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Cable-arch bridge is a new type of hybrid bridge, and its development has great engineering significance. To
understand the mechanical characteristics of cable-arch bridge, in the present work, a model cable-arch bridge
was constructed, and its static behavior was investigated using the finite element method and experimental
test. The analytical and experimental results were compared, and qualitatively good agreement has been
exhibited. By considering the geometrical and/or material nonlinearity of the cable-arch bridge, the linear
and nonlinear stability was studied further analytically. The results show that the cables and wind bracing
have a significant influence on the mechanical behavior of the cable-arch bridge. Compared with arch bridges,
the cable-arch bridge has a larger ultimate bearing capacity, a better in-plane and out-of-plane stability, and a
superior capacity to resist various live loads. Such a cable-arch bridge should have a bright future in the
development of long-span bridges.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the past two decades, benefiting from a strong growth in economy,
construction of long-span bridges has been very active in the world. In
turn, the continuous development of bridges plays an increasingly
important role in promoting economic and social development.

As one of the most popular bridge types, arch bridge has been
widely used and updated since ancient times due to its aesthetic
pleasure and economic feasibility [1,2]. For instance, Zhao-Zhou
Bridge located in China has outlived about 1400 years of the
elements, earthquakes and floods [3]. The main issue with the devel-
opment of arch bridge is its limitation in the length of arch span. This
is because the rise-span ratio will become smaller and smaller and
arch may become unstable under loads with the increasing of arch
span. In fact, the longest span of arch bridge is only 552 m, which is
the Chaotianmen Bridge located in China [6], compared with suspen-
sion bridge with a span of 1991 m (Akashi Kaikyo Bridge in Japan) [4]
and cable-stayed bridge with a span of 1088 m (Sutong Bridge in
China) [5]. To overcome the issue, much work has been carried out
to develop hybrid bridges in the past. Melan and Steinman [7] ever
proposed an arch suspension bridge and studied its mechanical
behavior. Subsequently, several other hybrid bridges were developed
[8–10]. These bridges are similar to cable-stayed arch bridge in struc-
ture. The only difference is that the stay cables in these bridges are
anchored on the deck rather than the arch. These new hybrid bridges
g, Hunan University, Changsha,
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exhibit better mechanical behaviors than the traditional arch bridges.
In 2007, a real cable-stayed arch bridge, the Liancheng Bridge, was
opened in China [11]. The cable-arch bridge is a hybrid structure
that combines the flexibility of cable and rigidity of arch. It can over-
come the problem of large deformation in cable-stayed bridge and
suspension bridge with large span. When the span of arch is in-
creased, the height of arch would also be increased. Therefore, the
stability of arch is a problem. In order to overcome the issue, the
lower ends of the inclined cables are anchored on the arch rib and
the upper ends on the pylon in the bridge. For long span bridges, com-
pared with arch bridge, the economic advantage of cable-stayed arch
bridge is competitive, since the cost of foundation for cable-stayed
arch bridge could be reduced because the foundation with less hori-
zontal thrust compared with that of arch bridge can be weakened.
Additionally, the cost of arch rib also could be reduced because stiff-
ness of arch could be weakened, which is due to the cables that can
share the load added on deck.

Understanding the static and dynamical behavior of bridges is
very important for bridge development. In the past, many studies
have been conducted for this purpose with arch bridge [12],
cable-stayed bridge [13] and suspension bridge [14]. However, there
exist few literatures that are focused on cable-arch structure [15].
The general mechanical performance of cable-arch bridge has been
paid limited attention, although understanding such performance is
of significance for further development and application of this type
of bridge.

In the present work, a model cable-arch bridge was constructed,
and its static behavior was investigated experimentally and numeri-
cally. This paper is organized as follows. In Section 2, a model
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cable-arch bridge is introduced. In Section 3, experimental conditions
are discussed. In Section 4, a finite element model is established based
on the design drawings. In Section 5, the deflection and stress of some
key points on the model bridge under dead and live loads are
examined analytically and experimentally, and the stability of the
model bridge is analyzed. In Section 6, the conclusion of the present
study is lastly given.

2. A model cable-arch bridge

To study the static behavior of cable-arch bridges, a model bridge
was designed. Fig. 1 shows the layout of the bridge structure, main
cross sections and measured points. The main structure and dimen-
sions of the model bridge are as follows.

The structure is a combination of arch bridge and two-pylon cable
stayed bridge. The deck below the main arch is supported by arch
hangers and the rest of the main span by stay cables, while the deck
of the two side spans is supported by stay cables and side arches.
All the members are made of Q345 steel. The main span is 16 m and
two side spans are 4.8 m each. The vase shaped pylons are 3.458 m
high and 2.74 m tall above the deck.

The model cable-arch bridge is also a half-through arch bridge,
and the double-rib higher parabolic hingeless arches are adopted.
The two parallel main arch ribs are stabilized by eleven bracings, in-
cluding two K-shaped bracings and two connecting beams below
the deck, and six K-bracings and one Ж-shaped bracing above. The
connecting beams are composed of rectangle steel girders and other
bracings are made of steel pipes. The vault of the main arch is
2.988 m high totally, with a height of 2.15 m above the deck. From
the foot to the vault, the depth of the main arch varies from 0.2 to
0.36 m, and the distance between the center lines of the two parallel
arches is 1.36 m. Each main arch rib is a space truss and the cross sec-
tion consists of six steel tubes (Fig. 2) with the dimensions of
Φ34×2.5 (2, 1) mm and connecting steel pipes.
Fig. 1. Layout of the model cable-arch bridge, cross sections and measured points. The uppe
(top to bottom) and from bottom view (bottom to top), respectively.
The main arch floor system is composed of deck, I-shaped cross
girder and longitudinal stringer. The rest consists of two longitudinal
box girders. There are two expansion joints on the bridge deck
between the main and side spans.

