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4-2. TERTAGEAE A FMIRE—F (Mode No. 1)
EAEH : T=0.57 (s)
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4. fRMTHE R
4-1. EHEEANTRE R
hAode Frequency Period Toleranoe
o (rad/zec) locvcled sec) isec)
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4-2. TERLFEEISM1IKRE— R (Mode No.5)
EAEA# : T=0.58 (s)

4-3. TERTIBHAE A 5 EIRE—F (Mode No.9)
EA A : T=0.34 (s)
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m—9 GHefFkf, SUEHOMFIEE Lb, DESERRRRpTEAn
REMEREVACE AT B L, BIMEEEERE | sessers . weoyim — gussers mcvsm
HEET /L T340.6gal (FEAEMELI=9.61FD) |, BHIEH < ki LA T Al
EFLC277.60al (FEAERZI=9.661)) TH Y, B 5

EHERET I L DIEEMENL19%FE /N X < E

15
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TV, Zhu, BHEHRET LV CIEBHEF IR (©) W2 EE
J57— JEXAabw@%%ﬁlwgﬁ%$w&
g LTS KFHiSNTWA Z EICERT S H D
EEBEZOND, LNLBRBG, IREEBHERIZEL

TEHmHE TR —&LTWD, —F, IWEHEERE

—— BHERETIL : Max= 3gem, —.W?fi’:v—)b Max 37cm

nﬂ'nm' '/\'/\',;ﬂm\ AM e AAMMMAMMM\M

Displacement (cm)
AN o NN B

- '0 5 10 5 20 2 30
WEBRT DL, RREE ilﬁigé’?’&“’fﬂ/f‘ Time (sec)
32.3kine (FEAWFAIt=158%)) , BMEHRET LT (d) RSB AL

30.7kine (FEEREAIt=1.59%)) TH YV, WEIIER B—9 J7—F VI RIEOBEREOLE [(FHATFAIE]

= 400 —— BHERETIL . Max=2588gal, BEAERETIL : Max= 2740 gal = 400 —— BHERETIL : Max=2563gal, BEAEFRETIL : Max.=2399 gal
gﬁ T T T T T T T T T T T % T T T T T T T T T T T
= 200 : : : : : : = 20 : : : : : 1 : : : :
2 S
g 0 g
% -igg i i i i i %
Q 1*]
< o 5 10 15 20 25 30 < 15
Time (sec) Time (sec)
(a) & INERE KR (a) M B h0IR B RS
E oo —BHEERETIL, — BERERETIL E o0 BHEERETL, — BERERETI
2 T — T 2 T — 7
g § 750 bbb T S % 8 B7S0L ‘
2%500 2‘:‘_“500_ e S S
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i 0 iy 0 R
0.1 1 0.1 1
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(b) BEMEERBD I— TARY b (b) BEMEEREDI— TAXRY ML
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2 T T T T T 2 T T T T T T T T T T T
£ 2 3
2 0 =
Q (3
2 20 o
< ]
> 40 >
15 15
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NJ;

nhrmu\ M Ah/\ M, A AAMMAMAMMAA

nﬂnm\l\ N AA{\ M, A (\AAMAAMAMAMA )
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o
Displacement (cm)
Ao s

2 U YV,V,V,'V,V,V,?V,VVU,VVV, Wv, VW, VVVVWWVV,W,", o V"VV A VVVUV,V,V, W,V,V,W , VVV V"VVVVWV"
“o 5 10 15 20 2 30 0 5 10 5 20 73 30
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(d) IS E AR (d) BB ELLRT
(1) HBEARMERA DR (2) BEAARMERA N
B—10 J7—FYIRKDEERBOLE [RFHIO5E]
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> T T T T T T T T T T T E T T T T T T T T T T T
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o o
E g0
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g 400 2 400 5
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= T | L 5 T L S S B A N |
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2 T T T T T T T T T T T 2 T T T T T T T T T T T
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15 15
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= 2f = 2L
e 4 anM.M\/\MMA A'MAI\A AAAI\A(\AMVI\A i e 4 nAl\AAJ\I\nnAAAﬂI\AA nMAAA Af\nmmi\m
g z-VU Y ,“,VV, i ,",W, b ,VV‘,’VVUVVVV“ "V" g L UUVVYV,",", , ,\],V TG ,", , ,VVVVVVVW”VW
2 4 i i g . i i
a 0 5 10 1 20 25 30 a 0 5 10 20 25 30
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(a) ¥EEH 7 MM ERIR A 1B (b) EAARMERA K
M—11 7—FUIRFEOBEREOLE [+ETOE]
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B —FHLTW5, &LV, [SEIMEERFICHE
L CIEME CEBRNROND N, IREEER XUk
BEMMPECE L ClE, BHERTT V& ERESR

