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Abstract: To evaluate the coupling pounding-friction effect
between bridge girders and retainers and its influence on bridge
seismic response, a reinforced concrete ( RC) continuous
bridge is selected as the research object. Three bridge finite
element (FE) models were built using OpenSees, in which
the longitudinal and transverse pounding elements, as well as
the transverse failure element of bearings were introduced.
Based on this, the seismic response analysis considering the
coupling pounding-friction effect was conducted for the
continuous bridge subjected to bi-directional ground motions.
Furthermore, the influential parameters were analyzed. The
analysis results indicate that the coupling pounding-friction
effect can alter the internal force distribution of the bridge
structure and generate additional torsional force to bridge
columns. The friction coefficient and longitudinal pounding
gap size are two important factors. The appropriate friction
coefficient and longitudinal pounding gap size can significantly
reduce seismic response of girders, and effectively transfer
part of the girder inertia force from the fixed columns to the
sliding columns, which can reduce the seismic demands of the
fixed columns and improve the seismic performance of
continuous bridge structures.
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ounding between bridge superstructures under strong
P seismic loads is a complex mechanical behavior,
which occurs during a tiny period of time involving the
phenomenon of local plastic deformation, crashing, fric-
tion and energy dissipation between adjacent segments.
Previous seismic damage investigations indicated that se-
vere damage of bridge components, unseating of bridge
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decks and even structural collapse may occur due to the
pounding effects''’. Previous research on earthquake-in-
duced structural pounding is mainly based on either the
contact-element method or the impact-restitution method.
The lumped mass model considering point-to-point poun-
ding is simple and reliable, and it can be adopted for
earthquake-induced pounding analysis of bridges™™ .
Furthermore, some scholars put forward several theoreti-
cal solutions to solve the problem of pounding-induced
friction between bridge segments. Zhu et al. '* proposed
a three-dimensional contact-friction model to simulate the
complicated and arbitrary pounding behavior between
bridge girders. Guo et al. '’ presented a modified con-
tact-friction element to simulate the point-to-surface poun-
ding behavior between bridge decks. Zhuo et al."*’ put
forward a three-dimensional impact model based on the
Kelvin model. Practically, shaking table tests were con-
ducted to investigate the pounding behavior of adjacent
bridge segments'’"'' and related numerical simulations
were also performed" ™"’

Retainers, also called shear keys, are normally set on
both ends of a bent cap to restrain the excessive transverse
displacements of bridge girders under transverse seismic
loads. The performance of bridge retainers and their seis-
mic responses have been widely studied. Bi and Hao'""’
modelled the retainers in bridge structures and revealed
their damage modes and influence on bridge seismic re-
sponse. Deng et al. " investigated the pounding effects
between girders and retainers of continuous bridges under
transverse ground motions and summarized the effects of
bridge parameters on seismic pounding responses. Xu and
Li'" did a series of research on retainers and their effects
on bridge seismic responses. These studies not only re-
veal the damage mechanism of bridge retainers, but also
provide general guidelines for the aseismic design of
them.

The previous studies discussed the longitudinal poun-
ding effects between the bridge segments and the trans-
verse pounding effects between the bridge girder and re-
tainers. Although some of them considered the pounding-
friction effect, they only focused on the longitudinal
pounding between girder segments. For bridges with
transverse retainers, the transverse pounding coupled with
longitudinal movement will cause longitudinal friction,
and this problem has not been discussed thoroughly yet.
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This study evaluates the seismic responses of a rein-
forced concrete (RC) continuous bridge subjected to bi-
directional ground motion excitations considering the cou-
pling pounding-friction effect and figures out its influence
on bridge seismic performance. In this study, the ad-
vanced FE models considering the pounding-friction effect
were built using OpenSees and the seismic responses un-
der bi-directional ground motion excitations were simula-
ted. The influential factors were analyzed and the appro-
priate advice for aseismic design was proposed.