To suspend the main arch floor system, there are 39 steel wire
rope hangers with the dimension of Φ7 at each main arch rib. There
are in total 28×4=112 stay cables with the dimension of Φ6.2.
Some stay cables are anchored on deck with a 400 mm interval and
others on the arch rib with a 320 mm horizontal interval. It is worth
noting that there are two parallel cables anchored on the same
cross-section of a main arch rib as shown in Fig. 2.

The pylons are vertical in the longitudinal direction and vase-
shape in the lateral direction. The tower legs simply supporting the
deck are hollow rectangle steel box and connected by three hollow
steel box struts, two above the deck and one below. The 56 cables
are anchored on the upper segments of each pylon with an interval
of 80 mm.

The main arch foot, pylon socket and side arch foot are on the
same abutment which is supported by the piled foundation with 24
bore Φ80×5 piles as shown in Fig. 1. The abutment is made of con-
crete C50. The side arch rib is lower parabolic hingeless arch with
the hollow rectangle steel box cross section. The main arch rib and
side arch are fixed at the abutment to balance the horizontal forces.
As tie bars, four pre-stressed cables are used to connect the upper
ends of the two side arches. Each cable is pre-stressed by 14.8 kN
force and composed of 7 strands with a diameter of Φ5.

Based on the design above, a model bridge was constructed, and
shown in Fig. 3(a). The construction procedure of this bridge is a com-
bination of erection procedure of arch bridge and cable-stayed bridge.
It includes several steps: (1) foundation and piers construction;
(2) side arches erection by scaffolding construction; (3) towers and
side beams construction; (4) tension of tie bars between two side
arches; (5) symmetric lifting of arch segments, installation of stay ca-
bles and tension of tie bars; (6) installation of floor system of main
r and lower parts in (b) show the vertical projections of the half bridge from top view



Fig. 2. Cross sections and anchor devices of the main arch.

3H.J. Kang et al. / Journal of Constructional Steel Research 81 (2013) 1–10
span after construction of arches; and (7) tension of tie bars and stay
cables.
3. Experiment

The main equipments used in the experiments are transducers,
strain gauges, thermometers, micrometer gauges, computers and
total-station instrument, as shown in Fig. 4. The total-station instru-
ment was used for the height measurement of the model bridge erec-
tion. Micrometer gauges and strain gauges were used to measure the
deformation and stress of the structure members under loads, respec-
tively. Thermometers were used to measure the difference in temper-
ature in the laboratory. Transducers were used to measure the
tension forces of the cables and tie bars.

There are 544 measuring points of strain in the whole model
bridge. They are located at the key points of the favorable cross sec-
tion of the model bridge as shown in Fig. 1. In addition, there are 28
points for measuring the deflection of the model bridge. The cross
sections the main measured points being located at are listed in
Table 1. The micrometer gauges were installed on the undersides of
the main arch ribs and the vault of the side span for measuring the
Fig. 3. Experimental and finite element mode
vertical deflection, and at the west side of the towers for the longitu-
dinal deflection.

In order to explore the static performance of the cable-arch bridge,
based on the static inspection program of bridge, the following six ex-
perimental cases, including one dead load case and five live load
cases, were tested:

Case 1. The hoisting of the main arch rib was divided into 13 seg-
ments, while each half span six segments. After the erection of the
model bridge by using the forward-analysis method, the dead load
with 24 times of the self-weight of the model bridge was applied to
the bridge by stage loading. For the purpose of strength and security
assessment of the bridge, the deflection and stress of the model
bridge were measured.

Case 2. In order to estimate the strength of the foot of the main arch,
the key parameters, such as deflection and stress, were tested when
the live loads were imposed based on the negative bending moment
influence line of the eastern foot of the main arch foot, which is a
dangerous case in engineering for arch bridge.

Case 3. To understand and estimate the out-of-plane stability of the
cable-arch bridge, the effect of eccentric load on the static behavior
ls of the new type of cable-arch bridge.

image of Fig.�2
image of Fig.�3


Fig. 4. Main instruments used in the experiments.
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of the structure was considered. The eccentric loads were applied
according to the bending moment influence line of the main arch
vault, which is the most dangerous work case in the bridge
engineering.

Case 4. To inspect the capacity of resistance of the cable-arch bridge
against load, the effect of half-span load on the static behavior of the
structure was considered. For arch bridge, half-span load is also a very
dangerous work case according to the bending moment influence line
of the main arch vault.

Case 5. To inspect and understand the variation of tension force of a
specific cable under live loads, one cable, i.e. cable MC2, was tested
Table 1
Cross sections of the measured points located at and their corresponding locations on the b

MSC Location on the bridge M

A of Western arch foot P
B 1/8 span of main arch Q
C 1/4 span of main arch R
D 3/8 span of main arch S
E 1/2 span of main arch T
F 5/8 span of main arch U
G 3/4 span of main arch V
H 7/8 span of main arch
I Eastern arch foot AA

AB
W Side arch foot AC
X 1/2 span of side arch AD
Y Vault of side arch AE

AF

Note: MSC — measured cross section, TTCS — the tower cross section, and TBCS — The beam
according to its negative tension force influence line. The cable has
the maximum of tension force under the dead load.

Case 6. The limit load-carrying capacity is a major criterion of static
behavior of bridges. In this case, the emphasis was laid on observing
the limit load-bearing capacity of this new bridge structure. The over-
loads with 4 times of live loads were applied according to the axial
force influence line of the main arch foot. It is added through four
steps, 1/4 overload being added at each step. There is the biggest
axial force at the foot.