ETIVITHAEE RS B L TWD Z ENnd,

B—10 (AFHAE, B R R &
D, INEMBREIZEBE T 5 &, Ml m R A
IRF O fg KN FE 1L EAR B3R £ 7 /L CT274.0gal  (F&4
RFZIt=17.47F)) , BHMZEFEET /1 T258.8gal (F4E
RiZt=10.53%)) , —J7, EMAGIMHER AR TIX
Z 2 11239.9gal (F&AEWEZIt=10.54F) , 256.3gal
CEAEREZIt=1053F0) &, FDEII5~6%TH 1 il
FIIMREL & LTV, IEERFBICE L T
T 7 T BRI N JTIRF LIS 38 W) TR ﬂmgf%
TNABHEFRE LTSN DBEAICH D0,
SHZILHED 7 — Y = AT s )LD HRME ) [E AR B 5 £
FOLHE L TSV b RSN D, Ll

W, IEBEBHIRICBI L TiEm#E TR &L T
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NOHER AT FHEIZBWTY, &KIGEHEE X
30kinef i, HAISEEMLIIITCMIEETH Y, KK
JEBAE R L QUSRI & BICHE TR —EL
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T T T T T T T T T T :

o
[ 30N
S o

&
3 o

Stress (MPa)

-120
0
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HM—12 SHEQWMARISAKIOLE [(FAEFKE]
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§ T T T T T T T T T T T
s 60 -
2 0
£ -60
w
-120
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(a) B8NS MR IR A NI
120 —— *EX‘HE%-ETII« Max 107 N/mn — IEHKE?F%T}L Max.= 724N/mm
= T T
O B0 e
s R oA AAAMAMM\A MA mJ\A /\ANAAAM\A/\/\A
g ﬁo_VVYYfV vy y ,,,,,, R EAR AN AAAARAIAS
@ -120 i i i i i i i i i i
0 5 10 15 20 25 30
Time (sec)
(b) EfA A MR IR A N
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T T T T T T T 7 T T T
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D D
o o o

a0l
0 5 10 15 20 2 3

Time (sec)
(a) &% MR IR A 1B
100 —— BHZERETIV : Max=730 N/, —— BUAZIRE TIL - Max.= 606 Nimn’
g Y J H ! H ' Y | H ' :
% .
-120 i i i i i i i i i i
0 5 10 15 20 25 30
Time (sec)
(b) EfA A MR IR A D

H—14 SHEQWMARISAKIOLE [+ OE]

i (HEE) NEAFMOZNE KL T2F
BRERKZW k#%(ﬁ%ﬁm 6405.7t, H A7
M s 3042.7t) , 7— VU AT RGBSR S
HEI0 2&%@%~%®%@%§ﬁ1w5:&m

ERTLHDOEZEZ NS, LLERD, BEIRE
FETNTIEEOREBIINEL, WTROMERA
HHFNZEBNTHLKRIEET— RBHEBE L TV 5D
DLEXY, WIFhoikfEEsErilcsnTy, ik
EIMEE R ECE D7 — 1) = AT MUICEE L Tl
ME CHTOERENRROND OO, JSEHER X

OSBRI L i E B < —5+ 2
ZEBHBMNE IR T,

(b) ERMEMDE FIGHERICET 5Lk
B—12~1421% KEMEEXICET 285
OEhSFE () IS ERE A ERET LV EH
MERET NV THRELTORLTWS, 22T, A58
L 7= ERIIHUAIZ

BRHT ISR FAET DL E L,

BAFFRIE (RIUEERE) B KO O (REbUAE
BE) IIAEER O TR, AT AR (T & S Rk

B IMTImOERITER LTV D,
ML, WFhoMEEk X OHEE AT 7510

WCBWTHEHESZET VIEREZET L L K
LCEHETRELSITHMENTWD Z ERN0D, L
L7 s, ZOEITRKTHLINRETHY, &
WRMRICE L CHLmMA TR —HLTnWb 2 n
5, AFHNTET MIHUEOR LIS EIZE LTk
WHREER S HHAETHL LD LS D,
Fo, WTFNOEERERIZBNTY, AHTICE

D AT HIEEN IR L IR D EIZIEE - T
RN L DR éﬂto
5. &8

AL CIE, HEE—HB R A 5L LT, HER
FH TN AN SN TV A ERINRET L OREE
ZEO T EMEFET T VO A OV CREEEZ T
S 7=, wHAMEETNT, 3 DR D A S
& LT, BIEESEHM L7 koo A RE R (ERE
FETN) MR T I TITo 2,

R ORER, FEMEME 2 R ERE, BioEs 28
AW ARRTCEREL, O EMHAEER 2%
FAWTHifE SE-EERET LV AET 52 & T,

SR TEA PRI AT ORI TR E & LB AR B B
SHBEARETHDL ZERH LN E o T,

Ltk1E, FIEMIBIEEORGEE Eiid 25 & & big,
FEIERAAR S LA E 2 8 O B R IR EfE— i
g — S R) BT VISR DRGED FET 5 TE
Thb,

BIEE . ARFZE AT O I H T Y, B TERPERTPR
HERE VAT LTI, HEIE I E O SRR
BIIZZ R 2\ EmEATHEE Lz, ZZICFELT
WEERLET,

ZE X

L) HAE RS  BEER G - WEHRIV [T S
Ml . vV [ERGEHE] , 2002.3.

