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ABSTRACT

There are many options to define the saismic input for structurd analysis. Naturd recordings are
considered as the mog dtractive option. But when insufficient - previoudy recorded - earthquake
accderograms are available or when they do not belong to the same ssismic environment for a particular
case sudy, it is common in practice to sdect other remotely recorded ground motions — or atificidly
generated ones - and ‘scae’ them considering number of criteria to get an unbiased estimation of seigmic
demand.

The dudy presented in this paper ams to invedigate the efficiency of a proposed scaing scheme for
ground records, whichis based on matching the code design response spectrum at the fundamental period of
the bridge, (Sd (T1)), or minimizing the error between this spectrum and the record-specific response
spectrum at different control periods associated with the main vibration modes governing the response of the
bridge. Scaling records to match Sd (T1), successfully predicts the response of the bridge (with arelatively
limited variation in results from different records) even when usng generd ground records and not Ste-
specific actud records. The sudy is accomplished by applying the proposed scdling scheme to some
selected continuous bridge systems commonly encountered in Egypt. These bridges feature four equal spans
with lengths of 25, 45 and 65 m investigated to represent short, medium and long span bridges, respectively.
A st of twenty three internationa ground moation records were chosen from worldwide avalable strong

motion database to assess the efficiency of the proposed scding technique.
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INTRODUCTION

There are two main questions to define the saigmic
input for gructurd analyss which successfully predicts
gructure response they are how to select the records and
how to scale them International and national seismic
codes prescribe general guidelines but do not
provide specifics for selecting and scaling earth-
guake records required for dynamic analysis/
design purposes. It is still the designer’s responsi-
bility to find a ‘reasonable’ way for selecting a set
of ‘appropriate’ earthquake records, atask that may
seem apparently easy. Such task is nonetheless
difficult since any discrepancy in the computed
structural response must be kept reasonably low.
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This is hence a complex task that cannot be
accomplished on a ‘trial and error’ basis without an
understanding of the basic concepts behind select-
ion and scaling of earthquake records for use in
dynamic analysis for design purposes. In other
words, the current codes framework for ground
motion record selection is considered rather simpli-
fied compared to the potential impact of the select-
ion process on the dynamic analysis results, so
several studies have been published proposing
methods for selecting the set of ground motions to
be used for analysis.

Ground motion records selection criteria

The selection method may have an effect on the
bias resulting from scaling the ground motions.
Evangelos | et a. [1] summarized some of these
selection methods as follows: record selection
based on earthquake magnitude (M) and distance
(R); additional record selection criteria (soil
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profile, strong motion duration, seismotectonic
environment and other geophysical / seismological
parameters, acceleration to velocity ratio alv));
record selection based on spectral matching; and
record selection based on ground mation intensity
measures, (IM).

Seismic code provisionsfor selection of real records
National seismic codes prescribe general guide-
lines but do not provide specifics for selecting the
type of earthquake records required for nonlinear
dynamic analysis purposes. This is for three main
reasons:
(8 time-history anadyses are rather recent in
engineering practice and expertise developed to
date is not considered sufficient; (b) research on
this topic is still under development and regulat-
ions to include the recent innovations require at
least a few years time; and, (c) full agreement has
not yet been reached regarding the establishment
of commonly accepted selection criteria for
earthguake records.

Most contemporary seismic codes, such as Euro-
code 8 (EC8-1 and EC8-2), ASCE7- 05,AASHTO,
ASCE 4-98 and FEMA regulations FEMA 368 [2-
6], as well as various national norms New Zealand
Standards (NZS), Italian Code (OPCM) and Greek
Seismic Code (EAK) [7-9] describe relatively
similar procedures for the simulation of seismic
actions to be used as dynamic loading in structures.
However some discrepancies between different
codes take place as is clear from the following
points:

Most frequently, seismic motions can be repre-
sented by readl, artificial or even simulated records.
Some differences between the codes on strong
motion representation remain. For example, the
New Zealand Standards allow the use of rea
records only, while Eurocode 8 leaves this choice
to the structural engineer.

Some important seismological parameters, such
as earthquake magnitude, distance, the seismotec-
tonic environment and the local soil conditions
should be reflected in the local seismic scenarios.
Some code-based selection strategies require inclu-
sion of additional parameters. For instance, Greek
seismic code (EAK) and (ASCE 4-98) specify that
duration of the selected accelerograms has to be
representative of expected ground motion at the
site of interest.

Spectral matching between the design spectrum

and the response spectrum of a selected record is
required in most codes. However, the period range
for spectral matching varies among different codes
provisions. For example:

SEAOC [10]: (T1-1s) to (T1+2s)

Eurocode 8: (0.2T1) to (2T1)

ASCE7- 05: (0.2T1) to (1.5T1)

where: T1 is the fundamental period of the
structure.

The average elastic spectrum of selected
records is though not to underestimate the code
spectrum, with a 10% tolerance, in a broad range
of periods.

Most of codes do not distinguish between record
selection for unidirectiona and bi-directional
dynamic analysis, except AASHTO which report
that where three-component sets of time histories
are developed by simple scaling rather than spect-
rum matching, it is difficult to achieve a compa-
rable aggregate match to the design spectra for
each component of motion when using a single
scaling factor for each time history set. It is
desirable, however, to use a single scaling factor to
preserve the relationship between the components.
It is however preferred to use a scaling factor to
meet the aggregate match for the most critical
component with the match somewhat deficient for
other components.

The minimum number of records required for
structural analysisis three in all cases, the except-
ion being (ASCE 4-98) which specifies that at least
one record should be used, unless the structure is
sensitive to long-period motion.

For a set of at least seven ground-motions, the
structural engineer is allowed to compute the mean
structural response. Otherwise, only a maximum
response value is computed if three to six recor-
dings are used.

Some codes identify some records as suitable
candidates for time history analysis like (ATC-40)
[11] that identifies records to be used for time
history analysis of buildings at soil site with peak
ground acceleration of 0.2g or greater: records at
soil site greater than 10 km from sources, and
records at soil site near source.

Scaling M ethod
Several studies have been published proposing
methods for identifying earthquake scenarios
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(including scaling techniques) that can be derived
through seismic hazard analysis (SHA), which is
linked to the estimation of some key measures of
strong ground motion expected to occur during a
pre-defined time interval at a given site.