The self-weight and the secondary permanent load of the model
were added by applying the lever loading system. The prototype of
ridge.

SC Location on the bridge

TTCS connecting the upper side of upper beam
TTCS connecting the lower side of upper beam
TTCS connecting the upper side of middle beam
TTCS connecting the lower side of middle beam
TTCS connecting the upper side of lower beam
TTCS connecting the lower side of lower beam
TTCS connecting the arch abutment

TBCS at the location where the SC10 cable anchored
TBCS at the location where the SC6 cable anchored
TBCS at the location where the SC4 cable anchored
TBCS at the location where the SC3 cable anchored
TBCS at the location where the SC2 cable anchored
TBCS at the centre line of tower

cross section.

image of Fig.�4


Table 3
Deflections of the main components under dead load (mm).

MP AR ER MP AR ER

VD-B −0.59 −0.50 LD-P1 −1.33 −1.44
VD-C −3.16 −3.24 LD-P2 0.75 0.75
VD-D −5.45 −5.56 VD-AC1 1.56 1.03
VD-E −6.04 −6.02 VD-AC2 1.48 1.26
VD-F −5.70 −5.57 TD-E1 0.03 0.01
VD-G −2.78 −2.97 TD-E2 0.04 0.01
VD-H −0.71 −0.56 – – –

Note: VD — vertical deflection, LD — longitudinal deflection, and TD — transversal
deflection.
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this work is a bridge with a main span of 400 m and two side spans of
120 m, which has the same size as the Liancheng Bridge. According to
the similitude theory [16], the scale of the model bridge to this proto-
type is 1/25. Hence, the density of the model bridge was set to 25
times of the prototype and 24 times of the self-weight of the model
bridge was regarded as the dead load of the model bridge. The mag-
nitude of the total dead load is 800 kN, namely, 501 kN and 299 kN
were added on the main span and side span by lever. The live load
consists of a concentrated force and a uniformly distributed load
according to the General Code for Design of Highway Bridges and
Culverts (JTG D60-2004). The concentrated force was applied on the
location where the maximum of the internal force or deformation
influence line of a concerned point. The distributed load is applied
on the structure where the internal force or deformation is consistent
with its maximum according to the influence line. Thus, based on the
similitude theory and the code (JTG D60-2004), the concentrated
force Pk and the distributed load qk were set to 0.9504 kN and
0.923 kN/m, respectively.

4. 3D finite element model (FEM)

The FEM program ANSYS 10 for Windows was used to model the
cable-arch bridge (Fig. 3(b)). Static mechanical behavior and buckling
problem were considered using elastic model and/or nonlinear
model.

4.1. Elastic model

The elastic model was used for the analysis of static performance
and linear buckling problem of the cable-arch bridge under dead
load or live loads.

In the model, the truss arch members, bracing members, towers,
side beams, cross-girders, side arch members and piles were repre-
sented as two-node beam elements (BEAM44) with 6 degrees of free-
dom per node. BEAM44 permits the nodes to be offset from the
centroidal axis of the beam. The deck components were also modeled
as the equivalent beam elements. For brevity, all connecting members
between substructures, such as rigid arms, bearing and expansion
joints were modeled as two node beam elements (BEAM4) that
have three translational degrees of freedom (DOFs) and three rota-
tional DOFs at each node. All hangers, cables and pre-stressed tie
bars were modeled as truss elements (LINK10) with 3 DOFs per
node. The web plates and gusset plates of the main arches were
modeled as four-node shell elements with 6 DOFs per node
(SHELL63). Eight-node solid elements with 3 DOFs per node
(SOLID45) were used to model the abutments, cushion caps and col-
lar beams of the abutments. The diaphragms of the side arch rib were
modeled as mass elements with 6 DOFs (MASS21).

The full FE model consists of 15,368 beam elements (BEAM44),
822 beam elements (BEAM4), 398 truss elements (LINK10), 27,788
shell elements (SHELL63), 13,064 solid elements, and 16 mass
Table 2
Stresses of the main components under dead load (MPa).

MP AR ER MP AR ER

US-A −25.82 −24.37 US-Y1 −65.30 −69.34
LS-A −24.05 −23.52 US-Y2 −63.80 −69.49
US-B −74.77 −71.61 V1 −14.25 −14.52
LS-B −77.25 −75.18 V2 −10.03 −11.32
US-C −72.88 −77.07 US-W1 −10.11 −11.72
LS-C −80.76 −82.32 LS-W1 5.06 5.53
US-D −90.46 −88.41 US-W2 6.23 7.71
LS-D −66.66 −63.84 LS-W2 −6.47 −8.89
US-E −94.37 −94.50 LS-E −80.95 −86.10

Note: MPs — measured points, ARs — analytical results, ERs — experimental results,
US — upper side, and LS — lower side.
elements. As a result, 30,728 nodes and 57,456 elements were used
in the model.

The material constants are given as follows. The elastic modulus of
steel is Es=210 GPa, the elastic modulus of zinc plating steel wires
Ez=210 GPa, the elasticmodulus of concrete C50 Ec=35 GPa, the densi-
ty of steel ρs=7800 kg/m3, the density of concrete ρc=2500 kg/m3, and
the Poisson's ratio of steel and concrete are 0.3 and 0.2, respectively.
4.2. Nonlinear models

Three nonlinearmodels, based on geometric nonlinearity (Model-I),
material nonlinearity (Model-II) and both (Model-III), respectively,
were adopted to examine the nonlinear buckling problem of the
model bridge.

