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Abstract. In this paper, the inuence of the excitation angle on the Endurance Time (ET)
analysis of skewed slab-on-girder bridges is studied. The excitation of the structure due
to the critical angle produces maximum seismic responses that are sometimes signi�cantly
higher than the average. The modeled bridges are of slab-on-girder type that are typically
used as highway bridges. The bridge models have skew angles of 0, 15, 30, 45, and 60
degrees. The ET excitations exerted on structures cover a broad range of hazard levels.
The results provide some insight with regard to choosing multiple excitation angles so as to
balance computational costs and retain acceptable accuracy for practical design purposes.
Sensitivity of Life-Cycle Cost (LCC) to skewness is also studied.

© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

Bridges whose alignment is not perpendicular to the
underway are called \skewed bridges". The San
Fernando 1971 and Northridge 1994 earthquake reports
showed that skewed bridges experienced more damage
than straight ones with regular geometry [1,2]. The
response of skewed bridges by considering exural and
torsional deformations due to the vertical component
of the ground motion and the e�ect of the deck rigidity
was also studied [3,4]. The e�ect of skew angles on
the behavior of concrete three-span bridges was studied
with pushover, linear, and nonlinear time history
analyses, and the maximum relative drift ratio was
determined [5]. In 2012, Kaviani et al. [6] examined the
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seismic behavior of short-span concrete skewed bridges.
They showed that, for these types of bridges, responses
such as columns' drift ratios are higher than those of
similar, yet straight, bridges (zero-skew). Further, by
investigating the e�ect of various bridge geometries
and ground motions, it was observed that bridges with
larger skew angles would have a higher probability of
collapse.

The principal seismic excitation direction is not
directly addressed in AASHTO [7]. The assumption of
the longitudinal axis of the bridge along the tra�c lanes
as the principal seismic excitation direction is conven-
tional among bridge designers and, thus, the transverse
axis becomes the second principal direction. However,
skewed bridges can experience a state of vibration that
is not merely in longitudinal and transverse directions.
Therefore, straight bridges cannot represent a complete
representation of the seismic behavior of all bridges.

Maleki and Bisadi examined the e�ect of ground
motion direction on seismic responses of skewed
bridges. They discussed the linear behavior of a single-
span slab-on-girder bridge for three di�erent earth-
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quake accelerograms. The angle of exerted earthquake
accelerogram, which conduces maximum responses, is
called the critical excitation angle. They showed that
critical responses depend on the earthquake record, the
skew angle, and the span length. In addition, they
demonstrated that the application of the SRSS method
by using a paired time history record simultaneously
in only longitudinal and transverse directions was not
conservative, and 100/30 and 100/40 rules could not
be safe enough to be recommended for analysis [8].

In this paper, the e�ect of the angle of ET
excitation on the responses of a three-span slab-on-
girder bridge with di�erent skew angles is evaluated.
ET analysis can be very bene�cial for nonlinear dy-
namic analysis of bridges. By signi�cantly reducing the
computational e�ort, ET analysis can pave the way for
practical dynamic optimization, Life Cycle Cost (LCC)
analysis, risk analysis, and value-based seismic design
of bridges. These concepts are practically inapplicable
due to the huge computational e�ort required in con-
ventional dynamic procedures such as IDA [9]. The ET
method provides a framework to practically solve the
problem and has the advantage of low computational
costs and acceptable precision in predicting responses.

2. Analysis

2.1. Endurance time method
Endurance time method is a time history-based analyt-
ical method that intensi�es prede�ned accelerograms
for seismic evaluation of structures. This method was
invented by Estekanchi and Vafai. and inspired from
exercise tests applied in medicine [10]. Considering a
hypothetical shaking table experiment, if a prede�ned
intensifying acceleration function is exerted on the
structure, endurance time is de�ned as the time at
which the structure reaches its limit state of choice [11].
Conceptually, the structure that endures longer is
assumed to have a better performance. In Figure 1,
the schematic presentation of ET analysis method is
shown.