Performance-based design and evaluation metho-
dologies prefer intensity-based methods to scale
ground motions over spectral matching techniques
that modify the frequency content or phasing of the
record to match its response spectrum to the target
spectrum. In contrast, intensity-based scaling
methods preserve the origina non-stationary
content and only modify its amplitude. The
primary objective of intensity-based scaling
methods is to provide scale factors for a small
number of ground motion records so that Response
History Analysis (RHA) of the structure for these
scaled records is accurate, i.e, it provides an
accurate estimate of the median or mean value of
the Engineering Demand Parameters (EDPs)
conditioned on specific intensity measure, and is
efficient, i.e, it minimizes the record-to record
variations in the EDP. Scaling ground motions to
match a target value of Peak Ground Acceleration
(PGA) is the earliest approach to the problem,
which produces inaccurate estimates with large
dispersion in EDP vaues as per Shome and
Cornell [12]. Other scalar Intensity Measures
(IMs) such as: effective peak acceleration, Arias
intensity and effective peak velocity have also
been found to be inaccurate and inefficient as
highlighted in Kurama and Farrow [13]. None of
the preceding IMs consider any property of the
structure to be analyzed.

Including a vibration property of the structure
led to improved methods to scale ground motions.
For instance, scaling records to a target value of
the elastic spectral acceleration, Sa (T1) derived
from the code-based design spectrum or from a
Probabilistic Seismic Hazard Analysis (PSHA)-
based uniform hazard spectrum at the fundamental
vibration period of the structure, T1, provides
improved results for structures whose response is
dominated by their first-mode (Shome et a. [12]).

However, this scaling method becomes less
accurate and less efficient for structures responding
significantly in their higher vibration modes or far
into the inelastic range as pinpointed by Kurama
and Farrow [13] and Mehanny [14]. To consider
higher mode response, a scalar IM that combines

the spectral accelerations Sa (T1) and Sa (T2) at
the first two periods in a vector format of the IM
has been developed. Although this vector IM
improves accuracy, it remains inefficient for near-
fault records with a dominant velacity pulse; refer
to Baker and Cornell [15].

Among other known scaling techniques, ASCE
offers asimple form. For two dimensional analyses
of regular structures, ground motions are scaled
such that the average value of the 5% - damped
elastic response spectra for a set of scaled motions
is not less than the design response spectrum over
the period range from 0.2T1 to 1.5T1. For struct-
ures having plan irregularities or structures without
independent orthogonal lateral load resisting
systems where three-dimensional analyses need to
be performed, ground motions should consist of
appropriate horizontal components.

All the preceding scaling methods utilize IMs
based on elastic response of the structure, but do
not explicitly consider its inelastic response. They
lead to scale factors that depend only on the
structure period(s), independent of the structural
strength. However, such simple and straight-
forward techniques are deemed suitable and satis-
factory for seismic design purposes for bridges
investigated in the present paper.

M ethodology
Sdected bridges and characterigics of the
structural models

The selected bridges for the present study and
all relevant information concerning their geometric
features, critical sections where analysis results are
reported, and a summary of considered anaysis
types, parameters and scaling schemes presented
throughout the current investigation are shown in
Figs.l, 2a and 2b. All bridges investigated are 4-
span continuous bridges. All spans are equal and
span lengths of 25,45and 65 m are tried to cover
different ranges of short, medium and long span
bridges, respectively. Columns are assumed 8 m-
high for al studied cases and a concrete box girder
deck is adopted.

The criterion for bridge selection is to have a
representative sample of commonly used systems
in Egypt. Selected bridges have different cross
section depth and supporting systems. Selected
bridge systems (identified as System (1) and (6))
and structural models are as presented in Bakhoum
[16].
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It should be also noted that a simple design
under conventional code dead and live loads has
been performed in order to estimate the overal
dimensions of the pre-stressed concrete box girder
deck of each of the bridges for different span
lengths.

Seismic Design loads

Bridge systems are analyzed using the multi-
mode response spectrum and time history anaysis
methods in presence of the own weight of the
bridge. Loads considered are as follows:
140K N/m: for 25 m span length bridges.
170KN/m: for 45 m span length bridges.
215K N/m: for 65 m span length bridges.

For the dynamic structural anaysis, the bridge
deck is divided into adequate numbers of three-
dimensional frame elements.

Section properties

Determination of the moment of inertia and
torsional stiffness of the superstructure is based on
un-cracked cross sectiona properties due to the
fact that the deck has a pre-stressed concrete
section. On the other hand, for the current study
the gross inertia has been similarly considered for
columns to avoid assumption of cracking levels
corresponding to different anticipated levels of
axial load and flexural demands associated with
different levels of seismic demands considered
herein. Checking the effect of various levels of
cracking, and hence different values of cracked
inertia to be considered for columns - including
code’s recommendation - is however the subject of
an ongoing research by the authors.

Boundary Conditions

Two bridge structural systems are considered
with different types of connections between the
bridge deck and the columns as shown in Fig. 2a
However, al column bases are modeled as fixed
support thus ignoring soil-structure interaction. In
case where pot-bearings are used, column top is
released for shear and moment in major and minor
directions, and for shear wherever applicable.
Axidl, i.e., vertical direction is always restrained.

Dynamic characteristics

The commercia structural analysis software,
SAP2000-Version 11, is used to perform modal
analyses, considering a large number of mode
shapes to fulfill code requirement that at least 90
percent of the structure mass (Participating Mass



JL.EGYPTIAN SOCIETY OF ENGINEER

Ratios > 0.9) is included in the calculation of res-
ponse using modal superposition for each principal
direction. The vaues of maximum modal mass
participation factors for all bridges, their corres-
ponding period and mode number for longitudinal
and vertical directions are presented in Table 1.

For longitudinal direction of al selected bridges
- except for bridge system (6) bridge with span-
length 45 meters - amost the total considered mass

girder is fairly flexible and its flexure deformation
comes into play; 97% of total mass is mobilized by
2 modes (second & third modes) in the longitu-
dina direction(refer to Fig. 3 and Table 1). The
structure thus acts as two-degrees of freedom
system.

