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Dynamic behaviors of the bridge considering pounding
and friction effects under seismic excitations
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Abstract. Dynamic responses of a bridge system with several simple spans under longitudinal seismic
excitations are examined. The bridge system is modeled as the multiple oscillators and each oscillator
consists of four degrees-of-freedom system to implement the poundings between the adjacent oscillators
and the friction at movable supports. Pounding effects are considered by introducing the impact elements
and a bi-linear model is adopted for the friction force. From the parametric studies, the pounding is found
to induce complicated seismic responses and to restrain significantly the relative displacements between
the adjacent units. The smaller gap size also restricts more strictly the relative displacement. It is found
that the relative displacements between the abutment and adjacent pier unit become much larger than the
responses between the inner pier units. Consequently, the unseating failure could take a place between the
abutment and nearby pier units. It is also found that the relative displacements of an abutment unit to the
adjacent pier unit are governed by the pounding at the opposite side abutment.

Key words: bridge system; seismic excitation; pounding; friction; impact element; abutment; unseating
failure.

1. Introduction

The bridge system with several simple spans can be described as the combination of multiple
vibration units, and the global dynamic behaviors of such a bridge system become complicated due
to interactions between the adjacent oscillating units. The interactions are produced mainly due to
different dynamic characteristics of the oscillating units. In addition the out-of-phase characteristics
between input seismic excitations due to the different traveling distances up to the different piers
may disturb the responses to be out of phase even for the oscillating units with identical dynamic
characteristics. There are various factors influencing bridge motions, such as inelastic behaviors of
RC piers, foundation motions (rotation and translation) due to ground conditions, bridge-abutment-
backfill interaction, pounding between adjacent girders, friction at movable supports, and so forth.
The pounding phenomena of adjacent girders during earthquakes have been widely observed
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(Rosenblueth and Meli 1986, Kasai and Maison 1991). The phenomena are usually caused by
different vibrating frequencies of individual units. Also, the induced relative motions between the
adjacent vibration units produce the friction forces at movable supports while vibrating under
seismic excitations. The pounding and friction may play important roles upon the global dynamic
responses of the total bridge motions (Wataretba. 1998). The pounding may cause severe local
damages to girder ends as well as bearings. Furthermore it may cause the superstructure unseating
from movable supports, which is one of the major causes of bridge collapse (Mathakr&995,
Priestleyet al 1996). Therefore, the analysis tool is desired to predict the dynamic behavior of the
bridge system properly, which can unveil the effects of both pounding and friction.

In this study, the idealized mechanical model for the multi-simple span bridge system, which can
consider both pounding and friction, is proposed. The pounding system with friction is modeled as a
multi degree-of-freedom system, which is composed of individual mass-spring-damper systems
connected to each other by the impact and friction elements. The bridge motions are evaluated by
adopting the direct numerical integration technigue using the derived equations of motion. The
system only considering the friction at the movable supports is first analyzed to evaluate the main
effects of the friction. The pounding system with friction is then examined to verify the effects on
the characteristics of the response behaviors of the bridge system. Also considered is the influence
from the various bridge-abutment-backfill interactions upon the inner bridge system motions.

2. Modeling of systems
2.1. Bridge model

The bridge considered is a three-span simple plate girder bridge with 35m span length as shown
in Fig. 1. Piers of bent-type, shallow foundations, and seat-type abutments are used. The column
height is 12m. In this study, only the longitudinal motions are in concern, so the total system can be
divided into four individual vibrating units as shown in the Fig. 1.

