Seismic Fragility Curves for Multi-Span Concrete Bridges
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ABSTRACT

Seismic ground motion can vary significantly over distances comparable to the length of a majority of highway bridges on multiple supports.
This paper presents results of fragility analysis of two actual highway bridges under ground motion with spatial variation. Ground motion time
histories are artificially generated with different amplitudes, phases, as well as frequency contents at different support locations. Monte Carlo
simulation is performed to study dynamic responses of the bridges under these ground motions. The effect of spatial variation on the seismic
response is systematically examined and the resulting fragility curves are compared with those under identical support ground motion. This study
shows that ductility demands for the bridge columns can be underestimated if the bridge is analyzed using identical support ground motions
rather than differential support ground motions. Fragility curves are developed as functions of different measures of ground motion intensity
including peak ground acceleration(PGA). peck ground velocity(PGV), spectral acceleration(SA), spectral velocity(SV) and spectral intensity(Sh).
This study represents a first attempt to develop fragility curves under spatially varying ground motion and provides information useful for
improvermnent of the current seismic design codes so as fo account for the effects of spatial variation in the seismic design of long-span bridges.

Key words : fragility curve, concrete bridge, nonlinear dynamic analysis, earthqucke, ductility

1. Introduction seismic response based on structural dynamics. More
recently, a number of studies on fragility curves for highway

While performing a seismic risk analysis of highway bridges were made along these lines."® Most of them,
system, it is imperative to identify seismic vulnerability whether empirical or analytical, were based on the assumption
associated with various damage states of bridges, since the that the structure under consideration is subjected to an
bridges are among the most seismically vulnerable structures identical ground motion. However, a majority of multi-

in the system. The fragility curve of a bridge, representing span bridges are likely to suffer ground motions at their
its seismic vulnerability, is traditionally defined as the pro- supports that can differ considerably in amplitude and

bability that the structure under consideration will suffer phases as well as frequency content, since seismic ground
from physical damage in a specific state upon subjected to motion can vary significantly over distances comparable to
an earthquake ground motion of a given intensity level. the length of the bridge.

In principle, the development of bridge fragility curves The collapse of the 483-meter long bridge at the Interstate

requires synergistic use of the following approaches: (1) 5 and State Road 14(SR14/15) Interchange located approxi-
professional judgment, (2) quasi-static and design code mately 12 km from the epicenter during the 1994 Northridge
consistent analysis, (3) utilization of damage data associated earthquake is an example suggesting that the effects of the

with past earthquakes and (4) numerical simulation of spatial variation of the ground motion might have caused
the failure considering the length of the bridge and the

*(PuSdd EEVeH, 33(HEAA : ksh1210@chol.com) different soil conditions at the locations of the various
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Seismic Fragility Curves for Multi-Span Concrete Bridges

A preliminary investigation was performed earlier by
Shinozuka et al® on seven typical California bridge
models, through which it was found that for several of
the bridges the differential support ground motion produces
significantly higher structural response than the identical
support ground motion. As a result, the assumption of
identical support ground motion is unconservative in that
peak ductility demand for columns would be underestimated,
if the bridge were to be analyzed wusing identical support
ground motion, rather than differential support ground
motion. Therefore, it is of paramount importance to account
for the effect of spatial variation of earthquake ground
motion in developing fragility curves for highway bridges,
particularly for multi-span long bridges.

2. Generation of Seismic Ground Motion With Spatial
Variation

The spatial variation of seismic ground motion can be
attributed to the following three mechanisms® ™ : 1) the
difference in arrival times of the seismic waves at different
locations, commonly known as the “wave passage effect”,
2) the change in shape of the propagating waveform due
to multiple scatterings of the seismic waves in the highly
inhomogeneous soil medium, referred to as the “incoherence
effect’, and 3) the change in amplitude and frequency
content of ground motion at different locations on the
ground surface due to different local soil conditions known
as the “local site effect”.

In this paper, the computer code has been developed to
generate differential acceleration time histories at several
prescribed locations on the ground surface. They are compatible
with prescribed response(or power) spectra and duration
of strong motion, and reflecting the three effects mentioned
above.

