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Abstract Recently, Yingzhou Bridge with a main span of
120 m has been built in Luoyang, China. Although the
bridge’s unique concrete-filled steel tubular arch-rib system
satisfies the aesthetic demand of the public, the innova-
tive structure’s mechanics behaviors in extreme events are
unknown yet, including both static and dynamic structural
performances. To this end, numerical analyses have been
undertaken based on ANSYS finite-element (FE) platform
(version 9.0). A simplified computational FE model is estab-
lished and effectively updated using reference information
obtained from a detailed FE model. Using the validated
simplified FE model, the bridge’s stability, ultimate load-
carrying capacity and seismic performance are studied con-
sidering the original design and several modified designs. It
is found that the bridge’s performances basically meet the
design requirements; however, the structure’s lateral stabil-
ity and stiffness are relatively weak for the original design.
Adding K-shaped struts and reducing subarches’ angle of
inclination can effectively solve this problem.
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1 Introduction

As China stages its fast development in urban transporta-
tion, higher expectations are given for the aesthetic value
of bridges under construction. A type of special-shaped
spatial arch-rib system have been designed for some arch
bridges in China, such as Longjiang Bridge in Zhangzhou
(see Fig. 1a), Donggang Bridge in Changzhou (see Fig. 1b),
Jiubao Bridge in Hangzhou (see Fig. 1¢), Changfeng Bridge
in Ningbo (see Fig. 1d), Yitong River Bridge in Changchun
(see Fig. le) and Yingzhou Bridge in Luoyang (see Fig. 1f)
[1]. The system is a reversed triangular cross-sectioned struc-
ture comprising three arch-ribs (one main arch in the middle
and two subarches at two sides) intersecting at two skew-
backs and connected by lateral and inclined struts above (see
Fig. 2), which is literally known as “moon-arch” owing to
the system’s moon-shaped appearance. Though its unique
appearance satisfies the aesthetic demands of general public,
this innovative structure’s mechanical behaviors in extreme
events have not been completely understood yet. Compar-
ing the new structure to the traditional tie arch bridges
with vertical parallel arches, it can be found that the lateral
span between subarches is large and the number of lat-
eral connection members between arches is small. Whether
these might adversely affect the structural performances is
worth investigating. If they do, we need to further find
out to what extent the innovative structural form influences
its mechanical behaviors and what improvements can be
adopted.

Generally, physical experiments are not possible for the
above-mentioned researches, and the numerical simulation
is an effective approach. Today, almost all extreme events
experienced by structures can be numerically simulated using
commercially available FE programs, including the exces-
sive loading and the earthquake. However, the accuracy
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Fig. 1 View of special-shaped arch bridges. a Longjiang Bridge. b Donggang Bridge. ¢ Jiubao Bridge. d Changfeng Bridge. e Yitong River Bridge.

f Yingzhou Bridge

of numerical analyses deserves our attention. An impor-
tant issue is the similarity problem with the FE model, as
the computational models we employ are generally sim-
plified models with some assumptions which might be
different from the physical truth. In this regard, these
models should be validated before being used. For inac-
curate models, model updating is required. According to
Zhang et al. [2], the effects of model updating are sig-
nificant on the structural responses for this type of struc-
tures.

Model updating can basically be regarded as an optimiza-
tion process, during which the model’s dynamic and static
characteristics gradually get closer to the reference informa-
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tion through changes in uncertain parameters. The reference
information is usually modal parameters measured on the
full-scale structures. However, the measured dynamic char-
acteristics for model updating might be uncertain as they
usually vary in intervals. Some researchers attribute this
uncertainty to the differences of techniques used to deter-
mine the dynamic characteristics of structures and conduct
related researches. Fei et al. [3] employ two modal iden-
tification methods to identify the modal frequencies of both
Runyang suspension and Runyang cable-stayed bridges from
data measured by accelerometers installed on main girders
of the bridges, i.e., the enhanced frequency domain decom-
position (EFDD) and the stochastic subspace identification
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(SSI). The maximum relative difference of results between
the two techniques is 0.49% for the cable-stayed bridge,
and it is 0.54% for the suspension bridge. Bayraktar et al.
[4] use two methods, i.e., peak picking (PP) and SSI, to
attain dynamic characteristic of Senyuva historic arch bridge
experimentally. The maximum relative difference of experi-
mental frequency between the two methods appears in the
fiftth mode, reaching 3.37%. Bayraktar et al. [5] also use
EFDD and SSI to determine the natural frequencies of a rein-
forced concrete minaret. The maximum relative difference
between the results using the two methods is 6.1%, while the
maximum relative difference of natural frequencies between
two tests using the same modal identification method (i.e.
EFDD) can reach 7.9%. It seems to indicate that the dif-
ference of the modal identification technique causes some
uncertainties to measured experimental frequencies; how-
ever, other more significant influences also exist. According
to some other researches, temperature can also affect struc-
tural dynamic characteristics. Abdel Wahab and De Roeck [6]
have conducted two dynamic tests for a prestressed concrete
bridge in spring and winter, respectively, and have found an
increase of 4-5% in modal frequencies with the decrease in
temperature. Cornwell et al. [7] have observed the variabil-
ity of modal frequencies by up to 6% over a 24-h period on
the Alamosa Canyon Bridge. Ding and Li [8] have studied
the temperature-induced variations of measured modal fre-
quencies of the steel box girder of a suspension bridge using
long-term monitoring data. Decreases of 2.2-2.9% in modal
frequencies were observed with the increase in temperature
for all the identified modes using 10-min data segments.
Teng et al. [9] have measured the modal frequencies of a
large steel structure and have found that the relative differ-
ences of results are 1.8-4.2% for different tests. Although
Teng et al. attributed the differences to the measurement
noise and signal processing errors, the effect of tempera-
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Fig. 2 Structural components of Yingzhou Bridge