Endurance Time Acceleration Functions (ETAFs)
are synthetic accelerograms produced in such a way
that for any time window from zero to a speci�c
time, their response spectrum matches a considered
template spectrum. Among various ETAFs devel-
oped, ETA20in is an ETAF series whose template
spectrum matched average spectrum of far-�eld strong
ground motions recorded on sti� soil (FEMA440 [12]).
ETA20in ETAF series is provided for 3D analysis,
meaning that each of the three ETA20in01-03 is
�tted to three components of the ground motion set.
ETA20in series is optimized in such a way that
provides more reliable responses in a nonlinear range.
More information is available on the website of ET
method [13].

Figure 1. The schematic presentation of the ET analysis
method .

2.2. Scaling method and the concept of hazard
levels in ET method

In the ET method, each time analysis represents
a seismic intensity. Since using time as a seismic
intensity parameter is not convenient, time is usually
mapped into the desired Intensity Measure (IM) with
an intermediate parameter. IMs such as PGA, return
period, spectral acceleration in a fundamental period
of a structure, the annual rate of exceedance, and the
similar ones can be used [14]. In this article, the
seismic hazard return period is used as the parameter
of seismic intensity, which correlates with time in
ET analysis. The function of time mapped into the
seismic hazard return period depends on the period
of a structure. Mirzaee et al. mapped time by ET
method into the seismic hazard return period [14].
As mentioned before, in this study, to analyze the
models, ETA20in series is used. To map time in ET
analysis into the return period, the following method
is implemented: �rst, the hazard curve for several
structural periods was extracted from a region in
Berkeley, United States (zip code 94704) for a site on
soil type C from USGS website [15]. Next, by using
interpolation and extrapolation, the hazard curves were
produced for other periods (0.01 sec step). The hazard
curve for each structure with a speci�c period is the
connector of acceleration spectrum and the annual rate
of exceedance. Presently, for each structural period,
the area in the obtained spectrum from hazard curve is
calculated within 0.2 till 1.5 times of the mentioned
period and is called A215RS. On the other hand,
since the ETAFs are intensifying, for every time in an
ETAF, an acceleration spectrum can be produced. For
example, a spectrum of ETAFs can be produced in 0.00
to 8.00 seconds. Next, for each structural period, the
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area in the ET spectrum within 0.2 to 1.5 times of
each structural period can be calculated, which is called
A215ET. Obviously, the annual rate of exceedance is
the inverse of earthquake return period. Next, by
comparing A215RS with A215ET and equating them for
every structural period, the mapping between time in
ET analysis and earthquake return period is obtained.
In Eq. (1), a sample matrix, ARP, is presented for this
transformation:

ARP =
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In this matrix, rows correspond to time in ET
analysis, and columns correspond to the structural pe-
riod. Therefore, for a structural period, an earthquake
return period equal to time in ET analysis is obtained.
For instance, for a structure within a period of 1.00
second under an earthquake with a return period of
490 years, the ET analysis time for a speci�c ETAF is
equal to 10.00 seconds, and vice versa.

2.3. 3D analysis using ET method
ETA20in series, similar to real accelerograms, has
three components of X, Y , and Z. To determine the
maximum response of the structure in the analysis,
the horizontal components of ETAF should be placed

at various angles relative to the principal axes of the
structure.

In this case, AASHTO [7] does not require rotat-
ing the excitation angle with respect to the principal
axes of the structure; as observed, it is not necessary
to �nd a critical excitation angle. In this research, the
e�ect of the excitation angle is examined.

3. Bridge model

In the present work, a three-span simply supported
slab-on-girder concrete bridge with di�erent skew an-
gles is modeled. The deck is modeled by shell ele-
ments, and the beams are modeled as frame elements.
The AASHTO I-girders are placed on elastomer bear-
ings with linear behavior. The elastomer sti�ness is
equal to 2162 kN/m in longitudinal and transverse
directions and is 694419 kN/m in the vertical direc-
tion.

In this study, it is assumed that abutments
are generally sti�er than elastomers in the transverse
direction, and since these two springs are modeled
in series, the softer spring (elastomer) dominates the
total sti�ness of bearings [16]. In addition, in the
longitudinal direction, sti�ness of abutment and soil
is much higher than elastomers, which are all in
series; therefore, the spring sti�ness is governed by the
elastomer sti�ness. A 50-mm gap between deck and
abutment is considered and modeled as an element
with negligible sti�ness untill closing the boundary;
very high sti�ness is observed afterwards. In practice,
after closing the gap, the sti�ness of abutment in the
longitudinal direction a�ects the bridge behavior.