To perform the analysis more efficiently, a simplified mechanical model is proposed using the
lumped mass system, which is depicted in Fig. 2. In the figurems, me=masses of superstructures,

M, Mme=masses of piersys, my=masses of foundationsy, me=rotational mass moments of inertia
of foundationsma;, maz=masses of abutments, amgd,, my,=rotational mass moments of inertia of
abutmentsK,, Kg andC,, Cs are the stiffness and damping constants of the er&; andCs, C;
are the translational stiffness and damping constants of the foundatiorts,, &dand C,, Cs are

[ 2

f i B .
LII ﬂ ﬁ II'_I
Al '|I 1 [ Az
|I I,'
A . - HFFFF

Fig. 1 Bridge model
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Fig. 2 Simplified mechanical model of the bridge

the rotational stiffness and damping constants of the foundations, respebtivelss andCas, Cas

are the translational stiffness and damping constants of the abutmerits,,afd and Ca,, Cag are

the rotational stiffness and damping constants of the abutrkanisK,s andKgg are the stiffness

of the fixed supports at individual vibarion unis,,, Fse andFga are the friction forces at the
movable supportsS,; s, S50, SSa3 andCy 5 Cso, Cons are the stiffness and damping constants of the
impact elements. and is height of pieru;, us, Ug are the displacements of the superstructurgs,

Us are the displacements at the top of piers,u; are the translational displacements of the
foundations,u,, Ug are the rotational displacements of the foundatioqs,uas, are the translational
displacements of the abutments,, U, are the rotational displacements of the abutmentstgnd

is the ground acceleration.

2.2. Pounding between girders

Two adjacent vibration units may produce pounding upon the applied seismic excitations with
various intensities, and the pounding is governed by the relative displacements between two units.
The pounding phenomenon can be described by a spring-damper element or by applying the impact
law of mechanics for particles. It is known that the former approach can provide a better
approximation to the real problem, under the condition that appropriate values for the properties of
the spring-damper element are used (Anagnostopoulos 1995). The pounding is described in this
study by placing spring-damper element (impact element) between the masses as shown in Fig. 3.
The pounding condition is defined as follows.

G =U;=Uj 4 4+Ugi=Ug(i+ 1)=C 1,420 (1)

where,u;, ui.s~the displacement of mass andm.., Uy, Ugi:1=the ground displacement, add,,=
the distance betweem and m.s. Then the force due to pounding betwesanand m., can be
expressed as follows:

Fi,i+4=3,i+45|"'ci,i+45 for >0, otherwise F;;,,=0 2)



624 Sang-Hyo Kim Sang-Woo Lee and Ho-Seong Mha

Pounding
U, Spring Force
S
SI,H4
m,,
A
Displacemer{t
u dl,lﬂ
gty 1
Fig. 3 Idealization of pounding between adjacent Fig. 4 Pounding spring force-displacement
vibration units relationship

where S;., andCi;.4 are the spring stiffness and damping constant of impact element, respectively.
The pounding spring force-displacement relationship is shown in Fig. 4. The stiffness of spring is
typically large and highly uncertain due to the unknown geometry of the impact surfaces, uncertain
material properties under impact loadings, and variable impact velocities, etc. Based on a sensitivity
study, it is known that the system responses are not quite sensitive to changes in the stiffness of
spring (Anagnostopoulos 1988, Davis 1988, Maison and Kasai 1992). The damping constant which
determines the amount of energy dissipated can be obtained by following relationship (Anagnostopoulos
1988).

Cii+1=2&.S 1o xmmy /(M + m), &=-Inr/J1f + (Inr)? 3)

where,r=coefficient of restitution. Value af=1 ((=0) describes fully elastic collision, while value
of r=0 (&=1) represents perfectly plastic one.

2.3. Friction at the movable supports

The frictions between the superstructures and the movable supports is usually neglected in the
bridge dynamic analysis. However, this may not yield the appropriate results since it ignores the
energy dissipation due to the friction. In this study, a modified bilinear coulomb friction model is
utilized. The simple model of the friction element between the superstructure and the support is
described in Fig. 5. The relationship between the friction force and relative velocity between the
adjacent oscillators can be depicted as shown in Fig. 6. In stick condition, the friction force
increases up to a given valuepf the relative velocity and then sustains a constant friction force
multiplying vertical force with friction coefficient. The friction forces of the stick and sliding
conditions,F;;.; are expressed as follows:

