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Modified Earthquake Resistant Design for a Concrete Bridge
in the Low to Moderate Seismic Region
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ABSTRACT

The objective of the earthgucke resistant design of structures Is to provide failire mechanisms to structures under the
selsmic events in view of sofely ond econommy. The respomse scectium dndlysis method is @ widely infroduced linecr
analysis method far the earthquake resistant design, where the influence of the nondinear dynarnic behaviour of structures
i5 taken Info cecount by Infroducing particular factors. However, because the earthquake resistant design codas cre
developed in sircng selsmic couniries, ot only fhe resporse spactrum analysis methad but also the other provisions are
prepared considerng the situation of structures located in those countnies. Therefoare it is required fo perform separcte
studies for the earfhquake resisfont design of structures in the low to moderdta selsrmic regions. I this study o concrete
bridge locgted in the low fo moderate selamic regions is selected. The dsfermination of o factor representing the
narHinear dynaric behaviour of the bridge is camed cut and the response spectum analysis method s applied. From
the study results, modified procedures sofisfying the oblective of the earthquake resistant design for bridges in low o
mederate seismic regions ara summarised.

Key words . earihquake resistont disign. fallure mechanism, response specirum analysis method, noninecy aynomic
behaviow, fow fo moderate seismic rogions

1. Introduction the response spectrum analysis method can be
applied as provided in Furocode 8, Part 2 or
For the earthquake resistant design of bridges in AASHTO® The respanse spectrum analysis

method is a simplified linear analysis method,

T AR - SR BRFEs) 2ag because the non-linear dynamic behaviour is
B =Rl gE Bojg 20009 129 30974 G818 2 240 , . ) ,

o FAE A s considered by introducing either the beha-
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viour factor as provided in Eurocode 8 or the
response modification factor as provided in
AASHTO. Different values according to the
bridge types are provided for the behaviour
factor as well as for the response modification
factor. In Furccode 8 the elastic response
spectrum is modified first with the behaviour
factor to get the design response spectrum,
from which the basic design forces are ob-
tained. Then the basic design forces are
adjusted to achieve the intended failure mecha-
nism{capacity design). In AASHTO the section
forces are calculated first with the elastic
design response spectrum and these forces are
modified info the basic design forces with
different response modification factors for con-
nection, substructure, foundation such that the
capacity design effects are satisfied. Although
the two methods are different in their appli-
cations, they have the same objective to pro-
vide a safe and economic failure mechanism.

For the determination of the response spec-
trum the regional seismicity is considered as
the design seismic event, which is generally
defined as an earthquake having a 500-year
teturn period. In the strong seismic region the
section forces obtained with the seismic design
load combination are beyond the section
forces determined with the non-seismic design
load combinations, e.g. including wind. The
seismic design load combination governs for
the decision of the basic design forces. In the
low to moderate seismic regions, however, the
section forces obtained with the seismic
design load combination are in many cases less
than the section forces from the non-seismic
design load combinations. The seismic design
load combination does not govern for the
decision of the basic design forces. Also, for

bridges in the low to moderate seismic regions,

simplified criteria such as the accessibility of
potential plastic hinges, the design of bearings/
links and the required seating lengths are
provided in the codes. Nevertheless, because
these criteria are also based on the results of
the response spectrum analysis method, they
can not satisfy the objective of the earthquake
resistant design. For bridges in the low to
moderate seismic regions, therefore, modifications
of the earthquake resistant design procedures
provided in the present codes are required.
In this study a concrele bridge with a single
pier located in the low to moderate seismic
regions is selected for the earthquake resistant
design. The dynamic behaviour of the bridge
is analysed through nonrlinear time step calcula-
tions and evaluated as a behaviour factor.
Then the response spectrum analysis method
is applied according to the DIN 41497, NAD
{(National Application Document} of Eurocode
8, and the section forces are determined. Based
on the calculation results the modified earthquake
resistant design procedures are set forth for
bridges in the low to moderate seismic regions.

2. Determination of the behaviour factor

2.1 Analysis model

The concrete bridge with a single pier is
linked to a cable stayed composite bridge
with a concrete pylon(Tig. 1).