2) TAYS  EOBIIMIERGE 2003.3.

3) A fh—BR - HUEEHERE S 2 ERITRRET LD
B L TOEREEFE~OEM, TARZEDISHFEmE,
Vol.3, pp.609-620, 2002.8.

4 FR, O, E, FET, ALE, IR MRS O —
FHIRISEMNT, TORTFEMEE TR SC8E, Vol4BA,
pp.457-468, 2002.3.

5) MIDAS Civil 2006 Manual, Ver.701, 2006.

6) ABAQUS Analysis User’s Manual, Ver.6.6, 2006.

http//jp.midasuser.com/civil 1111



112! midas Civil EREH #xmE



4. midas Civil :BHE M mxwxe

4-5 FHBRICE T SMEMEREREICOWVT
SREEHLAEHH




4-5

FrarfB R icB T 2 EMEERAEIC OV T
HE R FE AT AiAfR B

1. FUL®HIZ

LA ISR AET DMEN SO E VDTV D KM - My EC, R K= K
DX D REHE NGRSO AT A, B LAZEE ., SEEMRIZS VYT TR
EE O RMEMER 3 EET 2 7T L) BRE SN,
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) TAT o 72 BRI A IC DWW THE L, 4% T L T 2 #5037 o0 5 Jia |2 7)1
FHMICOWTEET S,
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—WEE1 6 9 5B, ERANZEBESEES 7. AmoHM ERARCT—F
BCTh . WS ELEZORMENR OB 2 0FMRB EEDE (HE) OFE TR I
50

3. Bl
BENHH 8 OENRKEL THY, %L
FFE-> TR, BIHGHAIC XV EC
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M8, 0) ORBREBEOHEFTRELS, Loy 1 BB K L CIXiM B3k S h
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TAEEY O THNONTWDIT Y ERIZB T D hFE0ET VT, —&aviZ &<
oo TndETALELT, IM—¢ET NV & [ T74 =T V] BbHDH, RC
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ABSTRACT: This paper describes the structural design of a network Arch
bridge located in Arta over Arachthos River. A network arch is defined as an
arch bridge with inclined hangers where some hangers cross other hangers at
least twice.

The development of the road Network and the peripheral road in the Area of
Arta-Greece set the opportunity to design an innovative road Arch bridge that
is intended to be a landmark for the city and to contribute to the quality of a new
leisure area.

KEY WORDS: Bridge; Network Arch; Hanger

Figure 1.Architectural visualization of the Bridge.

1 INTRODUCTION

Optimal hanger arrangement in arch bridges not only lead to minimum values
of the axial forces and force variations in the hangers and minimum values of
bending moment and moment variation in the arch, but also it allows to use
small cross sections and low weight with aesthetical and structural advantages.
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In literature there are more bridges with fan and vertical hangers arrangement
than network arch bridges; fan arrangement is generally chosen for aesthetical
reasons even if other solutions show better structural behavior. Some network
arch solutions with aesthetical advantages and very good structural behaviour
have been designed by Tveit (1987, 2001). Brunn and Schanack (2003)
proposed a new hanger arrangement for railway bridges with concrete decks. In
our design we adopted these methods and we optimized the angle of hangers by
solving multiple models.

The bridge is 160m long with spans 20m-120m-20m. The Central span is a
network Arch Bridge.(Fig 2.). The central span crosses the river Arachthos
which has constant flow during the winter and the summer.

Figure 2. Structural Model using MIDAS Civil.

2  DESIGN

2.1 Hanger Arrangement and Arch.

Since bending moments in arches depend on the configuration of the line of
thrust and they ought to be reduced in arch bridges, it is necessary to align the
line of thrust with the center line of the arches. To have the best distribution of
efforts, the upper hanger nodes should be placed equidistantly (shown with the
distance d on the figure 3) and the hangers should cross the arch with the same
angle (represented by a). This angle is actually the angle between the hanger
and the line starting in the middle of two hangers to the center line of the arch
(the dotted line in Fig.3).
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Figure 3. The hangers cross symmetrically the radii with same angle.