1 Bridge Models
1.1 Bridge layout

A four-span RC continuous bridge (see Fig.1(a)) is
chosen as the research object. The superstructure is a RC
continuous box girder and the length of each span is 20
m. The substructures are RC double-column piers. The
column height is 4 m and the diameter of column section
is 1 m. The bearings on the mid-pier are fixed, while
others are longitudinal sliding. The transverse view of the
bridge is shown in Fig. 1 (b). The abutments and the
foundations are regarded as fixed boundaries.
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Fig.1 Schematic diagram of the RC continuous bridge ( unit;

m). (a) General elevation; (b) Transverse view

1.2 Basic FE model

The basic FE model of the continuous bridge is built in
OpenSees.
and bearings. The force-based beam-column element with
fiber section is adopted to model the columns and bent
caps. The sliding bearings are modelled using the two-
node-link element with the elastic perfectly-plastic materi-

The key nonlinear components are columns

al, and the fixed bearing is simulated by constraining the
translational degrees of freedom. The girder is modelled
using the elastic-beam-column element. For bridge col-
umns, Steel02, Concrete02 and Concrete04 are used to
simulate the material properties of the longitudinal bars,
the cover concrete and the core concrete, respectively.
Fig. 2 shows the FE model of the bridge. The pounding
and friction effects are not considered in the basic FE
model.

Sliding Sliding Fixed Sliding Sliding
bearing 1# bearing 2# bearing bearing 3# bearing 4#
l Bent cap 17 |\ Bent cap 2" Bent cap 37
Column 2 Column 4 Column 6
z x Column 1% Column 3* Column 5*
Cover

30 940 130

(b)
Fig.2 Finite element model in OpenSees (unit; m).

(a) Component tags; (b) Section property of columns

The basic FE model has been validated by a series of
hybrid simulations in the previous work'"
hybrid simulations revealed the basic damage modes of

! The results of

the continuous bridge under seismic excitations; i. e. , the
damage of plastic hinges in the bottom region of the fixed
columns.

1.3 Advanced FE models considering pounding and
friction

The pounding and friction effects are considered in the
Based on the basic FE model,
another two advanced models with

advanced FE models.
tagged as model M1,
different pounding considerations, named models M2 and
M3, are built in OpenSees. For model M2, only the
transverse coupling pounding-friction effect between gird-
er and transverse retainers is considered, while for model
M3, the extra longitudinal pounding effect between gird-
ers and abutments is considered. The characteristics of the
three different bridge models are shown in Tab. 1. The
longitudinal and transverse pounding models used in the
advanced FE models are shown in Fig. 3.

Tab.1 Characteristics of three bridge models

Model tag Model characteristics
Ml No pounding considered ( basic model )
M2 Only transverse coupling pounding-friction considered
M3 Longitudinal pounding and transverse coupling poun-

ding-friction considered

The force-deformation relationship of the longitudinal
pounding model adopts the simplified Hertz-damp model
which was proposed by Muthukumar'"®' ( see Fig.3(a) ).
This model uses the bilinear spring model and considers
the energy dissipation, where K, and K,, represent the ini-
tial and the strain hardening stiffness, and 8, and §,, repre-
sent the yielding and the maximum penetration displace-
ment, respectively.

The force-deformation relationship of the transverse
pounding model refers to the simplified Megally model'"”
which was modified by Xu and Li""*’
ding gap considered ( see Fig.3(b) ). The strength of the

with an extra poun-

retainer includes both contributions from concrete and rei-
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Fig.3 Pounding models.

nforcements and can be determined according to the shear
K, and
6, have the similar meanings as the previous model and §,

strength mechanism of the oblique section. K,

is the deformation corresponding to the ultimate strength.

Since the FE model of the bridge structure is modeled
using the beam-type elements, hence, the contact sur-
faces are condensed to contact nodes. Accordingly, the
transverse pounding force can be acquired by the penetra-
tion displacement that is determined by the transverse rel-
ative displacement according to the idealized pounding
model given by Fig. 3(b). Meanwhile, the longitudinal
friction force on the contact surfaces between the girders
and the retainers will be generated when both the follow-
ing premises are satisfied; i.e., the penetration displace-
ment is non-zero and the longitudinal relative displace-
ment is non-zero. Moreover, the transverse spring ele-
ments are considered in the advanced FE models to simu-
late the transverse failure of bearings before transverse
pounding occurs. The key components of the advanced
models are drawn in Fig. 4. The parameters of pounding
elements and the bearing elements are listed in Tabs. 2
and 3.