T iy

ehle stged b ge

wanerste bridye

Fig. 1 Plan and side visw of the model for the two
linked bndges
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The following definition of the global direc-

tions is used:

» x and y direction : horizontal, parallel and
transverse to the bridge axis respectively

» 2 direction : vertical, positive direction accor-
ding to the gravity vector

For the demonstration of the earthquake
resistant design the behaviour factor for the
global y direction is to be determined in this
study, As the dynamic behaviour of the
concrete bridge is interrelated with the linked
cable stayed bridge, the concrete bridge is
adjusted in such a way that the same dyna-
mic behaviour is to be obtained when the
adjusted model is analyzed alone. The adjust-
ment is carried out as follows:

+ Using the model of the two linked bridges
the modal analysis is performed, the results
of which are eigenmodes, eigenfrequencies
and corresponding participation factors.
Table 1 shows the significant modes in the
global vy direction from the 40 modes,
where ¢,, e, and e, represent the modal
mass participation factor for each direction
respectively.

« The original model of the concrete bridge

is adjusted by applying an additional mass
at the right end of the bridge deck(Fig. 2}.
Table 2 shows the significant modes in the
global y direction from the 10 modes.

+ The first mode in the global v direction of
the two linked bridges(Fig. 3} is compared
to the first mode in the global v direction
of the adjusted model(Fig. 4}

The comparison of the first horizontal modes
shows that the adjusted model can be taken
as an analysis model representing the dynamic
behaviour of the concrete bridge as a part of
the two linked bridges. The analysis model
has 58 frame type elements and 5% nodes. The

K |

adjusted node

relerence node

non-linear clement \

Fig. 2 Plan and sde view of the model for the
concrele brdge

Table 1 Eigenfrequencies and participation factors of the two Iinked bridges

MODE wlrad/s] £, e, &, e, £, e,
1 1.81 0000 0.000 0.370 0.370 0.000 0.000
28 842 0.000 0572 0367 0741 0.000 0191
3 652 0o 0572 0.021 0.763 0.000 0191
36 668 0.000 0.580 0007 0770 0.000 0192
Table 2 Eigenfrequencies and participation factors of the analysis modeal
MCDE ew[rad/ s} &, >e. &, 2, £, e,
1.81 0.001 0.001 0.594 0.594 0.000 Qo000
7.86 0.000 0.930 0201 0796 0000 0.0a7
24.32 0C00 0.857 0.020 0.816 00oco (0399
M4H HI3E (SH MH156%) 2000 8 FI=TE T =28 13
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bridge deck has trapezoidal type sections with
variable width and depth(Fig. 5). The pier is
composed of two box type sections and the
lower section is given in Fig. 6. The designed
elements satisfy the non-seismic design load

combinations.

Fig 3 First horizontal mode in the global v direction of
the model for the two Iinked bridges (plan view)

Fig 4 First honzontal mede I the global v direction of
the adjusled madel for the concrete bndge
plan view)
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Fig. 5 Bridge deck section with variable width and
depth {(unit In m)
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Fig. & Lower section of the pler with the assumed
renforcement distnbution {urit in m)

2.2 Non-linear behaviour

The behaviour factor determination requires
the estimation of the elastic limit of the analy-
sis model. As the dissipative zone is to be
located at the pier base(Fig. 2), the plastic
moment at the lower section of the pier is
used for the estimation of the elastic limit.
For bending about the global x axis the plastic
moment of M,;=20M000kNm is calculated with
the reinforcement ratio of 1%. The reinforce-
ment distribution in the lower section is
assumed as shown in Fig. 6. In order to
approximate the real behaviour of the dissi-
pative zone leading to a plastic hinge for-
mation the following material properties are
applied without any safety factor:
= concrete

modulus of elasticity : 3700KN/ an’

compressive strength : £50KIN/ am’

tensile strength : 0.45KN/cm’

maxinum allowable compressive strain : 3.5%,
» reinforcement

mactulus of elasticity : 21000KN/cm’

yield strength : 42KN/ cm’

tensile strain : 2%

For the non-linear time step calculations the
non-linear moment rotation characteristic of
the dissipative zone is determined considering
the effects of crack formation in concrete,
tension stiffening and 1% strain hardening of
reinforcementiFig. 7). The tension stiffening
effect is considered according to DIN 188005%

with an ideal reinforcements area A,

A,
1_ 05 'fcfm {1)
[ fsi

As, W=

In the equation (1} A; is the reinforcements

14 =TT =23

M4zt Mi3& (=& M16%) 2000 ¢



SOFEIA| 2|5k

ZFe[En 0| FEHUEIEA

M [hNm|

200000
200000 ‘{
nonlmede, elasteplastic
—— - nanlinadr, caly plashe
100000 e srmplilied plastic
u[) daias o010 a0ls 09020 ¢ 025
elrad]
Fig. 7 Moment rotation charactenstic of the non—inear
elerment

area, o is the reinforcements ratio, fu, is the
tensile strength of concrete and f is the yield
strength of reinforcement. The initial curve
showing the crack formation is simplified
with the assumption of concrete already cracked
and represented as a simplified plastic curve.
This non-linear moment rotation characteristic
is used for the calculation of the hysteresis of
the plastic hinge at the pier base.

