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EARTHQUAKE RESPONSE OF HIGHWAY BRIDGES
UNDER DYNAMIC EFFECTS OF VEHICLE LOADING

By Hiroyuki Kamepa and Hiroyuki Kita

Synopsis

The effect of vehicle loading on the seismic load of highway bridges is
discussed. Urban expressways that are subjécted to frequent traffic congestions are
of primary concern. For this purpose, it is assumed that a bridge is loaded with
heavy trucks at the moment of earthquake occurrence. The subject is dealt with as
a dynamic interaction problem between bridge structures and vehicles. Bridge-
vehicle systems are analyzed in terms of complex eigen-value problem and response
time-history analysis. The vibration modes pertinent to the effect of vehicle loading
are identified. The result of earthquake response analysis is examined extensively
by comparing the responses of bridge-vehicle systems and those of bridge-alone for
various conditions of input earthquake motions and truck weight. From these
results, the effect of vehicle loading on the seismic loads is made clear. On this
basis, some coments are made on bridge desigh.
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Fig.1. Prototype bridge (Hanshin Expressway, Sumiyoshi Section 2).
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Fig. 2. Dynamic model of bridge.
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Table 1. Mass of each node of the dynamic model

node NO. weight radius of gyration
i (tonf) r. (cm) ry (cm) rs (cm)
1 242.0 199.8 279.7 208.2
2 191.7 487.4 488.7 77.8
3 82.2 551.3 576.6 —
4 161.6 541.7 641.2 -
5 82.2 551.3 576.6 —
6 191.7 487.4 488.7 77.8
7 242.0 199.8 279.7 208.2
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Table 2. Rigidity of model elements
element
NO.
spr. const. along x, z (horizontal) 6.753X 10 (tonf/cm)
@ ki=ki=ki=k}
spr. const. about x, z (rotational)
e 1457X10° (tonf cm)
.
spr. const. about y (rotational) 6.610X 10" (tonf cm)
ki=k}
bending rigidity about x o .
TS —EI3 1.004X10" (tonf cm®)
@ bendi igidi bout
ending rigidity about z " "
Bl —EN% 8.105x10° (tonf cm®)
® torsional rigidity about
orsional rigidity about y " .
GK1=GK? 2.927X10° (tonf cm?)
@ torsional rigidity about x " R
X
® GK§=GKS 1.725X10* (tonf cm?)
Spr. i:::gnStl along x (horizontal) 1.954X10° (tonf,/cm)
.
spr. <l:(ognst. about y (rotational) 2.896 X 10° (tonf /cm)
ki=k} (_}ll{_? =3.845X 10" (tonf cm)
3
ki=ki (%(—1=1.540X109 (tonf cm)
4
nl
ki= Y, k¥d2=2.896X10° (tonf cm)
m=1
Table 3. Damping characteristics for model elements
damping coefficient: CXh
@[ clement cx c cf c cr cxe cw
NO. (tonf sec/cm) | (tonf sec/em) | (tonf secem) | (tonf seccm) | (tonf secem) | (tonf sec) | (tonf sec)
1, 8 2.581 x 10 2.581 x 10 2.416 X 10° 2.516x10¢ 2.259 X 10¢
2,17 3.082x 10 3.061 X 10 6.380x 10° 6.087 X 10° 3.386 x10° 5.299x10* | —1.025x 10
4,5 1.220 X 107
6 8.095x10™! 5.682 X 10°
damping factor h
(b) eleggnt CX CZ C ¢ C 4 C 4 CX F CZC’
1 8 0.30 0.30 0.30 0.30 0.30
2,7 0.10 0.10 0.10 0.10 0.10 0.10 0.10
4,5 0.05
6 0.05 0.05

note: Damping coefficients are obtained by multiplying the values in (a) with those in (b).
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Table 4. Natural periods, damping factors, and participation factors of dominant
vibration modes