As can be seen in Figure 2, the bridge is a three-
span structure, which is 15.00 m long and has two

Figure 2. 3D view of a typical slab-on-girder concrete skewed bridge model.
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bents, each with three columns. Above the columns,
the pier cap beam characterized by 1.20 m depth,
1.00 m width, and 12.00 m length is modeled, and
it connects columns to one another. Due to the
presence of this beam, the behavior of bridge pier in the
transverse direction is the frame behavior. Meanwhile,
the pier behavior in the bridge longitudinal direction is
cantilever behavior.

According to AASHTO [7], three global seismic
design strategies can be applied. In this work, seismic
strategy Type I (ductile substructure with essentially
elastic superstructure) is assumed. This category
includes conventional plastic hinging at the end of
columns [17]. Therefore, at the top and bottom of each
of six columns presented in the model, a �ber plastic
hinge is allocated.

The modeled bridge is displayed in Figure 2,
and skew angles of 0, 15, 30, 45, and 60 degrees
are considered. As mentioned earlier, ETA20in series
including three sets of acceleration functions with three
components are exerted on the bridge, and the results
of each hazard level for every set of ETA20in are
obtained. Finally, to reduce the error and dispersion,
an average is obtained from the responses of the
analysis by three sets of ETA20in, and the average
value is used as the response.

The results at 4 hazard levels corresponding to
return periods of 100, 475, 1033, and 2475 years are
the focus of this study. In ET method, the exertion of
acceleration function on the structure at any speci�c
time corresponds to the occurrence of an earthquake at
a speci�c hazard level (return period). By considering
the time window from 0.00 to 4.26 sec, an accelerogram
equivalent to a return period of 100 years is obtained;
by considering an ETAF in a time window from 0.00
to 14.08 sec, an accelerogram with a return period
of 1033 years is obtained. In Table 1, based on the
structural period of each model (di�erent skew angles),
for selected return periods, the equivalent time of
ETAF is presented [18].

The response of a structure for a speci�c hazard
level is the maximum response of ET analysis for the

predetermined equivalent time window. For example,
according to Table 1, for a structure with a period
of 0.83 sec, the maximum responses of ET analysis
from 0.00 to 4.26 sec are equivalent to the responses
of analysis of the same structure for an earthquake set
scaled to a return period of 100 years based on the
prede�ned hazard curves.

4. Results

After analyzing the bridges by the ET method, the
maximum drift ratio and the maximum normalized
base shear at every seismic hazard level in longitudinal
and transverse directions will be obtained by each
model. In addition, the SRSS of responses of longi-
tudinal and transverse directions is computed. This
procedure is repeated for the bridges with skew angles
of 0, 15, 30, 45, and 60 degrees by ET analysis in
seismic hazard return periods of 100, 475, 1033, and
2475. As a sample, the responses of a hazard level
of a 1033-year return period related to the bridges
with various skew angles are presented. Figure 3(a)
illustrates the e�ect of bridge skew angle on the drift
ratio of a central node on the bridge deck for a 1033-
year return period. According to Figure 3(a), at skew
angles of 30 degrees, the drift ratio in the longitudinal
direction is minimum. In addition, the SRSS of drift
ratios for the mentioned skew angle is also minimum
among all skew angles. The SRSS of drift ratios at a
skew angle of 30 degrees has a 24% reduction relative
to the straight bridge (zero-skew). Figure 3(b) displays
that the changes in the skew angle exert considerable
e�ect on base shear. According to Figure 3(b), at
a skew angle of 30 degrees in the longitudinal and
60 degrees in the transverse directions, the normalized
base shear is lower than other states. In addition, the
SRSS of normalized base shears for the skew angle of
30 degrees is minimum among all skew angles. The
SRSS of normalized base shears at a skew angle of
30 degrees undergo a 10% reduction relative to the
straight bridge. The maximum base shear has been
observed at a skew angle of 45 degrees. Moreover, the

Table 1. The equivalent time in ETAFs at the considered hazard levels for various skew angles.

