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Featured Application: Suggested application includes the seismic analysis of long-span
reinforced concrete deck arch bridges. Furthermore, results of this study may be acknowledged
in drafting design guidelines and standards for earthquake resistance of bridges, as most of the
studies which were the basis for standard rules considered only beam bridges.

Abstract: Although post-earthquake observations identified spatial variation of ground motion
(i.e., multiple-support excitation) as a frequent cause of the unfavorable response of long-span bridges,
this phenomenon is often not taken into account in seismic design to simplify the calculation procedure.
This study investigates the influence of multiple-support excitation accounting for coherency loss
and wave-passage effects on the seismic response of reinforced concrete deck arch bridges of long
spans founded on rock sites. Parametric numerical study was conducted using the time-history
method, the response spectrum method, and a simplified procedure according to the European
seismic standards. Results showed that multiple-support excitation had a detrimental influence on
response of almost all analyzed bridges regardless of considered arch span. Both considered spatial
variation effects, acting separately or simultaneously, proved to be very important, with their relative
significance depending on the response values and arch locations analyzed and seismic records used.
Therefore, it is suggested that all spatially variable ground-motion effects are taken into account in
seismic analysis of similar bridges.

Keywords: seismic analysis; multiple-support excitation; spatial variability; large-span reinforced
concrete deck arch bridges; time-history method; generation of ground motion time histories

1. Introduction

Improvement of seismic design methods always follows new observations and analyses of damage
and collapse due to major earthquakes. Conducted studies identified spatial variation of ground motion
as a frequent cause of unfavorable response of long-span bridges, e.g., [1,2], but this phenomenon is
usually not taken into account in seismic design to simplify the calculation procedure. Since length
and spans of larger bridges are comparable to the seismic wavelength, it is obvious that all bridge
supports cannot be excited simultaneously. Additional differences in the seismic input to different
supports arise from changes in the frequency content and amplitude of the seismic waves propagating
from the base rock to the ground surface. Simple examples of multiple-support excitations include the
unseating of the superstructure due to differential displacements of its supports [2—4].

The pioneering studies of the phenomenon of ground motion spatial variation occurred in the
1960s [5], while significant improvements in the understanding of the phenomenon may be attributed
to data recorded in strong-motion arrays such as SMART-1 (Strong Motion Array in Taiwan—Phase
1) [6], El Centro Differential Array, Thessaloniki in Greece, Pinyon Flat in the USA, among others [7,8].
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The main causes of spatial variability in ground motions are attributed to coherency loss (loss of
coherency of seismic waves due to reflections and refractions of waves in the heterogeneous medium of
the ground and due to superposition of waves arriving from a seismic source), wave-passage effect (time
delay in arrival of seismic waves to different supports of the structure), attenuation effects (decay of
amplitudes and energy of seismic wave propagating through the ground) and local site conditions
(different geological conditions at different supports influence frequency content and amplitudes of
seismic waves) [9], schematically depicted in Figure 1. The interested reader may refer to [7,10,11] for
a comprehensive overview of the subject.
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Figure 1. Principal forms of spatial variability of ground motion [12].

In general, random vibration methods, response spectrum methods and deterministic methods
are used in the study of the multiple-support excitation effect in engineering applications.
Although, numerous studies in which response of bridges to multiple-support excitation was analyzed
using different methods may be found in literature (e.g., [2,13-22]), very little research has been
devoted to arch bridges. Some detailed studies dealt with arch structures in general (e.g., [23-25]),
while studies of arch bridges mostly considered steel bridges [26-28]. The most important conclusions
from some of those studies will be summarized below. The results of the stochastic response of
incompressible circular arches to multiple-support excitation presented in [23] showed that neglecting
multiple-support excitation effect can underestimate, but also overestimate the response, depending on
the properties of the arches, response quantities and the seismic excitation. The author concluded that
wave-passage effect was more detrimental than the loss of coherence. However, Harichandran et al. [26]
studied the responses of two-deck steel arch bridges of large span and showed that the coherency
loss is also very important for response in addition to wave-passage effect. Authors concluded that
uniform excitation is in general unacceptable for considered bridges. In the research [28] in which deck
steel arch bridges were analyzed, it was concluded that the response to the multiple-support excitation
was less detrimental than to the uniform one in the vertical and transverse directions, whereas in the
longitudinal direction the multiple-support excitation significantly affects the response and should not
be neglected.

Very limited investigations of concrete arch bridges found in literature are those in [29-33].
The seismic response of an existing reinforced concrete arch bridge of 150 m span to uniform and
multiple-support excitation was investigated in [29]. The authors concluded that the multiple-support
excitation significantly increases the longitudinal force in the arch, even exceeding its load-bearing
capacity. The similar conclusion was reached by authors of [30] in which the response of several
smaller-span reinforced concrete arch bridges was investigated and in [33] where authors considered
only the wave-passage effect on the response of a reinforced concrete arch bridge of long span. It may
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be observed that no systematic study of the response of reinforced concrete arch bridges of large spans
to multiple-support excitation may be found in literature.