ture on the dynamic frequencies should not be disregarded.
In view of the above, 5% difference of measured modal fre-
quencies caused by the temperature change is common for
large civil structures, so occasionally field modal tests can
hardly provide reference information of high certainty for
model updating. To deal with this problem, it is proposed
in this paper to obtain reliable reference information from
detailed FE models. Since detailed models truly simulate all
the details of the structures, the spatial distributions of mass
and stiffness are highly accurate for them. Thus, depend-
able structural dynamic characteristics can be produced using
detailed models, which is proved by Brownjohn and Xia [10]
and Kilic et al. [11].

In view of this narrative, this paper employs the special-
shaped Yingzhou Bridge located in Luoyang, China, as
the engineering background. The bridge is modeled in
a simple way for computational efficiency. Then, model
updating is undertaken for the simplified model using refer-
ence information from a detailed model. Using the updated
model, Yingzhou Bridge’s structural stability, ultimate load-
carrying capacity and seismic performance are studied. The
numerical analyses are reliable since the updated model
has been validated using field static load test results, and
the findings of numerical analyses are of practical signifi-
cance.

2 Numerical Modeling of Yingzhou Bridge

2.1 Yingzhou Bridge’s Structural Design

Yingzhou Bridge is a half-through tied arch bridge with a
span of 120 m. As is shown in Fig. 2, its special-shaped arch-

rib system of reversed triangular cross section comprises one
concrete-filled steel tubular arch in the middle and two hollow
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steel tubular subarches at two sides. They intersect at skew- ‘g &
backs and are connected by lateral and inclined steel struts g ?i § o T
above. The steel hangers are uniformly attached to the three g 8w @ e
arches to form one vertical hanger plane and two inclined 5
hanger planes. Suspended by hangers, the main deck is a =
steel-concrete composite box girder with prestressed cable g
ties inside. At skewbacks, two huge concrete rigid triangles T’E
are designed which comprise caps, arch-ribs and piers. The § N § @
cross section and the material properties for the main struc- <;5 TsSS .5,
tural components of the bridge are listed in Table 1.

Although it is a complicated spatial structure, the design-
eI:S clearly show the bridge’s load-tr;'m.sferrl'ng path using 4; =
Fig. 3. The whole structure can be divided into two load- o Y85 .
carrying systems. The first system is composed of the arch-rib 5 e ee e
system, the two concrete rigid triangles and the prestressed é
cable ties. It looks like a bow, which carries the loads g
from the hangers. The second system is composed of hang- £
ers and the main deck, which mainly carries the vehicle E
loads. s

< o 8
2.2 FE Models i[828s28:23
Ol S 38 3 v v =&

First, a detailed FE model is established on ANSYS platform .
(version 9.0) (see Fig. 4a). The arch-rib system is mod- o "g
eled by beam elements. When simulating the concrete-filled % £ gE2gs8e
steel tubular arch (the main arch), the material constitutive £ Al B =
model is obtained based on converted material method, which E £
is widely used in many countries’ Codes of Practice. The g ‘é
hangers are modeled by bar elements, and the two concrete % 2
rigid triangles are modeled by solid elements. Moreover, all g =
the details of the steel box girder are modeled using shell § PR Z
elements. An advanced MPC technique (see Ref. [27] for o | T § § § § z E % E §
details) is employed to assemble different components to g a %
form the entire bridge. £ gb

