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Abstract The First Zhongshan Bridge is a new type space ™ canbined tied arch bridge canposed of one middle arch rb  two side arch
ribs and two seat arch ribs The structure of the bridge is nnovative and special and alnostno sinilar design can be found at present
Considering the detail constiuctions of the bridge play an important role in the load transferring and the longitudinal girders of the
bridge are n a fom of box shape with a wide upper flinge based on a 1 /10— scalemodel test a significant study on m iddle arch™ seat

arch™ side arch cross beam joints side arch™ side arch cross beam joints and the shear lag effect of the longitudinal box girders were
carried out A 3D shell finite elementmodel of the model bridge was developed and finite element analysis was perfomed to obtain the
theoretic results then to predict the structural behavior and guide the test loading By comparison of the test resulis with the theoretical
thus

the detail constructions of the bridge were proved reasonable and safe Further study indicated that cross beams and axial forces have

ones the values were in good agreement and the maximum stress under the extreme load were all far below the allowable values

great influence to the shear lag effect of longitudinal box giders under full dead load
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The First Zhongshan Bridge which crosses the Q i-
jiang R iver is located at the downtown of Zhongshan
City Guangdong Province The bridge is a new type
spaced — canbined tied arch bridge canposed of one
middle arch rb o side arch rbs and two seat arch
rbs Design of the bridge is mnovative and special
and alnost no real cases of the similar design can be
found atpresent It is also the first tine for the space
canbined steel arch bridge design to be applied in Chi-
na The overll span of the bridge is 30 m 100 m +
30 m with bridge width 36.8 m- The span of the m id-
dle arch rib is 120 m, rise span mation of which is 1 /6;
The span of side arch rb is 100.0m, which is inclined
at11.40 from the vertical direction and it’s rise span
ration is 1/3.769; The span of seat arch rib is 32.968
m: which is inclined at42.630 fran the vertical direc-
tion, and it's rise span ration is 1/2.997. Longitudinal
box girers of the bridge use two separated single ™ box
double — roan s flat—box orthotropic steel giders with a
height of 1.3 m and a length of 160m. The width of top
flange of a single longitudinal box girder is 12.5 m,
and the bottan flange width is 5-48 m, so the matio of
span to width is 8 At the inferior span one suspender

cross beam is set at a distance of O meters which con-
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nects the wo longitudinal box gidders whereas at the
side span there is no any cross beam set except for the

The

and now

side arch cross beams
bridge was open to traffic at the end of 2005,
it is one of the symbolic constmuctions of Zhongshan
City

Considering the canplexily of loading condition

end cross beans and

and loading transfer characteristics of the detail con-
structions of the bridge such asm iddle arch™ seat arch
— side arch cross bean joints and side arch ™ side
arch cross bean joints for evaluating the capability of
the safety reserve of detail constmctions of the bridge

validating the rationality of design theory and optini-
zing the design parameters and discovering and cam-
pensating for the uncerlain and weak parts of both
joints 1/10 = scale model test was perfomed Fig-1
shows the picture of the model bridge of First Zhongs-
han Bridge Since the longiudinal box girders of the
bridge have a wide flange which may result in signifi-
cant shear lag effect the model test provided a good
opportunity to study the shear lag effect to ensure safe-

ty[172]~ Shear lag effects have been studied formany
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Fig-1 Model bridge of the Zhongshan First Bridge

decades however investigators mostly only paid atten-
tion to sinply supported beams or continuous beams un-
der concentrated and unifom load”’ .
the study on shear lag effect of longitudinal box gider

of space — canbined arch bridge which subjected to

Few focuses on

canbined bending and axial loads
1 M odel design principle

For the model bridge design principle of stress
sin ilarity and stiffness sin ilarity are adopted if there is
a conflict stress sin ilarity has the priority The ratio of
geanetry i 1/10; stress l/1§ mass 1 /1000; mo~
ment of inertia 1/10000; elastic modulus 1/L  dis-
placement 1/10. There are eight points supports in
vertical direction and four points constraints in hori-
zontal direction