2.3 Synthetic motions

With the program SIMQKE® 10 synthetic
motions {acceleration time history) are simulated
as seismic inputs. The elastic response spec-
trum provided in DIN 4149 is used for the
simudation,

T<TgSAT)=a,-S- {]_JFTTH(??' 59“1)}

(2a)
Te<T< T S{T)i=a, S 7 B {2b}
Tc ky

TET<TpSAT)=ag S-u f- (—T)
(2¢)

Tp=T:SAT)=

T £ TJ oy
ag's'ﬂ'ﬁu'(ﬁ) ( JEJ (2d)

In the equation (2} T is the vibration period
of a linear SDOF gystem, Ts & Ic are the
limits of the constant spectral acceleration
branch and Tp is the value defining the
beginning of the constant displacement range.
S, is the ordinate of the elastic response spec-
trum, a, is the design ground acceleration for
the reference period and f¢ is the spectral
acceleration amplification factor for 5% viscous
damping. 5 is the soil parameter, 7 is the
damping correction factor (7 =1 for 5% viscous
damping) and k; & k: are exponents which
influence the shape of the spectrum for a
vibration period greater than Tc & To respec-
tively. 4, of 0.6m/s’ is taken as EPA (effective
peak ground acceleration of the design seismic
event) and the parameters for the soil type B3
provided in DIN 4149 are given in Table 3,
The synthetic motions have a total duration of
16 seconds (Fig, & 2 sec. rise time, 5 sec. level time).

Both the target elastic response spectrum
and the response spectrum with 5% damping
obtained with the synthetic motion 01 are
presented in Fig, 9.

Table 3 Parameters for the elastic response spectrum
(sol type B3I
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Fig. 8 Smthetic motion 01 (seigmic input 01, a; of 06ms)
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Flg. 9 Response specirum (5% damping) obtained
with the synthetic moticn 01

2.4 Non-linear time step calculations

The non-linear time step calculations are
carried out with the program DYNAGS. For
all seismic inputs acceleration values leading
to the elastic limit at the plastic hinge are
determined for the first step and considered
as factor 1 values(Table 4 & Fig. 10),

The second step is to calculate the displace-
ment time histories of the reference node (pier
top as shown in Fig. 2) with the seismic inputs
of factor 1, from which the maximum and mini-
mum displacements are obtained(Fig, 11). Further
calculations are carried out with the multiples
of factor 1 values(Table 4). From the calculation
results the hysteresis of the plastic hinge are

M [kNm]

100,900

40,000

-60,000

-G o004 [ 0.0004 0 0004 oop12

@lrad]

Fig. 10 Hysteresis of the non-lingar glement obtained

with the seismic input 01, a; of 06 nys’
(Mmax:%SOOKNm, @ max:0 000938)

008

=]

-0 08
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Flg. 11 Displacement history of the reference node
obtained with the seismic input 01, factor 1
(@nae=0.1026M, Hnr=—0.0857m)

checked with regard to the assumed allowable
compressive strain of 3.5%,(Fig. 12} and the

Table 4 Factors for the nan-Inear time step calculations (normalized by 4 of 06m/sec”)

Selsmic input | factor 1 (1 %M | factor 2 2xMa) | factor 3 3xMy) | factor 4 @xAd) | factor 5 (5XMy)
M 2182 4 364 6.545 8727 10909
02 2698 5397 8.055 10.794 13492
03 2776 5551 B.327 11102 13.878
4 2316 4.631 6.947 9262 11.578
05 2.356 4711 7067 9423 11.778
08 2331 4,663 6.994 9326 11657
07 2464 4928 7.59 9.855 12319
08 2.724 5447 2171 10,835 13618
09 2.297 4535 6.892 g.189 11 486
10 2249 4.438 6.748 8997 11.246
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maxiimun and minimum displacements of the i \ )
reference node are obtained(Fig. 13). B W i f’ f—adfr—
s, i il £
N e y }‘“"D@‘"h
- T ! dymewnle stohlile ¢
M [kNm] :)/
300,000 - :
Lome 7
200,000 — i \[ ;—WJ e
100,000 o ll
, Fig. 14 Definiion of the behavior factor with gz and gy
-100,000
& According to the definition of Ballio/Perotii
200,008 | the behaviour factor, g factor as defined in
e 0005 o o a0s 2010 Eurocode 8 Part 11", is obtained at the
p[rad]