Tab.2 Parameters of the pounding elements

o Gap K,/ K,/ 8,/ Friction
Direction . .
size/mm (kN - mm "' ) (kN - mm~') mm coefficient
Transverse 10 155 10.4 5.3 0.5
Longitudinal 10 3520 1210 2.5

2 Seismic Response Analysis

2.1 Input ground motions

In total, nine sets of ground motion records are selected

Longitudinal pounding element
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34 t(x
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Fig.4 Key components of the advanced FE models. (a) Con-
nections between girders and abutments; (b) Connections between gird-
ers and bent caps

Tab.3 Parameters of the bearing elements

. Yield Equivalent
. . Stiffness/ . o
Direction  Material type _, , displacement/  friction
(KN« mm~™") ..
mm coefficient
Elasti rfect-
Longitudinal ' PEFEC 8 5 0.02
ly-plastic
Elasti rfect-
Transverse ashe p eriee 40 5 0.1
ly-plastic
Vertical ~ Elastic 2 800

from the PEER Ground Motion Database ( see Tab. 4 ),
and the bi-directional ( two horizontal ) excitations are
considered. The selected ground motion records are uni-
formly scaled to PGA =0.2g and PGA =0.4g in longitu-
dinal and transverse directions, respectively. A larger
transverse ground motion intensity can result in a much
more remarkable coupling pounding-friction effect. The
excitations are considered to be uniform. The computa-
tional time of each case is 40 s with an integration time

step of 0. 002 s.
2.2 Nonlinear seismic response analysis

Fig. 5 shows the mean values of peak seismic responses
of each column to each ground motion excitations. As
compared in Figs. 5(a) and (b), the longitudinal dis-
placements of the fixed columns (3* and 4%) of model
M2 are smaller than that of model M1, while the dis-
placements of the sliding columns (1*, 2%, 5* and 6*)
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Tab.4 Input ground motions

Earthquake event Station Magnitude PGA/g
1940 Imperial Valley EIl Centro Array #9 6.95 0.281
1952 Kern County Taft Lincoln School 7.36 0. 180
1971 San Fernando  Castaic-Old Ridge Route  6.61 0.320
1979 Imperial Valley Cerro Prieto 6.53 0.168
1989 Loma Prieta Gilroy Array 6.93 0.368
1992 Landers Barstow 7.28 0.136
1994 Northridge Arleta-Nordhoff Fire Sta ~ 6.69 0.308
1995 Kobe Shin-Osaka 6.9 0.233
1999 Chi-Chi TCUO015 7.62 0.131

show opposite results. The reason is that the sliding col-
umns of model M1 ( basic model) are only subjected to
the friction force produced by sliding bearings. However,
for model M2 ( transverse coupling pounding-friction con-
sidered ) , the sliding columns have to bear the longitudi-
nal friction force when the coupling pounding-friction
effect is activated after the bearings are cut off. Com-
pared with model M2, model M3 ( extra longitudinal
pounding effects considered) shows even fewer deforma-
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Fig.5 Column responses to ground motion excitations. (a)
Displacement in longitudinal direction; (b) Curvature in longitudinal di-
rection; (c) Shear force in longitudinal direction; (d) Torsional force

tions in both fixed columns and sliding columns due to
the displacement-restriction effect provided by the abut-
ments.

