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4. Incremental Dynamic Analysis (IDA)
5. Time History Analysis (THA)
6. Capacity Spectrum Method (CSM)
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1. Monte carlo sampling
2 .Latin hypercube sampling
3. Uniform design sampling
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1. Developed Nonlinear Static Pushover (DNSP)
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3. Acceleration- Displacement Response Spectra (ADRS)

1. Complete Quadratic Combination (CQC)
2. Square Root of the Sum of Squares (SRSS)
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1. Probabilistic Seismic Demand Model (PSDM)
2. Engineering Demand Parametere (EDP)
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5. Elastomeric Bearing Pad (EBP)
6. Lead Rubber Bearing (LRB)
7. Pot Bearing (PB)
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1. Average absolute Error (%AvgErr)
2. Maximus absolut Error (%MaxErr)
3. Root Mean Square Error (%RMSE)
4. Semi-fan
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Variable  Dist. Case Mean {;g::f; Eff:;
yielding Lali 420 350 490
stressof L-N  ahvaz 400 340 460
steel (fy) Mash. 400 340 460
ultimate Lali 30 24 36
strength ahvaz 30 24 36

of L-N
concrete Mash. 28 23 33
(f)
Strain of

f L-N All 0.002 0.0012 0.0028

c ( gC )
ultimate
strain of
concrete L-N Al 0.006 0.0036  0.0084

( gCU )

Blastic - A 265 180 220
modulus

Pylon Lali 60cm 48 72
section N ahvaz  80cm 64 96
thickness Mash. 50cm 40 60

Err.” N All 0% -10% +10%

*Dist.: Distribution, Err: Error of section dimensions, Mash:
Mashhad
Table 1. Probabilistic distribution of structural parameters
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—— Superstition Hills-USA
Chalfant Valley-USA
Nahanni-Canada
Hollister-USA
Imperial Valley-USA
Northridge-USA
San Fernando-USA
—— Tabas-lran
——— DuzceTurkey

Fig. 3. Spectrum of selected records for IDA method
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Monitored demand

Seismic analysis method

Case study Seismic demand R IDA (R R THA ®%) R DNSP (®2)
Pylon curvature 0.9609 0.9595 0.9573 0.9529 0.9303 0.9261
Lali Pylon head displacement 0.9726 0.9705 0.9707 0.9696 0.9574 0.9552
Bearing displacement 0.9512 0.9505 0.9468 0.9443 0.9122 0.9103
Cable tension 0.9865 0.9836 0.9854 0.9838 0.9814 0.9807
Pylon curvature 0.9627 0.9607 0.9605 0.9594 0.9398 0.9322
Ahvaz Pylon head displacement 0.9799 0.9784 0.9773 0.9753 0.9608 0.9592
Bearing displacement 0.9431 0.9412 0.9404 0.9383 0.9031 0.9006
Cable tension 0.9884 0.9853 0.9873 0.9848 0.9822 0.9808
Pylon curvature 0.9657 0.9625 0.9633 0.9611 0.9492 0.9456
Mashhad Pylon head displacement 0.9818 0.9806 0.9801 0.9784 0.9646 0.9623
Bearing displacement 0.9229 0.9221 0.9123 0.9083 0.8874 0.8835
Cable tension 0.9982 0.9954 0.9918 0.9894 0.9860 0.9837

Table 2. coefficients of determination for EDP-IM model corresponding to different analysis methods
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Monitored response