2.1 Simulation of n-Variate Non-Stationary Stochastic
Processes

This section outlines the algorithm which simulates
non-stationary ground motion time histories based on a
prescribed spectral density matrix. The vector process is
assumed to be a non-stationary vector process with evolu-
tionary power. To be specific, consider a rn-variate, non-
stationary stochastic vector process with components
7F%t); j=1,2,--n, having mean value equal to zero ie.
e[ FU#)]=0: i=1,2,, 7 and cross-spectral density matrix
given by:

Sw, 1) Shw, 1) - S (o, t)
o, t)=| Salw. ) o 1)
% (w, t) - S, D)

Due to the assumed non-stationarity of the vector
process, the cross-spectral density matrix in Eq. (1) will be
a function of both frequency wand time t For the
purpose of this study, a special case of Eq. (1) is assumed
to hold:

SHaw, H=IA4,(O1S)(w) ; j=1,2,-,n @

S%w, 1)=A ()ALt W S;(0) S () M w)
G E=1,2,,n; j*k ()

where A;(t);7,k=1,2,---, n are the modulating functions
of the vector process f?(t);j——-l,Z,'--,n and S;(w);
j=1,2,-, n are the corresponding(stationary) power spectral
density functions. The functions 7", (w);7, k= 1,2, n; j+k
are the complex coherence functions describing the correlation
relationship between the components of the stationary
vector process. They are given by:

Ia@) =7(a) exp| ~ i @

];]',k=1,2,'-',n;]'¢k @)

where 7,(w);j,k=1,2,", n; j+k are the(stationary) co-

herence functions between £%(¢) and £9(¢). exp[—i wf}k]

is the wave propagation term where £,(w) is the distance
between points ; and k, and v is the velocity of wave
propagation.

Given the simple structure of Egs. (2)~(3), where the
modulating function is deterministic, the components of
the non-stationary process £%(¢); j=1,2,-+, n can be ex-
pressed as a product of a zero mean stationary process
2X(t);j=1,2,-, n and the respective modulating function,

ie.
U =A()ENt) j=1,2,,n )
e[(D]=07=1,2,,n ©®)

From Egs. (2), (3) and (5), the cross-spectral density matrix
for the stationary process g9 (¢);7=1,2,-, n is given by:

SUw)=[V S;() Sew) I'n(@)]j, k=1,2,, n )

where we have adopted the convention F;=1 and used
the notation in Egs. (2)~(3).

H7H M6z (5 X34%) 2003.12



Seismic Fragiiity Curves for Multi-Span Concrete Bridges

2.2 Simulation Procedure

In order to simulate samples of the n-variate non-
stationary stochastic process FUt)7=1,2,", n, its(stationary)
cross-spectral density matrix S%(w) given in Eq. (7) is
factorized into the following product:

S w)=H(w)H™(w) ®)
Hy(w)

Hw,t) H21_(a)) sz.(a)) . )
Hu(o) - Ho(o)

using Cholesky’s decomposition method. The diagonal
elements of H(w) are real and non-negative functions of
w, while the off-diagonal elements are generally complex
functions of w. The elements of H(w) can be written in

polar form as:

0w}

H/-k(a)):|ij((U)|e s ivk (10)

where:

(11)

05 (w) = tan ‘%Mﬂ)

Re[ij(w)]

Once the matrix S%(w) is decomposed according to
Egs. (8)~(10), the stationary stochastic vector process

g(t);7=1,2,
series as N— 00.

-+, n can be simulated by the following

gi(t)=2 rgl ﬁJHjm(CU/)IV Awcoslw,t—6;,(w;)

+0,.,/7=1,2,-.n (12)
where
w,=1Aw;I=1,2,---,N (13)
@y
szw (14)
Im[Hjm(wl)]

Oim(w;)=tan ' (15)

Rel Hj ()]
The quantities {®,,}; m=1,2,--,n; {=1,2,---, N appear
ing in Eq. (12) are n sequences of independent random
phase angles distributed uniformly over the interval
[0,27]. In Eq. (14), w, represents an upper cut-off
frequency beyond which the elements of the cross-spectral
density matrix in Eq. (1) may be assumed to be zero for
any time instant t. As such, w, is a fixed value and hence
Aw—( as N—co, so that NAw=w,.