Model-I is established for accounting of large deflections. Model-II
is for the material nonlinearity (namely plasticity), which is also
named the nonlinear kinematic hardening model. In the model, the
relationship between stress and strain of materials is nonlinear and
considered by inputting initial stress-strain table with the command
TB in ANSYS. The geometry and material nonlinear were simulta-
neously considered in Model-III. In the program ANSYS 10, the ele-
ments, including LINK10, BEAM44, BEAM4, SHELL63 and SOLID45,
have the large deflection capabilities, and by activating the NLGEOM
option the geometrically nonlinear analysis can be conducted using
the linear finite element model. However, the plasticity capability is
not included in some of the aforementioned elements. In order
to consider material nonlinearity of the bridge in Model-II
and Model-III, BEAM44, LINK10 and SHELL63 were replaced with
BEA188, LINK8 and SHELL181, respectively.

Three different materials have been considered: Material 1 (Steel)
with Young's modulus of elasticity Es=210 GPa, Poisson's ratio vs=
0.3, yield stress σs=345 MPa and ultimate stress σs=395.8 MPa,
for all the beam elements and shell elements; Material 2 (zinc plating
steel wires) with Ez=210 GPa, vz=0.3 and σz=1860 MPa, for the
cables and hangers (truss elements); and Material 3 (Concrete)
with Ec=35 GPa, vc=0.2 and compressive yield stress σc=50 MPa,
Table 4
Initial tensions of some selected cables under dead load (kN).

No. AR ER No. AR ER

SC10 4.630 4.554 MC10 1.740 1.370
SC9 4.630 4.442 MC9 2.405 2.100
SC8 4.550 4.463 MC8 2.240 1.790
SC7 4.550 4.441 MC7 2.110 1.580
SC6 4.470 4.206 MC6 1.920 1.950
SC5 4.470 4.415 MC5 1.805 1.670
SC4 4.470 4.383 MC4 1.560 1.640
SC3 4.470 4.241 MC3 1.355 1.810
SC2 7.030 6.710 MC2 7.030 7.230
SC1 7.030 7.080 MC1 7.030 6.510

Note: SC10 to SC1 denote numbers of the cables from the western to eastern anchored
on the side beam, and MC1 to MC10 denote numbers of the cables from the western to
eastern anchored on the beam and main arch rib.



Table 5
Increments of deflection of the main measured points in Cases 2–5 (Unit: mm).

MP Case 2 Case 3 Case 4 Case 5

Upstream Downstream

AS ES AS ES AS ES AS ES AS ES

AB1(VD) −0.692 −0.700 0.090 0.059 0.131 0.000 0.399 0.035 0.454 0.070
V1(LD) 0.000 0.138 0.000 −0.016 0.000 −0.010 0.000 0.000 0.000 0.000
P1(LD) −0.939 −0.460 0.117 −0.030 0.424 0.380 0.964 0.370 1.075 0.500
B(VD) 0.454 0.450 −0.058 −0.070 −0.341 −0.480 −0.597 −0.790 −0.650 −0.920
C(VD) 1.098 1.190 −0.073 −0.100 −0.677 −0.800 −1.400 −1.430 −1.550 −1.620
D(VD) 1.098 1.270 −0.033 −0.040 −0.536 −0.900 −1.404 −1.250 −1.547 −1.340
E(VD) −0.009 0.240 −0.055 −0.040 −0.422 −0.010 −0.492 −0.380 −0.352 −0.140
F(VD) −1.464 −1.220 −0.004 0.010 −0.166 −0.150 0.786 0.670 0.982 1.030
G(VD) −1.762 −1.440 −0.032 −0.060 −0.439 −0.420 0.828 0.860 1.042 1.130
H(VD) −0.853 −1.260 −0.038 −0.060 −0.286 0.000 0.286 0.390 0.354 0.460
V2(LD) 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.010
P2(LD) −1.347 −1.102 −0.074 0.000 −0.308 −0.370 0.600 0.428 0.873 0.578
AB2(VD) 0.573 0.412 0.063 0.000 0.095 0.060 −0.251 −0.211 −0.658 −0.513
E(TD) 0.002 0.020 0.065 0.340 0.063 −0.210 0.000 −0.280 0.000 0.080

Note: MP — measured points, AS — analytical results, ES — experimental results, VD — vertical deformation, LD — longitudinal deformation, and TD — transverse deformation.
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for the abutments. The subscripts s, z and c of E, v and σ denote the
steel, zinc plating steel wire and concrete materials, respectively.

5. Results and discussion

In this section, we will explore the static behavior of the
cable-arch bridge under dead and live loads and the stability of the
bridge.

5.1. Behavior analysis of the cable-arch bridge under dead load

Tables 2, 3 and 4 show the stresses and deformations at the main
testing points of the model bridge obtained by using the finite ele-
ment analysis and physical experiments. The results indicate that
the measured results are qualitatively in good agreement with the
analytical ones.

It can be seen from Table 2 that the stress of the main arch rib be-
comes less from the crown to foot. The maximum value of the stress
of the main arch rib is at the crown, with a value of 94.5 MPa, while
the minimum value is at the foot, with a value of 24.37 MPa. This is
because the stay cables reduce the axial force of the foot by lifting
Table 6
Increments of stress of the main measured points in Cases 2–5 (Unit: MPa).