Skew angle
(degree)

Period
(s)

Mode ET equivalent time (sec)
RP� = 100 RP = 475 RP = 1033 RP = 2475

0 0.85 Long.�� 4.26 10.33 14.06 19.29
15 0.83 Long. 4.26 10.31 14.04 19.22
30 0.86 Long. 4.26 10.34 14.07 19.30
45 0.88 Long. 4.26 10.34 14.08 19.35
60 0.92 Long. 4.27 10.33 14.14 19.44

�RP: Return Period in year;
��Long.: Longitudinal direction, the cantilever behavior of pier.
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Figure 3. Responses of bridges with various skew angles for the 1033-year earthquake: (a) Longitudinal, transverse, and
SRSS directions of the column drift ratio and (b) longitudinal, transverse, and SRSS directions of normalized base shears.

normalized base shear in this state is 24% greater than
the base shear in the straight bridge.

Figure 4 shows the results of the SRSS of the
drift ratios and that of the normalized base shears
for ET analysis at times that are equivalent to the
earthquakes with return periods of 100, 475, 1033, and
2475 years, and then they are compared. These �gures
complete the aforementioned explanations about the
bridge responses in the 1033-year earthquake for all
other return periods, and it is shown that the above
results are also observed at other hazard levels. It
should be noted that, in this section, the ETAFs are
exerted only in longitudinal and traverse directions of
the bridge, and the results are obtained only for the
single state where ETAFs are not rotated.

According to Figure 5, considering the rotation
of one of column plastic hinges, in most of the cases,
the responses of bridges with higher skew angles are
more than those of the lower skew angles in all return
periods, thus reinforcing the idea that skewed bridges
are more vulnerable than straight ones at all hazard
levels. It can be a sign of vulnerability of skewed
bridges in comparison to straight ones at all hazard
levels.

Figure 5. Rotation of a column plastic hinge in di�erent
return periods.

5. Critical excitation direction

For straight bridges, the bridge longitudinal and trans-
verse directions are usually considered as the prin-
cipal axes; usually, accelerograms are only applied
to structures in these directions. In other words,
the accelerogram input direction is 0 or 90 degrees.
However, the maximum responses for the bridges,

Figure 4. Comparison of the bridges response and various skew angles in four considered earthquake return periods: (a)
SRSS of drift ratios and (b) SRSS of normalized base shears.
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especially skewed bridges, do not necessarily occur at
these angles. For each earthquake, there is a speci�c
angle of excitation that produces maximum responses.
This angle is called the critical angle of excitation. In
this section, the direction of exerted ET accelerogram
is examined to �nd the critical excitation direction.
As mentioned before, ETA20in01-03 as the ETAFs
are exerted on the bridge at various angles, each
with three components in X, Y , and Z directions.
The ETAFs are initially exerted on the directions of
longitudinal (X), transverse (Y ), and vertical (Z) on
the structure. Afterwards, by rotations with a step of
10 degrees around the vertical axis, the accelerogram
is applied to the structure, and ET analysis is done.
This pattern continues up to 180-degree angle in the
initial longitudinal and transverse directions. Since the
bridges in this study have a center of symmetry, this
also covers 360-degree results.

Figure 6 shows the average responses of the
aforementioned ETAFs in the 1033-year return period.
These �gures include drift ratio in X and Y directions
as well as the SRSS of drift ratios in two horizontal
directions, in addition to the normalized base shear in
X and Y directions and the SRSS of normalized base
shears in the two mentioned directions.

It is illustrated in Figure 6 that the critical angle
of the bridge with various skew angles is di�erent from
one another. Based on the �gures for a return period
of 1033 years, it can be observed that the critical

responses for the straight bridge (zero-skew) occur at
an excitation angle of 150 degrees for the SRSS of drift
ratios. However, for a model characterized by 60-degree
skew, the critical excitation angle is 70 degrees. For
other skew angles, the critical excitation angle ranges
between 70 and 150 degrees.

For a model with a skew of 60 degrees, the drift
ratio in the transverse direction is much higher than
the straight bridge. In addition, in the case of the drift
ratio in the longitudinal direction, the straight bridge
experiences the maximum response.