The comparison of the shear force of the columns be-
tween three models are presented in Fig. 5(¢). Compared
with model M1, the longitudinal shear forces of fixed
columns in models M2 and M3 are slightly less, while
the longitudinal shear forces of sliding columns reach al-
most the same level as those of fixed columns ( see Fig.5
(c¢) ). For further discussion, the internal force distribu-
tion pattern is changed, meaning that quite a large
amount of girder inertia force originally applied on the
fixed columns is transferred to the sliding columns, resul-
ting in fewer deformations in the fixed columns while
many more deformations in the sliding columns ( see
Figs.5(a) and (b) ). From the perspective of the entire
bridge structure, in total, four sliding columns (1%, 2%,
5% and 6*) can share a great amount of girder inertia force
with fixed columns (3* and 4"), which definitely im-
proves the structural internal force response to bi-direc-
tional seismic loads. It is worth noting that huge torsional
forces are observed in sliding columns in the pounding-
considered model ( see Fig.5(d) ) since the pounding-in-
duced friction forces are applied on one side of the bent
caps.

Taking a calculation case for nonlinear analysis, the
ground motions recorded at Taft Lincoln School in the
1952 Kern Country earthquake are used in Fig. 6. The
moment-curvature responses ( see Figs. 6(a) and (b))
indicate that the sliding columns in model M1 are in elas-
tic stage and the sliding columns in models M2 and M3
slightly enter nonlinear stage. It is noted that the deform-
ations of the sliding columns mainly occur in a single di-
rection for model M2, while the deformations distribute
symmetrically for model M3 (see Figs.6(a) and (b)).
The longitudinal moment-curvature curves of column 3" in
three models are plotted in Fig. 6 (c), showing different
nonlinear levels with different pounding models consid-
ered. The girder displacement comparison in longitudinal
direction ( see Fig. 6 (d)) indicates the effectiveness of
displacement-reduction and displacement-restriction pro-
vided by the coupling pounding-friction effect and the
longitudinal pounding effect, respectively.

2.3 Analysis of the coupling pounding-friction effect

The longitudinal friction forces induced by the trans-
verse pounding of two retainers on bent cap 1% are shown
in Figs.7(a) and (b). It is noted that the friction force
mainly focuses on a single direction for model M2, while
the friction force distributes relatively equally in two
directions for model M3. Friction distribution pattern can
account for the longitudinal deformation distribution of
the sliding columns. Similar phenomena are also observed

in other calculation cases. The basic reason can
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Fig.6 Nonlinear seismic responses of bridge models M1, M2
and M3. (a) Moment-curvature of column 1¥ in longitudinal direction;
(b) Moment-curvature of column 2¥ in longitudinal direction; (c¢) Mo-
ment-curvature of column 3% in longitudinal direction; (d) Girder dis-
placement in longitudinal direction

be explained by the girder displacement response to the
bi-directional ground motion excitations. As shown in
Fig. 8, the bi-directional ground motions are excitations
for the bridge structure (see Fig. 8 (a)), causing the
girder to move along a circle-like track, i.e. , the girder
displacement response ( see Fig.8(b) ). Then, the trans-
verse pounding between girder and retainers occurs ( see
Fig.8 (¢) ), leading to different pounding-friction pat-
terns for models M2 and M3. The retainers of model M2
experience one-directional friction during the pounding
process ( see Fig. 8 (d) ), while the retainers of model
M3 are subjected to reciprocating friction due to the girder
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Fig.7 Pounding force and friction force responses of retainers

on bent cap 1% of bridge models M2 and M3. (a) Longitudinal
friction force of back retainer ( —z); (b) Longitudinal friction force of
front retainer ( + z); (c) Pounding and friction force of model M2;
(d) Pounding and friction force of model M3

rebounding caused by the longitudinal pounding ( see
Fig.8(e)).

The transverse pounding force history and the longitu-
dinal friction force history of retainers on bent cap 1% of
models M2 and M3 are compared in Figs.7(c) and (d),
respectively. The pounding-induced friction takes place
simultaneously when pounding occurs. The ratio between
the maximum longitudinal friction force and the maxi-
mum transverse pounding force can be regarded as a
transfer coefficient. For model M2, the transfer coeffi-
cient is 0.5 which is the same as the friction coefficient.
For model M3, the transfer coefficient is about 0.4 since
the longitudinal pounding effect reduces the friction force
by the longitudinal restriction of displacement.
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Fig.8 Plan view of pounding-friction process of the bridge
models subjected to bi-directional ground motion excitations.
(a) Bridge components and excitations; (b) Displacement response of
bridge girder; (c) Transverse pounding; (d) Pounding-induced friction
without longitudinal restriction of model M2; (e) Pounding-induced
friction with longitudinal restriction of model M3

