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In order to study the causes of arch foot cracking, a multiscale numerical simulation method was used to establish the finite
element model of Xizha Bridge during the construction stage of the Xiaoqing River restoration project in Jinan by using Midas
Civil, and the internal forces under adverse conditions were extracted. On this basis, Abaqus was used to establish the local model
of arch foot, and the plastic damage model parameters were introduced to conduct stress analysis. The results show that the
anchorage stress of prestressed steel bundle is too high. On the one hand, the stress component produced by the bending of the
prestressed steel bundle can squeeze the concrete inside the bending angle, and on the other hand, it will stretch the concrete
outside the bending angle, resulting in concrete cracking. There is a tendency of relative displacement between arch rib and arch
foot, and the interface surface of arch foot and arch rib is pulled by the displacement of arch rib, resulting in cracking. Arch foot
inner bend produces a certain tensile stress, and if this place is not paid enough attention to, insufficient reinforcement will
produce large cracks. Finally, it is suggested that concrete cracking can be avoided by arranging enough reinforcement bars under
anchor and sealing reinforcement bars, encrypting steel mesh, arranging shear studs, and extending insertion depth.

1. Introduction

For concrete-filled steeltube tied arch bridges, cracking at
the arch foot is more common. In this paper, taking the
West Gate Bridge of the Xiaoqing River Rehabilitation
Project in Jinan City as an example, Midas is used to
analyze the completed bridge of the West Gate Bridge, and
the local stress under different working conditions is ob-
tained. The detailed modeling of the arch foot is carried out,
and the local section stress is used as the external load.
Abaqus finite element software is used to obtain the stress
cloud diagram and plastic damage of the arch foot under
different working conditions, and the causes of cracks are
analyzed, and control measures are proposed. Most current
research [1-5] shows that the structure of the arch foot joint
is complex, which is prone to stress concentration and
leads to concrete cracking. In this paper, the multiscale
numerical simulation method is used to study the cracking
cause and crack control of the arch foot.

2. Engineering Summary

Taking the Xizha Bridge of the Xiaoqing River restoration
project as the engineering background in Shandong Province,
China, the bridge is a concrete-filled steel tubular tied arch
bridge with 90 m span and 17.2 m rise. The arch axis equation
is y = 4x (L-x)/L? and the calculated rise-span ratio f/L = 1/5,
L=86m, and f=17.2m. Arch rib adopts a dumbbell-shaped
concrete filled steel tube, arch rib section height 260 mm, wall
thickness 1.8 cm; C50 self-compacting shrinkage-compen-
sating concrete is filled in steel tube, and C55 concrete is used
in tie beam and cross beam. Both tie beams and end beams
have prestressed steel beams to provide prestress, and two
groups of prestressed tendons exist at the arch foot. The layout
of the main bridge is shown in Figures 1 and 2.

3. Finite Element Analysis Model

Before the partial analysis of the arch foot, the stress con-
dition of the arch foot should be calculated, that is, the
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FIGURE 1: Cross-sectional diagrams of the analyzed bridge.
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FIGURE 2: Overall view of the analyzed bridge (half arch).

internal force condition of the whole bridge at the truncation
of the arch foot model [6]. Therefore, the finite element
analysis of the whole bridge modeling was firstly carried out
to obtain the stress state of the whole bridge under various
working conditions, and then it was used as the external load
input of the local modeling of the arch foot [7].

3.1. Finite Element Modeling of the Full Bridge. Finite ele-
ment software Midas/Civil is used to establish the me-
chanical finite element model of Xizha Bridge in the
construction stage. The suspender is simulated by the truss
element (30 in total), and the beam element is used to
simulate the beam part (887 in total). The arch rib section
is constructed by the joint section. The spatial finite ele-
ment model of Xizha Bridge is shown in the diagram.

According to the actual construction process arrangement,
a total of 18 construction stages are divided, and the
specific division results are listed in Table 1. The Midas
bridge model is shown in Figure 3.