Following the above literature recommendations Arta bridge has 18.0m rise of
the arch keeping a value close to optimal 15% of the span as Tveit advised.
Larger arch rises decrease internal forces but respecting aesthetics it should not
exceed 17% of the span. Also by making test with the hanger inclination and by
literature it was decided to be 35°. Also by increasing the number of hangers the
bridge behavior doesn’t significantly change. There were used 30 rods hangers
in each side with 100mm diameter and structural steel material S460 ML. The
upper hanger connections are spaced 4.10m along the arch length.

The arches have a constant box cross section with external dimensions of H/'W
=0.71 m/ 0.55 m. (Fig 4.). The webs and flanges consist of 50 mm thick steel
plates, respectively, and are made of structural steel S 350 ML. The cross
section has a parallelogram shape with the web plates parallel to the arch
planes; the flanges are horizontal. The arches are laterally supported by a wind
bracing formed by rhombuses made of circular hollow steel sections (S 235)
with an external diameter of 219.1 mm and a thickness of 10 mm.

Figure 4 .Arch cross section and connection with Rod member.
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Each set of hangers is shifted half the diameter of the hangers out of the arch
plane. This allows them to cross without deflections. The eccentricity causes
torsional moments in the arch profiles, which are partially taken by the wind
bracing. The direction of the eccentricity changes from each hanger connection
to the next, so the torsional moments counteract each other. In the bridge that
we designed no relaxation occurred in the hangers.

2.2 Deck Cross section.

The tie of the bridge consists of a solid concrete slab spanning 10.65m between
the hangers. The prestressing in longitudinal direction mainly counteracts thrust
of the arches. The depth of the slab is 0.7m in middle span and 1.0m at
supports.

When the distance between the arches is less than 18 m, the deck should be
made of concrete and prestressed. This gives a slender structure, less noise and
saves materials.(Fig 5.)

Figure 5.Cross section of the Deck.

Certainly, the increased dead load increases the bending moment. But the higher
effective depth and the increased lever arm of the tendon counteracts the
negative effect of the higher dead load. Therefore the required additional depth
will be moderate and the compression reinforcement can be made redundant.
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Approximate calculations showed that a thickness of about 70 cm at the slab’s
mid-span would be enough to eliminate compression reinforcement. Besides, a
thicker tie improves the torsionaly rigidity and stiffness of the deck.

A thinner deck could be achieved by applying transverse prestressing in the
length of the bridge. Although this could be the optimal solution it would lead
to increased cost and design time.

The deck is made of C35/45-XC3 concrete (according to EN 1992-1-1 and EN
206-1 and is longitudinally prestressed by twelve 22-strand prestressing
tendons.

The Design of the bridge adopted the Eurocode2-2 for the deck design. Midas
Civil has compliance with the new codes and that was of great help.(Fig. 6.)

Figure 6. Midas Civil and Eurocodes Design.

3 FEM-CALCLULATION
3.1 General.

For the FEM-calculations a single structural analysis software package was
used. Most of the investigations were performed with MIDAS CIVIL-KOREA.

Several models were created in order to perform the necessary check. (ULS,
SLS, Dynamic, Buckling, etc).

Mainly two models were created. One by simulating the deck as beam elements,
and one by using plate elements.

For the model with plate elements their nodes were aligned to the bottom plane
of the tie. In that way it was possible to shape the bridge deck like the real
cross-sections by applying different thickness to the plane elements. The
cantilevers were connected by couplings to the nodes of the bridge deck
elements providing fixed connection to the rigid body at the reference nodes.

(Fig. 7)
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Figure 7. 3D plate elements model and beam element with prestressing tendons.

The arches were modeled using beam elements with a length of about 0.5
meters. The truss members of the wind bracing were also beam elements with
truss properties. They originate mainly in the torsional moments in the arch due
to the eccentric connection of the hangers and can be ignored for the
assessment.

The hangers were modeled using cable elements that only sustain tension in
case of non-linear analysis. This has to be considered when calculating
influence lines. Since analysis is carried out in linear fashion, hangers will take
compression forces, instead of relax. This leads to increased internal forces and
is therefore on the safe side. The cable elements were connected eccentrically to
the arch. At their intersections the horizontal deflection perpendicular to the
arch plane was coupled. In that way it was possible to calculate deflections and
mode shapes of the hanger web.

3.2 Buckling analysis of the Arch.

The arches receive mainly axial compression forces and are therefore in danger
of collapse due to buckling. Additionally, there are in-plane bending moments
My due to the hanger forces and out-of-plane bending moments Mz and
torsional moments Mt due to horizontal forces (like wind) on hangers and
arches. Additionally the eccentricity of the hanger connections causes torsional
bending. The arches were verified using second order analysis to prove the
buckling resistance.

For this purpose it is required to apply the initial bow imperfection specified in
EN 1993-1-1: 5.3.2 on the arch. The relevant buckling curve is the first mode
shape for each axis of the arch profile.

The mode shapes were determined by the dynamic analysis of MIDAS
CIVIL(Fig 8.)