It is common knowledge that the response to multiple-support excitation differs from uniformly
excited response. Due to relative displacements of the supports, a quasi-static component of the
response is induced, while dynamic component of the response also changes because different
eigen-modes are excited to modes excited by uniform excitation. For instance, in symmetrical arch
bridges, uniform excitation in the longitudinal direction of the bridge excites only the antisymmetric
vibration modes, while in the case of multiple-support excitation, both symmetric and antisymmetric
modes are activated (Figure 2), including the higher modes, which should not be neglected in the
analysis. It is interesting to mention studies presented in [19,34], despite the fact that a cable-stayed
bridge (not an arch one) was studied. On the basis of monitoring a real structure (free-field and
on-structure recordings) it was revealed that the asynchronous excitation of a bridge excited higher
modes of vibration while suppressing the oscillation in its fundamental frequency.

uniform excitation of supports
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Figure 2. Relative arch displacements due to the uniform and multiple-support excitation [10].

To summarize, in the research community there is still no consensus whether the multiple-support
excitation phenomenon is favorable or detrimental for seismic response of structures, because it
depends on many parameters, including the excitation features, soil characteristics and dynamic
characteristics of excited structure. Therefore, the objective of this paper is to study its effect on seismic
response of long-span reinforced concrete deck arch bridges, the structural system which has not
yet been investigated in detail regarding this effect. This study contributes to better understanding
of seismic behavior of these structures and it aims to give guidelines whether the multiple-support
excitation should be considered for seismic analysis of bridges of similar structural systems and
spans. Analyses were conducted using state-of-the art methodologies and tools on bridge prototype
numerical models of different spans. The methodology for conducted research is described in detail
in [12], but for the legibility and clarity of the paper, the most important features will be repeated
herein. Detailed analysis results presented in this paper showed that multiple-support excitation had
an unfavorable effect on the seismic behavior of analyzed bridges. Hence, this phenomenon should be
considered in the design of bridges of similar layouts.

2. Prototype Bridges

2.1. Bridge Prototypes Description

Numerical models represent bridges of layout, material properties and cross-sections dimensions
that are verified for persistent design situations [35]. Analyzed bridges were of arch spans L = 100 m,
200 m, 300 m and 400 m with the rise to span ratio of 0.2 (Figure 3) and shaped as catenary with
constant springing to crown load ratio. Deck spans were between 28 m and 33.5 m for all bridges.
Three different sets of bridge layouts were analyzed in order to investigate the influence of dynamic
properties of the structural system on the seismic response to multiple-support excitation. In the
first set, the connection between spandrel columns and the superstructure is hinged (provided by
fixed bearings), the connection is fixed in the second set, while in the third one it is also monolithic
but the arch is additionally stiffened (using large cross section) in order to analyze the influence of
the arch stiffness on bridge response. It was assumed that superstructure is connected to abutments
by longitudinally movable bearings. Bridges are founded on a good-quality rock (corresponding to
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ground type A according to Eurocode 8 [36]). It is important to mention that bridges with different site
conditions were not studied and local site effect was not accounted for.
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Figure 3. Layout of analyzed bridges.

Figure 4 presents cross sections of the bridge. The superstructure, spandrel columns, portal
columns and arches are of cell-box type cross sections with constant dimensions given in Table 1.
The designed concrete grade for the arch and superstructure is C45/55 and C35/45 for the columns [37].
Diaphragms are placed inside the arch under spandrel columns. Their width is equal to the width of
spandrel columns that they support. The arch is connected to arch abutments by a diaphragm.
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Figure 4. Cross sections of the bridges: (a) Spans L = 100 and 200 m; (b) Spans L = 300 and 400 m.
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Table 1. Cross-section dimensions of arches and columns.

Arch Outer Arch Outer Arch inner Web Arch Chord Column Outer Thickness of Portal Outer Portal Chords

Span L [m] Dimensions d Web Thickness Thickness c¢ Thicknesse; Dimensionsdg the Column Dimensionsd, Thickness cp
X h [m] bt [m] [m] [m] X bg [m] Chords cg [m] X bp [m] [m]
100 10 x 2 0.30 0.30 0.45 3.0x15 0.30 4.0x2.0 0.50
200 10x3 0.50 0.30 0.50 5.0x 2.5 0.30 6.5x 3.5 0.50
300 11 x5 0.50 0.50 0.50 5.0 x 2.5 0.30 6.5 x 3.5 0.50

400 12x7 0.60 0.60 0.60 50x2.5 0.30 6.5 % 3.5 0.50
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2.2. Numerical Modelling Strategies

Two-dimensional beam finite-element models were created for all bridge prototypes, with precise
geometry and appropriate spatial and time discretization of the problem, essential for calculation of
high-frequency vibration modes [38].

Influence of geometric non-linearity was investigated in this research. This effect takes into
account increase of stiffness for elements subjected to a tension force and reduction of stiffness for
elements subjected to a compression force (“softening” of structural elements), such as the arch. In the
first case, numerical models for dynamic analysis were determined in the classical way, not taking into
account the change in the stiffness matrix due to dead loads action. In the second case, the analysis
was performed using the stiffness matrix inherited from geometric non-linear staged construction
design. The results from the two cases were compared (dynamical properties, internal forces and
displacements for the vertical load and for one case of multiple-support excitation (MSE)) and the
differences were less than 10%. Hence, this effect was excluded in further analyses to MSE.