Fi,i+1=%umig]z:Ai for [Af <e
Fi,i+1:%umig for |A=e )

where p=friction coefficient, A;=u; — U1 +Ug=Ugy(i 4 1)
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2.4. Nonlinear piers, foundations, and abutment motions

The material nonlinearity of the RC pier can be described by adopting the hysteresis model
obtained analytically from the moment-curvature curve based on the constitutive laws of the basic
materials of piers. The restoring force characteristics of the pier is modeled as degrading-bilinear
response as shown in Fig. 7. In Fig. K, Fy=yielding force and ultimate force of pieD,,
D.=yielding displacement and ultimate displacement of pier,Kgh&,, K,=elastic stiffness, strain-
hardening stiffness, and unloading stiffness of pier, respectively. The geometric nonlinearity of RC
pier is considered by using tiRe-A effects.

Foundation and abutment are modeled with translational and rotational springs and dampers in
order to consider ground conditions. The stiffness of foundation and abutment are determined
according to Korean Standard Specification for Highway Bridges: Seismic Design. Fig. 8 is the
simplified model of the foundation and abutment.

3. Equations of motion and seismic excitations

The governing equations of the motion of the system shown in Fig. 2 can be derived as follows:
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Mg Ups+Ka1Ua1+HCaUas+Kag 1(Upg + Upp TH —Up)=—My, Uy (%)
MaoUnpr+KasUps+Caolas+Kag 1(Upg + Upp TH —U;) =Ky TH [ —Cyy [H [1,,=0 (6)
MU =Kag 1(Upag + Upp TH —Up)+F g=—myUy +F, 5 (7)
. (my + ms)g L . .
M,U,+K, 5(Us — U2)+Rz_2|_—25(uz — U3 —Louy)+Cy(U, — U3 — Lou,)=—myUg,—-F,,  (8)
. (m, + ms)g L . .
m3u3—R2+2L—25 (Uy — U3 — Lou,) +K3us—C, (U, — Ug — Lyuy) +Calig=—mgUy, 9
m,U,—L,Ry+(m, + ms)g(u, — Uz — Lou,) +K,u,—-L,Cyh (0, — Uy - Lyu,)+C,u,=0 (10)
MsUs+K, 5(Us —Up)—F; s+F5 g=—MsUy,+Fs 6 (11)
. (mg + My)g . .
MgUs+Keg, o(Ug — u6)+R6_6L—69 (Us — U7 — LgUg) +Cg(Ug — U7 — LeUg)=—mglys—Fs ¢ (12)
. (Mg + My)g S . .
m7u7_R6+6|_—69 (Ug — U7 — LgUg) +K7U;~Cg(Us — U7 — LUg) +C7U,=—MyUiyq (13)
MgUg—LsRs+ (Mg + Mg)g(Us — Uy — LeUg) +KgUg—LsCg(Ug — U; — Lglg) +Cglig=0 (14)
MgUg+Kg o(Ug — Ug) —F5 g+ Fg as=—MgUgs+Fg A (15)
MagUastKazUasztCaglaz—Fg as=—MgUg3—Fg A (16)
MagUngtKagUastCagUng—Kag [H [Upg—Cpg [H [55=0 (17)

where R’s are the restoring forces of piers obtained from hysteresis model for displacement
presented asl,;—Ui,,~Li Uiz, Ugp, Ugp, Ugs, Uy, are the ground accelerations at the individual
vibration units.H is the height of abutment.

For input excitations, the actual measured earthquakes may be the best for the analysis, but due to
the lack of the real data, artificial seismic excitations are widely used in many cases. Input seismic
excitations are produced by using the well known SIMQKE (Gasparini and Vanmarcke 1976),
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Fig. 9 Simulated seismic excitation Fig. 10 Response spectrum
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which are forced to be compatible to the design response spectra defined in the Korean Standard
Specifications for Highway Bridges (1996).

An example of the simulated seismic excitation is shown in Fig. 9, and the comparison of the
response spectrum and the given design response spectrum for damping ratio 5% is shown in Fig. 10.
The result shows that the seismic excitations well matches the given design response spectrum.