Second, a simplified FE model is established on ANSYS _8 o = i
platform by using beam or bar elements of equivalent cross g % ~ — o o+ & {:5/ e
sections to simulate all structural components (see Fig. 4b). é z E § § § lé E g o = SIS é
The whole box girder is modeled using one beam. The bend- ; E
ing, torsional and inertial properties of the realistic box girder g °
are simulated by adjusting the beam’s elastic modulus, den- 8 g é
sity and moments of inertia. The concrete rigid triangles and e % ,“-; _".; § g %
the arch-rib system are also simulated using beam elements. 3 ‘E’ 5 5 5 % § é)“ é) éﬂ =
For computational efficiency, the simplified FE model will &l2 333524 % % e
be used as the computational model for following numerical S| 00CLax & g
analyses, and the detailed model will be used to validate the § Z
accuracy of the simplified model. ) 2

Modal analyses are preformed for both the simplified it y ; E Z é 2
FE model and the detailed FE model, and the results are % § %‘) %” g’ 3 7 j
shown in Fig. 5. Comparison of results made in Table 2 2 é E E E g % %
suggests that the simplified model is basically qualified, 8 S i E E 5 jgo jgo jgo % i é
since the root-mean-square value (RMS) of all modal fre- - ‘TS“ g = % é '*::D g g % = ;5 g % 2
quency relative differences is 5.16%. However, the relative j; g g g g % g % % % g % D % %" =
modal frequency differences between the two models are FElal=2o a8 000210 a0 Tliw
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Fig. 4 FE models established on ANSYS platform. a Detailed FE model. b Simplified FE model

large for a few modes, e.g., the difference for the Sth
mode is greater than 10%. So model updating should
be undertaken to improve the accuracy of the simplified
model.

The modal frequencies obtained in this paper are com-
pared with FE analysis and full-scale measurement results
from other literatures, as well as those obtained on another
FE platform. Ref. [16] also establishes Yingzhou Bridge’s
FE model on ANSYS platform in a simple way employ-
ing one plate of shell elements to simulate the whole main
girder. As can be seen in Table 2, the RMS of relative differ-
ences between modal frequencies obtained using our detailed
model and those reported in Ref. [16] is 28.72%. For lat-
eral and vertical bending modes, the relative differences are
kept within 20%. However, they are greater than 40% for
the two torsional modes, indicating that the practice of sim-
ulating the whole main girder using a plate of shell elements
adopted by Ref. [16] causes significant underestimation of
the torsional stiffness of the main girder. Besides, compar-
ing our FE results to the field measurement results reported
in Ref. [13], it is found in Table 2 that the discrepancies
are huge, as the RMS of relative differences is 45.51%.
We do not speak that experimental data inevitably contain
a certain level of measurement noise [17]. The issues pro-
posed for the reliability of ambient modal tests in Sect. 1 can
hardly be solved, which probably cause the huge discrepan-
cies between our FE results and the field measurement results.
Furthermore, results for our detailed model established on

ANSYS platform are also compared with those for another
FE model established on MIDAS platform whose model-
ing strategy basically follows that of the simplified ANSYS
model in Table 2. Modes obtained by using the MIDAS
model are shown in Fig. 6. It is widely acknowledged that
ANSYS is a research-oriented FE platform, while MIDAS
is more design-oriented. However, the comparatively good
agreement between the results obtained from the two models
established on different platforms suggests that the differ-
ence in the structural analysis program used does not have
a significant influence on the analysis results. Based on the
basic theories of FE method, the assumptions and limitations
for different commercially available FE programs should be
the same.

3 Model Updating and Validation

In this portion of the study, the simplified computational FE
model is updated based on the theories presented by Jaishi
and Ren [12]. First, the sensitivity analysis is conducted
to determine the significant parameters for model updating.
Second, optimization is conducted by adjusting the values
of those significant parameters to obtain a model whose
dynamic characteristics accord with the reference informa-
tion obtained from the detailed model. Third, the accuracy of
the updated computational FE model is validated using field
static load test results

@ Springer
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Fig. 5 Analytical modes
obtained using the two FE
models established on ANSYS
platform. a Detailed FE model.
b Simplified FE model

1st mode (0.677Hz)

2nd mode (1.406Hz) 2nd mode (1.465Hz)

3rd mode (1.912Hz)

4th mode (2.378Hz) 6th mode (2.495Hz)

5th mode (2.527Hz) 4th mode (2.238Hz)

6th mode (2.88Hz)
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Fig. 5 continued

8th mode (3.632Hz)

9th mode (3.744Hz)
() Detailed FE model

3.1 Parameter Selection for Model Updating

All important design parameters are considered as variables
in sensitivity analysis, including the density and the elastic
modulus of the main girder, those of the main arch, those of
the subarches, those of the transverse struts between arches,
vertical and inclined hangers’ elastic modulus and concrete’s
elastic modulus and density for the rigid triangle zones. The
lower and upper limits for all variables are set as 0.9 and
1.1 times the design value, respectively. Based on the theory
presented by Jaishi and Ren [12], sensitivity analyses are
conducted on the simplified FE model, and the results are
shown in Fig. 7.