Material nonlinearity of the bridge cross sections was not accounted for, as it was assumed that
all load-bearing bridge elements respond in the elastic range. Arch response is mostly non-ductile
due to high thrust [39]. The energy loss in elastic range was simulated by Rayleigh damping wherein
the damping of the first mode and the mode for which the modal participating mass ratio exceeds
90% is assumed with the value of 5%. The Ritz vectors determined from inertia loads (mass for unit
acceleration) along two directions were used instead of classic eigenvectors. This avoids the negative
property of eigen-value problem where eigen-modes are generated independent of the load type,
so many eigen-vectors contribute very little or nothing to total active mass of the structure. The latter
means that they are orthogonal or almost orthogonal to inertia loads. Therefore, an approach to avoid
this phenomenon in numerical models is the application of Ritz-vectors, determined from inertia forces
acting on the structure. In other words, displacements from these loadings represent the starting vector
for the iterative procedure for calculating appropriate Ritz vibration vectors. Fifty Ritz vectors were
determined in all numerical models, to obtain static and dynamic modal load participating coefficients
of almost 100% in translational directions. For comparison, more than double of classical eigen-vectors
would have to be determined to obtain approximately the same values of static and dynamic modal
load contributions. If the loads are proportional to mass of the structure, contribution coefficients are in
accordance with the total contribution coefficient of modal masses. It should be noted, though, that for
many Ritz vectors a very precise numerical model is mandatory, to minimize the discretization error in
determining high oscillation modes (with many zero points), necessary for analysis of structures to
MSE, to acceptable level. The algorithm for the generation of Ritz vectors may be found in [38].

As bridges are founded on rock, supports were modeled accordingly as springs of large stiffness.
Abutments were not considered in numerical models.

Diaphragms placed inside the arch and those near abutments are not explicitly modelled, but their
weight is taken into account. Additional dead load acting on the superstructure includes all bridge
equipment and pavement layers.

All numerical models were created and analyzed in Sap2000 software [40], while the benchmark
examples of the bridge of 100 m span were analyzed in Wolfram Mathematica [41] and Seismostruct [42].
One of the benchmark examples was presented in [12].

3. Methodology

3.1. Model of Spatial Variability of Ground Motion

The ground motion spatial variability is often probabilistically described using the space-time
random field of ground motion, with data obtained from the series of dense instrument
arrays. Thus, this model can be expressed through cross-power spectral density of the motions
S(Ejk,w) = S(w)yjk(éjr,w) where S(w) is the power spectral density function of the motions, j is the
distance of supports j and k, and yx(Ejx,w) is the complex coherency. The complex coherency yjk(&jk,w)
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for each frequency range contains the amplitude term representing coherency loss [y (¢jr,w)| and the
phase term 6i(&j,w) representing the wave-passage effect.

The coherency loss is usually described by means of the lagged coherency, which is the measure of
linear statistical dependence between seismic motions. For the perfectly linearly dependent processes
the value is one, while it is zero for the completely independent processes. It is expected that at short
distances and at low frequencies the motions will be similar, while for large distances and at large
frequencies the motions will become uncorrelated [8].

Most lagged coherency functions have been obtained empirically and semi-empirically using
recorded data at strong motion arrays. Some of the empirical functions, developed mostly from the
SMART-1 array, are those of Loh and Lin [43], Hao et al. [44], Abrahamson et al. [45], and Harichandran
and Vanmarcke [46]. The functional form of semi-empirical models is analytically based, but parameters
are evaluated from recorded data. Some of them are those proposed by Somerville et al. [47],
Der Kiureghian [48] and Luco and Wong [49].

The selection of coherency model significantly affects the seismic response of structures subjected
to multi-support excitation [7]. Hence, the recommendations for choosing the appropriate model from
a large number available are necessary. The comprehensive discussion on this topic is presented in [8],
where simulations of the motions from the two models very common in engineering applications,
those of Harichandran and Vanmarcke [46] and of Luco and Wong [49], are compared. An important
consideration in the selection of the coherency model is the site classification. The lagged coherency
at rock sites has a flatter exponential decay than the lagged coherency at the softer soil sites.
According to [7], coherency models at rock sites are limited. Abrahamson [50] proposed an empirical
coherency model for rock sites based on recordings at the Pinyon Flat array. Luco and Wong coherency
model with a range of slower exponential decays, compatible with the trend of recorded data, can also
be used as representative for the coherency at rock sites. Therefore, in this study the loss of coherency
was modelled using this function, given by the expression:

2. 2c 2

(& @)] = ek (1)

in which parameter a controls the exponential drop of the coherency function with an increase of
distance and frequency. Parameter a was taken with value of 2 X 107, the lowest value of those
proposed by Luco and Wong, to be appropriate for the rock site.