3.2. Establishment of the Local Model of the Arch Foot

3.2.1. Model Assumptions

(1) The length of tie beam is 9000 mm, the length of end
beam is 1850 mm, and the arch rib is extended by
800 mm from the arch foot surface.

(2) The influence of initial material defects and residual
stresses on the overall force of the structure is not
considered.
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TasLE 1: Construction stage.

Working condition number

Construction stage

Construction days

1 Cast-in-place tie beam, cross beam, and arch foot 40
2 Partial prestress of first tension tie beam and cross beam 10
3 Installation of arch rib steel pipe and wind bracing 20
4 Concrete-filled steel tube under arch rib forms composites 7
5 Concrete-filled steel tube on arch rib forms a composite section 7
6 Arch rib participates in force 7
7 Installation of booms 10
8 First tension suspender 1, 4#, 7* 1
9 First tension suspender 2#, 5#, 8* 1
10 First tension suspender 3%, 6" 1
11 Residual prestress of tension beam 1
12 Installation of road slab and pouring of wet joints 30
13 Prestressed residual tension beam 1
14 Bridge deck pavement and ancillary structures 30
15 Second tension suspender v, 4% 7* 1
16 Second tension suspender 27, 5%, 8* 1
17 Second tension suspender 3%, 6" 1
18 Bridge 10

FIGUure 3: Midas civil bridge model.

(3) According to the Saint-Venant principle, the stress
distribution at the section does not affect the distant
stress distribution.

(4) Assuming that the reinforcement is always in the
linear elastic stage, there is no plastic deformation.

(5) Creep of concrete is not considered.

3.2.2. Definition of the Model Material. The concrete grade is
C55, the arch rib steel pipe is Q355, the steel bar adopts
HRB400, the prestressed steel bundle adopts the low-re-
laxation steel strand conforming to the national standard of
GB/T5224, f,=1860 MPa, and the net protective layer is
3.5cm. After calculation [8, 9], the parameters of C55
concrete plastic damage model are input into Abaqus.

(1) Simulation of concrete. In order to obtain the accurate
results as far as possible, the structural mesh division
technology is used in Abaqus by reasonable partition. The
majority of concrete structures are C3D8R eight-node
hexahedral elements, and the partial C3D6 wedge element
and C3D10 tetrahedron element are used in local areas.

When defining material properties, in order to truly
simulate the stress of concrete, it is necessary to determine
the constitutive relation of concrete. The determination of
uniaxial stress and strain relation of concrete is derived
from the relevant formula in the concrete structure design
code.

The stress-strain formula of uniaxial concrete in the code
for design of concrete structures is as follows: the stress-
strain formula of concrete under uniaxial tension:

0= (1-d,)Eze,
di=1-p,[1.2-02x"],x<1,

b1 Py, 1)

a, (x - DY+ x

3 _ ft,r

= Py = .
st,x Ecet,y

The stress-strain formula of concrete under uniaxial
compression:
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where f,. is the representative value of uniaxial tensile
strength of concrete, MPa; d, is damage evolution param-
eters of uniaxial concrete under tension; «, is the parameters
of descending section of uniaxial concrete under tensile
state; &, , is the peak tensile strain of uniaxial concrete tensile
strength; f, is the representative value of uniaxial com-
pressive strength of concrete, MPa; ¢, is the peak com-
pressive strain of uniaxial concrete compressive strength; o,
is the parameters of descending section of uniaxial concrete
under compression; d, is the damage evolution parameters
of uniaxial concrete under compression.

(2) Simulation of steel bars and steel pipes. Assuming that
there is no plastic deformation between the steel bar and the
steel tube, the steel bar element adopts the T3D2 three-
dimensional two-node truss element, and the arch-ribbed
steel tube element adopts the default S4R four-node surface
shell element.

(3) Simulation of prestressed steel bundles. In order to apply
prestress to the prestressed steel bundles by the cooling
method, an expansion coefficient needs to be set, which is set
to 1.2e — 5. The prestressed steel bundles use the same T3D2
three-dimensional two-node truss element as the steel mesh.