To compare the responses, the application of the
SRSS of results in the longitudinal and transverse
directions seems to be a logical selection. Therefore,
to compare the results, the SRSS of drift ratio and
normalized base shear in various models are used. As
a result, for each model at various hazard levels, the
critical angles are extracted by using the graphs. In
Figure 7, the critical excitation angles for four return
periods are displayed, which are obtained based on
SRSS of drift ratios of the longitudinal and transverse
directions. Of note, for the straight bridge, the critical
excitation angle for all considered hazard levels is the
same. For skewed bridges, the critical angle varies
at di�erent hazard levels (e.g., for a model of 60�
skew angle, the critical excitation angle ranges from
70 to 110�). Therefore, analyzing a model only in two
directions of 0 and 90� is not conservative.

In order to meet design requirements and limit

Figure 6. Responses at various excitation angles for a return period of 1033 years: (a) Drift in longitudinal, (b) drift in
transverse, (c) SRSS of drifts, (d) longitudinal normalized base shear, (e) transverse normalized base shear, and (f) SRSS
of normalized base shears.
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Figure 7. Critical excitation angle of models in di�erent
earthquake return periods.

calculation costs, the critical responses of a structure
in the analytical process with di�erent excitation angle
steps are extracted. Figure 8 shows the responses
for various excitation angle steps and, also, their
deviations based on the results of complete analysis
with 10-degree excitation angle steps.

Figure 8 indicates the error of critical responses
of straight and skewed bridges for di�erent excitation
angle steps of 45�, 60�, and 90� in all mentioned return
periods of 100, 475, 1033, and 2475 years. Figure 8(a)
states that, for a 100-year return period, the selection
of an excitation angle step has a signi�cant e�ect on
the responses. For a 15�-skew bridge, a 90� excitation
angle step leads to 20% error with respect to the 10�
angle step, although this error is limited to a maximum
of 9% in all other return periods for all skew angles.

6. Life-cycle cost analysis

Life-cycle cost in this study represents the costs that
result from earthquakes, which may occur during a
bridge's lifetime. The initial cost is the construction
cost of a new structure and is related to the materials
and labor cost for the bridge construction. Based
on the literature, as shown in Table 2, multiple limit
states based on bent drift ratio are considered and,
for each damage state, a mean damage index, which
is the related repair cost, is set [19]. The Total Cost
(CTOT) of the structure is de�ned as the sum of its
initial construction cost and the present value of the
life-cycle cost CLC, transmitted to the present value by
a 3% discount rate over 75 years of bridge lifetime.

CTOT = CIN + CLC: (2)

Lots of indirect cost components can be de�ned.

Table 2. Damage states and related drift ratios and
damage costs indices [19].

Damage state Bent drift
ratio (%)

Mean damage
index

DS1 None � � 0:6 0.00

DS2 Minor 0:6 < � � 2:2 0.03

DS3 Moderate 2:2 < � � 3:6 0.08

DS4 Major 3:6 < � � 4:9 0.25

DS5 Complete 4:9 < � 1.00

Figure 8. Error in evaluating bridge responses for di�erent excitation steps in comparison with a 10-degree step for all
skewed models in di�erent earthquake return periods: (a) 100 years, (b) 475 years, (c) 1033 years, and (d) 2475 years.
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Figure 9. Total costs for di�erent skew angles and
excitation angles (normalized to construction cost).

Figure 10. Cost components at a critical angle for
di�erent skew angles (normalized to construction cost).

Indirect costs are those that are indirectly related to
damage such as tra�c divert losses, environmental
losses, etc. Direct costs are the costs of repair or
replacement of the structure due to structural damage.
In order to make simpli�cations, the average indirect
costs are assumed to be 13 times the direct damage
repair cost, estimated to be approximately 5-20 in
other studies [20].

To calculate the LCC, the area of loss curve should
be computed. Loss curve can be readily obtained
from ET curve, as explained in [21], and the LCC
computation from the loss curve is discussed in [22].
The ratio of the total cost to the initial cost is
illustrated in Figure 9 for di�erent skew angles and 10�
step of excitation angle. The mentioned cost ratio for
the critical angle is shown in Figure 10.

As can be seen in Figure 10, when full rotational
analysis using 10-degree step angels is used, skewness
does not signi�cantly change the total cost. However,
it should be noted that all bridges in this study have
a center of symmetry. Therefore, the consequences
of irregularity and asymmetry that can signi�cantly
increase the amount of damage are not included.
Further study is required in order to derive a broader
conclusion regarding the e�ect of skewness on seismic
damage and LCC of skewed highway bridges.