4. Results and observations

The dynamic analyses are conducted upon four different types of systems according to the
consideration of the friction and pounding phenomena. Applied seismic excitations are generated
with various PGAs from 0.1 g to 0.6 g. The seismic wave is assumed to have a propagating
velocity of 760 m/sec and travel in the longitudinal direction, i.e., from one abutment to another.
The 5cm-gap distance between adjacent vibration units is selected, and the friction coefficient at
movable supports is assumed to be 0.05 based on the current practice. In the analysis, relative
displacements between the adjacent vibration units of the bridge system are mainly examined to
verify the effects of the pounding and friction phenomena upon the responses.

The mean values and 90% extreme values based on the Gumbel's Type-l distribution, of the
maximum relative displacements (MRD) of all four different systems are prepared to verify the
effects of pounding and friction upon the bridge motions. The results are tabulated in Table 1. The
MRD's normalized by the responses obtained from the system without both pounding and friction
are depicted in Fig. 11. The individual effects of either pounding or friction as well as the combined
effect are well distinguished from Table 1 and Fig. 11. Especially between the abutment and pier
vibration units, where the relative displacement is quite large due to the different vibration
characters of two adjacent units compared with those between the pier and pier units, the effects
show clear trends. Between abutment and nearby pier units (A1-P1 and P2-A2), the major effects of
both pounding and friction are found to reduce the magnitudes of the relative motions. The friction
tends to reduce more dramatically the relative motions than the pounding phenomenon under weak
seismic excitations (PGA: 0.2 g). For the moderate seismic excitations (PGA¥f),3he reduced
amounts of the MRD’s due to pounding and friction are almost identical. For the stronger seismic
excitations (PGA= 0.4 g), the pounding reduces the relative displacements more dramatically than
the friction, indicating that it dominates the relative motions under strong earthquakes. The
pounding effects are found to be significant as the seismic loading becomes strong and reduce the
relative displacement by up to 60% for the 90%-extreme values and 50% for the means under a
strong excitation such as the case with PGA of 0.6 g. Since the pounding effects restrain the
intensity as well as variation of the relative displacement, the 90% extreme values are diminished
much more for higher PGA than the means.

The relative displacements between pier units (P1-P2) show the different trends. The frictions still
reduces the relative motions while the pounding increases them. The relative motions between pier
units without pounding are expected to be very small since the dynamic responses are almost the
same to each other.

The figures in Fig. 12 contain the MRD’s simulated and plotted on the Gumbel Type-l extreme
distribution papers, in which the friction is considered for all cases. In the figerb¥-Inp) and
p=i/(N+1). N is the number of simulations. The figures show the good fitness of the Gumbel Type-|
as well as the reduced variance for the MRD’s between the abutment and pier units.
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Table 1 Simulated results of MRD’s (unit: cm)

Extreme
Value
(90%)

Mean
Value

— B— w/o Pounding & wi Friction
—&— w/ Pounding & w/ Friction
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(a) A1-P1
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—¢— w/ Pounding & w/ Friction

4.0

Extreme 3.0
Value 2.0
(50%) 45

0.0

4.0+
3.0
2.0

Mean
Value

1.0

0.0

01 02 03 04 05 06
Peak Ground Acceleration (g)