The stability verification of the arch is performed according to the following
steps:

Step 1: Determining decisive buckling mode

Step 2: Calculating imperfections

Step 3: Implementing imperfections in the MIDAS model

Step 4: Running a geometrically nonlinear analysis

Step 5: Verification of the results
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Dimitris Mouroukis, Panagiotis Veros

Figure 8. First three Buckling mode shapes.

4 FATIGUE INVESTIGATION.

Bridges are subjected to dynamic loading, which makes the consideration of the
fatigue behavior necessary. This is especially important for hangers and hanger
connections, since they receive larger force variations than other bridge
members. Subjected also to horizontal loading, hangers and their connections
are therefore significantly prone to fatigue failure. In our bridge two fatigue
assessments were made.

e Fatigue assessment based on nominal stress ranges.

e Fatigue assessment based on geometric stress ranges.
The second method of assessment is necessary because the hanger connection
details are more complex than the test specimen with which the detail categories
and fatigue strength curves, such as in the Eurocode 3, were created. If the
geometry and the loading differ significantly from the listed detail categories,
the nominal stress is not meaningful, and its application would lead to wrong
results. Therefore, local stress concentrations at geometric discontinuities were
investigated.
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Figure 9.Fatigue assessment based on geometric stress ranges.

5 CONCLUSION

In this work the design of Arachthos bridge in Arta-Greece was discussed. The
reduction of cost, resulting from the use of network arch bridges is of great
interest. The structural members of network arches are mainly subjected to axial
forces. Generally, structures with this characteristic are considered as efficient.
The arch root calls for special attention while designing it. The stress range due
to live load is likely to exceed the allowed limits, because of the skew weld
between the arch and the end plate which takes nominal stresses and shear
stresses from the large axial force in the arch. One possible solution to improve
this detail is enlarging the flanges of the arch profile and transferring the forces
partially to the horizontal plate above the bearings. The minimum distance of
the prestressing strand anchorages and the end cross girder require an
enlargement of the concrete tie at the arch root.

Also care must be taken in the buckling calculation analysis and the fatigue of

the steel components of the bridge.
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Abstract

California Department of Transportation (Caltrans) and California Geological Survey (CGS)
have instrumented a number of bridges, and have been collecting their strong motion response
measurements for more than two decades (Hipley and Huang, 1997). The deployed instrument
sets usually include down-hole sensor arrays, and accelerometers installed on piles, pile-caps,
and decks. These bridges are located relatively close to faults identified on the Caltrans Seismic
Hazard Map (Mualchin, 1996). The intent has been to select different bridge types, ranging from
standard ordinary bridges to those such as toll bridges with unique features.

This paper presents three-dimensional global high-fidelity numerical (finite element) models
for three representative bridges—namely, a standard ordinary non-skewed bridge, a skewed
bridge, and a non-standard long-span bridge. There are multiple sets of acceleration records due
to nearby earthquakes for each of the selected bridges. We carefully, albeit heuristically,
calibrate the parameters of these models to improve the agreement between the measured and
predicted responses. Upon model calibration, the calculated displacement responses of the
simulation models match remarkably well with those obtained from the acceleration records at
major locations on the specimen bridges.

Introduction

The main objective this paper is to explore the recorded seismic responses of various types of
instrumented bridges, and to improve the current seismic analysis procedures and guidelines
through comparisons of recorded responses with predictions from forward simulation models.
The primary metrics in these comparisons are the natural frequencies, vibration modes and
damping.

Herein, two “standard ordinary” bridges and a “nonstandard bridge” (Caltrans SDC, 2013)
are selected for detailed analysis. The Meloland Road Overcrossing (MRO)—Ilocated near El
Centro, California—is the selected non-skewed ordinary standard bridge; the Painter Street
Overcrossing (PSO)—Ilocated in Rio Dell, California—is the selected ordinary standard bridge
with a high (39°) abutment skew angle; and the Samoa Chanel Bridge (SCB)—Ilocated in
Humboldt County, California—is the selected long-span nonstandard bridge. MRO was

" Presenting Author (Email: anoosh_shamsabadi@dot.ca.gov).
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constructed in 1971. It is a two-span reinforced concrete box-girder bridge supported on a
single-column bent and integral (monolithic) abutments. PSO is a two-span cast-in-place
prestressed reinforced concrete box-girder bridge supported by integral abutments and a
two-column bent. The SCB consists of 20 spans with four pre-stressed reinforced concreted
I-girder bridges supported on single-column bents, and seat-type non-skewed abutments.