As for the actual bridge the length width and
height is 163 m, 39.4 m and 29.9 m, respectively
According to the smilinde theory for the model
bridge the length width and height is 16.3 m, 3.94
m and 2-99 m, respectively and the thickness of steel
arch ribs is 1.8 mm- Because the model are mainly
static and no mpact and fatigue test are nvolved the
thickness of the arch ribs and longitudinal giders and
cross beams of the model actually is 2.0 mm in thick-
ness instead of 1.8 mm- The identity of vertical ben-
ding stiffness and the stresses between the model and
the actual bridge are ensured by reducing the cross—
section width In owder to ensure the stiffness matching
of the bridge deck
plify the stucture which means adjusting the bridge
width while keeping its height For facilitating the
welding process and ensuring the in — plane bending
stiffness and stresses identify to the real stmcture the
cross — section geanetry is changed to 1 gemletry[5]~
Model joints of middle arch =™ seat arch ™ seat arch
cross beam and side arch ™ side arch cross bean are
critical parts of the stmcture In owder to facilitate the
welding process for the model fabrication the design of
the joints were slightly different fran the real structure
This adjusiment was based on the 3—D calculation re-

sinilarity theory is utilized to sin-

sults | and stiess condition of themodel is alnost identi

67
cal to the real stucturel -

2 Finite elem entm odel

For guiding the model test and predicting the
stucture behavior a 3D shell elamentmodelwas es-
tablished with FEM progran ANSYS to perfom the fi-
The top plates botion plates
webs diaphragns of box longitudinal girders suspend-

nite element analysis
er cross beans side arch cross beans middle arch
cross beams end cross beans cantilever cross beams

middle arch rb side arch rbs

verse braces cap piles were divided into 4 —node shell

seat arch rbs tmans-

elaments Link element was employed to model the
tie of middle arch

rb 4 —node solid elementwas used to model the con-

members such as the suspenders
crete parts of side arch tbs and seat arch ribs One
vertical point constraint was set under each cap pile
meanwhile one horizontal point constraint was set on
side of each cap pile in transverse and longitudinal di-

rection respectively

3 Test program

For evaluating the critical stresses of the joints of
middle arch ™ seat arch ™ middle arch cross beam.
joints of side arch™ side arch cross bean, and shear
lag effect of longiudinal box girders fest loads were
sinulated by applying cast iron weight or iron bar and
weight could be loaded by womodes i

on deck or hang gasket The follow ng loading program s

e heap load

were carried out in laboratory envionment In owder to
make sure that the loading and unloading process are
sinultaneous symmetrical and unifom; the position
of the loading and the whole process was precisely cal
culated for each loading program-
3.1 Middk arch™> seatarch™ side arch cross
beam pnts badng program

Based on the results calculated under canbation
of dead load and worst live load of actual bridge the
maxinum axial force of middle arch springing is 7 640
KN "1 To check the safety and rationality of the
joints of middle arch™ seat arch™ middle arch cross
bean: according to theory of sinilarity only the mid-
dle arch springing will reach 70~80 kN axial force by
m iddle arch™ seat arch™middle arch cross bean joints
loading the reaction of the model bridge can be s ilar
to the actual bridge Through calculating trail and er
wr three loading modes mcluding bridge deck heap
loading middle arch rib hang loading and middle of
suspender cross bean hang loading have been applied
By use of 320 kN weight 72 kN axial force was pro-

duced, atm iddle,arch spring  then bhasically it was sim i-
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lar to the actual bridge At the same tine the stress of
othermembers have been checked and all below allow-
able stress In the whole loading process loads were
divided into O levels which icreased gradually to en-
sure that the loading mode was safety and effective
3.2 Sile arch—sie arch cross beam
pints bading program