The wave-passage effect depends on the apparent velocity of the waves. According to Abrahamson [51],
studies of motions recorded in several arrays showed that the apparent velocity of S-waves is typically in
the range 2.0-3.5 km/s. Hence, the value of 2 km/s was chosen in this study. It was assumed that seismic
wave propagated from the left abutment as the reference station to the other bridge supports in the direction
of the main bridge axis.

Although the expansion of Kanai-Tajimi spectra [52] developed by Clough and Penzien [53] is
usually selected as the spectral density function, in this study the proposal by Kaul [54] was followed
for generating time-histories in order to reach matching with target spectra in fewer iterations:

2C

S(w) = 25 . RsA%(w) - L

w -2In(-Z5 Inp)

@)

where RSA correspond to target spectra ordinates, C is the damping coefficient, T is duration of the
generated records and p is probabilistic coefficient, usually >0.85 [54].

In this study, the Eurocode 8 elastic pseudoacceleration spectrum of type 1 for ground type A [36]
with peak ground acceleration of 0.2 ¢ was chosen as the target response spectrum. Duration of the
records was 20 s [15] and p was taken with the value of 0.85, in accordance with [54].
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3.2. Analysis Methods and Multiple-Support Analysis Cases

As already mentioned in the Introduction, the methods used in this study are in accordance
with [12], but the most important features will be summarized herein. Analysis methods include
response spectrum method according to Der Kiureghian and Neuenhofer (using Multiple Support
Response Spectrum (MSRS) fortran code) [55,56], time-history method using generated records and
simplified procedure for consideration of spatially variable seismic excitation proposed in Eurocode
8 [57]. The fundamental information on these methods is presented in Figure 5, while the methods of

generating records for time-history method will be briefly elaborated below.

Multiple support response
spectrum method (MSRS) [56]

Time-history method (TH)

Simplified method according to
EC8 [57]

o Stochastic method which takes into
account the effect of correlation
between motion of supports and
natural modes of vibration of the
structure

e Limitation to linear structures with
classical damping

o Statistical response quantities

Input data:

¢ Geometry of supports

¢ Modal frequencies and damping
ratios

o Effective influence coefficients and
effective modal participating factors
for each response quantity of

¢ The most general procedure of
dynamic response calculation

¢ Equations of motion are solved by
time stepping methods

¢ Numerically demanding and time
consuming

Input data

¢ Displacement time-histories for
SVGM (from recorded or simulated
motions)

Ground motions simulation

techniques in this study:

e Conditional simulation by Deodatis
[58]

¢ Unconditional simulation by

¢ SVGM estimated by pseudo-static
effects of appropriate displacement
sets imposed at foundations of the
supports

Input data:

¢ Two sets of displacements on the
relevant support foundations

¢ Design response spectrum
corresponding to most severe
ground type underneath the bridge
supports

Combination of the most unfavorable

dynamic response and the most

unfavorable effects obtained by quasi-

static calculations, using SRSS rule

interest

Vanmarcke et al. [59] P ® H

o The set of peak ground ¢ NYCDOT prescribed time-histories
. . 194d, redy
displacements and displacement [61]
response spectra Arch |di(A)] d2(A) di (B) d> (B)
¢ Coherency model span[m]| [m] | [m] [m] [m]
o Direction of propagation of seismic 100 0 [9.25x10%|-2.31«10°]+2.31x10°
d ; I . 200 0 [1.85x102|-4.62x103|+4.62 x 10
waves, duration of motion 300 | 0 |2.78x10%|-6.94x10°|+6.94x10°
400 0 |3.70x102%|-9.25x103|+9.25 x 103

Figure 5. Analysis methods applied in this study.

Ground-motion records needed for time-history method were generated using two procedures.
In the first one, conditional simulation using spectral representation method proposed by Deodatis [58]
was applied, but with his extension to adjust the records to be compatible with the target spectra.
In this study, the procedure was coded in Wolfram Mathematica according to the scheme presented in
Figure 6.

The second procedure is unconditional simulation proposed by Vanmarcke et al. [59] in which a
recorded ground motion is applied for generation of ground motions at other supports based on a
spatial variability model. Basic input consisted of location of the supports, the spectral density function
(SDF), the frequency-dependent spatial correlation function and the known ground motion at support.
The procedure was performed in the program SIMQKE-II [60].

In addition to records generated by conditional and unconditional method, time-histories provided
by seismic guidelines of New York City Department of Transportation (NYCDOT) were also applied [61].
These are readily available spatially-variable time histories sets for 1000-year, 1500-year and 2500-year
earthquake return periods. Each one of these three sets incorporates the effects of spatial variation
along 21 hypothetical piers on very hard rock spaced at 100 m and extended over a straight line having
a total length of 2 km. The formulation used for generation is according to Abrahamson [50]. NYCDOT
motions were used for checks as they are not compatible with Eurocode spectrum. In total, 13 ground
motion sets were generated using the unconditional simulation, 7 using conditional simulation and 3
sets of prescribed motions were taken from the NYCDOT standards.
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Figure 6. Scheme of iteration procedure for generating seismic motions compatible with target
response spectrum.