It can be seen from Fig. 7 that all modal frequencies
are sensitive to some design parameters, including the main
girder’s density and elastic modulus, the main arch’s density
and the struts’ elastic modulus (Parameter Group 1). Besides,
a few modal frequencies are sensitive to some other design
parameters, including the main arch’s elastic modulus, the
vertical hangers’ and inclined hangers’ elastic modulus, and
concrete’s elastic modulus and density (Parameter Group 2).
For the effectiveness of model updating, all parameters in

12th mode (4.021Hz)
(b) Simplified FE model

Parameter Group 1 and Parameter Group 2 are selected as
updated parameters.

3.2 Model Updating Based on Optimization Technique

Using subproblem optimization technique (see Ref. [12]),
model updating is conducted on the simplified FE model. For
the realness of the updated parameters, the constraints for all
updated parameters are set to be £20%. The constrained
objective function is the RMS of the relative differences
between the low-order modal frequencies of the simplified
model and those of the detailed model. The state variables
are the low-order modal frequencies whose lower/upper
bounds are £20%. The model updating using subproblem
optimization technique is basically to minimize the penalty
function-based unconstrained objective function through
iterations. After many iterations, the optimized parameters
are finally obtained within the allowable bounds (see Table 3),
and the results of model updating are presented in Table 4.
As shown, the differences of all modal frequencies for the
updated model are below 3%, and the RMS of relative dif-
ferences is 1.57% after model updating.
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9th mode (3.869Hz)

10th mode (4.419Hz)

Fig. 6 Analytical modes obtained using the FE model established on MIDAS platform

3.3 Validating the Updated Model Using Static Load
Test Results

To validate the quality of the updated model, field static load
test results reported by Wu [13] are employed. The test is
conducted on Yingzhou Bridge before it is open to traffic in
2009. As shown in Fig. 8a—f, six static load test cases are set
to evaluate the static behavior of the bridge. Four to twelve
300-kN trucks are used for different cases. Fourteen vertical
displacement measurement points are arranged on the deck
(see Fig. 8g).

Using the simplified computational model with and with-
out model updating, the six static load test cases are sim-
ulated, respectively. Comparisons between calculated and
measured results made in Fig. 9 suggest that the calculated
vertical displacements for the computational model with-
out model updating are notably different from the measured
results for all cases. However, after the model is updated, the

numerical results are much closer to the measured results for
almost all cases. The good agreement of structural responses
is a supportive evidence of the quality of model updating. Up
to this point, a validated computational FE model is obtained
for following studies.

3.4 Validating the Detailed Model Using Static Load
Test Results

Since the validity of the simplified model depends primar-
ily on the validity of the detailed model, whether or not the
detailed model itself is adequately representative of the real
structure is of absolute significance. In this regard, the per-
formance of the detailed model in predicting the results of
the field static load test is studied in this portion of study.
The results of numerical simulation of static load test case
1 using the detailed model are presented in Fig. 10. As can
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g be seen, the calculated displacements along the bridge and
g = the calculated along-bridge stresses at midspan cross sec-
S Tg/ tion of the box girder agree well with the measured results
“é % © % § reported in Ref. [13] (see Fig. 10b, c, respectively). The valid-
» g =2 ity of the detailed model is therefore proved. Besides, the
" stress responses on every detail of the bridge are predicted
§) = in Fig. 10a, demonstrating usefulness of the detailed model.
== . . .
=R Unfortunately, the simple static analyses are all the detailed
g § 5 o model can be used to do at present. When the detailed model
'é Z = |8 = § is employed to conduct the linear elastic structural stabil-
e e ity analysis, the calculated low order instability shapes are
3 all local buckling patterns, which are of no practical signif-
§D—§ icance. Besides, since the detailed model consists of 85238
E“ § 5 . elements, it is impossible to conduct advanced static and
§E = = % Q dynamic analyses due to the high computational cost. We
=g [a =2 tried many times to perform the ultimate load-carrying capac-
2 ity analysis and the seismic analysis using the detailed model
% :g on an usual personal computer that has a 2.5 GHz CPU and
; § g i a 3 GB memory, but it doesn’t work out okay. The computa-
%0 g o|w § § tional process takes a long time everytime, and the program
ElHS]| @S always stops without a solution. As it now stands, it appears
= that the computing power is a critical issue in utilizing the
I detailed model, so the simplified model will be employed for
2 o~ the following analyses.
S|1EE| g2 s
2 4 Static Performance
=
é ~ In this portion of the study, Yingzhou bridge’s static per-
& & o 9 e formances under excessive loadings are studied using the
=RoH DI simplified computational model, including its linear elastic
stabilities and its ultimate load-carrying capacities. The for-
mer are based on bifurcation theory, and the latter are based
% on ultimate state theory.
£ 253 4.1 Structural Stability
= |la2| B R s
g
é :§ 4.1.1 Structural Stability for the Original Structure
g § g — The linear elastic structural stability analysis is basically an
?g é % § E % eigenvalue problem. Since it is comparatively simple and
2 = of practical significance in indicating the structure’s safety
EJ o margin, linear elastic structural stability analysis has been
gz widely used in structural design. In this paper, eight load
% § é»ﬂg - cases are considered for linear elastic structural stability anal-
sIE|En|E a2 ysis according to Ministry of Transport, PR.C. [14]:
§ Slaz| a2
é z Load Case 1: Dead load;
§ g _%ﬂ o §D Load Case 2: Dead load + wind load;
§ % _‘g g é Load Case 3: Dead load + pedestrian load;
« |3 5 % © Load Case 4: Dead load + full-bridge full-way lane load;
=S & 5 & Load Case 5: Dead load + full-bridge half-way lane load;
=Roy @< & Load Case 6: Dead load + half-bridge full-way lane load;
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Table 4 Modal analyses results for the simplified FE model before/after model updating

