lists
the assumed uncertainty related to structural properties. However, for various types of
bridge, this uncertainty can be defined accurately based on engineers’ experience.

This work accounts for uncertainty in seismic structural damage induced by a ground
motion that is related to maximum residual crack width and a reduction factor corre-
sponding to a specified damage state. For a specific damage state, we assume maximum
residual crack width has a uniform distribution. Additionally, based on experimental data
(Sect. 2.4), we assume the redactor factor corresponding to the specific damage level has a
normal distribution with 0.1 as the coefficient of variation (Table 4).

4 Case study

Three typical simply supported bridges supported by circular piers, selected from standard
design drawings by Taiwan Highway Burea, were utilized to demonstrate the applicability
of the proposed assessment method. The bridge design adopted from AASHTO Standard
Specifications for Highway Bridges (American Association of State Highway and Trans-
portation Officials, AASHTO), 1977, with horizontal seismic coefficient of 0.15 for cal-
culating the longitudinal and lateral reinforcements. Table 7 demonstrates the design
parameters for the case-study bridges. The summation of all self-weight of all components
on the superstructure has been reported on the stand design drawing, as the vertical load
transferring to the top of pier, so that to obtain the axial force at the bottom of pier by
including self-weight of cap-beam and pier stem. The axial load coefficient is 0.06, 0.08,
and 0.11, respectively, corresponding to the product of specified concrete strength and
gross area.

The seismic performance of the bridges was simulated by a theoretical approach,
resulting in a relationship of lateral force and top displacement of the pier. The analytical
results of effective yielding moment, yielding curvature, as well as ultimate moment and
ultimate curvature were extracted from the section analysis and provided as the basis to

Table 6 Uncertainties of structural properties considered in the proposed assessment procedure

Uncertainty Statistical properties

Yielding deformation (d,) Lognormal distribution with 0.1 as the coefficient of variation
Yielding strength (Fy) Lognormal distribution with 0.1 as the coefficient of variation
Ultimate deformation capacity (J,,) Lognormal distribution with 0.15 as the coefficient of variation
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Table 7 Design parameters for the case-study bridges

Design parameters Bridgel Bridge2 Bridge3
(RCP-4510) (RCP-4523) (RCP-4525)
Span (m) 20 30 40
Width (m) 9 9 9
Height (m) 14 11 10
Diameter (cm) 250 240 250
Cover (cm) 7 7 7
Specified compressive strength of concrete (MPa) 21 21 21
Yielding strength of longitudinal reinforcement (MPa) 409 409 409
Yielding strength of transverse reinforcement (MPa) 384 384 384
Diameter of longitudinal reinforcement (cm) 3.2 3.2 3.2
Diameter of transverse reinforcement (cm) 1.6 1.6 1.6
Number of longitudinal reinforcement 54 54 74
Spacing of transverse reinforcement (cm) 10 10 10
Self-weight of superstructure (kg) 260,000 426,000 660,000
Self-weight of substructure (kg) 383,310 343,570 431,930
Total weight of the structure (kg) 643,310 769,570 1091,930
Plastic hinge length (cm) 140.79 116.79 108.79
Yielding displacement (cm) 10.91 7.18 5.92
Ultimate displacement (cm) 84.65 55.03 39.52

calculate the yielding displacement and ultimate displacement, based on the first moment-
area theorem and plastic hinge length. It is assumed no buckling failure and no shear
failure participated in the member; that is, only flexural behavior is the major contribution
to the displacement calculation of a single pier. In addition, the moment capacity divided
by the height of pier is recognized as the lateral strength corresponding to yielding and
ultimate stage. Figure 11 presents the pushover curves of three case-study bridges men-
tioned above (named as RCP-4510, RCP-4523, and RCP-4525, respectively). The shortest
span of the bridge provides the smallest strength but largest displacement. The displace-
ment ductility, defined as ultimate displacement divided by yielding displacement, for
selected piers is 7.8 (RCP-4510), 7.7 (RCP-4523), and 6.8 (RCP-4525), respectively. The
pushover curves of each SDOF system are further transforming into Acceleration—Dis-
placement Response Spectrum (ADRS) by ATC-40 procedure (ATC 1996), as shown in
Fig. 12.

According to the investigation conducted by MOTC (2011), aftershocks recorded in
Chi—Chi earthquake mostly occurred in the five regions (A, B, C, D, and E). In the region
A near Puli of Nantou in Taiwan, which is about 10 km far from the epicenter of Chi—Chi
earthquake, the occurrence times and magnitude of aftershocks are larger than other
regions. Therefore, we assume the selected RC piers are located in Puli of Nantou.
Additionally, because the location of aftershocks is not easy to be specified, we assume
aftershock events are uniformly located in the range of 0.5, 1.0, 3.0, and 5.0 km from the
structure’s site, respectively. The damage state induced by mainshocks for the selected RC
piers is set at damage levels I, II and III to discuss their corresponding reliability functions
for a specified damage state. Generally, for a damaged RC pier, when its damage state
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reaches damage level IV, the seismic capacity decreases significantly and should be
repaired or retrofitted as soon as possible. Restated, the continuous use of the damaged
structure without any repair or retrofit would not be allowed. Therefore, this case study
focuses on the reliability function for the serviceability of a damaged structure, which
represents the non-exceedance probability of the damage level III.