Elastic response spectra of recorded motions at the left abutment (for conditional simulation
method) and spectra of generated motions using unconditional method and of prescribed motions by
NYCDOT are presented in the left part of Figure 7. On the right side of the same figure, one example
set of displacement records at bridge supports is shown.
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Figure 7. Elastic response spectra (ERS) and displacement time-histories (DTH): (a) ERS of recorded
motions at L = 0 m for conditional method; (b) DTH of the record 004674; (c) ERS of all generated
motions using unconditional method; (d) DTH of one set of motions; (e) ERS of one set of motions
prescribed by New York City Department of Transportation (NYCDOT); (f) DTH of one set of motions
prescribed by NYCDOT.

It is important to point out that, generally, the response of structures to MSE cannot be analyzed
using the recorded accelerograms only, as a large number of simultaneously recorded time-histories
at different distances, in different soils, of different magnitudes, etc., should be available. As such
seismic database does not exist, a procedure for generation of records must be applied. For example,
Eurocode 8 [57] in its informative annex D related to MSE does not even mention the use of recorded
motions in time-history analysis, but only the generated ones. Their number should be such as to yield
stable estimates of the mean of the maximum responses of interest. Therefore, in this study the analysis
was made with the 20 generated motions, excluding the NYCDOT ones.

Furthermore, in the part of the standard not directly related to MSE, where the time-history
representation is discussed, it is suggested that the appropriate modified/simulated records are
used when the recorded ones with location-compatible characteristics are not available. In every
case, the average response spectra of the individual spectra of the used time-histories should be
not lower than 1.3 times the 5% damped elastic response spectrum in the period range between
0.2T7 and 1.5 T1, where T; denotes the fundamental period of the structure. In general, when a
three-dimensional analysis is being carried out, the components of each pair of time-histories should
be applied simultaneously.

The Hilber-Hughes-Taylor direct integration method with « = 0 (abbreviated to HHT ) was
applied for numerical implementation of the time-history procedure. It is important to mention that
very short time steps were used, because of the application of displacement ground motion records
(versus traditionally used acceleration records) [38].

After verification of numerical models, the following seismic cases were analyzed:

e Case 1 (U): uniform ground excitation;

e Case 2 (WP): multiple-support excitation with time delay of the motions (wave-passage effect on
perfectly coherent seismic waves);

e Case 3 (C): multiple-support excitation with the coherency loss (it is assumed that the velocity is
approaching infinity);

e Case 4 (WPC): multiple-support excitation with WP and C.
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4. Results

4.1. Dynamic Analysis

In the following table (Table 2) the first 10 Ritz vectors and corresponding natural periods
are presented. The first mode shape is antisymmetric for all analyzed bridges, with modal mass
participation ratios in the longitudinal direction ranging from 50-70% for arches of 100 m span, 35-38%
for 200 m spans, 33-35% for 300 m spans and 32% for 400 m spans. Second mode shape is symmetric
for all analyzed bridges except for the bridge F100. The first two mode shapes of bridges with static
system F are presented in Figure 8.

Table 2. Periods corresponding to first 10 Ritz vectors of all analyzed bridges [s].

Ritz v Period [s]
F100 U100 Upp100 F200 U200 Upp200 F300 U300 Upp300 F400 U400
1 0.768 0.645 0.344 1.596 1.322 0.705 2.547 2226 1.560 2959 2.726
2 0.464 0.352 0.255 0.895 0.731 0.443 1.398 1.221 0.880 1.628 1.497
3 0.424 0.318 0.246 0.485 0.403 0.273 0.746  0.657 0.476 0.878 0.801
4 0.301 0.255 0.215 0.436 0.381 0.239 0.611 0.563 0.453 0.728 0.698
5 0.281 0.224 0.190 0.433 0.275 0.222 0.540 0.419 0.339 0.715 0.550
6 0.281 0.205 0.189 0.323 0.268 0.219 0.475 0.371 0.321 0.659 0.539
7 0.254 0.190 0.140 0.282 0.222 0.195 0.387 0.334 0.293 0.613 0.503
8 0.236 0.182 0.123 0.281 0.215 0.171 0.369 0.318 0.291 0.551 0.451
9 0.177 0.145 0.105 0.260 0.203 0.162 0.355 0.283 0.230 0.444 0.377
10 0.137 0.113 0.079 0.231 0.173 0.161 0.328 0.253 0.223 0.426 0.335
T Tz
(a)
min} = [mn} [uin]

(b)

. o (0)
\ @ o

(d)

Figure 8. First two modes of vibration for bridges: (a) F100; (b) F200; (c) F300; (d) F400.

Elastic response spectrum from Eurocode 8 is presented in Figure 9, together with histogram of
modal mass participation ratios larger than 5% for all analyzed bridges. As the earthquake records
were generated to conform to the prescribed spectrum, it is interesting to determine where are the
modes with large contribution of mass located in relation to the seismic load. It should be pointed out
that the spectrum values are given in units [m/s2] which are shown on the left vertical axis, while the
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modal mass participation ratios are in [%], shown on the right vertical axis. The different shades
of colors have been used in histograms (blue for the modal mass participation ratios of 100 m span
bridges, green for the 200 m span bridges, red/pink for the 300 m span bridges and orange for the
400 m span bridges).