7. Conclusions

The objectives of this study were to evaluate the e�ects

of excitation angle on the endurance time analysis of
skewed bridges. Di�erent hazard levels were consid-
ered. Critical excitation angles were studied. The
following conclusion can be drawn based on this study:

1. The variation of the maximum normalized base
shear and the maximum drift ratios of bents for
di�erent excitation angles are considerable at all
skew angles;

2. For the skewed bridges, the critical excitation angle
is dependent on the hazard level in addition to the
skew angle. On the other hand, for the straight
bridge, the critical excitation angle remains the
same at all considered hazard levels;

3. The seismic responses of bridges with higher skew
angles are in general higher than those with lower
skew angles. This con�rms the vulnerability of
skewed bridges in comparison to straight ones at
all hazard levels;

4. There is a signi�cant scatter in the critical excita-
tion angle at di�erent skew angles. Therefore, ana-
lyzing a model only in two perpendicular directions
of 0� and 90�, as proposed by typical design codes,
does not necessarily produce maximum responses;

5. Employing excitation angles of 0�, 45�, 90�, and
135� produced results that are only 5% less than
those from 10� steps on average. If the excitation
angles are reduced to three angles of 0�, 60�, and
120�, the predicted responses at critical angles
compared to the 10� step have an error rate of
11%. Hence, considering 45� steps is recommended
for ET analysis using component-wise produced
ETAFs such as ETA20in series.

Nomenclature

A215ET Area under the ET spectrum in 0.2 to
1.5 times of each structural period

A215RS Area under the obtained spectrum
from hazard curve calculated from 0.2
till 1.5 times of the mentioned period

AASHTO American Association of State Highway
and Transportation O�cials

ARP Matrix which relates ET time,
structural period, and earthquake
Return Period

ASCE American Society of Civil Engineers
CIN Initial construction cost
CLC Life Cycle cost
CTOT Total cost
DS Damage State
ET Endurance Time method
ETA Endurance Time Analysis
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ETAF Endurance Time Acceleration Function
FEMA Federal Emergency Management

Agency
IDA Incremental Dynamic Analysis
IM Intensity Measure
LCC Life Cycle Cost
PGA Peak Ground Acceleration
RP Return Period
SRSS Square Root of the Sum of the Squares

References

1. Buckle, I.G., The Northridge, California Earthquake of
January 17, 1994: Performance of Highway Bridges,
NCEER-94-0008, National Center for Earthquake En-
gineering Research, Bu�alo (NY) (1994).

2. Jennings, P.C., Engineering Features of the San Fer-
nando Earthquake of February 9, 1971, Report no.
EERL-71-02, Earthquake Engineering Research Lab-
oratory, California Institute of Technology, Pasadena
(1971).

3. Ghobarah, A. and Tso, W. \Seismic analysis of skewed
highway bridges with intermediate supports", Earth-
quake Engineering & Structural Dynamics, 2(3), pp.
235-248 (1973).

4. Maragakis, E.A. and Jennings, P.C. \Analytical mod-
els for the rigid body motions of skew bridges", Earth-
quake Engineering & Structural Dynamics, 15(8), pp.
923-944 (1987).

5. Abdel-Mohti, A. and Pekcan, G. \Seismic response
of skewed RC box-girder bridges", Earthquake Engi-
neering and Engineering Vibration, 7(4), pp. 415-426
(2008).

6. Kaviani, P., Zareian, F., and Taciroglu, E. \Seismic
behavior of reinforced concrete bridges with skew-
angled seat-type abutments", Engineering Structures,
45, pp. 137-150 (2012).

7. AASHTO, AASHTO LRFD Bridge Design Speci�ca-
tions, American Association of State Highway and
Transportation O�cials (2014).

8. Maleki, S. and Bisadi, V. \Orthogonal e�ects in
seismic analysis of skewed bridges", Journal of Bridge
Engineering, 11(1), pp. 122-130 (2006).

9. Vamvatsikos, D. and Cornell, C.A. \Incremental dy-
namic analysis", Earthquake Engineering & Structural
Dynamics, 31(3), pp. 491-514 (2002).