;T Tr~—— 7~

is mobilized through the first mode; i.e., these Made shape2
bridges act as a single degree of freedom system in e s e S
this direction. Mode shape 3
To the contrary, for system (6) bri dge with Fig. 3- Mode shape 2& 3 of I?ridge System (6), 45 meters span-
. ength
span-length 45 meters, the span is long so that the
Table 1 Selected ground motion records
2 N PR website Earthquske Name Yerr | iagnitude | POA (mis)] POA ()
1 825 Cape Mendocino - United States 1992 7.01 7.3929 14.6886
2 558 Chalfant Valley-02 -United States 1986 6.19 3.1484 3.9212
3 1181 Chi-Chi, Taiwan 1999 7.62 0.4004 0.9722
4 415 Coalinga-05 - United States 1983 577 3.8616 10.6211
5 - Elcentro 1940 7.00 2.0601 2.0993
6 821 Erzican, Turkey 1992 6.69 2.4305 4.8610
7 125 Friuli, 1taly-01 1976 6.50 2.6252 3.4465
8 132 Friuli, 1taly-02 1976 591 0.9342 2.5497
9 1144 Gulf of Agaba 1995 7.20 1.0701 0.9483
10 1994 Gulf of California 2001 5.70 0.0388 0.1693
11 181 Imperial Valley-06 -United States 1979 6.53 16.2359 4.0268
12 1106 Kobe, Japan 1995 6.90 3.3624 8.0572
13 879 Landers- United States 1992 7.28 8.0292 7.7416
14 796 Loma Prieta -United States 1989 6.93 0.5708 0.9757
15 451 Morgan Hill -United States 1984 6.19 3.8045 6.9735
16 529 N. Palm Springs - United States 1986 6.06 4.2646 5.8278
17 495 Nahanni, Canada 1985 6.76 20.4684 9.5925
18 1084 Northridge 1 Sylmar - Converter 1994 6.69 5.7510 12.6073
19 1051 Northridge 2 - Pacomia 1994 6.69 12.0579 6.0083
20 1087 Northridge 3 - Tarzana 1994 6.69 10.2820 9.7150
21 77 San Fernando- United States 1971 6.61 6.8527 12.0262
22 592 Whittier Narrows-01 -United States | 1987 5.99 2.2508 2.9391
23 2053 YorbaLinda- United States 2002 4.27 0.1083 0.5042

On the other hand, System (6) bridge with the
span-length of 65 meters thus with a longer deck
has an increased deck cross section inertia. The
girder is thus till rigid relative to columns and 87
% of the total mass is mobilized also by a single
mode (mode 7) in the longitudinal direction. The
deformation in this mode is mainly column shear
deformation with a very small contribution from
girder flexure deformation. Therefore, the structure

dill approximately acts as a single degree of
freedom system. It is to be noted that al bridge
Systems (1) and (6) considered herein with span-
lengths 25,45and 65 meters have nearly the same
model behavior in vertical direction. Value of
maximum modal mass participation factor in this
direction isranging from 0.586 to 0.649 and about
90% of total mass considered is mobilized in the
vertical direction by typically more than three
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modes. The number of modes contributing to
mobilize 90% of the bridge mass in each direction
for these six bridgesis shown in Table 1.

Recorded and reported internal forcesand
displacements

The locations where the internal forces and
displacements are considered in this study are as
follows:

For vertical seismic analysis purposes:

For Systems (1) and (6), four critical sections
for bending moments and shear forces in deck (at
columns and mid-spans), three sections for axial
forcein columns, and two sections at mid spans for
vertical displacement are considered as shown in
Fig. 2a

For horizontal seismic analysis purposes:

For System (1) only asingle section is considered
for monitoring the bending moment and horizontal
reaction in the middle column. Further-more, the
deck displacement in the longitudinal direction of
the bridge is also reported. For System (6) three
critical sections are selected (at the bottom of
monolithic columns) to monitor the bending
moment under horizontal seismic demand.
Horizontal (longitudinal) displacement is aso
monitored for the deck at the top of the columns.

Analyss methods consdered in the present
resear ch

Dynamic and static analyses are conducted for
the selected bridges. Dynamic analysis is carried
out under vertical and horizontal acceleration time
history of scaled records (as explained below), as
well as under vertical and horizontal elastic accele-
ration response spectra as per ECP201 [17]
requirements, which are in line with European
standard EC8-2 [2] requirements. Following para-
meters are considered: soil type (B), design ground
acceleration (ag)= 0.15 g m/s®, importance factor =
1.3, damping correction factor (n) =1.0, Response
Spectrum type (2) - which is in line with type (1)
of EC8-2-for horizontal direction and type (1) for
vertical direction.

Static analysis is also performed herein under
(1) the effect of own weight to be compared to
results under vertica acceleration; and (2) the
effect of braking force as per ECP201 [17] to be
compared to results under horizontal acceleration.

Ground motion records
For Time History Analysis (THA) in the present

study, denoted as method (d) in ECP201 [17], a set
of ground records compatible with the site seismi-
city shall be chosen. Due to lack of measured
records in Egypt, a set of twenty three international
ground mation records named Set#2 in Markous
[18] is therefore however chosen from a public
strong motion database websites. This set of
records is selected from the website of The Pacific
Earthquake Engineering Research Strong Mation
Database (PEER) [19].

Main characteristics of the selected records are
given in Table 2. Among data given are: the
moment magnitude M and the peak ground accele-
ration, PGA, in both the horizontal and vertical
direction. Then, the hazard isidentified in terms of
the code design response spectrum at the site of the
bridge with a given probability of exceedance (or a
given recurrence period) of 10% in 50 years as per
ECP201 [17] to which the chosen records are
scaled up and/or down as will be explained in the
following section to represent the specific hazard
a the site. Finally, the bridge located in that siteis
subjected to this suite of scaled records and a series
of time history analysesis carried out.

Ground motions selection methods
To investigate the efficiency of a proposed scheme
for scaling of ground records - addressing both
vertical and horizontal components of the record -
for seismic analysis of bridges, and to prove its
superiority to another commonly used method
(scaling to certain Peak Ground Acceleration, PG
A), different bins of records considered in the
present research are selected in different manners
(arbitrary or based on the record’s PGA value) as
follows:

Selection method (1): Consider all twenty three
records and get the average of associated results.

Selection method (2): Consider a sub-set of
seven records (No# 3, 5, 6, 8, 9, 14 & 22) selected
according to Vertical PGA nearest to (0.9*ag* S=
0.9%0.15*g*1.2=1.59 m/s?), for analysis in vertical
direction, and get the average of associated results,
and a sub-set of seven records (No# 3, 5, 8, 9, 14,
22 & 23) with Horizontal PGA nearest to (0.15g* S
=1.76 m/s), for analysis in horizontal direction,
and get the average of associated results.

Selection method (3): Consider a sub-set of three
records (No# 11, 14 & 22) selected geographically,
i.e, located close to each other, and get the
maximum of associated results.
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Selection method (4): Consider a sub-set of three
records (No#l, 12 & 23) selected aphabetically,
i.e, firgt, last and middle records aphabetically
ordered, and get the maximum of associated
results.

Selection method (5): Consider a sub-set of three
records (No# 18, 19 & 20) selected from the same
earthquake, and get the maximum of associated
results.