MP Case 2 Case 3

Upstream Downs

AS ES AS ES AS

A(US) 10.34 12.39 2.01 1.68 0.56
A(LS) 7.73 13.44 0.75 −2.52 0.23
B(US) −5.52 −6.3 −6.52 −12.18 −0.70
B(LS) −2.61 2.73 −4.39 −5.25 −0.08
C(US) −10.15 −11.97 −8.32 −7.14 −0.75
C(LS) 4.89 5.46 −1.35 −2.10 −0.06
D(US) −9.91 −7.35 −3.63 −2.10 −0.54
D(LS) 12.32 5.02 −9.59 −11.55 −1.41
E(US) −0.63 0.63 −9.29 −13.23 −1.43
E(LS) −5.45 −6.59 −5.77 −8.89 −0.30
F(US) 4.78 −9.87 −6.61 −3.57 −0.37
F(LS) −14.45 −14.28 −6.93 −5.62 −1.06
G(US) 2.85 2.1 −8.35 −8.61 −0.78
G(LS) −5.14 −5.28 −1.39 −1.22 −0.28
H(US) −1.78 −3.52 −6.07 −3.78 −1.00
H(LS) −1.01 −3.21 −5.42 −4.46 0.28
I(US) −7.08 −15.54 2.36 1.89 0.69
I(LS) −5.88 5.67 0.89 0.84 0.48

Note: MP —measured points, AS — analytical results, ES — experimental results, US — upper
main arch.
the dead load of the arch and deck. Another reason is that the actual
cross section area of the foot is larger than that of the vault. The max-
imum stress is far less than the allowable stress 200 MPa, which indi-
cates that the cable-arch bridge has a high load-carrying capacity. It
should also be noted that the difference between the stresses of the
upper and lower measured points at the vault is noticeable as
shown in Table 2, whereas the difference is negligible at the foot.
This indicates that the bending moment of the vault is large relative
to that of the foot, which is fairly different from that in normal arch
bridges. Hence, the height of the cross section of the crown should
be bigger than that of the foot to reduce the stress at the crown in
the design of a cable-arch bridge. In addition, there exists a consider-
able compression stress at the junction where the vault of the side
arch and the side beam meet. One of the causes of this phenomenon
may be that there exists a considerable bending moment at the
crown of the side arch generated by the large horizontal force at its
lower end. Another cause may be that there also exists a big compres-
sion force at the junction induced by the tie bar.

In Table 3, the maximum vertical deflection of 6.02 mm occurs at
the vault, and the vertical deflection decreases gradually from the
vault to the foot of the main arch. The deflection has a similar trend
Case 4 Case 5

tream

ES AS ES AS ES

1.05 −5.46 −4.77 −3.53 −3.15
1.68 −4.98 7.14 −3.13 5.25

−1.26 −3.9 −2.1 −3.83 −6.72
4.62 −1.48 −0.63 −0.26 −5.67

−0.84 0.47 0.21 1.85 1.89
−0.21 −5.04 −3.99 −5.7 −5.25
−0.21 1.88 2.31 4.13 5.04
−1.21 −18.02 −17.62 −18 −17.85

0.21 −8.89 −8.4 −5.82 −6.3
−0.42 −3.27 −7.68 −5.32 −7.2

0.21 −12.58 5.46 −13.15 8.4
0.83 4.74 3.98 7.82 −3.15

−0.63 −9.71 −7.98 −10.07 −8.19
−0.24 2.07 2.56 3.03 3.27
−2.10 −4.73 −5.04 −4.13 −6.72

0.67 −5.86 −4.63 −4.91 −4.83
0.42 5.98 5.25 6.97 5.67

−0.42 3.73 −13.65 4.5 −10.5

side of the upper chord of the main arch, and LS — lower side of the lower chord of the



Table 7
Increments of tension force of the cables in Cases 2–5 (Unit: N).

No. of cables Case 2 Case 3 Case 4 Case 5

Upstream Downstream

AS ES AS ES AS ES AS ES AS ES

SC10 −196.7 −303.4 140.3 49.6 26.6 12.9 292.6 105.5 323.2 193.7
SC9 −117.2 −171.3 127.6 47.6 17.8 0 252.2 102 277.1 171.3
SC8 −40.5 −71.7 114.5 40.2 9.2 19.9 210.9 93.8 229.9 142.3
SC7 25.5 192.7 102 40 1.6 0 172.6 79.9 186.1 139.6
SC6 72.2 111.8 91.9 16.7 −3.9 0 142.4 66.9 151.5 130.5
SC5 98.2 109.1 84.5 51.2 −6.5 0 122.8 57.6 129.1 115.5
SC4 111.5 111.1 77.6 43.9 −7.1 −6.2 108.6 56.4 113.1 104.9
SC3 134.2 53.6 65 46.2 −6.6 0 89 52.8 92.2 107.2
SC2 169 84.2 47 6.1 −5.1 −8.3 64.3 66.7 66.4 103.6
SC1 173.8 38.7 26.8 24.9 −2.4 6.5 38.8 24.9 40.2 77.3
MC1 11.4 13.4 −25.1 −6.5 −1 0 −59.3 −26 −66.4 −47.1
MC2 51.4 190.2 −30.5 0 −0.6 0 −79.7 0 −90.4 −40.8
MC3-1 79.5 62.9 41.9 61.9 −11.7 −16.9 −3.3 −6.9 −10.6 21
MC4-1 39.2 14.1 80 84.1 −10.4 −19 57.9 12.9 56.3 77.4
MC5-1 7.8 27.1 102.6 77.8 −11.3 −13.3 100.8 25.9 104.2 108.4
MC6-1 −15 −10.1 110.1 73.7 −14 −6.3 125.8 40.2 133.5 116.6
MC7-1 −29.9 −38.5 105.6 57.1 −18.1 −26 135.8 57.1 147.2 115.5
MC8-1 −37.5 −26.4 91.8 45.3 −23.2 −5.9 133.7 64.7 147.8 118.8
MC9-1 −38.3 −71.5 71.7 16.8 −29.2 −11.5 121.5 83.8 137.4 97.5
MC10-1 −32.9 −23.7 47.3 0 −35.4 −28.8 101.6 84.7 118.2 82.5