3.2.3. Model Grid Division. In order to obtain more accurate
second-order accuracy, the concrete adopts the hexahedral-
based meshing method. An arch rib steel pipe is modeled in
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the form of a shell, using the S4R element type. The T3D2
three-dimensional two-node truss element is used in steel
bar and prestressed steel beam. The mesh division of the
model is shown in Figure 4.

3.2.4. Interaction of the Arch Foot Model. The arch foot
casting method is integrated casting, with the built-in
area that can well simulate the relationship between the
steel mesh and prestressed steel bundle and concrete, and
there is no need to consider the anchorage situation
alone. The reinforcement net and prestressed steel bundle
are set as two embedded areas, respectively, and the
concrete component is set as the main area, and the
interaction relationship is defined through the function
of the built-in area. The arch rib steel pipe, arch rib
concrete, and arch foot concrete are bound together by
binding constraints.

3.2.5. Boundary Condition. The truncated surface of the tie
beam limits the longitudinal displacement and the angle of
the transverse and vertical bridge, the truncated surface of
the end beam limits the transverse displacement and the
angle of the longitudinal and vertical bridge, the bottom of
the arch foot limits the vertical displacement and the angle of
the longitudinal and horizontal bridge, and the force at the
end beam and the tie beam is replaced by the support re-
action force.

3.2.6. Loading Case

(1) The internal force of each construction stage in the
Midas Civil model is analyzed, and it is found that
the internal force changes obviously under three
working conditions. Therefore, the overall modeling
analysis results of Midas Civil are extracted and
imported into the local finite element model to
analyze the three most unfavorable working condi-
tions, as shown in Table 2.

(2) Temperature field

In this paper, the temperature drop method is used to
simulate the prestress of the prestressed steel beam. Be-
cause the temperature of the prestressed steel beam ele-
ment decreases, the temperature stress is produced, and
the stress of the prestressed steel beam is simulated. The
cooling amplitude is calculated by using the following
formula:

acon = stEt’ (3)
& = alAt,

where o, is the tensile stress controlled by the steel bundle,
which is 1395 MPa; ¢, is the strain of steel beam; E, is the
elastic modulus of the steel bundle, 195000; g, is the linear
expansion coefficient of the steel bundle, 1.2e —5; At is the
cooling range, which is —596.15°C.
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TaBLE 2: Loads under various working conditions.

Working condition number Phase Axial force (kN) Bending moment (kN-m)
10 First tension suspender 3, 6* -11094.2 -2112.1
12 Installation of road slab and pouring of wet joints -10387.4 -2157.9
17 Second tension suspender 3%, 6" -22836.8 -838.1

4. Analysis of Finite Element Model Results

The calculation model is obtained by simplifying the model,
partitioning the three-dimensional components and rea-
sonable meshing. In this section, the stress analysis of steel
and concrete is carried out, and the main tensile stress and
main compressive stress nephogram are observed [10-12].
The region with the maximum stress under three working
conditions is found, and the general stress distribution law is
summarized. By observing the DAMAGEC field distribution
diagram and DAMAGET field distribution diagram of
concrete members, the regions with compressive plastic
deformation and tensile plastic deformation are found out,
and the targeted treatment measures for cracks in this region
are put forward.

4.1. Analysis of Working Condition 10 Results

4.1.1. Analysis of Main Tensile Stress Nephogram of Arch Foot
Concrete. In order to facilitate the observation of the stress
cloud diagram of the key parts, the larger principal
compressive stress and the principal compressive stress
caused by the prestressed anchorage are hidden in the
analysis, and the elements with excessive stress caused by
the anchorage are removed. As shown in Figure 5, it can be
found that in working condition 10, the maximum prin-
cipal tensile stress occurs in three places: the first is the
central position of the lower part of the arch foot, the
second is the interface between the arch rib insertion arch
foot and the arch foot concrete, and the third is the upper
edge of the arch foot.