Description of Investigated Bridges

MRO is approximately 208 ft long and 34 ft wide with each span measuring 104 ft. The
depth of the deck is 5.5 ft. The height of its 5ft-diameter column is approximately 21 ft, which is
supported on 25 timber piles with a square concrete cap. The monolithic abutment backwalls
have a height of the approximately 13 ft. Each abutment is supported on a single row of 7 timber
piles. A photograph of MRO and a schematic showing the locations of its seismic sensors (on
deck and abutments) are displayed in Figure 1. Figure 2 displays an idealized soil profiles for
MRO along the piles and behind the abutments that were used in our analyses.

Figure 1. Meloland Road Overcrossing (top) and its seismic instrumentation (bottom).

PSO is approximately 265 ft long and 52 ft wide with spans measuring 146 ft and 119 ft with
a 39° skew angle. The depth of the deck is 5.67 ft. The average height of the columns is
approximately 24 ft, and each is supported on a 4x5 arrangement of concrete piles. The average
height of the monolithic abutment backwall is approximately 12 ft. The west abutment wall rests
on a neoprene bearing strip lubricated with grease to allow thermal movement between the
abutment wall and the backfill. There is a 2.54-cm gap between the abutment wall and the
abutment backfill. The west abutment is supported on a single row of 16 concrete piles. The east
abutment backwall is monolithic—i.e., the wall is cast to the deck and the pile-cap, and it is
supported on a single row of 14-ton driven concrete piles. The locations of the seismic sensors
on the bridge deck and abutments are shown in Figure 3. Figure 4 displays the idealized soil
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profile along the piles and behind the abutments. Table 1 summarizes the engineering properties
of the existing backfills and natural soils for PSO that were used in the analyses.

— Depth Depth
Tpef ¢ | Cksf 0 "/ pef| ¢ |C ksf ‘ 8
| \ i 118/ 3 | 2.5
N=21/12032 | 0 | | | 5-%5 . 19
v v2] v
SM 4, N=21[120| 32| 0 SM 21
23
N=12 | 118/ 0 | 15 Stiff CL N=12| 118 0 | 15| StiffCL
34 45
N=20 | 120 32| ¢ _
Medium SM N=20(1201 32 0 |pedium SM
49 60
N=14 118 | 0 | 2 50 N=14|118/0 | 2 63
(a) Soil profile along pile group at the bent (b) Soil profile along pile group at abutments

Figure 2. Idealized soil profile for the Meloland Road Overcrossing.

Figure 3. The Painter Street Overpass (top) and its seismic instrumentation (bottom).
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Figure 4. The geometry and idealized soil profile for the Painter Street Overpass.

Table 1. Soil properties for the Painter Street Overpass.

Soil Properties e Soil Stiffness
q Parameters
T Soil Type
e

P (USCS Symbol) Y ¢ c v | o k | & | J | E | Ey | E
pef deg psf - fps pei - - ksf | ksf ksf

I Compacted Sandy Fill (SP, GP) 130 38 50 0.35 670 60 - - n/a n/a n/a
I Stiff Silt and Clay (ML/CL) 128 11 3,300 | 0.40 | 1,000 - 0.005 | 0.5 | 90 110 300
1II Medium dense Sand (SP) 57 34 0 0.35 n/a 60 - - n/a n/a n/a
v Dense Sand with Gravel (SP) 63 36 0 0.35 n/a 80 - - n/a n/a n/a

Notes: y’ = Effective Unit Weight, ¢ = Friction Angle, ¢ = Cohesion, v=Poisson ratio, &, = Strain Parameter for p-y curve, J = Empirical
Coefficient for p-y curve, vy = Shear wave velocity, k& = Modulus of subgrade reaction, Esy = Stiffness at 50% of Ultimate Stress, E, =
Unloading/ Reloading modulus.

The SCB carries Route 225, linking the city of Eureka to Samoa Peninsula (Figure 5). It was
constructed in 1971 (construction started in 1968) and underwent a seismic safety retrofit in 2002
(Caltrans, 2002). The bridge is approximately 2506 ft long and 34 ft wide. The locations of the
seismic sensors on the bridge deck and the piers, and the basic soil profile at the bridge site are
shown on Figure 5. Detailed soil profile data for the SCB are omitted here for brevity, but can be
accessed through the California Strong Motion Instrumentation Program’s (CSMIP)
internet-accessible database (cf. CSMIP Station No. 8§9734).

The SCB superstructure comprises 6.5in-thick concrete deck slabs resting on four pre-
stressed precast concrete [-girders with intermediate diaphragms. The composite deck is
supported on concrete bent-cap and hexagonal single-columns and seat-type abutments. The
bridge consists of 20 spans. The typical span length is 120 ft except the main channel, which is
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225ft-long, and extends from the centerline of pier 8 to the centerline of pier 9. The 150ft-long
concrete [-girders of the superstructure begin at pier 7 and pier 10, and are cantilevered 30ft past
piers 8 and 9 into the main-channel crossing span. The 165ft-long pre-stressed precast concrete
I-girders resting atop the cantilevered portions cross over the main-channel (Figure 5, bottom).

