Damage research of steel tube concrete arch bridges
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ABSTRACT: The damage detection results of two steel tube concrete arch bridges, named as Luoguo bridge
and Shawan bridge in western China, is given in this paper. The factors induced the damage in the structural
members, including stripe, tie rod, arch rib and other concrete structure of the two steel tube concrete arch
bridges are analyzed. The analysis results show that stress corrosion, fatigue as well as the coupling effect in
the high tensile steel wires are the main sources that affect the bridge safety. Meantime the bridges with better
construction can effectively avoid the concrete separation phenomenon in arch ribs.

1 INTRODUCTION

Arch bridge is a traditional bridge widely used in
western China with the advantaged of low cost,
pretty posture as well as the easy getting of the
construction materials in local area. For the common
arch bridge, the spanning capability is always
limited, which make themselves difficult to be built
across the rivers with large width. At present, this
problem has been solved in some extent with the
appearance of the steel tube concrete arch bridge and
the invention of the no-supporting frame
construction method. Several steel tube concrete
arch bridges have been built across the large rivers
(such as Jinsha river and Dadu river).

There are various structural forms for steel tube
concrete arch bridge, the main kinds of which are
the upper, middle and through supporting arch
bridges, distinguishing with the location of the
bridge deck relative to the arch rib. Middle or
through supporting steel tube concrete arch bridges
is the most widely used large-span arch bridges in
Sichuan district because of the high height as well as
the special demand of the foundation. According to
the statistic data from the Sichuan transportation
administration bureau, there are over 70 middle and
through supporting steel tube concrete arch bridges
in China with 30 of them being located in Sichuan
district.

In this paper the damage detection results of some
in-service steel tube concrete arch bridges in
Sichuan district are analyzed at first. Then based on
the detection data, the damage causes of the
members in steel tube concrete arch bridge are
summarized with consulting the corresponding

damage data of the arch bridge from domestic and
the foreign country,.
2 BRIDGE DAMAGE SURVEY

2.1 Luoguo bridge

Luoguo bridge, lied in Panzhihua city of Sichuan
province across the Jinsha river, has served 9 years
from June 1995 to 2002. The bridge is a middle
supporting steel tube concrete arch bridge with stiff
steel-concrete composite box rib. The total length of
the bridge is 208 m with the main span of 160 m.
After a routine check in 2002, cracks in cross beams
were found and noises were heard from some stripes
when the vehicles were going through. Therefore, an
overall survey was conducted afterwards. The photo
of the bridge is shown in Figure 1.

The survey results show that some stripes
protection layers are broken, and the inner steel
wires of the stripes are found interweaving with each
other and deviating from the stripe centers.
Meantime, the ratios of the broken steel wires
caused by the coupling effects of the fatigue and
corrosion are severe with the maximum up to 56%.
Many cavities are also existed in the protection
mortar of the steel strands, which make it easy for
the rainy water going into to erode the steel strands.
Many cracks and defects are found on the surface of
the box rib and cross beam concrete. Some photos of
damage in the stripes and the arch ribs of the
Luoguo bridge are shown in Figure 2 & 3.

2.2 Shawan bridge

Shawan bridge is a through supporting steel tube
concrete tied arch bridge lied in Leshan city of Sich-



Figure 3. Damage in arch rib of the Luoguo bridge

an province across the Dadu river has only served 4
years from July 1999 to May 2002. The total length
of the bridge is 366 m with the main span of the
bridge of 150 m. During a maintenance survey in
May 2002, the PE tube protection casings broken
were found, and then a detailed survey to this bridge
was done immediately.

The following survey shows that most of the PE
tube have aged and deformed. The accumulated
water due to the broken protection casings make the
steel strands eroding, and the average broken ratio of
which is 5% with the maximum up to 34.88%.
Meantime the mortar for protecting the steel stands
is not filled evenly during construction. The water
flowing into the lower anchorage along the steel
strands due to the above reason accelerates the
corrosion of this member. The protection layers of
most of the tie rods are also damaged severely,
which make the steel strands further corrode. The
concrete separation phenomenon is also existed in
the steel tube of the arch rib in some extent. The
photo of some damage in the stripes, the anchorages
and the tie rods are shown in Figure 4-5.