For the large main tensile stress in the second place,
referring to the engineering drawings, it is found that, as
shown in Figure 6, the prestressed steel bundle in the lower
part has a large vertical bending, and this vertical bending
causes a part of the prestressed component to form a vertical
bending. The resultant force below pulls the concrete, so the
arch foot is easy to form a large main tensile stress in the
place where the prestressed steel bundle is bent, resulting in
possible cracks.

For the second place, the great principal tensile stress is
due to the huge axial force of the arch rib, which leads to the
relative inward sliding trend of the concrete on the surface,
and then produces a huge tensile stress to maintain the
deformation coordination, which is an important reason for
the concrete crack on the interface surface of the arch rib and
concrete.

4.1.2. Cloud Analysis of Main Compressive Stress of Arch Foot
Concrete. It is found that there is a larger principal com-
pressive stress in the blue-green region shown in Figure 7,

which is similar to the larger principal tensile stress in the
second place in this section. The reason for the larger
principal compressive stress of concrete in this area is the
same as that of the larger principal tensile stress of some
concrete in the previous section, which is caused by the
bending of prestressed steel beams.

4.1.3. Output Analysis of Plastic Damage of Arch Foot
Concrete. It can be seen from Figure 8 that the compressive
plastic damage of concrete mainly occurs at the anchorage of
prestressed steel beam.

From Figure 9, it can be seen that the tensile plastic
damage of concrete occurs in the place where the main
tensile stress mentioned previously is larger.

The previous results show that although the main
compressive stress and main tensile stress are relatively large
in concrete, the plastic damage is mainly tensile plastic
damage, and the possibility of cracks in arch foot caused by
tensile cracking is much greater than that caused by
crushing.

4.2. Analysis of Working Condition 12 Results. Figures 10 and
11 show the cloud diagram of principal tensile stress and
compressive stress at the twelve arch feet without anchorage.
By observing the calculation results of condition 12, it is
found that the cloud images of each stress are similar to
those of condition 10, which is because the load of condition
12 is similar to that of condition 18, and the relative prestress
is relatively small. At the interface between the arch rib and
the arch foot, the tensile stress of condition 12 is greater than
that of condition 10, which indicates that the maximum
principal tensile stress is positively correlated with the axial
force of the arch rib.

4.3. Analysis of Working Condition 17 Results

4.3.1. Analysis of Main Tensile Stress Nephogram of Arch Foot
Concrete. Figure 12 shows the cloud diagram of main
tensile stress at the anchorage point of arch foot in working
condition 17. In working condition 17, the main tensile
stress at the upper edge of the inner bending of the arch foot
does not increase with the increase of the arch rib axial
force, but it becomes smaller than that in working con-
dition 10 and working condition 12, indicating that the
main tensile stress here is not determined by the arch rib
axial force. By comparing the bending moments of arch ribs
under three working conditions, it is found that the
bending moment of working condition 12 is the largest, and
that of working condition 10 and that of working condition
17 are the smallest. The order of principal tensile stress here
is also consistent with this. Therefore, it is not difficult to
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FiGure 5: Cloud chart of the principal tensile stress of the arch foot without anchorage of condition 10.
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FIGURE 6: Bending diagram of prestressed steel wires at arch foot.

find that the main tensile stress here comes from the
bending moment brought by the arch rib, which leads to
the tensile side here.

4.3.2. Cloud Analysis of Main Compressive Stress of Arch Foot
Concrete. Figure 13 shows the cloud diagram of the main
compressive stress at the arch foot without anchorage in
working condition 17. The maximum principal compressive

stress of working condition 17 is smaller than that of
working condition 10 and working condition 12, which is
due to the greater axial force of arch rib that brings greater
horizontal force and reduces the compressive stress of
concrete in tie beam direction caused by prestress. But at the
same time, the prestressed steel beam has to bear greater
stress, which brings greater tensile and compressive stress to
the anchorage end concrete.
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DAMAGEC

(Avg: 75%) Z
+9.869e-01
+9.047¢-01
+8.224e-01 Y
+7.402e-01
+6.579e-01
+5.757e-01
+4.935e-01
+4.112e-01
+3.290e-01
+2.467e-01
+1.645e-01
+8.224e-02
+0.000e-00

y4
ODB: BC3GK1l.odb Abaqus/Standard 202 36:36 GMT+08:00 2022
Y X i Step-2
Increment 0: Step Time = 0.000
F78: DAMAGEC

FiGure 8: Cloud chart of concrete compression plastic damage of condition 10.