(b) P1-P2

Friction PGA Without Friction With Friction
Pounding Al-P1  P1-P2 P2-A2 Al-P1 P1-P2 P2-A2
01 5.97 1.14 6.03 2.53 0.62 2.05
9 (6.98)  (1.31) (6.44) (352) (0.72) (2.92)
0.2 10.73 2.03 10.66 7.13 1.25 6.09
=g (13.72) (2.33) (13.18) (8.98) (1.53) (7.87)
03 15.95 2.54 13.15 12.37 1.87 9.79
Without g (20.43) (3.23) (17.27) (15.72) (2.38) (13.08)
Pounding 04 23.32 2.91 14.98 18.64 2.37 11.76
e (33.70) (3.65) (25.01) (24.75) (3.49) (17.59)
05 29.75 3.36 18.86 25.75 2.71 15.62
=9 (45.74) (4.22) (33.49)  (38.68) (4.18) (25.71)
0.6 34.22 4.06 24.90 31.96 3.28 19.73
09 (50.73) (4.75)  (40.26) (50.29) (5.01) (33.45)
01 5.76 2.08 5.82 2.53 0.62 2.05
9 (7.11) (3.67) (6.55) (352) (0.76)  (2.92)
0.2 8.43 6.51 8.25 7.53 1.03 6.33
=g (9.67) (8.99) (9.84) (9.01) (1.51) (7.65)
03 12.01 7.24 9.91 10.39 4.03 8.60
With -0 (15.34) (10.40) (11.55) (12.28) (7.15) (11.10)
Pounding 0.4 13.23 8.46 10.95 13.53 3.52 10.75
e (15.37) (11.49) (13.78) (15.79) (5.82) (13.05)
05 14.58 8.49 12.28 15.14 5.68 11.40
~9 (17.70) (12.03) (14.76) (17.80) (7.70) (14.14)
0.6 17.16 9.98 13.90 16.79 5.08 13.36
09 (20.80) (15.20) (16.33) (21.41) (8.06) (16.93)
*(): Gumbel Type-lI 90% extreme values
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Fig. 11 Normalized results of MRD’s
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Fig. 12 MRD’s plotted on the Gumbel Type-I probability paper (gap size=5 cm)

The relative behavior between the P1-P2 units is found to be influenced very considerably by the
pounding with the adjacent abutment units and results in very large amplifications on the relative
displacements. In addition, the MRD’s show much large scattering and variance. However, the
possibility of the undesired behavior, such as unseating failure of the superstructure, is still low
since the absolute value of the relative displacement is very small because of the identical dynamic
characteristics in the two vibration units.

The Fig. 13 shows the typical examples of time histories showing the restraining effect of
pounding on the relative displacement between the abutment and pier units as well as the
interruption (or hammering effect) on the behavior of the pier units. The figures in Fig. 14
demonstrate the combined effects of the pounding and friction more clearly.

Next, the effect of the gap size upon the responses is examined by investigating the MRD’s for
the systems with two different gap sizes of 5 cm and 10 cm. The simulated results are summarized
in Table 2 for two different levels of PGAs, 0.3 g and 0.6 g. As can be expected the smaller gap
size restrains the relative displacements of the abutment units from the adjacent pier vibration units
more tightly, especially under strong excitations such as the case of PGA=0.6 g, due to more
frequent pounding phenomena. However, the MRD’s between P1-P2 become less for the case with
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Fig. 14 Time histories of relative displacements between adjacent vibration units (0.3 g)

the wider gap size of 10 cm under moderate excitations of PGA=0.3 g, since the pounding between
the abutment and pier units does not occur often and thus the amplification on the responses of pier
units are not triggered by pounding.

Finally, the dynamic behaviors of different bridge systems with 6 and 9 spans are investigated to
examine the propagating effect of the abutment interaction upon the global bridge motions with
various PGAs. The mean values and 90% extreme values of MRD’s between abutment and pier
units located at both left and right ends of the bridge systems are evaluated and tabulated in the
Tables 3 and 4. For the bridge with small number of spans (3-span), the relative displacements

Table 2 MRD's according to gap size between vibration units (unit: cm)

“ 0.3g 0.6g

a|

P Al-P1 P1-P2 P2-A2 Al-P1 P1-P2 P2-A2

5 cm 10.39 4.03 8.60 15.14 5.68 11.40
(12.28)  (7.15)  (11.10) (17.80)  (7.70)  (14.14)

10 em 12.92 1.65 10.20 26.52 6.54 19.73
(16.52) (2.21)  (13.21) (32.66) (12.68) (25.50)

*(): Gumbel Type-lI 90% extreme values
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Table 3. Simulated results of MRD’s between the left abutment and nearby pier units (unit: cm)