Figure 4. Damage in some stripes and anchorage of the
Shawan brige

Figure 5. Damage in tie rods and arch rib of the Shawan bridge

3 DAMAGE ANALYSIS
3.1 The stripes

Stripe is an important member in steel tube concrete
arch bridge, whose damage usually lead to grave
results. The corrosion in the high tensile steel wire is
a grave damage that can induce the steel wire to be
broken, especially for the pre-stress steel strands on
the tensile stress state with stress corrosion and
fatigue. the stripe is to arrive at a failure state
quickly, although its stress strength is lower than the
ultimate one.

3.1.1 The corrosion of steel materials

The ordinary steel corrosion phenomenon is the
electrochemical corrosion that can lead to the local
or the whole corrosion on the surface of the steel
wires. The corrosion of the steel may lead to the
dehiscence of the concrete along the steel direction
and the flaking of the concrete protecting film. The
main influencing factors are (1) The alkali
components of the concrete generate the oxide film
on the steel surface that can be broken by the halide
ions, the sulfate radical ions, the sulfur ions and so
on; (2) The oxygen can promote the cathode reaction
and control the corrosion rate in steel wires; (3) The
air moisture can make the steel wires take place the
electrochemical corrosion; (4) The carbon dioxide
can continuously diminish the concrete alkalinity;
(5) The uneven battery effect can easily induce the
steel wires corrosion; (6) When the direct electric
current is going through the concrete, the current
leaked will lead to the grave corrosion in steel wires;
(7) The concrete compactness can effectively
prevent the corrosive media from invading; (8) The
steel materials have the tendency to restore their



original oxide state, which is the reason why the
steel wires can be eroded. Meanwhile, the
electrochemical in-homogeneity may promote the
electrochemical corrosion in steel wires (Xun & Jin
2003).

3.1.2 The fatigue damage

Although the working stress of stripe is below the
elastic limiting, the stripes may be abruptly broken
under dynamic loads. The possibility of the
invalidation depends on the strength and cycle level
of the dynamic loads. In the process of the fatigue
damage of the stripes, large shear displacements will
take place in the areas of stress concentration or the
defection. The material can be hardened owning to
the plasticity expansion. Some fissures can be seen
on the surface of steel strands, from which the
fatigue extended area is formed. The fatigue can
make the stripe broken in some extents, and the sur-
face of the breaking part is to be smooth.

The fatigue damage in the steel strands is mainly
caused by the fretting fatigue among the steel wires,
including the axial stress, frictional stress, lateral
pressure and relative slipping. When both objects are
fastened by the lateral force, even if the force is
little, there will have large local contact compression
stress between the rough inner faces. The contact
surface will have 0.1 to 300 um relative
displacements. Meantime, the oxide film on the steel
surface will be rubbed out quickly and it is easy for
both rough faces to be merged again. These contact
points merged will be broken and formed together
again quickly during the relative slipping between
the contact surfaces. In the fatigue damage process,
the fissure development speed may chiefly be
decided by the amplitude alternation of the axial
strdss. alternate stress state, the defect or stress
concentration points in the steel strands may be on
three-dimension tension stress state, around which
the brittle fracture is easy to be happened abruptly.
The stopping and restarting forces from the vehicles
are the alternate loads, which can lead to the
vibrations in stripes around them, making the
direction and dimension of the vibration forces
changed continuously. On the other hand, the first
natural frequency of most stripes is about 5 Hz,
which is equivalent to 4-6 grades for the wind load
that may often applied in most bridges. Therefore
the altering wind load may promote the fatigue
response in stripes. The last one is the temperature
alteration, which can make the stripes vibrate along
the longitudinal direction of the bridges. The effects
of the temperature alteration may lead to the fatigue
damage on both ends of the stripes, especially for
the short ones (Ma 2000).

3.1.3 The stress corrosion
When the cleavage brittleness or across cleavage
brittleness phenomena appear on the surface of the

steel strands, the stress corrosion may take place.
The difference of stress corrosion compared to the
ordinary corrosion is the coupling effect with the
fatigue. Their coupling effect will aggravate the
corrosion of the stripes. On account of the
electrochemical corrosion, there are different sorts
of corrosive holes on the surface of the steel strands.

The main results of the corrosion in strips are the
contraction of the cross-section area and the
appearance of hydrogen brittleness phenomenon, the
former may greatly diminish the actual forced area
of the stripes; The mechanics of the latter is that
hydrogen atoms from water molecules may combine
with each other in the steel voids to become the
hydrogen gas whose pressure is a large internal
tension stress among the iron atoms.