According to the results calculated of actal

bridge

beams is camplicated axial force biaxial shear force
[5-9]

it shows that the stress state of side arch cross

torsion  biaxial bending all exist at the same time
The main factors are vertical bending and transverse
bending the bending stress at the joints between side
arch and side arch cross beam has reached 66.5 MPa
under the canbination of dead load and worst live load

To check the stmcture’s safety and rationality of side
arch™ side arch cross beam joints according to theory
of smilarity the bending stress at the joints between
side arch and side arch cross beam should reaches 66.5
MPa* . Through calculating trail and errox the ben~
ding stress at the joints reached 67.5 MPa with 160 kN
weight by deck heap load then on the whole the reac-
tion of the model bridge was smilar to the acmal
bridge The stresses in the othermenbers were all un-
der the allowable stress by check The total loads were
divided into 5 levels

4 Test and analysis

4.1 Detil constuctons

In order to obtain the stress distribution pattem
strain measure points and were set on the key parts of
the bridge

This paper only addresses representative values

Detailed experimental
[8]

from the experimental results

results can be found elsewhere A summary of the
experinental results are provided and canpared with
calculated ones Strain values of key members under
middle arch™ seat archi™ side arch cross bean joints
loading case and side arch™ side arch cross beam joints
loading case are tabulated in Table 1 and Table 2

respec tive ly

Table 1 shows that
strain of main members of the bridge produced by mid-

the maximum experimental

dle arch™ seat arch™ side arch cross bean joints
loading is —272.7 I*&, correspondingly the stress is a~
bout —55 MPa which is at the position of upper flange
of cross section at quarter middle arch As seen from
Table 2.
menbers of the bridge produced by side arch ™ side

the maximum experinental strain of main

arch cross beam joints loading is —444.3 & corre-
spondingly the stress approxinates — 90 MPa which
occurs at the lower flange of cross section at quarter
span of nterior longitudinal gider Al the expermen-
tal stress results are below 100 MPa which are far be-
low the allowable stress of Q345 steel consequently it
is found that all local stresses not only satisfy the re-
quirement of “Design Specification for Steel Stucture
and W ood Stucture of H ighway Bridge and Culvert 7,
but also have good safety malgirl[w]~

All the results fran test and theoretical calcula~
tions indicate that the actual bridge has enough strength
storage therefore design of the member sections mid-
dle arch™ seat arch™ seat arch cross beam joints and
side arch™ side arch cross bean joints are reasonable

and safe

Tab-1 Stmain of cross sections of key members underm iddle arch™ seat arch™ side arch cross beam joints loading case (H¢€)

Side face of cross section at  Upper flange of cross section

middle arch springing atmiddle arch springing

Upper flange of cross section

Lower flange of coss section

at quarterm iddle arch at side arch springing

M easured Calculated M easured Calculated M easured Calculated M easured Calculated
—99. 3 —97. 0 —10L 3 —8L 6 —272. 7 —283 0 —229. 3 —280. 0
Note “—” indicates that the stresses are canpressive

Tab-2 Stain of cross sections of key members under side arch™ side arch cross beam joints loading case (€)

Lower flange of cross section

atmiddle arch springing

Lower flange of cross section at Upper flange of cross section

quarter span of longitudinal girder

Lower flange of cross section

at side arch springing at side arch springing

M easured Calculated M easured Calculated M easured Calculated M easured Calculated
—194. 0 —155 0 444. 3 476. 7 79. 8 89. 9 —239. 2 —217. 0
Note —” indicates that the stresses are canpressive

Fran Table 1

expermental data and resulis obtained from finite ele-

—2 although camparisons between

ment analyses show good predictions of the stmctural

behavior sane measured valies are still different fran

calculated resulis to sane extent D iscrepancies a-

roused mainly atirbuted to sane factors 1 e hori-
zontal constraints of model bridge were elastic sup-

ports however the theoretical calculation did not con-
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sider the elastic defomation of horizontal constraints
Furthemore because the bridge is a high oer statical
ly indetem inate stucture the temperature especially
the change of the environment temperature has a large
mfluence to the reaction besides the precision of strain
gauge under snall loading the fabrication error of the
testingmodel will all lead to sane difference between
experiments values and theoretical ones
4.2 Shear hg effect