Comparative methods

Case Demand THA and DNSP DA and THA IDA and DNSP
%MaxErr  %AvgErr  %RMSE  %MaxErr ~ %AvgErr  %RMSE  %MaxErr ~ %AvgErr ~ %RMSE
Pylon 3.2087 1.9955 23071 1.847 1.6152  1.6616 41909 23039  2.7873
curvature
Pylonhead =5 30,0 95076 24795 13968 12843 13306 43564 24894  2.9065
Lali displacement
_ Bearing 2.6254 11734 12795 1.794 15756  1.6351  2.4628 1.5095  1.7213
displacement
Cable 2.2806 15115 1.8629  0.7877 05494  0.6619 3.019 20987  2.5489
tension
Pylon
5.138 33082 34673 22574 2.0455  2.0985  7.6336¢ 49257 53031
curvature
Pylonhead =7 o510 43604 50783 1.2909 12114 1218 9.7788  5.4686  6.4684
Ahvaz dlsplacc?ment
 Bearing 2.5591 1.3126 1.485 1.9595 19197  1.9264  3.3699 1.6551  2.0126
displacement
tgfslifn 2.917 21281 23005  0.6752  0.6156  0.6222  3.8863  2.8998  3.0058
Pylon 53435 37259 3.9579 12776 12246 12445 69451 46874  5.1112
curvature
Pylonhead = ¢ 405 3.885 45811 09665  0.8606  0.887 8.1368  4.9456  5.9652
displacement
Mashhad Beari
, pbearng 3.295 15248 1.8695  2.1779 1.9727 20323 3.9393 2.059 2.4695
displacement
teclfstﬂ; 3.0894 24728 23734 05295 04104 04303 41577 33302 3.1514

Table 3. Eroor parameters associated with comparison of diifferent analysis methods
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Fig. 5. Fragility curves of Lali bridge (Extensive and Collapse) Fig. 4. Fragility curves of Lali bridge (Slight and moderate)
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Fig. 4. Fragility curves of Ahvaz bridge ( Extensive and Collapse) Fig. 4. Fragility curves of Ahvaz bridge (Slight and moderate)
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Lali 1 0.3071 0.0088
Ahvaz 1 0.3156 0.0094
Mashhad 1 0.3323 0.0102

Table 4. Computational time relative to IDA
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Abstract

Different methods of seismic analysis of structures generally include Incremental Dynamic Analysis (IDA),
Time History Analysis (THA), and Static Pushover Analysis (SPA), which in the same order have a decreasing
trend in the computational effort and the estimation accuracy of seismic demands. In the structural engineering
problems involving probabilistic seismic analyses such as seismic fragility assessment, and seismic risk based
design optimization due to the consideration of a wide range, respectively, for uncertain parameters and the
decision-making variables, many repetitions of the time-consumed seismic analyses on the finite element
models has been required. This issue is considered as a burden for computational efficiency due to the
significant increase in the computational cost, especially in the case of large-scale structural systems such as
Cable Stayed Bridges (CSBs). Therefore, in this paper, an attempt will be made to develop and adapt the
approach of the static pushover method to the seismic behavior of the CSB in both longitudinal and transverse
direction. This approach includes producing the structure's capacity curve through the proposed static pushover
approach and intersecting it with the corresponding record demand spectrum, while considering all the
important linear and nonlinear behavior modes of the structure in order to calculate the performance point of
the CSB. Then the desired seismic responses of the CSB has been recorded at the performance point of
structure. The intended seismic demands of the CSB include pylon head displacement, critical pylon section
curvature, cable tension, and bearing device displacement. It is worth mentioning that according to the purpose
of this research, which includes the probabilistic form of seismic analysis, the seismic analyses consist of the
applying the various seismic records on the samples produced by the uniform design sampling method in such
a way that the uncertainty in the structural and seismic parameters is taken into account at the same time. In
this way, the mentioned approach as well as other more accurate methods including IDA and THA are used in
order to estimate the probability distribution of aforementioned seismic demands in three case studies of
existing CSBs in Iran. Then, in relation to the above-mentioned proposed approach entitled Developed
Nonlinear Static Pushover (DNSP) method, the complete justification of the relatively small errors in the
outputs estimation of this method will be performed by explaining the sufficient reasons and details to clarify
its effective computational efficiency in the seismic assessment of the CSBs. In the next step, the seismic
fragility curves related to the various components of the case studies are generated as the final result of
probabilistic seismic analysis of structures. For the comprehensiveness of validation and in line with the
recommendation of the DNSP method for the CSBs, the relationship between the accuracy of methods in
estimating seismic responses and seismic fragility is also will be discussed. In the end, after comparing the
seismic outputs and the computational cost of different methods, this study concluded that the proposed DNSP
approach in estimating the demand and seismic fragility of the CSBs has an appropriate accuracy and at the
same time leads to that the computational workload has been significantly reduced compared to existing
methods.

Keywords: Probabilistic seismic analysis, Record to record uncertainty, Developed Nonlinear Static Pushover
(DNSP), Seismic fragility assessment, Cable stayed bridge