Selection method (6): Consider a sub-set of three
records (No# 10, 17 & 20) selected according to
Vertical PGA (records having maximum, minimum
and median value of vertica PGA), for analysisin
vertical direction, and get the maximum of associa-

ted results; and three records (No# 4, 6 & 10)
selected according to Horizontal PGA (records
having maximum, minimum and median value of
horizontal PGA), for anaysis in horizonta
direction, and get the maximum of associated
results.

Selection method (7): Consider a sub-set of three
records (No# 5, 8& 9) having their Vertica PGA
nearest to (0.9*ag*S= 0.9*0.15*g*1.2=1.59 m/s?),
for analysis in vertical direction, and get the
maximum of associated results, and three records
(No# 14, 5 & 8) having their Horizonta PGA
nearest to ag * S (0.15g* S = 1.76 m/s?), for analysis
in horizontal direction, and get the maximum of
associated results.

Table 2- Parametersused for calculating “a” scale factor for vertical and longitudinal direction analysis

Vertical direction Longitudinal direction
Effective . Modal mass . d Effective . Modal mass
Mode (Z2) (Ti) participation factor (Ti) - (Ti) | Mode (X) (Ti) participation factor (Ti) Sd (T)
6 0.18626 0.11935 0.128 | 4.035
Bridge System(1) 9 0.11637 0.64876 0.695 | 5.165 5 103724 0767
span-length 25m 13 0.05467 0.01115 0.012 | 5.165 03 0.9999999 16
19 0.02822 0.15354 0.165 | 4.132
6 0.17603 0.14647 0.156 | 4.188
Bridge System(6) 8 0.11533 0.62237 0.661 | 5.165 3 033217 0.98058 5.739
span-length 25m 13 0.05383 0.01041 0.011 | 5.165 : :
19 0.02821 0.16165 0.172 | 3.443
7 0.41666 0.11719 0.129 | 1.781
_ 9 0.25051 0.61929 0.680 | 3.026
BridgeSystem(1) [ 13~ | 011747 0.01099 0012 | 5.165 3 1.39072 0.99999 2.063
span-length 45m
20 0.05740 0.01994 0.022 | 5.165
24 0.05246 0.14299 0.157 | 5.165
5 0.39563 0.13910 0.155 | 1.858
3 0.46939 0.54094 5.739
Bridge System(6) 9 0.24840 0.59818 0.664 | 3.099
span-length 45m 20 0.05705 0.02331 0.026 | 5.165
4 0.40819 0.43566 5.739
24 0.05239 0.13966 0.155 | 5.165
7 0.56291 0.11672 0.122 | 1.318
9 0.33579 0.61222 0.639 | 2.246
Bridge System(1) 15 0.15741 0.01078 0.011 | 4.812 3 2626
1.09261 0.99993
span-length 65m 23 0.07608 0.01748 0.018 | 5.165
26 0.06769 0.13609 0.142 | 5.165
39 0.03267 0.06429 0.067 | 4.132
4 0.52830 0.14380 0.155 | 5.165
Bridge System(6) 9 0.33224 0.58607 0.632 | 2.246 8 0.35056 0.86945 5.739
span-length 65m 26 0.06759 0.13293 0.143 | 5.165 ’ ’
39 0.03267 0.06427 0.069 | 4.132

Details of the proposed scaling methods

There are currently many methods of ground
motion selection and scaling, but little guidance is
available to engineers concerning which methods
are appropriate for their specific applications.
Herein this research we try to study scatter in
structure responses due to seismic input with two
different scaling methods. scaling to PGA versus

scaling to Sa (T1)(i.e.,, Sd (T1) as per ECP201 [17]
terminology), see Informative appendix (A), refer to
Figs.4-6, considering vertical and horizontal
components as defined in ECP201.The target
values of PGA equal to 1.722 m/s2 and 2.296 m/s2
for vertical and horizontal directions, respectively,
as shown in Fig. 5, and the target values of Sd (T1)
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are given in Tablel. When scaling ground-motion
records to Sa (T1) (or, Sd (T1) as per ECP201
terminology) we mean to increase or decrease each
of the ground-motion records by a constant factor
so that the spectral acceleration at a given frequen-
cy and damping is equa to the target spectral
acceleration, i.e., the code design vaue (refer to
Fig. 6 and Table 1). In this process, the spectral
shape, relative phases, and duration of the ground
motion should remain unchanged. The advantage
of scaling of records (demonstrating magnitude, M,
and distance, R, conditiona independence of res-
ponse given spectral acceleration) is that when we
are given atarget ground motion intensity we need
not be overly concerned with what isthe M and R
of the ground motion records that we use for
structural analysis; but we should pay attention that
the mean value of al scale factors applied to all
records in a given suite to match a given preset IM
should have the value of approximately one. Biases
from scaled-up and scaled-down records would
then offset each other, resulting in unbiased
median response, Baker [20].
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Fig.5- Horizontal Response Spectrum curve of Real Record of
Kobe, Japan 1995, Loma Prieta-1999 Scaled to PGA of HRS -
Curve as per ECP201 (2008)
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Fig.6- Horizontal Response Spectrum curve of Real Record of Kobe, Japan
1995, Loma Prieta - 1999 Scaled to Sa(To) - as per ECP201 (2008)- of Bridge
System(1) ,span-length 25 meters as an example.

For multi-mode-controlled vibrations of bridges
aweighted least square method can be used to find
an appropriate scaling factor, “a”, to minimize the
error between the code design response spectrum
and the record-specific response spectrum at
different relevant control periods associated with
the main vibration modes governing the response
of the bridge“a” is determined as per Eq(1) accor-
ding to Mehanny et al., [21]:

Y A4S Sy
a=':'n— ........................................ 1)
>4 S
i=l
Where:
S=S (Ti): The record spectral acceleration at
period .

Si= S (Ti): The target spectral acceleration at the
same period i.

Ai: assigned weight factor for each of the control
periods; it is computed as the ratio between corres-
ponding modal masses mobilized by the modes of
vibration represented by the control periods.

Results and Discussion

Time history analysis has been carried out on
various selected bridges under the scaled records
with the two proposed scaling methods as previo-
usly mentioned. The current investigation covers
both deformation and force demands. Response
Spectrum Analysis (RSA) as per ECP 201 [17] has
been performed in order to compare obtained
bridge seismic response with that resulting from
results from (THA) using the two scaling methods
to determine which method is more sufficient and
efficient in representing site seismic hazard. Static
analysis under own weight and code braking force
has been also carried out to serve as references for
comparison purposes while investigating various



10

JL.EGYPTIAN SOCIETY OF ENGINEER

seismic response; results under own weight are
used in association with seismic analysis under
vertical acceleration, while results under braking
forces have been used in conjunction with seismic
analysis under horizontal acceleration in the longit-

udinal direction of various investigated bridges.