To study the shear lag effect of the longitudinal
box girders the cross sections at center position quar-
ter position and eighth position of longitud nal box gird-
ers between both side arch cross beans side arch
cross beans and seat arch cross beans and end cross
beams and seat arch cross beams were chosen There
were 14 sections for the measurement of stress of shear
lag effect as depicted in Fig-2 Ateach section a to-
tal of 18 gages are placed at the upper and lower flan-
ges of the single box girder
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Fig-2 Sections measured along the longitudinal boxbeam s

Fig-37—6 illustrate that under full dead load the
stress distribution pattems of upper and lower flanges of
longitudnal girder are non — unifom due to shear lag
and the shear lag
effects vary i different locations along the longitudinal

effect of box longindinal giders
box giders Generally the shear lag effects are larger
on the upper flanges and snaller on the lower flanges

As observed from Fig-4 —6, section sl 3
and s7 are all close to suspender cross beams and
shear lag effects of section sl, s3 &5 and s7 are less
apparent than those of section 2 s 6 and 8 so it
can be concluded that the suspender cross beans can
restrain the shear lag effects of longitudinal box giders
effectively

Shear lag effects of longitudinal box girders be-
tween seat arch cross beams and side arch cross bean's
are most predan mant whereas those of longitudinal
girders between end cross bean and seat cross beam
are less obvious which maybe due to the influence of
axial forces or support conditions According to the
calculation values of the actual bridge under the full
dead load ( combination of first stage dead load and
second slage dead load), the longidinal girders be-
ween both seat arch cross beams are subjected to can-
bination of bending manent and axial force while the
longitudinal girders between end cross beans and seat

arch cross beams-are only subjected to hending mos

ment'!. Axial force produced by full dead load of lon-
gitudinal box giders between wo side cross beams is
2.56 X10'N, between side arch cross beams and seat
arch cross beams is 3.64 X10'N. and there is no axial
force beween end crss beans and seat arch cross
beans As regand the relationship of axial forces and
shear lag effect of box girders it can be found that the
larger the axial force the more shear lag effects ap-
pear

The First Zhongshan Bridge can be regarded as
not only a beam — arch multipoint consolidation cam-
bined system but also a suspended elastic support sys~
tem- Considering the lin it of paper size and canplicity
of support system, this paper didn 't take nto account
influence of support conditions such as seat arch or
suspender to shear lag effects of longitudinal box gird-

ers
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S Conclusions

Based on the preceding model test and calculated
results conclusions and suggestions are summarized as
follow s

(1) The strength and stiffaess of middle arch™
seat arch™ middle arch cross bean joints and side
arch™ side arch cross bean joints have good safety
margins thus the detail constuictions of First Zhongs~
han Bridge are verified safe and reasonable

(2) The shear lag effect of the box longitudinal
girders are obvious therefore it can not be neglected in

the shear lag
effects of upper flanges are larger than those of lower

the design of similar cases especially
flange

(3) Cross beams and axial force of longitudinal
box girders have great influence to the shear lag effects
of box giders furthemore study indict that the cross
beams can restrain the shear lag effectively

(4) The bridge is a high order statically indeter-
minate structure  the temperature especially the
change of the environment temperature has a large in-
fluence to the reaction so it is necessary to pay more
attention to the constiction fold tempemture paint
spreading and contiol these factors I constuction
process

(9) Camparisons betveen available experinental

results and results obtained fram finite element analyses
show good predictions of the stuctural behavior so it

is considered that FEA is an effective method for the
understand ing of the behavior of bridge structure
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