The time history of acceleration recorded in Chi—Chi earthquake (name of the station is
TCUO74 and located in Puli of Nantou, which is about 10 km far from the epicenter of
Chi—Chi earthquake) and is modified to be compatible with the response spectral accel-
eration for the site, which are generated using formulas in Taiwan’s seismic design code
(MOI 2005). On the basis of the aftershock information of Chi—Chi earthquake, the sim-
ulation of aftershocks is proceeded in this case study. Additionally, the simulation interval
of aftershocks is set at seven days (1 week).
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Fig. 13 Reliability of the
serviceability for the selected RC
piers with mainshock-induced
damage level I considering
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For the selected RC piers, when the specified damage state induced by the mainshock is
set at damage level I, Fig. 13 shows the reliability of the serviceability under various
occurrence ranges of aftershocks. One can also set the acceptable value of the reliability to
derive the service period after the mainshock. Taking RCP-4525 as an example, when the
acceptable value of reliability is set at 0.50 and location of aftershocks is uniformly
distributed in the range of 0.5 km from the structure’s site, the serviceability-related ser-
vice period is about 7 weeks from the mainshock. In Fig. 14, except for RCP-4525 and
location of aftershocks uniformly distributed in the range of 1.0 km from the structure’s
site, post-mainshock service periods for other RC piers are almost longer than 20 weeks.
Especially for RCP-4510, regardless of the condition setting of aftershocks, its service-
ability-related service period is longer than 20 weeks. Restated, it is allowed to continue
using the structure until the aftershock terminating. Additionally, under the same condition
setting of the mainshock-induced damage state (level I) and location of aftershocks
(1.0 km), Fig. 14 shows that the seismic performance of RCP-4510 is higher than other
two RC piers obviously.

Finally, to determine the effect of the mainshock-induced damage state on post-main-
shock service periods, we assume mainshock-induced damage states for the selected RC
piers are set at level I, level II, and level III, respectively. Figure 15 shows the service-
ability-related reliability corresponding to various damage levels assuming that the loca-
tion of aftershocks is uniformly distributed in the range of 1.0 km from the structure’s site.
Taking RCP-4525 for an example, when the acceptable reliability value is set at 0.50, post-
mainshock service periods are 14 (mainshock-induced damage state: level 1), 10 (main-
shock-induced damage state: level II), and 4 (mainshock-induced damage state: level III)
weeks (Fig. 15), respectively. Additionally, compared to RCP-4525 and RCP-4523 (post-
mainshock service periods are >20 (mainshock-induced damage state: level 1), 17
(mainshock-induced damage state: level II), and 7 (mainshock-induced damage state: level
IIT) weeks), RCP-4510’s post-mainshock service periods are longer 20 weeks. Because the
aftershock in Chi—Chi earthquake lasts about 20 weeks, RCP-4510 can still function with
reliable serviceability in the post-mainshock/earthquake. This information can help engi-
neers to arrange post-mainshock maintenance strategies for RC piers in the same region
with high seismic hazard of the aftershock in an earthquake.

Fig. 14 Reliability of the 14
serviceability for the selected RC
piers with mainshock-induced
damage level T 0.8
2 0.6
=
8
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Fig. 15 Reliability of the
serviceability for the selected RC
piers with various damage levels
induced by the mainshock.
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5 Conclusions

This study used the experimental data of several column specimens with various failure
modes (flexural, flexural-shear, and shear failure) to conclude reduction factors of seismic
capacity for RC columns with various failure modes. Additionally, this study performed
the nonlinear dynamic analysis for the RC column specimens with the flexural failure.
Engineers can use these suggested reduction factors of seismic capacity to evaluate the
residual seismic capacity for damaged RC columns conservatively and quickly in the post-
mainshock inspection of seismic performance. For mainshock-damaged RC piers, the
proposed seismic reliability assessment method provides useful information which can
help engineers to comprehend their serviceability in a specified post-mainshock period. Via
reliability functions of post-mainshock service periods, an owner of, or investor in, an RC
structure can comprehend the cumulative damage effect induced by the aftershock on
maintenance planning. Restated, one must consider this information when designing
maintenance strategies after the mainshock in a disastrous earthquake. However, this study
used the statistical data of Chi—Chi earthquake to proceed the case study. The proposed
procedure can also be applied to other targets to arrange the post-mainshock maintenance.
Additionally, in the future, the accuracy of simulated results can be improved with the
supplement of the reliable data, e.g., uncertainties of aftershock location and structural
properties.
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