10. Estekanchi, H.E. and Vafai, H., Seismic Analysis and
Design Using the Endurance Time Method, Volume I:
Concepts and Development, Momentum Press (2018).

11. Bazmooneh, A. and Estekanchi, H.E. \Determination
of target time for endurance time method at di�erent
seismic hazard levels", Scientia Iranica. Transactions
A, Civil Engineering, 25(1), pp. 33-49 (2018).

12. FEMA, 440, Improvement of Nonlinear Static Seismic
Analysis Procedures, Federal Emergency Management
Agency: Washington, D.C. (2005).

13. Estekanchi, H.E. \Endurance Time method website",
https://sites.google.com/site/etmethod/ (2018).

14. Mirzaee, A., Estekanchi, H.E., and Vafai, A. \Im-
proved methodology for endurance time analysis:
From time to seismic hazard return period", Scientia
Iranica, 19(5), pp. 1180-1187 (2012).

15. USGS \United states geological survey hazard maps",
https://earthquake.usgs.gov/hazards/hazmaps
(2017).

16. Maleki, S. \E�ect of deck and support sti�ness on
seismic response of slab-girder bridges", Engineering
Structures, 24(2), pp. 219-226 (2002).

17. AASHTO, AASHTO Guide Speci�cations for LRFD
Seismic Bridge Design, American Association of State
Highway and Transportation O�cials (2011).

18. Mirzaee, A. \Application of endurance time method in
performance-based design", PhD Dissertation, Sharif
University of Technology (2013).

19. Solberg, K., Mander, J., and Dhakal, R. \A rapid
�nancial seismic risk assessment methodology with
application to bridge piers", In 19th Biennial Con-
ference on the Mechanics of Structures and Materials,
Christchurch, New Zealand (2006).

20. Padgett, J.E., Dennemann, K., and Ghosh, J. \Risk-
based seismic life-cycle cost-bene�t (LCC-B) analy-
sis for bridge retro�t assessment", Structural Safety,
32(3), pp. 165-173 (2010).

21. Basim, M.C., Estekanchi, H., and Vafai, A. \A
methodology for value based seismic design of struc-
tures by the endurance time method", Scientia Iranica,
Transactions A, Civil Engineering, 23(6), p. 2514
(2016).

22. Gha�ari, E., Estekanchi, H.E., and Vafai, A. \Ap-
plication of Endurance Time method in seismic anal-
ysis of bridges", Scientia Iranica, (2018) (In Press).
DOI:10.24200/sci.2018.5041.1382

Biographies

Homayoon E. Estekanchi is a Professor of Civil
Engineering at Sharif University of Technology. He
received his PhD in Civil Engineering from SUT in
1997 and has been a faculty member at SUT since then.
He is a member of Iranian Construction Engineers Or-
ganization, ASCE, Iranian Inventors Association, and
several other professional associations. His research
interests include a broad area of topics in structural
and earthquake engineering with a special focus on the
design of tall buildings and industrial structures.

Esmaeil Gha�ari was born in 1986. He received BS
and MS degrees in Civil and Structural Engineering
from Sharif University of Technology, Tehran, Iran in



H.E. Estekanchi et al./Scientia Iranica, Transactions A: Civil Engineering 26 (2019) 2276{2285 2285

2008 and 2010, respectively and defended his mas-
ter's thesis entitled \Application of Endurance Time
Method in Seismic Analysis of Bridges" in December
2010. He is currently a PhD candidate in Structural
and Earthquake Engineering at the same university.
His research interests include dynamic analysis of struc-
tures using the endurance time method, performance-
based design, and seismic behavior of bridges.

Ali Haghani-Baei was born in Iran in 1993. He is a
graduate of Babol Noshirvani University of Technology

in 2015. He received MS degree in Civil and Earth-
quake Engineering from Sharif University of Technol-
ogy and defended his master's thesis entitled \Seismic
Performance and Cost Assessment of Concrete Bridges
Designed by Iranian bridge Code" in September 2017.
He ranked 1st in the National PhD entrance examina-
tion, Iran in 2018. He is currently a PhD student in
Structural and Earthquake Engineering at the Sharif
University of Technology. His research interests include
dynamic analysis of structures, performance-based de-
sign, and structural health monitoring.