Note: MP — measured points, AS — analytical results, and ES — experimental results.
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to the stress and bending moment of the main arch rib as shown in
Table 2. The transverse deformation of the vault is very small. Com-
paring the cable-arch bridge with the pure arch bridge shows that
the cables can improve the transverse stability of the new bridge
structure and improve the mechanical behavior of the arch. This fea-
ture is similar to that obtained by Nakamura et al [10] for a
cable-stayed bridge with CFT arch ribs. The two tower's longitudinal
deformations toward the main arch are 1.44 mm and 0.75 mm, re-
spectively. These results indicate that the cable-arch bridge structure
has a sufficient in-plane and out-of-plane stability against the dead
load considered.

The initial tensions of the 112 cables are symmetrical to the centre
line due to the symmetrical characteristic of the geometry of the
bridge structure as shown in Fig 1. Thus, we only need to consider
28 cables, a quarter of the total cables. In addition, among the 28 ca-
bles, there are eight pairs of cables installed on a quarter of the
main arch, each pair of cables having the same force and geometrical
and material property. Therefore, only 20 cables are considered, and
their tension forces under the dead load are listed in Table 4. It can
be seen that the tension forces of the parallel cables (cable MC3 to
(a) Deflection increments.  (b) Stress i

Fig. 5. Increments of the measured points under four times of the live loads according to the
tical deflection, “-T”: transverse deflection, “-1” and “-2”: measured points under lower cho
results (ERs) under live loads, : ARs under twice of live loads, : ERs under twice of li
under fourfold of live loads, and : ERs under fourfold of live loads.
cable MC10 in the table) are smaller than others because the two
identical cables anchored on the same cross-section of the main
arch share the tension force at the cross-section. The maximum ten-
sion force occurs in cables MC1, MC2, SC1 and SC2. This is because
that these cables undertake alone the dead load introduced by the
corresponding deck. These results demonstrate that the cables in
the cable-arch bridge can share the dead load with the arch, and
hence are useful to improve the mechanical behavior of structure
members.

5.2. Behavior analysis of the cable-arch bridge under live loads

In Tables 5 to 7, we give the increments of the deflection, stress
and tension force of the selected points in Cases 2–5. These measured
points in Tables 5 to 7 are marked in Fig. 1. The results obtained from
the FEM and testing are in a good agreement except a few points
which may be introduced by the strain gauges in the experiments.

To examine the strength of the foot of the main arch, the live loads
are applied in terms of the negative bending moment influence line of
the eastern foot of the main arch (Case 2). The loads lead to an
ncrements. (c) Tension force increments.

axial force influence line of the main arch foot. “-L”: longitudinal deflection, “-V”: ver-
rd and upper chord, : analytical results (ARs) under live loads, : Experimental
ve loads, : ARs under thrice of live loads, : ERs under thrice of live loads, : ARs
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Fig. 6. Effect of broad-to-span ratio (B/S) on the safety factor.

Table 8
First four order stability safety factors and buckling mode shapes of the cable-arch
bridge.

Order No. Safety factor λ Buckling mode shapes

1 6.26

2 6.30

3 7.78

4 7.85
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antisymmetric deformation of the main arch as shown in Table 5. The
maximum deflection of 1.762 mm occurs at point G where the con-
centrated load is applied. The compress stress decreases 50% at
point A and increases 63.7% at point I relative to those under the
dead load as shown in Table 2, which indicates that the live loads
have an important influence on the stress at the foot of the main
arch. The total compress stress of 39.91 MPa under the dead load
and live loads is also fairly small relative to the allowable stress
200 MPa. Additionally, it is obvious that the tension forces of the ca-
bles in the side span have changed, which implies that the cables
share the live loads with the arch. Therefore, the cable-arch has a
good mechanical behavior and the strength of the foot of the main
arch is large enough to undergo the live loads considered.

Generally, the value of lateral deflection of crown of main arch
under eccentric loads can be used to estimate the out-of-plane stiff-
ness and stability of an arch bridge. Here, the eccentric live loads
are applied to the cable-arch bridge designed to test its out-of-plane
stiffness and stability (Case 3). It can be seen from Table 5 that the
maximum value of the lateral deflection is 0.34 mm, which is very
small relative to the span of the bridge. The vertical deformation of
the main arch is also very small, which implies that the increase of
the compress stress of the main arch is small. From Case 3 in
Table 6, the compress stress at the crown of the upper chord of the
upstream main arch increases 13.23 MPa, up to 14% relative to that
under the dead load, while there is almost no variation at the down-
stream one due to the fact that the live loads are added in the up-
stream side of the deck. Additionally, the tension force of MC4
grows to 84.1 N, up 5% relative to that under the dead load
(Table 7). Therefore, the cable can give a restore force to the arch
when it has a lateral deformation. These results indicate that the ca-
bles and arch can share the force under the dangerous case, and the
cable-arch bridge is of a good out-of-plane stiffness and stability.
Note that the errors between the analytical and experimental results
look large in Table 7. Actually, the relative errors are small when we
consider the magnitude of the initial tension force of cable. For exam-
ple, for SC10 in Case 2, the error between the analytical and experi-
mental increments is 106.7 N, and the initial tension force of this
cable is 4630 N. Therefore, the relative error is only 106.7/(4630−
196.7)∗100%=2.4%.