Fig 12 Hysteresis of the non-linear element cbtained
with the seismic input 01, facter 5
(M= —215000KNm, @ mn=—0 0088,
Mioa=2230006NmM, ¢ 1 =0.0080)

i [m]

045

-015

-030

-0 45

=1

1 [sed]

Fig. 13 Displacement history of the reference node
obfained with the seismic input 01, factor &
{dmav:o4245m dm|n:_o.3428m]

2.5 Behaviour factor

The behaviour factor is to be determined
according to the definition of Ballio/Perotti”
with the extension according to the research

B-10)
works. &

) The displacements of the reference
node (absolute sum of the maximum and
minimum values) obtained with different factors
constitute a non-Jinear curve, which is com-
pared with the extrapolated linear elastic

behaviou(Fig. 14).

intersection point and this point is also
regarded as the dynamic stability limit. In this
case the value g, is equal to the value gs with
the consequence, that the displacement values
obtained through a reduction of the elastic
response spectrum by g, should be increased
by 4. The results of the tesearch works®™
have shown, however, that the dynamic sta-
bility limit does not always correspond to the
intersection point depending on the P-A effect
or the possible strength degradation. In case
the dynamic stability limit is achieved later, it is
more economical to take the dynamic stability
limit as the g factor. This factor is introduced
in Eurocode 8, Part 1-2"%
behaviour factor gs. Conservatively g, factor can
be taken for the reduction of the elastic
response spectrum and gy factor can be taken

as the displacement

for the adjustment of the displacement values.

¢ and g4 factors determined with the non-
linear time step calculaon results are listed
in Table 5. Three representative cases are
given in Fig, 15. For the analysis model the
most conservative factor g, of 2.5 is obtained
by applying the seisinic input 03. The conser-
vative decision is based on the consideration
that the behaviour factors are evaluated with

an asswnption of the stable hysteresis. The

N4 Hsz (EH M1b6=) 2000.9
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Table 5 Behavior factaors obtaned with 10 seismic inputs

Selsmic npuf 01 02 03 4

05 06 a7 08 09 10

(s > 50 40 25 > 50

> 50 40 45 | » 50 | » 50

o] >50 | »50 45 >80

>50 | »>50 | =50 [ =50 | »50

clastic
a1

03

ttel

08

3 4 g
T

Fig. 15 Results of the non-linear time step calculations
(seismic input 1, 03 & 08)

stable hysteresis without any premature damage
in the dissipative zones requires the following
measures.

+ The cross section of the dissipative zone
has to be designed satisfving the required
ductile behaviour. Ductile materials should
be used to prevent a premature rupture of
the reinforcement in tension. The concrete

cracks should be well distributed. Also

sufficient confinements should be provided
to prevent a local buckling of the rein-
forcements in compression.

« All other structural parts(foundation, con-
necton of the pier to the foundation,
connection of the bearings and superstruc-
ture) have to be designed according to the
capacity design considering the material
overstrength in order to prevent unin-
tended failure mechanisms{overturning of
the foundation, collapse of the cormections).

The behaviour factor of 2.5 is within the
range provided in Eurocode 8, Part 2{1.5 for
limited ductile bridges and 3.5 for ductile
bridges). Also it is comparable to the response
modification factor(R.) of 3.0 for the single
pler provided in AASHTO. The results of the
nonlinear time step calculations obtained with
the seismic inputs 01 and 03(Table 6) provide
that.

« the elastic limit is reached with the seismic
input 01 at 2,=13m/s’
« the dynamic stability limit is reached wath

the seismic input 03 at ,~4.2m/ 5

Table 6 Section forces of the non—lingar element from the non-lnear tme step calculations

seismic input G seismic input 03
factor gy [mis] M [kNm] Y [kN] a; [mys’] A [N Ve (kNI
- 0.600 93500 4520 0,600 73500 3850
1 1.309 135000 7550 1.666 141000 7680
2 2618 197000 11800 3331 153000 12500
3 3927 207000 15000 4996 206000 16900
4 5236 214000 18300 5651 215000 20600
5 6.545 223000 18000 8.327 225000 24900

18 B=EIHTHE =8
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The two limits are to be considered as limit
values for the basic requirements defined by
the codes.

» minimization of damage (serviceability limit
state) under seismic events with high pro-
bability of occurrence during the design
life of bridge

+ no-collapse requirement (ultimate limit state)
under the design seismic event

3. Response spectrum analysis method

3.1 Design spectrum

For the application of the response spectrum
analysis method the design response spectrum
provided in DIN 4149 is used.