3 Influential Factors

The longitudinal friction force is related to the trans-
verse pounding force and the tangential friction coeffi-
cient. Under a particular earthquake intensity, the trans-
verse pounding force is determined and the friction coeffi-
cient can be taken as the major factor that influences fric-
tion force. The conventional value of the friction coeffi-
cient on concrete surface is 0.5 to 0. 6, but not limited.
According to the Chinese Code for Design of Concrete
Structures ( GB 50010—2010 ) ™', the value is 0. 8,
while other related research””'’ recommends 0. 4. Previous
studies demonstrated that the longitudinal pounding gap
size is also an important factor in bridge seismic respon-
ses'””’. As has been compared above, the bridge model
M3 is obviously more realistic for the further analysis of

g kS Longitudinal

the coupling pounding-friction effect.

In order to figure out the influential factors of coupling
pounding-friction effect on seismic responses of continu-
ous bridge under bi-directional earthquake excitation, a
parametric analysis is conducted for two variables, the
longitudinal gap size and the friction coefficient between
girders and retainers. Model M3 is chosen as the calcula-
tion model, and the ground motions recorded at Taft Lin-
coln School in the 1952 Kern Country earthquake ( scaled
to 0. 2g in longitudinal direction and 0. 4g in transverse
direction) are chosen as the input excitations. The first
situation probes into the effect of the gap size, in which
the sizes of longitudinal pounding gap are chosen to be 5,
10, 20, 30 and 40 mm; the transverse pounding gap size
is taken as 20 mm; and the friction coefficient is 0. 5.
The second situation investigates the effect of friction co-
efficient, where both the longitudinal and transverse
pounding gap size are 20 mm, and the friction coeffi-
cients are considered to be 0.1, 0.3, 0.5, 0.7 and 0.9.
Actually, with the change of two variables, the longitudi-
nal pounding may not take place in some situations, and
then the calculation model M3 will be no different from
model M2. The real calculation models with different pa-
rameters are shown in Tab. 5.

Tab.5 Calculation models with different parameters

Friction Gap size/mm
coefficient 5 10 20 30 40
0.1 M3 M3 M3 M3 M2
0.3 M3 M3 M3 M2 M2
0.5 M3 M3 M3 M2 M2
0.7 M3 M3 M2 M2 M2
0.9 M3 M3 M2 M2 M2

3.1 Longitudinal gap size

With the increase of the longitudinal gap size, the
maximum longitudinal pounding force increases initially,
and then decreases after peaking at 10 mm gap size ( see
Fig.9 (a)). It is noted that the longitudinal pounding
force will decrease to zero when the gap size is larger than
a critical value, meaning that the gap size is sufficiently
large and longitudinal pounding is avoided. With the in-
crease of the friction coefficient, the critical value of the
gap size decreases. The maximum longitudinal accelera-
tion responses of girder ( see Fig.9(b)) show a similar
rising and falling trend.

Therefore it can be concluded that for different friction
coefficients, there is always a particular critical value in
the gap size that determines whether longitudinal poun-
ding will take place or not. When the gap size is larger
than the critical value, the calculation model M3 actually
turns out to be model M2 with no longitudinal pounding
occurring. It is natural that the critical value of the gap
size varies with different friction coefficients. However,
for a certain gap size, 20 mm for example, the friction
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coefficient becomes an important factor that influences the
longitudinal responses of girder, indicating that a larger
friction coefficient will lead to smaller girder responses.
If the longitudinal pounding gap size is sufficiently large,
the fixed pier may actually fail in advance due to no ef-
fective longitudinal displacement constraint. Another con-
clusion can be drawn that an appropriate gap size under a
particular friction coefficient is helpful for the improve-
ment of bridge seismic performance.
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2 4r
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3o b
S S —
0 ?_0'9 ! 1 )
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Fig. 9 Maximum bridge seismic responses with different longi-
tudinal gap size. (a) Longitudinal pounding force; (b) Longitudinal
acceleration responses of girder