mode | natural |damping participation factor

NO. period | factor fixed-support pier slide-support pier
(sec.) longitudinal| transverse |longitudinal| transverse
0.0 —0.0571 0.0 —0.0584
i 0.9346 0.0797 +0.0j +0.1261; +0.0; +0.1291;
0.0) (0.1385) 0.0) 0.1417)
0.4332 0.0 0.0473 0.0
2 0.9245 0.2265 +0.1006; +0.0 +0.0153; +0.0j
0.4447) | (0.0 (0.0497) 0.0)
—0.0225 0.0 ~0.1412 0.0
3 0.5517 | 0.4038 +0.0099; +0.0; —0.5126; +0.0;
(0.0246) 0.0) 0.5311) 0.00
0.0 0.1782 0.0 —0.1791
4 0.2764 0.1615 +0.0; +0.1992; +0.0; —0.2005;
0.0) (0.2673) ©.0) (0.2688)
0.0 —0.0008 0.0 0.0008
5 0.2412 0.1054 +0.0; -0.0006; +0.0; +0.0006;
0.0) (0.0010) 0.0) (0.0010)
0.0 —0.0501 0.0 —0.0500
6 0.1770 | 0.2510 +0.0; —0.1736; +0.0j ~0.1726;
0.0 (0.1807) 0.00 0.1797)

() =absolute value,
j=unit of imaginary number.
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Fig.3. Dynamic model of vehicle.
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1-st mode T=0.9346(sec) - 4-th mode T=0.2764(sec)

- 2-nd mode T=0.9245(sec) 6-th mode T=0.1770(sec)

10-th mode T =0.0754(sec)

Fig. 6. Vibration modes (bridge alone).
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_--""  amplifying mode

-

-~ 1-st mode(1-st) T=1.1688(sec) 5-th mode(2-nd)  T7=0.9855(sec)

.-="" controlling mode

-

-*""" g-th mode(1-st) T=0.8864(sec) 12-th mode({4-th)  T=0.2852(sec)

-="" 14-th mode(6-th) T=0.1828(sec)

Fig. 7. Vibration modes under vehicle loading (loading ratio: r=1.0x4).
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Fig. 8{a). Typical example of simulated
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Fig. 9. Properties of input ground motion group A.
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Fig. 16. Schematic illustrations of dynamic and static effects of vehicle loading
(Three cases correspond to those in Fig. 15).

DIBADIEE BN OBADIEE%: b FHl->TWwa, CHIZEMEEIESRICmMA, SHSHESR
BEHBLTVWAI DN TH S,

Fig. 15 (D) 3HIRMESEET 20 TH 2, ThIBEEBE r= 1.25 OHEfl% 4 BFREH L2 BRic
Fig. 15() OB LFRICANEEA L ZDEETH 5, [N () & EFOKE & HEEEORE 1S
KA TIREIL TWA 2 &bk 3, TROLERNEN SR L, BREMBOEEIC A~ HESH
KZENLT 25%, HBERE AKTIT 24% OERAHE LTV 3,

Fig. 15 () 3#ER L =085 L LLGE2 2L CANE L SOLIETH 5, HNBEOBED
BERBREMROEADIEEAE LE - Tw a5, BNEHNOBAOEEL /NS L, ChiddliEe—F
DEET 3 bODFHNNIEIENEL SITHHTREDHRMIBRERIB O N L LI &L B6DTH 3,

CDESRANBELTH» CHOEMORBENRILZ LIEZORBIIKRECES T Ebbh b, £1:
BERBSFLSTOANDREZ &, RRSE LEFROB O E - TL 5,

Ub%# &2 E#ETEMIC & 2 BHaEENER, BSERGE BNTEIRNELE . O Tla
BbINTHELTEY, ZTOKNERIC & > TRIENIIGEREHRE > TV 3, < OMF% Fig. 15
DIBOF — R HO>VWTHEESHICRT L Fig. 16 DX 5218 3,