The factors led to the corrosion of the stripes are:
(1) It is easy for the steel strands that have not the
anticorrosive coating to be corroded; (2) The bad
environmental factors can cause corrosion in stripes;
(3) There are not enough maintenance measures to
the forced stripes; (4) The vehicles being sharply
increased may aggravate the fatigue damage and
corrosion rate in stripes; (5) On the early time of the
bridge building, there are limitations in design
theory and computation methods as well as the
construction techniques, all these factors may make
it easy for the stripes to be corroded; (6) There are
some fissures or defect points in the PE casting of
the stripes, which may make the water penetrate into
the stripes easily and lead to the steel wires
corrosion; (7) The upper anchorage protection
concrete or the steel box have some fissures and
defect points, through which the rainy water may go
into the stripes easily, so corrosion in middle wires
is heavier than that in outside wires; (8) The
dynamic effects make the mortar inside stripe harden
partially, the residual water cannot be given off from
the steel tube, which can aggregate the corrosion in
the steel strands of stripe(Huang & Zhang 1996).

3.2 The archrib

The concrete separation phenomenon is the main
factor that causes to the damage of the arch rib,
which therefore increases the local buckling
possibility of the steel tube. If the construction
quality of the arch rib is seriously dealt with, this
phenomenon may be avoided. The main causes of
the concrete separation are shown below: (1) The
concrete separation area is to be increased with the
increments of the concrete shrinkage and creep, in
the process of concrete settlement shrinkage. The
coarse aggregate and the bleeding phenomenon may
greatly promote the concrete separation; (2) The
large concrete slump can lead to large area concrete
separation and segregation, which may be
aggravated after the loads are imposed on; (3) When
the high pressure concrete is being poured into the



steel tube, if the ill air-out condition is worse and the
setting for the inlet and outlet openings are
unreasonable, the concrete laitance layer will not be
given out totally, which can lead to the concrete
separation phenomenon; (4) If the concrete
expansion ratio controlled with the expansion agent
content can not keep pace with the concrete
shrinkage mass, the concrete separation must take
place owning to the concrete shrinkage increment;
(5) The heat effect is imposed on the steel tube
concrete structure that is not protected with the
effective measures, which can induce the concrete
going away from the steel tube; (6) The absorbing
and elimination heat rates for the steel tube and the
concrete are obviously different. Therefore, due to
the temperature alteration influence, the steel tube
may impose a ring compression force on the
concrete (Yan 2001).

3.3 Thetie rod

The tie rod is often used in through supporting tied
arch bridge, sustaining the horizontal thrusts from
arch rib cushion cap. There may be four protection
layers outside the steel strands, named as the epoxy
resin layer, the grease layer, the PE layer and the PE
casing. In Shawan Bridge, the tie rods have to be
replaced only for 4 years. The main causes of the tie
rod damage are: (1) There are problems in structure
constitution, anchorage type, anchoring way and
others in tie rods, which may change their force
state; (2) The tie rods are near to the water face that
is suitable for the water vapor eroding the steel
strands; (3) The inactivation or uneven grease can
diminish the protection function for the steel strands;
(4) The uneven force state in tie rod may lead to the
steel strands going into the ultimate strength stage
earlier, coupled with the fatigue effect induced by
the alternate loads, the steel strands must be
damaged quickly; (5) The length of the tie rod is
much longer than that of the stripe, so the dynamic
effect and the temperature alteration may take larger
effects on the tie rods, promoting their damage; (6)
The tie rod is set below the bridge deck which may
be difficult for overall check, whose damage
situations will not be found out timely.

3.4 The cross beams and other concrete structure

All sorts of fissures widely exist in the concrete
structure, including the cross beam, the bridge deck,
the abutment, the pier and other concrete members.
The fissures in concrete structure can reduce the
plasticity and rigidity of the concrete on the effect of
the external force and the deformation. The main
causes of concrete fissure are: (1) The forced steel
bars in the cow leg of the cross beam are usually set
according to the experience, which may lead to the
concrete fissures; (2) The construction tools and the

materials are put on the bridge deck without
limiting, which can induce the concrete fissures; (3)
The fatigue response is not calculated accurately,
which make the fatigue failure take place earlier; (4)
The gale, the heavy snow, the earthquake and the
explosion can lead to the concrete fissures in the
steel-concrete structure; (5) The ill maintenance
measures for the concrete being poured may lead to
the sharp volume contraction; (6) If the coarse
aggregates of the concrete are hindered by the steel
bars, the inserted pieces, the templates and the early
harden concrete, the settlement shrinkage fissures
may take place; (7) The iron ions in the steel bars
take place corrosion reaction with oxygen and water
inside the concrete, which lead to the dehiscence and
the striping of the concrete; (8) Due to the
intervention of the chloride, the steel oxide film is
broken, which lead to the steel corrosion and the
dehiscence of the concrete.