In order to generate the i-th sample g{”(¢); j=1,2,", »
of the stationary stochastic vector process gi(t); /=1,2, -, n,
one replaces the n sequences of random phase angles

{0,,}; m=1,2,---,n;1=1,2,---, N in Eq. (12) with their
respective i-th realizations {@,,}; m=1,2,---,n; [=1,2,
...’N .

n N

g’ (1)=2 ”;1 ;IH/m(w;)IV Awcos[wt—0,,(w;)
+ 00 =12, n (16)

The corresponding i-th realization of the non-stationary
vector process ffi)(t); j=1,2,-+, n is calculated by mul-
tiplying the ;-th realization of the stationary process
g,‘m;/zl,Z,'--,n by the modulating functions A;(#;
i=1,2,,n:

FUD=A4;()g; i=1,2,,n (17)

2.3 Simulation of Ground Motion Compatible with Pre-
scribed Response Spectra

An iterative algorithm shown in Table 1 is used to
generate acceleration time histories at n points on the
ground surface that are compatible with prescribed re-
sponse spectra. A different target acceleration response
spectrum RSA;(w); i=1,2,---, n can be assigned to each
of these points, since those points can generally be on
different local soil conditions. Complex coherence functions
I'y(w); 7,k=1,2,+, n; j#k are prescribed between pairs
of points and modulating functions A;(¢); j=1,2,,n
are assigned at each point. The power spectral density
functions S;(w); j=1,2,
initialized to a constant (non-zero) value over the entire

-+, n in the first iteration are

frequency range. After setting up the cross-spectral density
matrix given in Eq. (7) according to a prescribed coherence
function and a velocity of wave propagation, the stationary
ground motion time histories are generated using the
simulation formula given in Eq. (12). The non-stationarity
is then introduced by multiplying each of the stationary time
histories with modulating functions A,(#; j=1,2,-, n.
In the next step, the response spectra of the simulated
non-stationary time histories are calculated and matched
with the prescribed response spectra. In case, the response
spectra do not match at a chosen level of accuracy, the
diagonal terms of the cross-spectral density matrix of the
underlying stationary are upgraded as shown in Table 1.

Asynchronous acceleration and displacement time histories
at three different locations were shown in Fig. 1 & 2
respectively.
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Table 1 lerative Scheme to Generate Acceleration Time Histories Compatible Response Spectrum at # Points on the Ground Surface

Target acceleration response spectra: RSA;(w); j=1 2, ....n

Complex coherence functions: T (@); j,k=1, 2, ...,

n, j#k
Modulating functions: 4;(t); j=1, 2, ...,n

v

by setting them equal to a (non-zero) constant value over the entire frequency range

Initialize power spectral density functions S;(w)

v

A4

Generate g; as a stationary, n-variate, stochastic vector process

with cross-spectral density matrix

v

Compute acceleration time histories as: f;(£) = A4 (1)g;(?)

v

Compute acceleration response spectra RSAi(a))

corresponding to f; respectively

v

Iteration
finished ?

v

Upgrade power spectral density functions as:
2
RSA, () ]

S, (w) - Si(w)[ -
RSA' (w)
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3. Bridge Models

Two actual concrete bridges(SR14/15 Interchange & Santa
Clara Bridge) in California are selected for this study.
The geometry and boundary conditions for these bridges
are shown in Fig. 3. The overall length of SR14/I5 Inter-
change built with four hinges is 483 meter and the nine
columns have different heights from 9.5 meter up to 34.4
meter, while that of Santa Clara Bridge built with one
hinge is 500 meter and each one of the eleven columns
has a height of 12.8 meter.