All analysis results for different bridges and for
different records selection methods are presented
in table format as a percentage of static analysis
resultsin each direction (refer to Tables3-6).

Table 3- Results of Time history analysis under vertical component of records scaled to PGA and Multi-modal response spectrum analysis
under ECP201 Vertical RS (as a per centage of own weight case results).

Bending Moment in Girder Reactions in Columns Vertical Displ. Shear in Girder
Bridges Selec. Sec.1 | Sec.2 | Sec.3 | Secd | Sec5 | Sec6 | Sec7 | Secl | Sec3 | Seca | Sech | Secc | Secd

Method % % % % % % % % % % % % %

c 1 30 31 71 62 44 26 24 29 78 25 23 36 44
9 2 28 30 65 57 40 24 23 26 72 24 22 33 41
I 3 39 56 146 127 90 48 34 34 158 34 33 72 91
- 4 42 38 83 72 51 32 32 41 90 34 31 45 56
N 5 45 49 116 101 71 41 34 44 127 35 33 57 73
Au) 6 45 35 67 58 41 28 34 44 74 35 33 35 42
g 7 36 42 84 73 52 35 30 31 92 30 26 43 52
2 VRS 36 38 89 77 55 33 29 35 96 29 27 14 55
c 1 20 21 50 44 30 17 16 19 60 18 15 25 32
© 2 19 19 47 41 28 15 15 18 57 16 13 24 30
M 3 35 33 89 78 54 28 26 36 106 28 24 44 56
- 4 49 40 117 103 70 34 36 51 141 36 31 53 69
B 5 37 44 103 90 62 36 31 31 123 31 24 48 61
\a) 6 37 44 103 90 62 36 31 33 123 31 24 48 61
4 7 29 31 72 64 43 25 24 27 88 23 19 34 45
2 VRS 19 22 52 45 33 20 17 17 60 17 15 27 33
c 1 16 18 a2 37 26 15 13 15 51 15 13 23 27
) 2 19 20 45 40 27 16 15 18 54 18 15 24 29
I 3 38 35 74 65 45 29 29 37 89 30 28 0 0
- 4 25 32 94 84 56 27 20 22 119 22 20 46 61
R 5 16 24 68 60 41 21 14 14 83 15 12 33 43
e 6 30 32 65 58 39 26 23 31 80 23 20 34 40
4 7 21 20 40 35 25 16 17 19 47 17 13 23 26
2 VRS 14 16 39 34 26 15 14 12 45 13 12 21 25
c 1 31 32 69 59 12 26 27 30 72 25 24 36 44
9 2 28 29 64 55 40 24 22 27 68 23 22 34 41
il 3 39 53 145 124 90 46 33 34 151 34 32 74 90
- 4 43 40 78 66 48 31 32 44 80 35 33 45 53
iR 5 44 51 112 96 69 42 47 42 119 37 35 57 72
) 6 44 40 63 54 39 30 34 42 67 37 35 35 40
4 7 31 40 85 72 52 33 26 26 90 26 25 44 52
2 VRS 38 41 85 73 54 32 30 37 89 30 27 45 54
c 1 23 23 51 44 31 18 18 20 56 19 16 27 32
© 2 24 24 53 46 32 19 19 21 57 21 17 28 34
M 3 39 30 88 76 53 27 29 40 100 30 27 45 55
- 4 53 44 110 95 67 36 40 53 125 40 35 54 65
iR 5 36 45 101 87 61 37 30 28 113 0 0 0 0
e 6 36 45 101 87 61 37 30 27 113 30 24 50 60
4 7 32 35 67 59 41 27 26 25 75 31 24 42 46
2 VRS 19 24 51 43 33 20 17 18 56 17 15 28 33
1 17 18 41 35 25 14 13 16 47 13 11 21 25

L% 2 20 20 44 38 27 16 15 19 49 15 13 23 27
© 3 38 35 71 61 43 28 29 37 80 30 25 37 43
- 4 24 30 90 78 54 26 20 25 107 20 17 43 54
& 5 17 20 68 59 41 18 14 16 79 14 11 33 41
e 6 39 32 60 51 36 25 29 40 68 29 24 33 36
@ 7 22 23 41 35 25 18 18 20 45 18 15 23 25
VRS 14 18 37 32 25 15 13 13 42 13 12 21 25

Table 3 gives summary of results for bridges
subjected to the vertica component of records
scaled to PGA code value. It showsthat percentage
of seismic responses at different sections varies
from selection method to the other. For example,
the percentage of bending moment at section (1) —
bridge System (1) with 25 m span-length - varies

from 30 to 45 %, and at section (4) it varies from
72 to 127 %, this is because of the fact that by
scaling the records to a particular value of peak
ground acceleration, PGA, we somehow dlightly
reduce the variability in records’ accelerations by
making them having the same value at a certain
point (namely, a& T = 0), while values of the
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spectral acceleration at the effective periods (which
mainly affect seismic response) are however still
largely variable from record to record and so from
selection method to the other.

Table 4 gives summary of results under the
effect of the vertical component of records scaled
to Sa (T1) - with, “o”, scale factor. Comparing
these results with those presented in Table 3 we
find that the variation in percentage of force and

deformation responses decreases in Table 4, and al
percentages for different selection methods are
nearby those of code response spectrum anaysis
results. Such observation shows that this scheme of
scaling is minimizing the error between the code
design response spectrum and the record-specific
response spectrum at different control periods
associated with the man vibration modes
governing the response of the bridge.

Table4 - Results of Time history analysis under vertical component of records scaled to Sa (T;)-, and Multi-modal response spectrum
analysisunder ECP201 Vertical RS. (as a percentage of own weight caseresults).