Detailed FE model Simplified FE model

Before model updating After model updating
Mode no. Modal frequency (Hz) Mode no. Modal frequency (Hz) Difference (%) Modal frequency (Hz) Difference (%)
1 0.677 1 0.673 —0.59 0.679 0.30
2 1.406 2 1.465 4.20 1.433 1.92
3 1.912 - - - - -
4 2.378 6 2.495 4.92 2.349 —1.22
5 2.527 4 2.238 —11.44 2.489 —1.50
6 2.88 - - - - -
7 3.133 8 3.171 1.21 3.142 0.29
8 3.632 9 3.515 —-3.22 3.527 —2.89
9 3.744 12 4.021 7.40 3.786 1.12
RMS 5.85 1.57

Load Case 7: Dead load + full-bridge full-way lane
load + pedestrian load;

Load Case 8: Dead load + wind load + full-bridge full-
way lane load + pedestrian load.

Using the updated computational model, Yingzhou
Bridge’s stabilities for all eight load cases are calculated.
Results listed in Table 5 suggest that the eigenvalues obtained
for Cases 1-6 are larger than those for Cases 7 and 8. This is
because Cases 1-6 consider fewer loads comparing to Cases
7 and 8. Cases 7 and 8 comprehensively take all kinds of
loads into account, for which eigenvalues are of practical
significance. Besides, it can be found by comparing Cases
1-4 that the effects of the lane load on the structural stability
are more notable than those of wind load and pedestrian load.
Comparing Cases 4-6, it can be found that it is a conserva-
tive practice to consider full-bridge full-way lane load, and
the case of half-bridge lane load is more unfavorable than
the case of half-way lane load with respect to the structural
stability. On the whole, the stability eigenvalues for all load
cases meet the design requirements.

But stability analyses also suggest that the bridge is of
poor out-plane (lateral) stability. From Table 5, the lowest
order in-plane eigenvalues are much greater than the lowest
order out-plane eigenvalues for all load cases. The low-order
instability shapes for Load Case 1 are shown in Fig. 11. As
can be seen, all of the first five lowest order instability shapes
are the out-plane patterns, and the in-plane instability shape
occurs at the sixth order. Same situation holds true for other
load cases. To this end, the original design deserves to be
improved to enhance the structure’s lateral stability.

To improve the bridge’s lateral stability, six usual coun-
termeasures are proposed in the following subsections,
including adding horizontal struts, using new types of struts,
increasing the stiffness of struts, changing inclination angle

@ Springer

of subarches, increasing stiffness of inclined hangers and
increasing the torsional stiffness of the box girder. These
countermeasures do not markedly change the original design,
and most of them are easy to implement.

4.1.2 Structural Stability for the Structure with Added
Horizontal Struts

In the special-shaped arch-rib system, the horizontal struts
connect the two subarches horizontally. Thirteen struts are
set for the original design, whose neighboring spacing is
6 m. The modified structure has 25 struts, whose neighboring
spacing is 3 m (see Fig. 12).

Using Load Case 7, the stability analyses are preformed
for original structure and the modified structure, respectively.
The results listed in Table 6 suggest that the strut number has
little effects on the in-plane (6th order) structural stability,
but it has some effects on out-plane (first four lowest order)
structural stability. When the strut number is doubled, the
first four lowest order stability eigenvalues increase by 6.98,
7.78, 4.33 and 3.39%, respectively.