The case of half-span live loads is also one of the most dangerous
work cases for arch bridges. To estimate the resistance capability of
the cable-arch bridge against such loads, in Case 4, the half-span
live loads are applied to the cable-arch bridge in terms of the bending
moment influence line of the main arch vault. It can be observed from
Table 7 that the maximum of tension force occurs in cable SC10,
which is due to that the cable has a big inclination angle to the verti-
cal direction and the pylon has a tiny bending toward the main arch.
Although there is a bigger vertical deflection relative to that in Case 2,
the increments of stress and tension force of the measured points in
this case are relatively small (Tables 6 and 7). This is because the ca-
bles can give the vertical force to and share live loads with the arch.
Hence, the cable-arch bridge exhibits a desired capacity to resist the
half-span live loads.

In order to understand the variation of tension force of a specific
cable under live loads and inspect its capability of sharing loads with
other cables, in Case 5, the live loads are applied in terms of the nega-
tive tension force influence line of cable MC2. In this case, the live loads
make the arch exhibit antisymmetric deformation, which leads to that
the vertical deflections reach −1.62 mm and 1.13 mm at points C and
G of the main arch, respectively. And this also leads to the increase of
the tension force of the cables anchored on the eastern half of the
main arch while the ignorable changes on the western half as shown
in Table 7. The tension force of cable MC2 only falls 40.8 N, which is
less than those of cables SC1 to SC10. This is due to the fact that cables
SC1 to SC10 have a big inclination angle to the vertical direction. Addi-
tionally, the live loads also make the compress stress increase
17.85 MPa at the upper side of cross section D and decrease 8.4 MPa
at the lower side of cross section F as shown in Table 6. These results
indicate that the cables can share the force, which is what we desire
when changing a damaged cable.

Fig. 5 shows the increments of deflection, stress and tension force
at the main measured points when the cable-arch bridge is subjected
to an overload in Case 6. The overload is four times of the live loads in
Case 2, applied by stage loading according to the axial force influence
line of the cross section at the western foot of the main arch. It can be
seen that the deflection, stress and tension force increase with the
live loads increasing. The maximum value of the stress increment oc-
curs at point D. If we add the stresses of point D under the dead load
to the overload, the total stress would be 150 MPa, which is less than
the allowable stress 200 MPa. It is worth noting from Fig. 5 that the
increments of deflection, stress and tension force are the linear func-
tions of live loads. When the live loads are removed there would be
no residual increments of deflection, stress and tension force.
According to the linear theory, the new type of cable-arch bridge
may withstand seven times of the live loads in Case 2. In addition,
there are some errors between the testing and analytical results
about the tension force of the cable in Fig. 5(c), where the measured
stresses are less than the analytical results. However, these errors are
very small relative to the results under the dead load as shown in
Table 4. Therefore, the experimental and analytical results are quali-
tatively in good agreement, and the new bridge structure has high
load-carrying capacity.
5.3. Buckling analysis

The buckling analysis of bridges is one of the most important tasks
in bridge design. In cable-arch bridges, arches are the main compres-
sion members. Therefore, our study is mainly focused on the stability
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Table 9
Stability factor of the bridge with different shapes of wind bracing.

Case Stability factor Increment Mode of instability

6.26 0
6.39 2.08%
4.57 −27%

6.76 7.99%
7.65 22.20%
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of arches. There are usually two kinds of stability problems. The first
one is the eigenvalue problem, while the second is for the large
deformation of structure members. The two kinds of stability
problems are also called as linear buckling and nonlinear buckling, re-
spectively. In the following, the effect of some key parameters, such
as broad-to-span ratio, shape and tube radius of the wind bracing,
oblique angle and tube radius of the main arch, on the linear buckling
will be discussed. Then, the nonlinear buckling will be considered to
compare with the linear buckling.

In the stability analysis, only the dead load is included, and the
pre-stressed effect is considered as the initial load which is not
magnified on scale. Table 8 shows the first four order stability safety
factors and buckling mode shapes of the cable-arch bridge. The stabil-
ity safety factors are the minimum eigenvalues [17] and the buckling
mode shape is the mode of instability. Because the stability safety
factor through the cable-arch bridge is not stipulated in the present
provision, we use the codes related to the cable-stayed bridge in
this work. From Table 8, it can be seen that the lowest stability safety
factor is bigger than 5, which satisfies the requirement that the safety
factor must be bigger than 4 in JTJ027-96 [18]. There is no in-plane
buckling in the first four instable modes. The out-of-plane buckling
occurs on the lowest four bucklingmode shapes, the first and third in-
stable modal shapes being symmetric and the second and fourth ones
being antisymmetric. Thus, similar to arch bridges, the in-plane stiff-
ness is bigger than the out-of-plane stiffness in the cable-arch bridge.

The key parameters of structure members, which influence the
out-of-plane stiffness, are discussed in order to further study the
out-of-plane stiffness of the cable-arch bridge. Fig. 6 shows the effect
of broad-to-span ratio on the stability safety factor. It can be observed
Fig. 7. Effect of oblique angle of th
that the best range of broad-to-span ratio is between 0.6 and 0.9 in
which the safety factor is more than 6.5 when the other parameters
are fixed. The safety factor decreases dramatically with the ratio in-
creasing. The cause may be that the rigidity of wind bracing decreases
rapidly when the ratio increases. Hence, if we want to improve the
broad of this kind of bridge the rigidity of wind bracing should be en-
hanced in order to get the ideal mechanical behavior.

To study the effects of locations and shapes of the wind bracing on
the stability of the bridge, the linear buckling of the bridge with dif-
ferent shapes and locations of the wind bracing are also considered.
Table 9 shows the stability factors and the corresponding instable
mode shapes of the cable-arch bridge for five different cases. It is ob-
served that when the radius of the steel tube of the wind bracings is
increased by 30% while the other parameters are fixed, the stability
safety factor increases by only 2.08%. This may be due to the fact
that the radius of the steel tube of the wind bracings has a little influ-
ence on the out-of-plane stiffness of arch.