332 #BEAEBFMAEANDES

Fig. 17 I3F#E 7= 0.66 OB 4 SAMREM S N BRI L THEBATHERBE A OO 1 5%
ANLEBEOEREREANNOBLETS 3, BB, TONICET 2 HEHOBZIFEIEMERARA
FIDBED W0 ED Ry -V TRRELTOVS,

[RIE (a) K DEMD E o F » SRENDS FEEEOKFENTH S X3 LHMHETREL TV, BREK
L EMASENVHETERS T 20 RREE— FR (Fig. 7) X 0 ERT & 3 48805 O SiljiREHRIE
BHWEAARON 10570 1 TH Y EHOTHHIHEN I LALLE VW Ebh B, - THRREMZEDE
BEHNBZLNBDERBREALRD ONT, BANEMEICHL TR, BREMEL EH->TW3, #
FIEROEE L HBE L TbhIHhOENS 2T TH L, L vy F v 7EBHELTH TH D Hiljid
FIHERAMMS T, BROKRPFEBBEIETVLET Eobh 3,

34 BREERSM

ORI TRIGERITICL DB SN BEREEE O £58~3, Fig. 18 ~Fig. 31 IKRTFTIIVWIFh
b IATHESOSEEABE, M ISMENORACEEE ATHES O K AHE TIERLL
rEEE-TVE, HPOEREIBREMROBEAOIEE/RL TH VLS L Table 5 IR #f/ <
g - DBREDIEETH 5,



68

(RAD)

VEHICLE

x102
3.0

Fig. 17.

HABFKIFERRER $325B-2 F 1.4

(1989

RELATIVE OISPLACEMENT OF X3(OYNAMIC) MAX -7.58 T 7.88
x10 RELATIVE DISPLACEMENT OF X3(BRIDGE) -reermesemeseninens MAxX 7.22 T 3.24
RELATIVE DISPLACEMENT OF VEHICLE ——————  MAX 0.004 T 3.64
LS T T T T
1.0F (a) ]

X3 (CM)
a
o

1
o
o

~1.0

0.0

2 SHEARING FORCE OF 81
SHEARING FORCE OF @1

10.0

TIME

(DYNAMIC)
(BRIDGE)

lS.U‘
(SEC.)

20.0

2%.0 30.0

MAX -30§1.53 T 7.84
MAX -270.57 T 7.84

40 (b)

( TONF )

Q1

T

-4.0r 1 L 1 ) L B
0.0 S.0 10.0 15.0 20.0 25.0 30.0
TIME (SEC.)
X102 SHEARING FORCE OF 81 (DYNAMIC) MAX -301.53 T 7.84
SHEARING FORCE OF @) (STATIC) ---—-=--mmeee MAX -301.40 T 7.84
e g i T T =
4.0 (c) -

(TONF )

Ql

-~-4.0

10.0
TIME

15.0

(SEC.)

20.0

25.0 30.

Time history of horizontal shear at foundation base
(longitudinal ; little effect of dynamic loading ; input=AEQT; phase
delay=0.0; four vehicles ; loading ratio r=0.66; sym. position).