8 80
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—FC8 —F300
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U100
5 I ! t U200 150
- —U300 =
24 U400 40 &
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Figure 9. Elastic response spectra EC8 with modal mass participating ratios for all analyzed bridges.

4.2. Seismic Analysis Accounting for Multiple-Support Excitation Effects

Results are presented for the arch as the main load-bearing element. Arch sections in which axial
force (N), bending moment (M), shear force (T) and displacements (uy and u,) were analyzed include
arch springings (p), quarter span (f) and arch crown (c).

Firstly, the results of seismic analysis using the time-history method will be presented. The ratio
of absolute values of peak response for the multiple-support and uniform excitations was determined
for each analyzed arch section and for each set of time-histories (20 in total, without NYCDOT motions)
according to the expression:

_ peak response to the multi — support excitation (C, WP or WPC)

®)

P peak response to the uniform excitation (U)

For ratios p; > 1, multiple-support excitation (MSE) has a detrimental effect on the seismic response
in relation to the uniform excitation. The arithmetic mean of all the ratios for each set of time-histories
and for each case of multiple-support excitation was calculated, and the standard deviation was ¢ < 1/3
p1 in all analyzed cases.

The average ratios p; for all analyzed cases of MSE are shown in Figures 10 and 11, for all analyzed
bridges grouped by static system.

It may be observed that the most detrimental effect of MSE appears for the crown bending moment
of the bridge U100 for the WPC case, with the ratio of 3.63. Regarding the displacements, the most
unfavorable response occurs due to WPC case for the crown vertical displacement of the bridge
Upp100, amounting to 1.86. Such a detrimental values occurring for MSE in the arch crown have been
anticipated, because both symmetric and antisymmetric modes are excited. For uniform excitation
symmetrical mode, shapes are not excited, so the crown of the symmetrical arch bridge does not
undergo a vertical displacement (Figure 2) due to seismic action. Bending moments in the springings
occurring for uniform excitation are acceptable for all bridges, except the very stiff ones (Upp) where
the largest ratio amounts to 1.35 for the WPC case. However, the values at quarter span due to uniform
excitation are unacceptable and the ratios are up to 1.45 for the WP case of the bridge Upp300.
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Figure 10. Ratios p; of all analyzed bridges grouped by static system: (a) axial forces; (b) shear forces;
(c) bending moments.

Further unfavorable responses may be observed for axial forces in all analyzed sections of all the
bridges, with the crown being the most critical one with ratios up to 1.68 of the bridge U200. It may
be observed that in almost all analyzed cases the most unfavorable is the WP case. The unfavorable
response of axial forces obtained is in accordance with the results presented in [29,30,33].

Regarding the shear forces, the most detrimental response of MSE may be observed at the quarter
span of the stiff bridges amounting to 1.42 for the WPC case of the bridge Upp100. For the shear force
in the arch crown the uniform excitation is on the safe side.

All longitudinal displacements are in order of +10%, so disregarding MSE is acceptable.
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Figure 11. Ratios p; of all analyzed bridges grouped by static system: (a) horizontal displacements;
(b) vertical displacements.

Following the results of time-histories, the ratio p, of the absolute values of peak response for the
multiple-support cases calculated using different methods and the most detrimental case obtained
by the time-history method using all generated records (UK) was determined for each analyzed arch
section. Therefore, the average ratios p, are presented in Figures 12 and 13 in order to compare results
of different analysis methods. Results of time-history method are given for records generated using
different methods (denoted by G for unconditional simulation, P for conditional simulation, N for
NYCDOT motions and UK for all generated motions excluding NYCDOT). The response spectrum
method for multiple-support excitation is labelled as MSRS (analyses exclude the bridges of static
system F). The cases of simplified method according to Eurocode 8 are labelled as EC8-SRSS for the
case in which the combination of the most unfavorable dynamic response and the most unfavorable
effects obtained by quasi-static analysis is calculated using the SRSS rule, while the approach in which
this combination is obtained by summing absolute values of the dynamic and quasi-static response is
labelled EC8-S.
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Figure 12. Ratios p, at arch quarter span for: (a) axial forces; (b) bending moments; (c) vertical displacements *. * note: for clarity of the figure (c), the large p, of the
bridge Upp100 amounting to 5.4 obtained using the MSRS method was disregarded.
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Figure 13. Ratios p; at arch crown for: (a) axial forces; (b) bending moments; (c) vertical displacements *. * note: for clarity of the figure (c), the large p, of the bridge
Upp100 amounting to 3.65 obtained using the MSRS method was disregarded
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Results show that simplified procedure proposed by EC8 generally underestimates the response
of analyzed arch bridges to MSE, regardless of span. At quarter span, the ratios p, of the internal
forces are in the range of 0.67 (0.72 for EC8-S) to 0.94 for EC8-SRSS (1.28 for EC8-S) for the bending
moment of the bridge Upp100. The vertical displacements are in relatively good agreement with the
reference values (in the range of 0.82 to 0.94 for EC8-SRSS and 0.97 to 1.14 for EC8-S). At the arch
crown, the values obtained by both ECS cases are far below the reference values, with the lowest ratio
amounting to 0.32 occurring for bending moments in the bridge U100. Vertical displacements are in the
range of 0.62 to 0.87 for EC8-SRSS and 0.81 to 1.01 for EC8-S for all bridges. Results are not presented
for the arch springing as they follow the same trend as those commented above.