Bending Moment in Girder Reactionsin Columns Vertical Displ. Shear in Girder
Bridges Selec. Sec. 1| Sec2 Sec.3 Sec4 Sec.5 Sec.6 Sec.7 Sec.1 Sec.3 Sec.a Sec.b Sec.c Sec.d

Method % % % % % % % % % % % % %

1 40 40 89 77 54 33 32 38 97 33 31 45 56
E 2 41 22 9 79 55 4 3 39 100 % 2 46 57
‘R‘ 3 61 49 108 95 65 39 47 59 122 52 50 48 66
| 4 51 40 90 79 56 33 39 50 99 41 37 46 56
iy 5 57 44 100 87 61 36 43 56 109 45 43 49 63
2 6 57 46 92 81 56 37 43 56 105 45 43 45 55
% 7 38 44 103 90 63 37 31 33 114 32 28 48 64

VRS 36 38 89 77 55 33 29 35 96 29 27 44 55

1 20 21 48 42 29 17 16 19 58 18 15 25 31
é 2 23 23 58 51 35 19 18 21 70 20 16 29 37
hi 3 29 23 60 53 36 19 21 29 74 23 20 30 41
- 4 36 24 61 54 37 19 27 37 73 26 22 28 36
.’—l? 5 29 26 64 57 38 21 22 29 81 23 20 31 43
~ 6 25 26 59 52 36 21 19 26 71 20 17 28 35
% 7 24 26 61 53 37 21 20 22 73 23 16 29 37

VRS 19 22 52 45 33 20 17 17 60 17 15 27 33

1 15 17 39 35 24 14 12 14 48 15 13 21 26
,_% 2 18 19 43 38 26 15 14 17 52 17 14 23 28
g 3 22 20 49 43 29 16 17 21 58 19 16 25 30
- 4 19 21 55 49 33 17 16 17 69 17 16 27 36
&_')\ 5 14 19 50 45 30 16 11 13 62 12 12 25 32
~ 6 19 21 49 43 30 17 15 20 59 15 13 22 26
% 7 21 20 41 35 25 17 17 19 49 20 16 25 28

VRS 14 16 39 34 26 15 14 12 45 13 12 21 25

1 40 41 84 72 52 32 34 38 88 32 30 45 53
,_% 2 41 41 87 74 53 33 32 39 91 33 31 46 55
3 3 53 50 99 84 60 37 41 51 105 46 45 49 61
- 4 48 43 83 71 50 33 37 46 89 39 36 46 53
,“‘? 5 57 52 96 82 59 38 44 55 101 48 45 49 61
~ 6 57 52 81 69 50 38 44 55 86 48 45 44 50
% 7 35 41 101 87 62 34 27 34 108 29 27 49 63

VRS 38 41 85 73 54 32 30 37 89 30 27 45 54

1 22 23 49 42 30 18 18 19 53 20 16 26 31
g 2 24 25 55 48 33 20 19 21 59 21 18 30 35
hi 3 29 21 60 52 36 18 21 29 68 23 20 31 38
- 4 37 29 58 50 35 20 28 37 65 28 25 28 34
Py 5 31 26 58 51 35 21 23 31 71 23 20 30 38
S—’f 6 22 26 58 50 35 21 17 21 65 19 16 30 36
% 7 26 29 60 52 36 23 21 21 63 26 18 30 36

VRS 19 24 51 43 33 20 17 18 56 17 15 28 33

1 18 19 43 37 26 15 14 17 49 14 12 22 26
£ 2 21 21 48 41 29 17 16 19 54 16 14 25 29
§ 3 27 25 50 43 30 20 21 26 56 21 18 26 30
- 4 22 25 60 52 36 20 17 22 71 17 14 29 36
< 5 17 22 57 49 34 18 14 17 66 14 12 28 34
:;,-/ 6 30 25 50 43 31 20 22 31 56 22 19 27 31
@ 7 24 26 45 38 27 19 19 22 50 19 16 25 27

VRS 14 18 37 32 25 15 13 13 42 13 12 21 25

Referring to Tables 3 and 4 one could note the
following:

Variation in deformation response percentage is
close to variation in force response percentage at
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the same section for all bridges and for different
selection methods.

Most of results of bridge System (1) with
different span lengths are similar to those of bridge
System (6) with different span lengths. This is
because of the fact that the difference between
System (1) and System (6) is only the intermediate
column-deck connections. For System (1), top of
intermediate columns is released for shear and
moment in major and minor directions, and only
axial direction isrestrained; while in System (6) all
intermediate columns are monolithic. For both
systems, the axial degree of freedom with respect
to the column is restrained which has major effect
on vertica motion of the bridge, and hence the
behavior of the bridge in the vertical direction is
almost the same for the two systems.

Percentage of response results from RSA
ranges from 27 to 89% for bridges with 25 meters
span length, from 15 to 52% for bridges with 45
meters span length and from 12 to 45% for bridges
with 65 meters span length. Ratio of vertical
seismic responses relative to own weight results
decreases when span length increases.

The same findings can be extracted for horizon-
tal direction analysis. Tables 5 and 6 give summary
of results for bridges subjected to horizontal com-

ponent of records scaled to PGA and Sa (T1) code
values, respectively. The following maybe noted:
Percentage of horizontal seismic response with
respect to braking force results at different sections
varies from one selection method to the other,
when scaling to PGA. For example, the percentage
of seismic bending moment relative to moment
under code braking force at section (1) of bridge
System (1) with 25 m span length varies from 505
to 991%, whereas in Table 6 (i.e., when instead
scaling to Sa (T1)) this percentage is constant for
all selection methods as well as for horizontal RSA
and is equa to 628%. That is due to scaling
method strategy similar to what has been observed
as mentioned above in vertical direction analysis,
in addition to the main characteristics of the
dynamic behavior of these bridge systems in the
longitudinal direction. All case study bridges -
except bridge System (6) with 45 meters span
length - are first mode dominant structures in
longitudinal direction. They have one effective
mode which mobilizes about the total considered
bridge seismic mass in the longitudinal direction;
and scaling to Sa (T1) is performed to match the
value of the spectral acceleration corresponding to
this effective mode (first fundamental mode).
Therefore, variation in response percentage (in
either forces or displacements) is almost zero.

Table5- Resultsof (THA) under horizontal component of records scaled to PGA and Multi-modal response spectrum analysis under ECP201
(2008) Horizontal .-RS. (as a per centage of braking for ce case results).

B.M in HZ. Hz. Bending Moment Horizontal
Mid. Reactionin | Displacement at Displacement at
Column | Mid. Column | Mid. Column top columnstop

Bridge | \pate, [ Sec1% | Sec1% Sec.2% Bridge |soer Col.1 | Co.2|Col-3)Col.1)Col.2) Col.3
1 505 505 505 1 1105 1133 | 1105 | 1123 | 1123 | 1123