However, when the central Ж-shaped bracing is removed and the
other two K-shaped bracings nearby the vault are simultaneously re-
placed by the Ж-shaped bracings the stability factor decreases by
27%. This indicates that the Ж-shaped bracing at the crown plays an
important role in increasing the out-of-plane stiffness of the
cable-arch structure. It could also be seen that the stability factor
reaches 7.65, up 22.2% when all K-shaped bracings are changed to
Ж-shaped bracings. This means that the shape of wind bracing can
significantly increase the out-of-plane stiffness of the cable-arch
structure. Therefore, optimizing the shape and location of wind brac-
ings can further enhance the stability of a cable-arch bridge.

Fig. 7 shows the effect of the oblique angle θ of the main arch rib
on the safety factor. It is notable that the stability safety factor
grows with the oblique angle increasing when the arch rib inclines to-
ward the center of the bridge. In particular, the stability safety factor
has an increase of 13.7% when the oblique angle increases from 0° to
10.5°. It should be noted that the oblique angle cannot increase too
much because the two arch ribs may link together when the oblique
angle reaches a certain value. We have also considered the effect of
the tube diameter of the main arch, and found that when the steel
tube diameter of the main arch is increased from 34 to 40 mm
while other dimensions unchanged, the stability safety factor in-
creases by only 2.4%. The rigidity of the out-of-plane stiffness of this
e arch rib on the safety factor.
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Table 10
Effect of cable on stability safety factor.

Case Safety factor λ Buckling mode shapes

Removing 1st group 6.26

Removing 2nd group 6.25

Removing 3rd group 6.23

Removing 4th group 6.2

Removing 5th group 6.16

Removing 6th group 6.12

Removing 7th group 6.08

Removing 8th group 6.05
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bridge is hardly improved by increasing the diameter of tube of the
main arch.

Cables need to be replaced when they fail to support the deck.
Here, we consider the effect of the cable replacement on the stability.
In the model bridge considered, there are eight groups of cables
which support symmetrically the arch. The first group of cables is
next to the deck and the rest is away from the deck. Table 10 shows
the effect of every group of cables on stability safety factor. It is
shown that the stability safety factor almost has no variation when
the first group of cables is removed, and decreases by 3.4% when
the eighth group of cables is removed. However, when all cables are
removed the stability safety factor drops significantly, 28% less than
the amount gained from the initial model bridge. This means that
the cables can improve the out-of-plane stiffness of the cable-arch
bridge, and there is almost no impact when only one of the cables is
replaced.

Furthermore, we study the stability problem using the nonlinear
models introduced in Section 4.2. In the analysis, only the dead load
of the bridge is considered and the pre-stress effect is considered as
the initial load which is not magnified on scale. Table 11 gives the
stability safety factors obtained using Model-I, Model-II and Model-III,
respectively. It can be seen that the stability safety factor varies
dramatically compared with the linear buckling analysis. The stability
safety factor has a decline of 10.8% to 5.58 according to the geometry
nonlinear model, and 37.7% to 3.9 according to the material nonlinear
model. If the geometric and material nonlinear are considered simulta-
neously, the stability safety factor falls 55.4% to 2.79, which is also
greater than 1.0, the smallest value required in the division for cable-
stayed bridge when the impact of geometric and material nonlinear
is considered simultaneously. The results indicate that the model
cable-arch bridge has a good out-of-plane stiffness and stability.

6. Conclusions

In this paper, we have explored the static behavior of a model
cable-arch bridge under dead and live loads analytically and experi-
mentally, and analyzed the stability under the dead load. The experi-
mental results are in qualitatively good agreement with the simulated
ones. Some conclusions can be summarized as follows:

(1) Compared with pure arch bridges, the cable-arch bridge has a
better transverse stability and mechanical capability in
resisting eccentric loads due to the restore force of cables.
Table 11
Safety factor of linear and nonlinear stability.

Model Safety factor λ Increments

Elastic linear 6.26 –

Geometric nonlinear 5.58 −10.8%
Inelastic nonlinear 3.9 −37.7%
Dual nonlinear 2.79 −55.4%
(2) There is no significant increase of deflection, stress and tension
force of the cable-arch bridge when the half-span load is ap-
plied to it. This implies that the cable-arch structure has a
good resistance to half-span load.

(3) The maximum stress of the main arch is far less than the allow-
able stress and far less than the yield stress of steel Q345 when
overloads (four times of the live loads) are applied to the
model bridge. This demonstrates that the cable-arch bridge is
of high load-carrying capacity.

(4) Based on the linear buckling analysis of the bridge, the
cable-arch bridge has a good stability. The wind bracing has a
great influence on the out-of-plane buckling, and the
basket-handle arch can enhance the out-of-plane stiffness of
the bridge. This means that the shape of arch and wind bracing
should be paid special attention in the design and development
of cable-arch bridges.

(5) When the geometric and material nonlinear are considered,
compared with the linear buckling, the safety factor of stability
will be decreased. For the conditions considered in this work,
the safety factor of stability is 2.79, which is far greater than
1 that is the required criterion as the geometric and material
nonlinear are considered. This further demonstrates that the
cable-arch bridge is of a high in-plane stiffness and stability.

Based on the results reported in this paper, the cables have a sig-
nificant influence on the mechanical behavior of the cable-arch
bridge. The analytical and experimental work presented here has pro-
vided a good benchmark for the further development and application
of this type of cable-arch bridge.
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