PGA No friction & 3-span 6-span 9-span
pounding (A1-P1) (A1-P1) (A1-P1)

0.1g 5.97 2.53 4.36 4.65

(6.98) (3.52) (5.59) (6.17)

0.2g 10.73 7.53 8.76 8.37
(13.72) (9.01) (11.21) (11.10)

0.3g 15.95 10.39 12.54 11.88
(20.43) (12.28) (16.85) (15.70)

0.4g 23.32 13.53 17.36 19.06
(33.70) (15.79) (24.62) (27.60)

0.5g 29.75 15.14 28.35 28.09
(45.74) (17.80) (37.98) (40.53)

0.6g 34.22 16.79 34.71 38.03
(50.73) (21.41) (44.94) (51.43)

*(): Gumbel Type-I 90% extreme values

Table 4. Simulated results of MRD’s between the right abutment and nearby pier units (unit: cm)

PGA No friction & 3-span 6-span 9-span
pounding (P2-A2) (P5-A2) (P8-A2)
0.1g 6.03 2.05 2.90 2.92
(6.44) (2.92) (3.90) (3.57)
0.2g 10.66 6.33 7.24 7.42
(13.18) (7.65) (8.62) (8.93)
0.3g 13.15 8.60 11.10 11.11
(17.27) (11.10) (15.78) (15.25)
0.4g 14.98 10.75 14.99 16.05
(25.01) (13.05) (19.87) (21.29)
0.5g 18.86 11.40 20.38 21.98
(33.49) (14.14) (28.15) (28.53)
0.6g 24.90 13.36 24.23 23.83
(40.26) (16.93) (33.84) (30.90)

*(): Gumbel Type-lI 90% extreme values

between the abutment units and their adjacent pier units are constrained by the motion of abutment
in the opposite side, respectively. As the number of span increases, therefore, the constraining effect
from the opposite abutment becomes diminished, producing the relatively larger responses. With the
large number of spans (9-span), the mean and extreme values are found to converge to those of the
bridge system without consideration of pounding and friction.

From the results, the pounding phenomena between the abutment and the nearby pier units are
found to dominate the global motion, and the effect is propagated into the next pier units. The
relative displacements between pier units are very small compared to those between the abutment
and pier units, indicating that the relative motion near the abutment controls the span collapses.
Therefore, the possibility of unseating failure of the superstructure spanning between the abutment
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and pier may be much higher than the case of the pier to pier as far as the geometric conditions,
such as span length, pier height, etc., are similar for the whole bridge system.

5. Conclusions

The dynamic behaviors of a multi-simple span bridge system under seismic excitations are examined
with various conditions. An idealized analytical model is proposed, considering the pounding between
the adjacent vibration units and the friction at the movable supports. The developed model is found
to provide the appropriate information on the complicated seismic responses of the multi-simple
span bridge.

Based on the results, the followings are drawn as conclusions:

1) The pounding effects are found to cause remarkable changes in the seismic responses and to
reduce the relative displacements between the adjacent vibration units significantly under
strong seismic excitations. Especially the pounding between the abutment and adjacent pier
units is found to dominate and restrain the global bridge motion.

2) The effect of the friction is found to mainly reduce the seismic responses especially under
weak seismic excitations (PGA 0.2 g).

3) Under weak seismic excitations (PGA0.2 g), friction dominates the responses while the
pounding starts to dominate the responses under stronger seismic excitations (P4G4).

4) The smaller gap size between adjacent units restrains the relative displacements more tightly
due to more frequent pounding phenomena.

5) It is found that the abutment in the opposite side constrains the relative motions inside
abutments due to pounding, and that the constraining effect is diminished as the number of
span increases.

From results, the relative displacements between the abutment units and their adjacent pier units
become much larger than those between the pier units in the multi-simple span bridge with similar
geometric conditions. Therefore, the possibility of the unseating failure of superstructures between
the abutment and pier could be much higher than the case of the pier to pier.
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