E R 497 497 497 £ 2 1223 | 1253 | 1223 | 1243 | 1243 | 1243
N 3 965 965 965 N 3 1471 1495 | 1471 | 1488 | 1488 | 1488
- 4 439 439 439 - 4 1473 1502 | 1473 | 1493 | 1492 | 1493
,H'\ 5 644 644 644 é 5 1606 1632 | 1606 | 1628 | 1628 | 1628
e 6 991 991 991 e 6 2002 2048 | 2002 | 2032 | 2032 | 2032
@ 7 965 965 965 @ 7 1471 1495 | 1471 | 1488 | 1488 | 1488
HRE 627 627 627 HRS 1272 1305 | 1272 | 1308 | 1299 | 1288

e 1 542 542 542 e 1 1412 1391 | 1412 | 1410 | 1410 | 1410
© 2 535 535 535 Q 2 1779 1784 | 1779 | 1799 | 1799 | 1799
il 3 891 891 891 il 3 1754 1705 | 1754 | 1747 | 1749 | 1747
- 4 964 964 964 - 4 1948 2024 | 1948 | 1993 | 1990 | 1993
By 5 791 791 791 By 5 2518 2577 | 2518 | 2556 | 2555 | 2556
) 6 1231 1231 1231 () 6 1622 1712 | 1622 | 1694 | 1691 | 1694
g 7 891 891 891 g 7 2054 2154 | 2054 | 2121 | 2118 | 2121
2 HRS 761 761 761 2 HRS 1714 1765 | 1714 | 1742 | 1740 | 1742
c 1 1140 1140 1140 c 1 2509 2390 | 2509 | 2409 | 2416 | 2409
8 2 1073 1073 1073 8 2 2913 2745 | 2913 | 2791 | 2801 | 2791
Il 3 1969 1969 1969 Il 3 3324 3207 | 3324 | 3250 | 3256 | 3250
- 4 1873 1873 1873 - 4 3679 3405 | 3679 | 3449 | 3467 | 3449
L 5 1864 1864 1864 . 5 3773 3609 | 3773 | 3571 | 3586 | 3571
=) 6 2566 2566 2566 e 6 4319 4118 | 4319 | 4137 | 4144 | 4137
4 7 1969 1969 1969 g 7 3324 3207 | 3324 | 3250 | 3256 | 3250
2 HRS 1439 1439 1439 2 HRS 2804 2687 | 2804 | 2681 | 2686 | 2681
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Table 6- Resultsof (THA) under horizontal component of records scaled to Sa(T1) and Multi-modal response spectrum analysis under
ECP201-(2008) Horizontal RS.(as a per centage of braking for ce caseresults).

B.M in HZ. Hz. Bending M oment Horizontal
Mid. Reactionin | Displacement at Displacement at
Column | Mid. Column | Mid. Column top columnstop

Bridge | oo, [ Sec1% | Sec1% Sec2 % Bridge | Sdec. Method | €91 | €0l 2| Cal. 3| Col. 1 Col-2) Cal. 3
1 628 628 628 1 1278 | 1309 | 1278 | 1298 | 1297 | 1298

€ 2 628 628 628 € 2 1286 | 1315 | 1286 | 1305 | 1305 | 1305
9 3 628 628 628 9 3 1285 | 1313 | 1285 | 1300 | 1299 | 1300
N 4 630 630 630 N 4 1296 | 1343 | 1296 | 1315 | 1315 | 1315
N 5 631 631 631 é 5 1295 | 1316 | 1295 | 1313 | 1313 | 1313
Y 6 628 628 628 st 6 1281 | 1318 | 1281 | 1295 | 1295 | 1295
@ 7 628 628 628 @ 7 1302 | 1331 | 1302 | 1321 | 1320 | 1321
HRE 627 627 627 HRS 1272 | 1305 | 1272 | 1308 | 1299 | 1288

1 762 762 762 1 1819 | 1771 | 1819 | 1804 | 1806 | 1804

IS 2 762 762 762 1S 2 1781 | 1761 | 1781 | 1787 | 1788 | 1787
ﬁ 3 762 762 762 ﬁ 3 2032 | 1780 | 2032 | 1880 | 1890 | 1880
- 4 765 765 765 - 4 1901 | 1886 | 1901 | 1892 | 1894 | 1892
= 5 763 763 763 é 5 1803 | 1803 | 1803 | 1814 | 1814 | 1814
e 6 761 761 761 e 6 2006 | 1932 | 2006 | 1979 | 1981 | 1979
@ 7 764 764 764 @ 7 2092 | 1899 | 2092 | 2001 | 2006 | 2001
HRE 761 761 761 HRS 1714 | 1765 | 1714 | 1742 | 1740 | 1742

1 1442 1442 1442 1 2885 | 2763 | 2885 | 2781 | 2788 | 2781

IS 2 1442 1442 1442 1S 2 2896 | 2727 | 2896 | 2775 | 2786 | 2775
§ 3 1440 1440 1440 § 3 2929 | 2826 | 2929 | 2864 | 2870 | 2864
- 4 1446 1446 1446 - 4 3076 | 2892 | 3076 | 2944 | 2944 | 2944
= 5 1447 1447 1447 é 5 2996 | 2960 | 2996 | 2960 | 2958 | 2960
e 6 1440 1440 1440 e 6 2984 | 2877 | 2984 | 2900 | 2910 | 2900
@ 7 1447 1447 1447 @ 7 2993 | 2879 | 2993 | 2922 | 2930 | 2922
HRE 1439 1439 1439 HRS 2804 | 2687 | 2804 | 2681 | 2686 | 2681

Bridge System (6) with 45 meters span length is
a two-degree of freedom structure, hence scaling
factor “a”” is used. The variation in this bridge case
is however still small.

Results of bridge System (1) are different from
those of bridge System (6). This is because of the
difference in the intermediate column-deck con-
nections which has a major effect on the longitu-
dinal motion of the bridge. Hence, the dynamic
behavior of the bridge in the longitudinal direction
is different for the two systems.

Percentage of response from horizontal longitu-
dinal RSA relative to braking force extremely
increases when span length increases. It aso in-
creases when the number of monolithic connection
increases.

Low dispersion observed when scaling using
Sa (T1) encourages us to use a fewer number of
records to guarantee a good degree of certainty in
results. Therefore, Sa (T1) intensity measure is
more sufficient and efficient than PGA intensity
measure.

One should however iterate that average value

of scaling factors for a given set of records should
be amost equal to one to avoid bias in bridge
responses resulting from the scaling technique
especially for multi-mode-controlled bridges.

Conclusions

The main findings and general conclusions from
this research can be summarized in the following
points:

1- Record-to-record high variability causes the
spectral acceleration vaues corresponding to
effective periods (i.e., associated with modes of
vibration with maximum modal mass participation
factors) to significantly vary from one record to
another. When scaling these records to a certain
value of peak ground acceleration, PGA, the
dispersion in the response decreases, because we
reduce the variability of records accelerations by
forcing them to have the same value at a certain
period (namely, at T=0) but other values of ground
acceleration corresponding to the effective periods
of the structure are still widely variable.

2- To achieve more reduction in dispersion we
should scale the records not to a certain value of
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PGA but to a certain value of spectral acceleration
associated with the effective (fundamental) mode,
Sa (T1) for first mode dominant structures, or use a
weighted scaling factor, “a.”, involving the spectral
accelerations at various control periods contrib-
uting to the vibration response of the bridge for
multi-mode-controlled bridges.