3.2 Friction coefficient

The friction coefficient is an important factor of the
coupling pounding-friction effect. Fig. 10 shows the vari-
ation trend of the maximum bridge seismic response with
different friction coefficient values at each level of longi-
tudinal pounding gap size. Column 1* and column 3* are
selected to represent the sliding pier and the fixed pier,
respectively. The longitudinal displacement of column 1*
shows a logarithmic uprising trend with the increase of the
friction coefficient ( see Fig. 10(a)). When the friction
coefficient is larger than a certain value, approximately
among 0.5 and 0. 7, the longitudinal displacement of col-
umn 1* will remain at a relatively stable value, meaning
that seismic responses of sliding piers are only sensitive to
the small value of the friction coefficient.

Also, with the increase of the friction coefficient, the
longitudinal displacement of column 3" shows tiny de-
crease for small gap size, which is less than 20 mm,
whereas a sharp decrease at first followed by a stable
stage for large gap size, which is more than 20 mm ( see
Fig. 10(b) ). Since the fixed pier is rigid with girder, the

displacements of column 3* and girder are identical. The
longitudinal pounding gap size and the friction coefficient
are two influential factors for girder displacement since
they provide displacement-restriction effect and displace-
ment-reduction effect, respectively. Then, the displace-
ment variations of column 3* with different friction coeffi-
cients at each gap size can be well justified.

Fig. 10(c) gives the maximum friction force of the front
retainer on bent cap 17 ( +z) with different friction coeffi-
cient values at each longitudinal pounding gap size level,
and the variation tendency is quite similar to Fig. 10(a).
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Fig. 10 Maximum bridge seismic responses with different fric-
tion coefficient. (a) Longitudinal displacement of column 1#; (b)
Longitudinal displacement of column 3*; (c) Friction force of front re-

tainer on bent cap 1¥( +z); (d) Torsional force of column 1*
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The maximum friction force reaches around 400 kN when
the friction coefficient is larger than 0.5, almost 60% to
70% of the yield force of a column. Figs. 10(a), (b)
and (c¢) validate what has been explained in section 2. 3
that part of the girder inertia force is transferred from the
fixed columns to the sliding columns when the coupling
pounding-friction effect is considered, and further con-
clude that the larger the friction coefficient is, the more
inertia force is transferred.

Torsional forces occur due to the coupling pounding-
friction effect. The torsional force of column 1*( see Fig.
10(d) ) also shows a generally uprising trend with the in-
crease of the friction coefficient. For small gap size ca-
ses, the torsional forces increase steadily with the friction
coefficient, while for the large gap size cases, the tor-
sional forces actually peak after a sharp rising when the
friction coefficient is 0.5, and then become stabilized.

4 Conclusions

1) For continuous bridge with transverse retainers un-
der bi-directional seismic loads, the coupling pounding-
friction effect will result in a different structural internal
force distribution, which is not commonly considered in
general seismic analysis.

2) The friction coefficient and longitudinal pounding
gap size are two important factors. Large friction coeffi-
cient and appropriate gap size can significantly reduce
seismic responses of girder, and effectively transfer part
of the inertia from the fixed columns to the sliding col-
umns, reducing seismic demands of the fixed columns
and improving seismic performance of the continuous
bridge.

3) Rough surfaces of the retainers are recommended in
order to acquire a large friction coefficient. Also, for the
longitudinal pounding gap size, there should be a rela-
tively large value for the condition of avoiding bending
failure of the fixed columns in advance.

4) Uncertainties exist for seismic response analysis of
bridges under bi-directional strong earthquake excitation
considering the coupling pounding-friction effect. This
study summarizes the mechanism of the coupling poun-
ding-friction effect and some qualitative laws in a much
more idealized case. Further verifications in practical ca-
ses are needed.
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