4 DAMAGE EVALUATION
4.1 Safety evaluation contents

The so-called steel tube concrete arch bridge safety
evaluation is to evaluate its reliability, including its
safety, applicability and durability. In this study,
their evaluations are done according to the analytic
hierarchy process and the expert evaluation
experiences are simultaneously considered.

In concrete application, the safety evaluations to
steel tube concrete arch bridge are composed of the
bearing capacity evaluation, the structure damage
evaluation and the defect status evaluation. During
the Dbearing capacity evaluation, the bending
moments, the shear forces, the flexibility values, the
fissure width and so on in bridge members must
coincide with the corresponding rules in bridge
design code. On the other hand, the structure
damage is usually divided into the material damage
and the structure forced damage, the damage forms
of the former are the fatigue damage and the steel
corrosion, meantime that of the latter is the cracks in
bridge members. At last, the defect status
evaluations are the evaluation of the grave extent for
the damages or defects in members of steel tube
concrete arch bridge. In this paper the safety
evaluation to bridge mainly consult with the actual
check results.

4.2 Evaluation index system

Due to the diversity damage factors in bridge
members and the complex structure features in steel
tube concrete arch bridge, most of evaluation
indexes can only partly reflect the actual bridge
safety status, the overall bridge safety evaluation is
required with many indexes in various levels.



Therefore, according to the maintenance
technique code for the highway in our country, the
steel tube concrete arch bridge system is divided into
four subsystems, including the bridge deck system,
the upper structure system, the lower structure
system and the accessory structure system firstly. At
second stage, the bridge deck subsystem is divided
into four parts, including the bridge deck layer, the
expansion joint, the drainage facilities and the
concrete slab or beam; the upper structure subsystem
is divided into three parts, including the arch rib, the
stripe and the cross-contact member; the lower
structure subsystem is divided into four parts,
including the pier, the abutment, the foundation and
the support; the accessory structure subsystem is
divided into several parts, including the slope, the
wing wall, the drain ditch, the railing and other
facilities. For the above second subsystems, several
different damage descriptions have been defined
(due to the limited article pages, those guidelines
cannot be written). Contrasted to those damage
guidelines, every damage descriptions of the bridge
check results can be evaluated, multiplied with their
own weights and added together, every second
subsystem damage values can be got. The others can
be deduced by analogy, the final BCI value (BCI is
the bridge status indicator, with which the bridge
structure state can be described) can be evaluated.
For the Luoguo bridge, the final BCI value can
coincide with the check conclusions, replacing all
the stripes and bridge deck plates with new ones.

5 DAMAGE DATABASE

The above damage survey results and analysis
conclusions as well as the bridge safety evaluation
contents are much useful to bridge manage
department. So, damage database should be set up to
store damage data or information. In this paper the
damage database of steel tube concrete arch bridge
is composed of damage knowledge database,
damage evaluation database and survey data
database, as shown in Figure 8.

Figure 8. Three sub-databases of the damage database.

The damage knowledge sub-database is mainly
composed of the damage forms and their damage
causes in every bridge members; similarly, the
damage evaluation sub-database is mainly composed

of the damage evaluation values on every damage
descriptions and the final BCI grade values; the
check data sub-database mainly consists of the
bridge check data and all sorts of parameters on the
design and the construction. In the application
process of the damage database, the damage data
concerned can be called and used among the three
sub-databases. That is to say, the check data can be
called into the damage evaluation database where
the data can be computed through the computation
platform, and then the evaluation results can be
stored into the damage knowledge database.

6 CONCLUSIONS

The stress corrosion and the fatigue response of high
tensile steel wires as well as the coupling effect of
them are the grave threatens to the steel tube
concrete arch bridge safety, which may greatly
diminish the cross-section area and the ultimate
strength of the steel strands in stripes or tie rods.
Meantime with serious attitude and detailed
construction method, concrete separation
phenomenon can be avoided in large extent. After
the damage check, the damage should be evaluated
in order to ensure the bridge safety status and the
damage database is used to store these data.
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