Figure 5. Samoa Channel Bridge (top), its seismic instrumentation (middle), and a close-
up view of its finite element model at the main channel crossing.
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Bridge Finite Element Models

Detailed global three-dimensional finite-element models of all three bridges were developed
(see Figure 6) using the Midas Civil (MIDASoft, 2012) computer program. These models
featured macroelements to simulate the nonlinear foundation-soil-interaction effects at the
abutments and the pile foundations, as well as elements for abutment shear keys. The bridge
deck and the abutment walls were modeled as shell elements with appropriately chosen structural
properties.

Figure 6. The three-dimensional finite element models of the Meloland Road Overcrossing (top
left), Painter Street Overpass (top right), and the Samoa Channel Bridge (bottom).

Abutment and Pile Models
The bridge abutments play a significant role in the global seismic behavior of bridges. This is

especially true for ordinary, short-span, bridges like MRO and PSO. For the longitudinal
nonlinear spring at the abutment-embankment soil interface, a separate continuum finite-element
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model was developed using the computer code PLAXIS with a strain “hardening-soil” model
(Vermeer and Brinkgreve, 1998) to develop abutment backbone curves and cyclic
unloading-reloading rules (Figure 7a,b) for both the MRO and PSO (a 39° skew angle was used
for PSO).

The behavior of the abutment shear keys in the transverse direction was developed based on
a prior Caltrans-UCSD field experiment dataset (Bozorgzadeh et al., 2006, Shamsabadi A,
2007). The nonlinear backbone curve was scaled to produce the structural shear-key capacity of
the abutment as a function of displacement between bridge deck and abutment pile-cap (Figure
7b). At the tail-end of the curve, a fourth segment was added to account for the tangential
component of the abutment-backfill passive capacity due to deck rotation and the passive
capacity contribution of the exterior embankment soil.

(a) 3D abutment-embankment FEM mesh | (b) Transverse and longitudinal backbone and
with the PLAXIS “Hardening-Soil” model. | hysteretic cyclic loading-unloading curves.

Figure 7. Ingredients used in modeling the abutment systems.

The hysteretic behavior of the backbone curves both in transverse and longitudinal directions
were modeled using a multi-linear plasticity model with the tension side of the curve set to zero.
The transverse shears keys were modeled using a single spring attached at each corner of the
abutment. The longitudinal abutment-backfill was modeled by a series of nonlinear link elements
distributed along each abutment backwall in the bridge global models as shown in Figure 8.
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Figure 8. Distributed longitudinal and transverse abutment springs in the bridge models.

The support provided by the west abutment of PSO was modeled using a friction isolator to
simulate the neoprene pad, and to decouple the superstructure and abutment backwall from the
pile-cap. The isolator is fixed in the vertical direction only. The support provided by the east
abutment is fixed to the pile-cap.

Figure 9. The nonlinear soil springs used in the finite element model of the SCB.
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The pile foundations were modeled as beam elements with depth-varying nonlinear springs
to represent the interaction between the piles and surrounding soil. Figure 9 displays a close-up
view of the global bridge model for of Piers 8 and 9 for the SCB. The fully three-dimensional
nonlinear model includes all structural components, foundation components and three-
component nonlinear soil support springs. The nonlinear soil springs (Matlock 1970; API 1993)
were developed using site-specific geotechnical data (CSMIP, 2012). The soil springs are not
only nonlinear but also inelastic upon unloading to allow for hysteretic behavior of the soil.
Because the pile caps are massive, the seismic response of the foundations to the earthquake has
been found to be an important factor when matching the response of the 3D global model with
the recorded seismic response of the bridge.

Input Motions

For dynamic analyses of the MRO, the recorded free-field accelerations from the April 4,
2010 Baja California earthquake were used as the input motions (CGS Station 01336). For PSO,
input motions were the free-field records of the 1992 Cape Mendocino/Petrolia earthquake (CGS
Station 89324). For the Samoa Channel Bridge, free-field accelerations from the magnitude 6.5
January 2010, Ferndale Area earthquake were used (CGS Station 89686). These acceleration
records were obtained from the Center for Engineering Strong Motion Data (CESMD) website,
which provides public access to acceleration records from a variety of seismic networks
(www.strongmotioncenter.org).

Representative Results

On April 2, 2010, the Caltrans Office of Earthquake Engineering and researchers from
University of British Colombia (UBC) collected ambient vibration data from various locations
on MRO. Those data were subsequently to for estimated the mode shapes and the natural
frequencies for the bridge. The modal data calculated using the finite element model versus those
extracted from recorded ambient vibration records are shown in Figure 10.