The nonlinearities included in this study are yielding of
~ columns and pounding of decks at the expansion joint.(lz)
The plastic hinge formed in the bridge column is assumed
to have bilinear hysterestic characteristics. The expansion
joint is constrained in the relative vertical movement, while
freely allowing horizontal opening movement and rotation.
The closure at the joint, however, is restricted by a gap
element when the relative motion of adjacent decks
exhausts the initial gap width of 2.54cm(1.0 in). The bases
of the columns were assumed to be fixed, while the two
abutments were modeled as roller supports. To reflect the
cracked state of a concrete bridge column for the seismic
response analysis, an effective moment of inertia is
employed, making the period of the bridge longer. The
Column Ductility Program COLx"™ is used to model the
moment-curvature relationship of plastic hinges for
columns. The parameter used to describe the nonlinear
structural response in this study is the ductility demand.
The ductility demand is defined as ¢/, where ¢ is the
rotation of a bridge column in its plastic hinge and 4, is
the corresponding rotation at the yield point. The non-
linearities involved in the bridge analytical model are
depicted in Fig. 4. The SAP2000/Nonlinear finite element
computer code™ is utilized for the extensive two-dimensional
response analysis of the bridge including the nonlinearities.

( Expansion Joint

~ P pek
r &
A

Potential
Plastic Hinge

ForceI
{RGap .
Linear
I
2.54cm Gap Column
Colsure
Potential
Plastic

Fig. 4 Nonlinear Model for Bridge Column

4. Development of Fragility Curves

4.1 Fragility Curves

By making use of Monte Carlo simulation techniques, a
total of 300 earthquakes without and with spatial variation
were generated at the nine supports of SR14/15 Interchange
and at the eleven supports of Santa Clara Bridge. For each
set of differential support ground motion time histories,
the corresponding set of identical support ground motion
time histories is obtained by considering that the ground
motion time history at the first support of the bridge is
applied at all the other supports. The computer code
SAP2000/Nonlinear was utilized in order to simulate the
state of damage of the structure under ground displacement
time histories without and with spatial variation.

In order to incorporate various structural characteristics
that affect damage into fragility analysis, some definitions
according to failure mechanisms resulting in different damage
states are investigated. For the ease of demonstration,
however, the five states of damage considered for the bridges
in this study are light(at least one column subjected to
ductility demand p>1), minor(at least one column subjected

to ductility demand p>2), moderate(at least one column

2 m
-
- i
46m frdm S2m 43m S5 Fdm W 3 S4n 503
- L :._t.__ e ,Tw.ﬂh_r__‘:-wt.'i____?__, m
)97' l tRs l¥37 17 1, }H 7%'
Ay m J] mo §i7 2p M I 244 - | 1f1
4 s T §3 nn
A
7 b
SR s Interenange
. At [
‘ T - =
im Hig 42 55m 435.8m Alim
52 l I l J7 ! ] l 1 ' ﬁ;l,bnﬂ?f-
4 Frrog FE

Sarty Uhary Bridye

Fig. 3 FElevation of Two Bridges
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subjected to ductility demand p=3), major(at least one
column subjected to ductility demand p>=4) and collapse
(at least one column subjected to ductility demand p=5)
under the longitudinal applications of ground motion.

A common log-standard deviation, which forces the
fragility curves not to intersect, is estimated along with
the medians of the lognormal distributions with the aid of
the maximum likelihood method. The following likelihood
formulation described by Shinozuka et al®® is introduced
for the purpose of this method. Although this method can
be used for any number of damage states, it is assumed
here for the explanation of analytical procedure that there
are four states of damage including the state of no
damage. A family of three (3) fragility curves exists in this
case where events Ei, E, E3 and E4 respectively indicate
the state of no, at least minor, at least moderate and
major damage. Py=P(a;, E) in turn indicates the pro-
bability that a bridge i selected randomly from the sample
will be in the damage state E; when subjected to ground
motion intensity expressed by PGA=a;. All fragility curves
are represented by two-parameter lognormal distribution
functions

Fila;:'c;, gj)=@[—l&‘2/ﬂ] (18)

where ¢ and ¢; are the median and log-standard deviation

of the fragility curves for the darmage state of “at least
minor”, “at least moderate” and “major” identified by j=
1, 2 and 3. From this definition of fragility curves, and
under the assumption that the log-standard deviation is

equal to ¢ common to all the fragility curves, one obtains;