4.1.3 Structural Stability for the Structure with New Types
of Struts

When out-plane instability occurs, the struts at the vault
stand the torsional forces acting on the arches. It has been
proved that perpendicularly arranged struts can effectively
reduce the arches’ torsion there. However, struts located in
1/4 midspans stand the relative displacement between arches.
If the struts are arranged tangentially there (e.g., using K-
shaped struts), the displacement controlling effects are found
to be better. In this regard, four new types of struts (Cases 1—
4) are, respectively, added to the original structure in between
the two subarches, as shown in Fig. 13.
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Table 5 Stability eigenvalues for eight load cases
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Lowest order out-plane eigenvalue 9.93 9.92 8.65 7.15 8.31 8.06 6.46 6.45
Instability shape Out-plane antisymmetric
Lowest order in-plane eigenvalue 32.29 - 27.94 22.96 26.84 25.96 20.67 -
Instability shape In-plane antisymmetric
Table 6 Strut' S Strut number Stability eigenvalue
number—stability eigenvalue
First order Second order Third order Fourth order Sixth order
13 6.45 6.81 10.86 14.18 20.67
25 6.90 7.34 11.33 14.66 20.53

According to Table 7 and Fig. 14, after K-shaped or X-
shaped struts are added to the original design, the bridge
out-plane stability has improved significantly. The averaged
low-order (first four lowest orders) eigenvalue increases are
24.5, 67, 73.7 and 61.2% for Cases 1-4, respectively. This
indicates that adding K-shaped struts near 1/4 midspans

(Cases 2—4) is an effective way to improve the structure’s
lateral stability.

Moreover, when K-shaped or X-shaped struts are added,
the bridge’s instability shape has changed notably. Except
Case 3, the first order instability shapes are no longer the
antisymmetric pattern of the original design (see Fig. 15).

Table 7 Strut type—stability

. Strut type Stability eigenvalue
eigenvalue
First order Second order Third order Fourth order Sixth order
Original design 6.45 6.81 10.86 14.18 20.67
Case 1 7.03 9.83 14.95 15.17 20.57
Case 2 11.8 12.42 17.32 20.3 20.59
Case 3 8.54 16.15 19.25 20.91 20.6
Case 4 6.8 12 22.19 22.5 20.63
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Fig. 9 Measured and 2
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Comparing to adding horizontal struts, using K-shaped or  4.1.4 Structural Stability for the Structure with Increased
X-shaped struts is more effective and economical. Since the Stiffness of Struts
first-order eigenvalue for Case 2 is larger than those of other
cases, adding K-shaped struts in between midspan and 1/4  To study the effects of horizontal struts’ stiffness on the struc-
midspans is recommended. tural stability, 10 cases are determined by increasing the
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stiffness of struts from 0.2 to 2.0 times the design value.
With the original strut number and strut type, the structural
stability for different stiffness of struts is calculated. Results
shown in Fig. 16 indicate that the effects of increased stiff-

ness of struts are insignificant on the six lowest order stability
eigenvalues.

4.1.5 Structural Stability for the Structure with Changed
Inclination Angle of Subarches

Using Load Case 7, the stability analyses are conducted
considering different inclination angles between the main
arch and the subarches. Five inclination angles are exam-
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Fig. 10 Simulated results for
static load test case 1 using the
detailed FE model. a Contour
plot for along-bridge stress
(unit: Pa). b Measured and
calculated displacements. ¢
Measured and calculated
along-bridge stresses at midspan
cross section
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ined, i.e., 15°, 18.75°,21.79°, 26.25° and 30°. The results
shown in Fig. 17 suggest that the obtained low-order stability
eigenvalues all decrease with the increase in inclination angle
within the range 15°-30°. The effect of changed inclina-
tion angle of subarches on the first-order stability eigenvalue
is particularly noticeable. In this regard, a comparatively
small inclination angle of subarches is suggested in designing
bridges of this type.

4.1.6 Structural Stability for the Structure with Increased
Stiffness of Inclined Hangers

Five cases are determined for studying the effects of
increased stiffness of inclined hangers on structural stabil-

> 9 Springer

3 4 5 6 7 8

Measurement Point Number

(c)

ity. Results shown in Fig. 18 suggest that the effects are
insignificant for out-plane (first four lowest order) structural
stabilities. However, the effects for in-plane (6th order) struc-
tural stability are noticeable.