Regarding the records used in the time-history method, it may be observed that all values obtained
using records from NYCDOT are significantly lower than all other values, which has been expected as
the elastic response spectrum prescribed by NYCDOT is more favorable for analyzed bridges than that
of EC8. The most detrimental values are calculated using the record generated using unconditional
simulation, what has also been anticipated accounting for the characteristics of the signal, which cannot
be considered realistic.

The MSRS method mostly gives conservative values for MSE. At quarter span, the values of the
internal forces are in relatively good agreement (up to 1.16), except for the bridge Upp100 where the
ratio for axial force amounts to 1.49 and 3.73 for the bending moment. Vertical displacements are
significantly overestimated for stiff bridges, especially for the bridge Upp100 where the ratio amounts
to 5.4. At arch crown, the values obtained by MSRS are very different than the reference values,
ranging from 0.5 to 3.65.

It is interesting to compare the pseudo-static and dynamic component of the response, in MSRS
method, for two bridges of the same span but different stiffness, U100 and Upp 100 (Figure 14a,b).
It may be observed that for the displacement of the bridge U100 the pseudo-static component prevails,
while the dynamic one is more important for the internal forces. For very stiff bridge Upp100,
pseudo-static component is more important for all response values and it is the main reason for very
unfavorable response of this bridge to MSE. These components are also presented for a flexible bridge
U400, where the dynamic component dominantly affects all the response values (Figure 14c). It is
repeated herein that the dynamic component of the response to MSE differs from the one to uniform
excitation. These conclusions are in line with those obtained by Hao [23], who investigated circular
arches and concluded that the responses of stiff arches are generally dominated by the quasi-static
responses, while the dynamic responses dominate the flexible arch responses owing to a dynamic
amplification effect.
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Figure 14. Pseudo-static (in black color) and dynamic (in grey color) part of the response: (a) bridge
Upp100; (b) bridge U100; (c) bridge U400.

5. Discussion

5.1. Influence of Structural Dynamic Parameters and Span Length

The influence of dynamic properties of the system on response values cannot be observed,
except for the vertical displacements of the arch crown where it is evident that within one group of
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arch spans (for example, L = 100 m) the unfavorable action of the MSE increases with the stiffness of
the system.

The detrimental effect of the MSE on the values of the bending moments and the longitudinal
displacements of the quarter arch generally increases with the increase of the span within the same
static system. For all crown displacements, the opposite is true, so that increasing the span results in
decreasing the unfavorable effect of MSE.

5.2. Influence of MSE Effects

Analyzing ratios p; it may be observed that the wave-passage effect is in most cases more
detrimental to the response than the loss of coherency. Exceptions occur for bridges F100 and Upp100.
However, it should be noted that when values obtained by calculation using records generated by
unconditional and conditional simulation are analyzed separately, in many cases the most unfavorable
form of MSE is that with the effect of coherence loss using records obtained by unconditional
simulation calculations, while for the values obtained from calculations using records generated by
conditional simulation, in most cases the most unfavorable form of MSE is the one with the influence
of the wave-passage.

Hence, the general trend of the behavior of the observed values cannot be determined and the
results depend on the records used. Therefore, it is recommended that the design analyses should
include both considered MSE effects.

5.3. Influence of Analysis Methods and Applied Ground-Motion Time-Histories

As previously mentioned, the largest average peak time-history results obtained using generated
records were assumed as the reference values for validation of all methods.

The simplified method proposed in EC8 systematically underestimates response values and,
therefore, it is not suggested for the analysis of similar bridges. This conclusion is in accordance
with the findings of some other studies in which EC8 simplified method was applied. For example,
in the recent study of the integral bridge [22], it was concluded that EC8 approach provides results
in the order of +40-50% of the reference values, owing to the inability of the method to predict the
contribution of higher modes as well as the location of structural elements which are favorably or
unfavorably affected by spatially variable seismic actions. The research presented in [18] dealt with
the response of bridges to MSE and evaluation of EC8 provisions very comprehensively. The authors
concluded that in some cases the provisions of the EC8 on the simplified method may be safely applied,
but in other cases ignoring the effect of MSE or performing simplified calculations can significantly
underestimate the actual seismic demand. In the study of an arch bridge response to multiple-support
excitation presented in [33] the authors also suggested reexamining the limit for consideration of
spatial variability effect in concrete arch bridges, proposed by Eurocode 8.

Moreover, the modification of the method in which the combination of the most adverse dynamic
response with the most adverse effects obtained by the quasi-static analyses is calculated by applying
the sum of absolute values, applied also in [18], cannot be recommended for the use since the response
values are still underestimated, with a few exceptions that cannot influence the method selection.

It can be observed that the response spectrum method MSRS does not accurately estimate the
response of arch bridges to MSE, with some values being significantly lower and some higher than
the reference values, which is in line with the research presented in [62], proposing its modification.
Therefore, bearing in mind also the general inapplicability of the method to any non-linear analysis,
this method is not recommended for the calculation of similar bridges to MSE.