Py=P(a;, E))=1-Fya;c,, t) (19)
Pp=Pla;, Ey)=F(a;c. & —Fyla;c, §) (20)
Py=Pla;, E3) = Fy(asics, ©) — Fy(ascs, ) 1)
Py=P(a;, E))=Fy(a;cy, ©) (22)

The likelihood function can then be introduced as

n 4
L(cy, c3,¢3,0) = Z_IJI kl;[l Pula;; £ (23)
where
xik=1 (24)

if the damage state /7, occurs the i-th bridge subjected to
a= a; and

xx=10 (25)

otherwise. Then the maximum likelihood estimates c,; for
c; and ¢, o for ¢ are obtained by solving the following
equations,

alnL(Cl, Co, C3, g) o alnL(CI!CZ)CS’ g) _0
ch o aél o

(7=1,2,3) (26)

by implementing a straightforward optimization algorithm,

The fragility curves for the longitudinal direction of
SR14/15 Interchange associated with these states of damage
were plotted in Fig. 5(a) for the case 1 “without spatial
variation and without pounding”, in Fig. 5(b) for the case 2
“with spatial variation and without pounding”, in Fig. 5(c)
for the case 3 “without spatial variation and with pounding”
and in Fig. 5(d) for the case 4 “with spatial variation and
with pounding” as a functions of different measures of
ground motion intensity including PGA, PGV, SA, SV and
Sl, in order to compare and highlight how ground motions
with spatial variation and/or pounding affect structural
behavior. The fragility curves for Santa Clara Bridge were
also plotted in Figs. 6(a), 6(b), 6(c) and 6(d) in the same
way.

It should be noted that the values of the ground motion
intensity such as PGA, PGV, SA, SV and Sl are different
at different supports of the bridge for the case with
spatial variation. For the purpose of practicality, these
values are averaged and noted as Mean PGA, Mean PGV,
Mean SA, Mean SV and Mean SI in Figs. 5(b) and 5(d),
and in Figs. 6(b) and 6(d). The distribution of values of
measures of ground motion intensity is plotted in Fig 7.
Since the generated ground motion time histories are more
compatible with the prescribed PGA values than the others,
it is expected that the fragility curve as the function of
PGA might be the best fit for the purpose of comparison
in this study.

4.2 Measures of Ground Motion Intensity

Expressing the fragility curves as functions of different
measures of ground motion intensity has been advocated
and promoted by many researchers and engineers. PGA,
which is the absolute maximum value of the ground
acceleration associated with a particular ground acceleration
time history, has been most often used to represent the

H7H Hes (8 HM343) 2003.12
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Fig. 5 Fragility curves for SR14/15 Interchange

ground motion intensity for fragility curve development. dynamic characteristics including damping properties are
However, SA, the maximum pseudo response acceleration reasonably well known, geotechnically consistent earthquake
of a damped single-degree-of-freedom system to the ground ground motion time histories are either easily specificable
acceleration, is also prominent among these alternative or readily available from pertinent database, and the state
measures. Indeed, SA can be a good measure when the of damage for which the fragility curve is to be developed
structural response is primarily in the linear range, structural depends mainly on the instantaneous maximum inertia
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Fig. 5 Fragility curves for SR14/15 Interchange

force exerted by a ground motion time history.

Some researchers also claim that ground velocity-related
quantities including PGV, SV and SI are more appropriate
for this purpose. PGV is the absolute maximum value of
the ground velocity associated with a particular ground
velocity time history, SV is the maximum pseudo response

velocity of a damped single-degree-of-freedom system to
the ground acceleration, and SI is the average of SV over
the natural period between 0.1 and 2.5 sec following the
original Housner’s definition."® The structural damping
coefficient is assumed in all calculations to be 5%,
although Housner used 2% for SI calculations.
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4.3 Effect of Spatial Variation

If the bridge damage is more susceptible to the ground
inotion with spatial variation than without it, the simulated
tragility curves are at least consistent with the hypothesis
that, for all levels of damage state, the median fragility values
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without spatial variation are larger than the corresponding
values with spatial variation. The hypothesis is perfectly
satisfied, however, only when the comparisons are made
on the basis of the median ground motion intensity values
measured in PGA for the cases of Figs 5(a) and 5(b), and
Figs 6(a) and 6(b). Other measures such as PGV, SA, SV
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Fig. 6 Fragility curves for Santa Clara Bridge

and SI produce mixed results in such a way that spatial
variation is detrimental only for severer states of damage,
while it appears even beneficial for lighter states of damage.
However, this observation may be superfluous. Since when
ground motion time histories are simulated, only their
peak ground accelerations are targeted.