4.1.7 Structural Stability for the Structure with Increased
Torsional Stiffness of the Box Girder

When lateral instability occurs for arch bridges, the hang-
ers’ positions may change, inducing additional horizontal
forces on arches. For through-arch bridges, the additional
horizontal forces may help arches to resist instability [15].
As hangers are attached to the box girder, the helpful effects
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Fig. 11 Low-order instability shapes for Load Case 1

(b)

Fig. 12 Different number of struts. a 13 struts. b 25 struts

<\/L[\m
Tl
T[>
<[>

Fig. 13 Different types of struts. a Case 1, b Case 2, ¢ Case 3, d Case
4

directly depend on the box girder’s torsional stiffness. In this
regard, the effects of increased torsional stiffness of the box
girder on structural stability are studied in this portion of
the study. The stability analyses are conducted for 5 cases.
The results shown in Fig. 19 indicate that the effects are
insignificant. Besides, increasing torsional stiffness of the
box girder can only be realized by adjusting diaphragms in
the box girder, which are comparatively difficult to imple-
ment. So, this countermeasure is not reccommended.

4.2 Ultimate Load-Carrying Capacity

Ultimate load-carrying capacity analysis is based on the con-
cept of ultimate design. According to the concept of ultimate
design, the yielding of some components does not represent
the failure of the whole structure. Structures can stand loads
much greater than those causing the initial yielding of some
components, and the marginal strength should be taken into
account in design. For the ultimate load-carrying capacity
analysis, the static loads are applied in a linearly step-by-
step increasing manner taking into account both material and
geometric nonlinear effects. With the increase in static loads,
a few components begin to yield first. But the loads continue
to apply, and more components are gradually found to be
damaged. This process might be accompanied by obvious
structural deformations. Finally, the whole structure reaches
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its ultimate state, which is suggested by the occurrence of the
numerical computation’s failure to converge.

4.2.1 Ultimate Load-Carrying Capacity for Different
Loading Modes

Two loading modes are used for calculating the ultimate load-
carrying capacity of Yingzhou Bridge. For Loading Mode A,
the dead load and the wind load are kept unchanged through-
out the loading process, and the live loads (the lane load and
the pedestrian load) are increased in a step-by-step manner
until the structure fails. For Loading Mode B, the dead load
is kept unchanged, but the wind load and the live loads are
increased.

Through numerical analyses, the load-displacement cur-
ves are obtained at both the vault of the main arch and the
midspan of the box girder, and they are shown in Figs. 20 and
21 for Loading Mode A and Loading Mode B, respectively.
In Fig. 20, the curves for both the vertical displacement at
the vault of the main arch and that at the midspan of the

=

é\f"!‘,}‘i @ Springer

box girder show some obvious elastic-plastic features. Tak-
ing the curve of the vertical displacement at the vault of the
main arch as an example, two turning points can be found
at 5.0*Pd and 5.4*Pd (Pd is the design load), separating
the whole loading process into three stages. During the first
stage (0-5.0*Pd), the load is proportional to the displace-
ment, so the structure is in elastic state and no component
yields. During the second stage (5.0%*Pd—5.4*Pd), the dis-
placement increases fast, and the load is no longer in direct
proportion to the displacement. Some components yield, and
stiffness of the whole structure has been reduced. During
the third stage (5.4*Pd-5.8*Pd), with limited increase of
the load, severe structural deformation occurs. The maxi-
mum vertical displacement exceeds 0.3 m at 5.8*%Pd. For a
concrete-filled steel tubular arch, the plastic feature is very
obvious. Based on the above, 5.4*Pd can be regarded as the
yielding strength of the whole structure, and 5.8*%Pd is the
ultimate load-carrying capacity, where the numerical com-
putation fails to converge. Also from Fig. 20, the vertical
displacement at midspan of the box girder is greater than
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that at the vault of the main arch after 2.0*Pd, and similar e
elastic—plastic features are shown for the curve of the vertical
displacement at midspan of the box girder. At the ultimate
state (5.8*Pd), the vertical displacement at midspan of the
box girder is excessive.

Beside the vertical live load, Loading Mode B ampli-
fies the lateral wind load. So the analyses based on Loading
Mode B can demonstrate the spatial elastic—plastic features
of the structure. It can be seen from Fig. 21 that the yield-
ing strength and the ultimate load-carrying capacity of the 0
structure are 5.1*Pd and 5.6*Pd, respectively. At the ulti- 0-2 04 0.6 ' 0.8 1 .1'2. L4 1'.6 Leo2
mate state (5.6*Pd), the structure shows a notable lateral Multiple for amplifying (reducing)
instability shape. The lateral displacement at the vault of the
main arch reaches 0.49 m at 5.6¥Pd, which is much greater —x—First order —4—Third order —x—Fifth order
than the structure’s in-plane displacement. In this regard, 8 Second order —e=Fourth order —e=Sixth order
ultimate load-carrying capacity analysis equally reveals the  Fig. 16 Effects of stiffness of struts on stability eigenvalue
structure’s poor lateral stability.

the design stiffness of struts
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4.2.2 Ultimate Load-Carrying Capacity for Yingzhou
Bridge with K-Shaped Struts

According to Sect. 4.1.3, adding K-shaped struts in between
midspan and 1/4 midspan is the most effective counter-
measure for improving the bridge’s linear elastic structural
stability. In this portion of study, the ultimate load-carrying
capacity for the modified structure with K-shaped struts in
between midspan and 1/4 midspans (Case 2 in Sect. 4.1.3) is
compared with that for the original design to further verify
the effectiveness of the helpful countermeasure.