The use of earthquake records generated by unconditional simulation produces very conservative
results, and it should be kept in mind that such “artificial” records are used because of the lack of
recorded ones and they can never realistically define an earthquake excitation. The advantage of using
such a simulation is that it simply and quickly generates a large number of records once a calculation
algorithm is made, which is useful for parametric analyses. The procedure of conditional simulation
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using recorded motions is more demanding, because it is firstly necessary to find a series of appropriate
records from a strong-motion database with respect to the bridge location (which is not always possible),
taking into account the code rules and, if necessary, to process them (baseline correction and filtering).
Then, for each selected record, the time windows and the spectral power density function for each of
these should be determined, taking care that the duration of each stationary time window is 2n since
inverse fast Fourier transforms are used in the simulation. It is evident that it is very challenging to fully
automatize such a process. Only after this initial selection and adjustment procedure has been carried
out can the process of generating records for the other supports of the bridge be initiated. The records
generated using this method retain the properties of the original recorded time-histories (for example,
the frequency content of the signal) so that they can more realistically define the earthquake excitation
than the “artificial” records generated on the basis of a probabilistic model. Taking into account these
findings, it is suggested that, depending on the problem itself (for example, design or theoretical
parameter analyses), a record generation process should be selected. It is further noted that special
attention should be paid to the processing of acceleration records, since displacement records are
generally used in the analysis of the MSE effect.

6. Conclusions

This study investigated the influence of multiple-support excitation on seismic behavior of
deck-type long-span reinforced concrete arch bridges. Results of the comprehensive analysis showed
that applying a uniform seismic input at all bridge supports, as is commonly done in engineering
practice, was not acceptable for these bridges. In all studied cases, multiple-support excitation had
a detrimental effect on some aspect of the arch bridge seismic response, regardless of span length
(the minimal span was 100 m). Hence, it may be recommended that this phenomenon is included in
seismic analysis of similar structures, even if it is not required by the engineering design codes.

Both ground-motion effects acting separately or simultaneously proved to be very important,
with their relative significance depending on response values, analyzed arch locations, and utilized
earthquake time histories. Therefore, it is suggested that both MSE effects are considered in seismic
analysis of similar bridges. It should be pointed out that deck arch bridges of long spans are usually
constructed on rock sites, because of the large arch thrust that needs to be transferred to the ground.
Therefore, the effect of local-site conditions was not considered in addition to coherency loss and
wave-passage. However, if the bridge location is at uneven site with non-uniform conditions at
different supports, this influence on ground motion amplification and spatial variation should be
considered. A simplified approach would be to apply the procedure presented in this paper (Figure 6),
but to define different response spectra taking into account the soil category of different supports.
However, one should bear in mind that the local site conditions have a much more complex effect
than the spectral modification prescribed by the code design spectra and thus, a more comprehensive
approach to this effect may be suggested, such as that applied in e.g., [18,63]. Moreover, if the
foundation interacts with the soil and the superstructure, thus significantly affecting the dynamic
response of the bridge, this further complicates the analysis, and the state-of-the-art knowledge
in geotechnical earthquake engineering and earthquake structural engineering should be applied
accordingly. The soil-structure interaction may reduce the effect of multiple-support excitation by
increasing the fundamental period of the structure and by introducing the dissipation of energy
at foundations level. However, foundation rotations may induce large pseudo-static forces [64].
It was concluded in [18] that significant coupling exists between spatial variability, effects of local soil
conditions and SSI effects, but their relative importance cannot be easily assessed in advance.

In this research, no rule in response of bridges was apparent regarding the effect of dynamic
structural properties and arch span, with few exceptions. Comparison of the various methods showed
that the most suitable analysis procedure was time-history method, because other procedures proved
to be less accurate and because of its general applicability. In particular, it was shown that simplified
method proposed by valid European seismic codes systematically underestimates the MSE effect,
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so it is not recommended for use in engineering practice. EC8 rules, which specify that in the case of
roughly uniform soil properties along the bridge, spatial variability must only be considered if the
bridge length is larger than 400 m for rocky soils, cannot be safely used to analyze deck-reinforced
concrete arch bridges. The other code deficiencies were also observed, such as the lack of guidelines on
selecting the coherency loss functions and apparent wave velocities. These findings are corroborated
by a recent paper [64] addressing these issues and, furthermore, by proposals of simplified differential
displacement loading patterns for use in the seismic design of bridges accounting for MSE by the
same authors [65], and we believe that the new generation of EC seismic standards should consider
these studies.

Although presented conclusions have been drawn from a limited-scope study of plane response of
deck-type reinforced concrete arch bridges founded on rock sites, it is obvious that many gaps still exist
in successful inclusion of MSE effect into the design standards and in providing guidelines that could be
useful and understandable to engineering professionals. Therefore, it may be suggested to undertake
more initiatives to investigate the effect of MSE on bridges of various types and materials, soil conditions
and earthquake scenarios, using numerical procedures, but also experimental research, as superior
systems of multiple shaking tables have been installed in several research institutions worldwide.
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