In particular, if the number of bridges at a certain state

of damage(e.g., at least light damage} is counted, it is
larger when the entire sample is subjected to the ground
motion with spatial variation than without it. In fact, the
percentage of bridges subjected to the specific damage
state for the longitudinal directions of SR14/I5 Interchange
and Santa Clara Bridge under ground motion for the
casel, 2, 3 and 4 was listed in Table 2. Examining Table 2,
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Fig. 7 Distribution of values of measures of ground motion intensity(sample size=300)

Table 2 Percentage of Damaged Bridges(sample size=300)

SR14/15 Interchange Santa Clara Bridge
Damage State Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4
Light 76 79 79 80 84 88 80 86
Minor 54 63 58 67 67 81 68 79
Moderate 29 42 33 53 54 77 55 76
Major 9 22 12 34 40 73 43 70
Collapse 2 7 2 16 29 68 32 64

it is found that the number of damaged bridges increases
up to 8 times when the SR14/15 Interchange is analyzed
considering spatial variation and pounding, compared to
that without spatial variation and pounding. It is also
observed from Table 2 that pounding for the case 3 does
not increase the ductility demand(or the number of damaged

bridges) very much. Because it is highly unlikely that pounding
will take place at the instant of the peak rotation of the
column end in such a way that it will further amplify the
rotation. Since the SR14/15 Interchange, however, has four
hinges, it has more chances to amplify the rotation in-
creasing the number of damaged bridges rather than the
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Santa Clara Bridge does. This observation might not always
apply, depending on the details of specific bridge charac-
teristics.

It is noted that if the ground rnotion time history can
be generated for a specific value of PGV, SA, SV and 5],
the fragility curves expressed by these ground motion
intensities might be a good way to provide useful information
related to the structural characteristics of a bridge system.

Further research is needed in this respect.

5. Conclusions

This paper presents fragility analysis of two actual bridges
under ground motion with spatial variation. The analytical
fragility curve is constructed for SR14/I5 Interchange and
Santa Clara Bridge utilizing nonlinear dynamic analysis to
investigate the effect of spatial variation and/or pounding.
Two-parameter lognormal distribution functions are used
to represent the fragility curves utilizing the maximum
likelihood procedure with each event of bridge damage
treated as a realization from a multi-outcome Bernoulli
type experiment. In addition, some preliminary evaluations
are made on the significance of the Tagility curves developed
as a function of ground motion intensity measures other
than PGA.

The computed fragility curves corresponding to these
damage states appear to make inuitive sense relative to
the bridge’s design, construction, end performance in past
seismic events. The following conclusions can be made on
the results of this study.

(1) The simulated fragility curves obtained in this study
are perfectly consistent with the hypothesis that the
bridge is more vulnerable to the ground motion with
spatial variation for all levels of damage state only
when the comparisons are made on the basis of median
ground motion intensity values measured in PGA.
PGV, SA, SV and SI showed mixed results, while they
are consistent in trend.

(2) For multi-span long bridges subjected to strong ground
motion, the effect of spatial variation(and/or pounding)
might increase the number of damaged bridges by a
significant factor as much as 8 times in this study for
the major and collapse damage state where nonlinear
effects obviously play a crucial role. Thus, a need is
felt to take spatial variation(and/or pounding) into
consideration for designing highway bridges.

(3) For the Santa Clara Bridge with an expansion joint,
the pounding does not always adversely affect on the

10.

11.

12.

13.

column responses, while for the SR14/15 Interchange
with four hinges, it does especially for severer states
of damage. However, this observation might not always
apply, depending on the details of specific bridge
characteristic.
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