3- Average value of various scaling factors applied
to any bin of selected records should be as close as
possible to 1.0in order to avoid bias in bridge
responses resulting from scaling techniques,
especialy for multi-mode-controlled bridges. Such

conclusion is in line with previous conclusion
drawn by Baker [20].

Further effort, looking at different bridge sys-
tems, other ground records, and conducting non-
linear time history analysis should be spent in
order to investigate whether the same conclusions
can be generalized or not.

Informative appendix (A): Steps for getting scale
factors of scaling methods (horizontal component of
real record chosen in selected subset # 7 applied to
bridge System (1) — 25 meters span-length as an
example)

Step (1): Get thereal time history of the selected earthquake
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Step (2): Get the PGA code value as per ECP201 (2008) Response spectra curve Type (2)

T
Elastic Response Spectrum Curve Type (2) a5 per SECP201 (2008}
L0 5,739
50 —Code HRS Type (2), ag=0.15g, R=1,
— ata= 1, gamma=1.3, sail B
B o4
E 40
T
o
2299
2
14
oo
a0 05 1.0 i5 0 5 20
Period (sec.)

Step (3): Scale the real records to PGA code value
PGA oqe= 2.296 m/s’

Earthquake 5;3/2‘2) Scalefactor (PGA ¢e/PGA)
(5) Elcentro 2.099 | 1.09
(8) Friuli, Italy-02 2550 | 0.90
(14) Loma Prieta 0.976 | 2.35

20 Time Histary Acceleration Function 2 Time Histary Sealed To Prsh, of ECE501 (2008)
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Step (4): Apply these scaled time history functions take the maximum vaue (as recommende by
to Bridge system (1) - 25 meters span-length and ECP201 (2008)

get bending moment at section (1) results from i ﬁ i ﬁ ﬁ
time history analysis of each scaled record then fe)-
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Earthquake Ei'?l?;]r?gﬂegﬂinzm:? Middle St@_ (5): Get the effective _p(_arioq of the bridge

5) Elcentro 3657 ' (which has modal mass participation rat_lo equals

(®) Friuli, ltay-02 210 at least 0.90), and get Sa (T,) corresponding to the
— , effective period of the bridge from code response

(14) Loma Prieta -United States | 4865 spectra curve [ T,=1.037 S]

Maximum 4865 ) . .

Breaking Force 504 Step (6): Get the response spectra curve of real

Hz. Response Spectrum (HRS) 3159 records using a generic program and get Sa (T,)

% of maximum to breaking force | 965 corresponding to the effective period of the bridge

for each record.
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Step (7): Get scale factor for each record
Elastic Response Spectrum Curve Type (2) as per Elastic Response Spectrum Curve Type (2) as per
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(Elcentro) so | In/ M\ (LomaPrieta) | ., | a2 garma—t 3 501 &
. /\/ = > { —Loma Prieta -United States
g 0|/ A0\ 2
£ / = H
— 30 |/ 30 | 1.037.2.767) ~ -
o 229 & 2.206 \/
& zo 2= ‘(1.0371809\2 - \‘/
1.0 ~ /\"/
(1.037.2.767) T 1.0 - ——— )
Ooco 0.5 10 15 2.0 25 3.0 0.0 '
. 00 1.0 2.0 3.0 40 50
Period (sec.) Period (sec.)
Elastic Response Spectrum Curve Type (2) as per
Earthquake ECP201 (2008)
7.0
NO 8 . Cng :—|5RS Type (2) Sa(T]_)Code - 2767 | | IISZ
- ag=0.
(Fruili) oo e gammas Earthquake Sa(Ty) (M/s) | Scale factor (Sa(T1)eoe / Sa(T41))
% 40 T a0 (5) Elcentro 2.9273 0.95
S (1.037.,2.767) —
Es Joo (8)Friuli, 1taly-02 0.3988 6.94
229 - n
& 20 (14) Loma Prieta 1.8092 1.53
1.0 (1.037,1.8092) [
0.0 T
0.0 05 1.0 15 20 2.5 3.0
Period (sec.)
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Step (8): Scale therea recordsto Sa (T,) code value.

) : ; ; ; Time History Scaled To Sa(T,) of
2 2 1 Time HIS'EOI’y Acceleration Function 20.0 Bridge System \(n;)e_ 2IES: Sr\ryspacna \antcr)'\ az(pé)roECPZOﬂ (2008)
& 20 ) (11.44,2.10) Cal
e =150
= 15 —elcentro_EW E —elcentro_EW
5 o 095 | ¢"° -
S o5 S 50
S oo # ®
@ old s00| — ™= § 0.0 |
3 05 & olo 10 200 " 300 400 50.0 60.0
210 £ 50
;z Time (sec.) 10.0 Time (sec.)
25 -15.0
Time History Acceleration Function Time History Scaled To Sa(T,) of
3.0 Bridge System (1) - 25 m span length as per ECP201 (2008)
25 | (3.81, 2.5496) 200
R ?2 7E9R1Igl7_‘|5' (IJE%Y ‘ir;ws'o —FRIULL, ITALY
E FORGA £ 100 091576 0315,
1.0 ~— FORGA
& o5 * c
g oo 694 |5
[y olo 25.0 =
§ -0.5 %
g 10 Time (sec.) ;3
15
20 7
25
Time History Acceleration Function
30 Time History Scaled To Sa(T,) of
25 Bridge System (1) - 25 m span length as per ECP201 (2008)
- —LOMA PRIETA 200
» 20 101889 0005,
T 15 PRESIDI g 180 —LOMA PRIETA
NN *1.53 E 100 PRESIDI
[ = ~
o5 05 50
§ 0000 ‘;‘l“"‘h“A 30.0 40.0 50.0 60.0 - 5
& .05 : . . X X T 00 ol
§ 10 (18 54,0 976) 5 0 10.0 20.0 30.0 40.0 50.0 60.0
<-15 S Time (sec.)
20 Time (sec.) < -100
25 -15.0
Step (9): Apply these scaled time history functions f f m_i f f
to Bridge system (1)- 25 meters span-length and Earthquake gerlldmg M Scézwaf;t Ir(1t M)lddle
. . olumn - Sec. m
get bending moment at section (1) results from ) Ecentro 3161
time history analysis of each scaled record then (8) Friuli, Italy-02 3162
take the maximum value (as recommended by l(\j“) LomaPrieta_-United States gigg
aximum
ECP201 (2008)' Breaking Force 504
Hz. Response Spectrum (HRS) 3159
% of maximum to bresking force | 628
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