While the various further refinements can be iteratively made to the model, the agreement
between the two sets of modal properties is already observed to be remarkably well. This finite
element model was subsequently used to predict the displacement time histories obtained from
the earthquake acceleration records to further validate the finite element model. Transverse and
longitudinal displacements at a representative location on MRO (Channels 9, and 27) are shown
on Figure 11, where, again, the agreement between the actual (recorded) and predicted
displacements are observed to be excellent for this two-span ordinary bridge.

146! midas Civil BREH mxH<E



4-8

Jfirem = 3.72 Hz (T=0.27 sec) vs. 3.37 Hz.

Jforem = 4.92 Hz (T=0.20 sec) vs. 4.66 Hz.

Jfarem = 6.34 Hz (T=0.16 sec) vs. 6.71 Hz.

Jfarem = 8.40 Hz (T=0.12 sec) vs. 9.55 Hz.

Figure 10. Mode shapes and natural frequencies of the Meloland Road Overcrossing obtained
from the initial finite element model versus those extracted from ambient vibration data.
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Figure 11. Computed and recorded displacements for the Meloland Road Overcrossing.

The calculated mode shapes and natural frequencies for the Pinter Street Overpass are shown
in Figure 12. Unlike MRO, we did not have ambient data for the PSO. Therefore, the finite
element model was directly used to predict the displacement time histories obtained from
earthquake acceleration records for model validation. Transverse and longitudinal displacements
at a representative location on PSO (Channels 7, and 11) are shown on Figure 13. Again, the
agreement between the actual (recorded) and predicted displacements is observed to be excellent
for this two-span ordinary bridge that has a skew abutment. While the considered earthquake
motions—viz., recorded motions due to the 1992 Cape Mendocino/Petrolia earthquake—were
not severe enough to induce inelastic/permanent deformations, the aforementioned agreement
between the predicted and measured responses validate—albeit indirectly—the elastic
loading/unloading portions of the abutment-backfill interaction macroelement besides the model
of the super-superstructure.
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Sirem= 2.23Hz ( T=0.45 sec)

forem = 2.7 Hz (T=0.37 sec)

firem = 3.33 Hz (T=0.30 sec)

Sarem = 4.12 Hz (T=0.24 sec)

Figure 12. Mode shapes and natural frequencies of the Painter Street Overpass obtained using
the initial finite element model.
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Figure 13. Computed and recorded displacements for the Painter Street Overpass.

The calculated transverse and longitudinal modal data for the Samoa Channel Bridge are
shown in Figure 14 (only the first two modes are presented here, for brevity). Unlike the ordinary
bridges, the SCB model required multiple iterations from the initial finite element model so that
the computed motions matched the recorded motions. The key ingredients in these
model-updating studies were the use of cracked section stiffness values for the superstructure
elements, the correct values for the mass of the pile caps, and the pile-foundations’ lateral
stiffnesses. Details of these iterative model-updating studies are omitted for brevity, and may be
found in (Shamsabadi et al., 2012). The updated finite element models ultimately displayed very
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good agreement with the earthquake-recorded motions. Representative results (Channels 10 and

11) are shown in Figure 15.

f1=0.68 Hz (1.46 sec)

J>=1.05Hz (0.95 sec)

Figure 14. The first two modes of the Samoa Channel Bridge computed using Midas Civil.
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Figure 15. Computed and recorded displacements for the Samoa Channel Bridge.

Conclusions and Recommendation for Future Studies

The ability of finite element models created from structural drawings and geotechnical data
in predicting the response of bridges during strong motion events were explored. To this end,
three instrumented bridges that are representative of California’s bridge inventory were selected.
Two of the bridges were ordinary bridges one of which has an abutment with a large (39°) skew
angle. The other bridge was a long-span non-ordinary bridge.

Three-dimensional detailed finite element models were developed for the three bridges,
which were constructed and analyzed using the Midas Civil computer program. These models
featured nonlinear/inelastic macroelements that represented the soil-structure interaction at the
abutments and pile foundations, as well as the behavior of abutment shear keys. The passive
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cyclic response of backfill soils for skew abutments that were used in the macroelements were
calibrated using high-fidelity three-dimensional continuum finite element models developed and
analyzed using PLAXIS computer program.

The results obtained for the all of the bridges studied suggested that—provided that the
abutment and pile foundations are accurately modeled, the finite element models could predict
the response observed in strong—albeit non-damaging—earthquakes. The calibration of the
finite element model for the long-span bridge was found more challenging, and required more
careful consideration of the superstructure properties in comparison to the ordinary bridges.
Further studies are needed to clearly delineate the influence of soil-foundation-structure effects
in both ordinary and non-ordinary bridges. This can be achieved through parametric studies
using validated/calibrated finite element models such as those presented in this study. Moreover,
studies are required to investigate the expected behavior of these (and similar) bridges under
damaging earthquakes in order to determine the influence of soil-structure effects on the seismic
demands that these bridges will be experience.
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