T=Ty: Sy(T=a-S- 1+TTB(%71)}
(3a)
Tp<T<To: ST =a-S- % (3b)
B

Te< T<Th: S,(Th=a- S~ % . (%)
{3c)

Tp<T:S:T)=

s B (2 (2 e

In the equation (3) 54 is the ordinate of the

design response spectrum normalized by g,
and ¢ is the ratio of the design ground
acceleration g, to g, The parameters are same
as those given in Table 3. Both the elastic
response spectrum and the design response
spectrum are presented in Fig. 16, where g
factor of 2.5 is applied.

« [mis?]

i8

eldslic resoonse speelrum

™~
12 - N

06 deal N TesPONSC Specirum

o 1 2 3 4
T [ser]

Fig. 16 Elastic responise spectrum and design response
specirum with g=2.5

3.2 Section forces

Section forces M, and V) in the global direc-
tion obtained at the pier base are given in
Table 7. Through a seismological study a, of
0.6m/s” and 1.0m/s” are given for the design
seismic events of 500-year and 5000-year
return period respectively. The section forces
due to earthquakes show the linearity of the
response spectrum analysis method, the ratio
of a, between the two design seismic events
and the ratio of g=2.5 between the two spectra.

Taple 7 Section forces of the non-linear element (response spectrum analysis method)

Response ag Seif-weight Earthguake Total
spectum | s | g k] | N Me kN Ve [kN] M, TkNm) V, kN)
06 18100 515 46500 2085
Design
1.0 30100 857 58500 2427
28400 1570
0.6 45000 1280 73400 2850
Elastic
10 74100 2110 102500 3680
H42 Mss (22 Ml15%) 2000 9 TIE1ET e =& 19
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Even the section forces determined with the
elastic response spectrum with a 5000-year
return period are below than those determined
at the estimated elastic limit of factor 1(Table 6).

4. Earthquake resistant design

According to the design concept of Furocode
8 the section forces calculated with the design
response spectrum (§=2.5) are taken as the basic
design forces. In case of applying AASHTO
the design force of the pier base moment is to
be determined by dividing the section force
calculated with the elastic response spectrum
by R, factor of 3{single pier). Both cases mean
that the existing elastic limit of the analysis
model should be lowered through a reduction
of the moment capacity at the pier base.
However these values can not be taken as the
basic design forces of the analysis model,
because they are far below the elastic limit
predetermined by the non-seismic design load
combinations. Therefore any revision of the
pier is not necessary for the analysis model.
Nevertheless the capacity design procedure is
to be camried out in order to provide the
intended failure mechanism, where material
overstrength distributions as well as adequate
confinements satisfying the ductility require-
ment should be considered. In this regard the
earthquake resistant design procedures for
bridges in the low to moderate seismic regions
are modified as given in the flow chart(Fig. 17).

4. Conclusions

In this study a concrete bridge with a
single pier located in the low to modetate
seismic region is selected for the earthquake
resistant desigh. The non-linear dynamic beha-

viour of the bridge is represented as the
behaviour factor determined through the non-
linear time step calculations. From the calculation
results a conservalive decision provides a
behaviour factor of 25, Also the response
spectrum analysis method is applied. Both the
section forces with the design response spec-
trum using the behaviour factor and the section
forces with the elastic response spectrum are
obtained. The conclusion from this study is to
be summarized as follows.

» Por bridges in the low to moderate seismic
regions in which the section forces obtained
with the seismic design load combination
are less than the secton forces from the
non- seismic design Joad combinations, any
redesign of the intended plastic hinge
section is not necessary(The seismic design
load combination does not govern for the

decision of the basic design forces).

anlysis model celermimed mth

the nv-seisle wesign lowd combadings

Slep |, Evaluation af Cie beaviour Listor |

Teenficaticn af poth the last lumt and the Jyname stabihiy lorst)

Y

Slep 2 Deleminabmn ol the elastie iml

wila the tespons: specioum analysis o 19d

cunrsen Sureng-hening

Step 7 poveras?

ol the aualvsis oodel

Slep 3 Cupucily desszn

Fig. 17 Modified sarthquake resistant design proce—
dures for bridges In the low to modearate
SAISMIC ragions
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» The capacity design procedure is to be
carried out in order to provide the intended
failure mechanism and to aveoid any brittle
failure mode, where material overstrength
distributions should be considered. Also
adequate confinements for the plastic hinge
zone satisfying the ductility requirement
should be provided.
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