Utilizing Loading Mode B, the analyses are conducted
for the structure with and without K-shaped struts. Accord-
ing to Fig. 22, the countermeasure has no influence on the
ultimate load-carrying capacity, but the structure’s lateral dis-
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placement has been effectively reduced by adding K-shaped
struts. At the ultimate state, the lateral displacement at the
vault of the main arch reduces by around 10% by adding
the K-shaped struts. In this regard, it has been proved again
that adding a few K-shaped struts can effectively improve the
bridge’s lateral stability.
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5 Seismic Performance

Since the seismic performance is engineers’ major con-
cern in designing large arch bridges [18-25], this portion
of study calculates Yingzhou Bridge’s seismic performances
with and without K-shaped struts in between midspan and
1/4 midspans. Nonlinear transient analyses are performed

Fig. 23 Acceleration 120 [rrmromeoooooees
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ground motion in Tianjin 0.80
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using the acceleration time-histories of the three-dimensional
ground motion in Tianjin earthquake (see Ref. [26]). A rep-
resentative 5-s horizontal acceleration time-history shown in
Fig. 23 is considered, in which the peak ground acceleration
can be found at 3.8 s. The Newmark method is used to solve
the dynamic equilibrium equation for each load step.

The lateral displacements of the whole bridge with and
without K-shaped struts at 3.8 s are shown in Fig. 24.
According to Fig. 24, the maximum and the minimum lat-
eral displacements are at the vault and the foot of the arch-rib
system, respectively. Comparing Fig. 24a, b, it can be found
that the lateral displacements are reduced significantly after
K-shaped struts are added to the structure. The axial direct
stresses of the whole bridge with and without K-shaped
struts at 3.8 s are shown in Fig. 25. It can be found that
although the maximum values are found at the foot of the
arch-rib system for both structural forms, the distributions of
stresses are quite different. After K-shaped struts are added
to the structure, the maximum axial direct stresses are greatly
reduced.
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Fig. 24 Contours of lateral displacement for the whole bridge with (b) and without (a) K-shaped struts at 3.8 s (unit: m)
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Fig. 25 Contours of axial stress for the whole bridge with (b) and without (a) K-shaped struts at 3.8 s (unit: Pa)

6 Conclusion

For large civil engineering structures, ambient modal tests
might produce uncertain results due to many influences, e.g.,
the measurement noise, the effects of modal identification
method and the temperature variation. To acquire reliable
reference information for model updating, detailed mod-
els can be employed, whose spatial distributions of mass
and stiffness are highly accurate. In this paper, Yingzhou
Bridge’s simplified computational model is updated follow-
ing this practice. After model updating, the static structural
responses obtained using the computational model agree well
with those measured on the real structure, which suggests that
a satisfactory computational model is established.

Using the validated computational model, Yingzhou
Bridge’s structural stability, ultimate load-carrying capac-
ity and seismic performance are calculated. Results suggest
that the innovative structure’s static and dynamic behaviors
both meet the design requirements. However, according to
structural stability analyses, the five lowest order instabil-
ity shapes are out-plane patterns for all the eight load cases.
Besides, ultimate load-carrying capacity analyses and seis-
mic performance analyses both suggest that the bridge’s
lateral structural responses are comparatively large when
experiencing extreme events. These observations all indicate
that Yingzhou Bridge’s lateral stability and stiffness are rela-
tively weak. This problem should be mitigated to prevent the
structural failure in the following scenarios: (1) Slight lateral
disturbances occur when the bridge is overloaded; (2) live
loads (the lane load and the pedestrian load) on the bridge
are crosswise eccentric; (3) earthquake excitations and wind
loads act on the bridge laterally.

To enhance the bridge’s lateral stability and stiffness,
six usual countermeasures are proposed and individually
examined in this paper. It is found that adding K-shaped
struts between subarches and reducing subarches’ angle
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of inclination can effectively increase the bridge’s lat-
eral stability eigenvalues, and after K-shaped struts are
added between the subarches, the bridge’s lateral structural
responses under the excessive loading and the earthquake are
greatly reduced. Thus, adding K-shaped struts between sub-
arches and reducing subarches’ angle of inclination are two
effective approaches to enhance the bridge’s lateral stability
and stiffness. For a bridge open to traffic, adding K-shaped
struts is practicable, but reducing the subarches’ angle of
inclination cannot be realized. For future design practices
for this type of bridge, both of the two approaches are of
practical significance.
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