B - b BEEm O R L EH L I ERE OB E R

Table 5. Loading patterns of vehicles

NO. pattern A | pattern B | pattern C | pattern D

1 0.66 0.85 1.0 221 |

2 0.66 0.85 1.0 -

3 0.66 0.85 1.0 —

4 0.66 0.85 1.0 —
total weight  (tonf) 50.12 58.12 64.40 29.44
rolling period (sec.) 0.79 0.94 1.07 2.35
pitching period (sec.) 0.55 0.61 0.66 0.92
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Fig. 18. Bending moment at pier bottom (normarized by input PGV ; ground
motion group A ; transverse excitation; phase delay=0.0).
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Fig. 23. Horizontal shear at foundation base (normarized by input PGV ; ground
motion group A ; longitudinal excitation; phase delay=0.0).
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Fig. 24. Effect of vehicle loading on bending moment at pier bottom
(peak response with four vehicles ; sym. position ; narrow-band ground
motion group C; transverse excitation; phase delay=0.0).
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Fig. 25. Effect of vehicle loading on horizontal shear at foundation base
(peak response with four vehicles; sym. position ; narrow-band ground
motion group C; transverse excitation; phase delay=0.0).
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Fig. 26. Effect of vehicle loading on bending moment at pier bottom
(peak response with four vehicles ; sym. position; wide-band ground
motion group B ; transverse excitation; phase delay=0.0).
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Fig. 27. Effect of vehicle loading on horizontal shear at foundation base
(peak response with four vehicles; sym. position ; wide-band ground
motion group B; transverse excitation; phase delay=90.0).
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Fig. 28. Effect of vehicle loading on bending moment at pier bottom
(peak response with four vehicles; sym. position ; narrow-band ground
motion group C; transverse excitation; phase delay=0.1).
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Fig. 29. Effect of vehicle loading on horizontal shear at foundation base
(peak response with four vehicles; sym. position ; narrow-band ground
motion group C; transverse excitation; phase delay=0.1).
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Fig. 30. Effect of vehicle loading on bending moment at pier bottom

(peak response with four vehicles; sym. position ; wide-band ground

motion group B; transverse excitation; phase delay=0.1).

25 T | (Dynamic/Bridge-1.0)X100%
4
j - +40%ELE
2.0 ] +30~+40%
A
i +20~+30%
25| o
‘o - +10~+20%
« E
o ‘
= i E:I + 0~+10%
1.0
o
J [ - -
0.5 % —10~—20%
......... _ S
; \\ —20~—30%
0.0 7 i ow :
0.2 0.4 0.8 0.8 1.0 1.2 1.4 —30%0UT

Predominant Period

Fig. 31. Effect of vehicle loading on horizontal shear at foundation base
(peak response with four vehicles; sym. position; wide- band ground

motion group B; transverse excitation; phase delay=D0. D.
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Fig. 32. Effect of vehicle loading on horizontal shear at foundation base
(area under response fourier amplitude curve with four vehicles; sym.
position ; narrow-band ground motion group C; transverse excitation;

phase delay=0.0).
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Fig. 33. Effect of vehicle loading on horizontal shear at foundation base
(area under response fourier amplitude curve with four vehicles; sym.
position; wide-band ground motion group B; transverse excitation;
phase delay=0.0).
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Fig. 34. Bending moment at pier bottom normalized by the value for bridge alone
(peak response with four vehicles; sym. position; wide-band ground
motion group A ; transverse excitation; phase delay=0.0).
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Table. 6. Over all effect of vehicle loading on bending moment at pier bottom
(wide-band ground motion group A; tiransverse excitation; phase
delay=0.0)

(a) effect of static loading

loading pattern a, 71 7
pattern A 1.108 | 1.154 | 1.105
pattern B 1.121 | 1179 | 1.122
pattern C 1.130 | 1.198 | 1.136
pattern D 1.086 | 1.091 | 1.062

a1=Mm.,-t/Mm

7= (Wi+W,) /W, (i=1,2)

W, ; total weight of vehicles

Wi Y. (weight of node i) =325 tonf

i=3,4,5
W.; Y. (weight of node 1)+ Y, {(weight of node j)/2} =475 tonf
i=3,4,5 i=3,4 ,

(b) effect of dynamic loading

loading pattern a: aa, M/Ao
pattern A 0.938 | 1.039 1.173
pattern B 0.711 | 0.797 1.089
pattern C 0.758 | 0.857 1.027
@ 2= Mepmamic” Muasc

alaZZMdymmk/ nga

A:; peak value of frequency response at amplifying mode in Fig. 11.

A.; peak value of frequency response at controlling mode in Fig. 11.

Ao ; peak value of frequency response at fundamental mode for bridge
alone in Fig. 11.
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