4.3.3. Output Analysis of Plastic Damage of Arch Foot 5. Causes and Countermeasures
Concrete. Figures 14 and 15 show the plastic damage cloud

of concrete. The plastic damage position of condition 17 5.1. Causes of Cracks

has no change compared with condition 10 and condition
12, but it has a certain development in the anchorage end
of prestressed steel beam, which confirms the analysis of
3.4.2.

(1) The anchorage end stress of the prestressed steel bundle
is too large. If the measures such as anchor rein-
forcement and anchor reinforcement are not in place
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FiGure 10: Cloud chart of the principal tensile stress of the arch foot without anchorage of condition 12.

enough, the huge stress of the prestressed steel bundle at on the other hand, it will stretch the concrete outside
the end will be borne by the concrete. Whether under the bending angle, resulting in concrete cracking.

tension or compression, it is far beyond the ultimate
bearing capacity of the concrete, which is the most
significant factor of concrete cracking at the arch foot.

(3) The relative displacement trend of arch rib and arch
foot. The large axial force of the arch rib leads to the
trend of more in-depth arch foot displacement. The

(2) The bending of prestressed steel beam. Since the interface between the arch foot and the arch rib is
tensile stress of the prestressed steel beam is very large, pulled by the displacement of the arch rib, which
only a small angle is needed to show a huge stress leads to cracking.

component. On the one hand, this stress component

(4) Tension caused by the arch rib bending moment.
can squeeze the concrete inside the bending angle, and

Although the arch rib bending moment of tied arch
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bridge is very small, certain tensile stress can still be
generated at the internal bending of arch foot, and it
has slightly exceeded the tensile limit of C55 concrete. If
we do not pay enough attention to this place and lack of
reinforcement, it is possible to produce large cracks.

concentrated on a small area of concrete. Adequate
anchor reinforcement and sealing reinforcement are
arranged to improve the overall stiffness of rein-
forced concrete here to ensure that it does not cause
excessive deformation due to prestressed steel
bundles.

2. ter: 7 .
5.2, Countermeasures (2) Prestressed steel beam in the weak parts as smooth as

possible. Avoid tearing concrete due to the large
stress component of prestressed steel beam bending.
If the bending angle is as small as possible and the

(1) Take enough anchorage measures at the anchorage
end of the prestressed steel beam. Avoid the pre-
stressed steel beam end of the traction force
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FIGURE 13: Cloud chart of the principal compressive stress of arch foot without anchorage of condition 17.
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FIGURe 14: Cloud chart of concrete compression plastic damage of condition 17.

curve is as smooth as possible due to the change of
section, the stress component is not concentrated on
a small piece of concrete. In the bending place, at-
tention should be paid to the arrangement of
encrypted steel mesh to improve the overall stiffness
of reinforced concrete.

(3) Pay attention to the section tension zone caused by the

arch rib bending moment. The bending moment of

arch rib is small and easy to be ignored, but the
maximum principal tensile stress in the tensile zone
generated by the bending moment of the arch rib has
exceeded the ultimate tensile strength of C55 con-
crete, and it has cracked according to the first strength
theory. In places where tension may be caused by the
bending moment, reinforcement should also be rea-
sonably arranged to avoid cracking.
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Figure 15: Cloud chart of concrete tensile plastic damage of condition 17.

6. Conclusion

Combined with Midas Civil and Abaqus software, through
multiscale numerical simulation analysis, according to the
stress cloud diagram, the local stress of the arch foot caused
by prestress and external load is shown. The causes of arch
foot cracking of concrete filled steel tube arch bridge are
studied, including

(1) Prestressed steel anchor end stress is too large which
will lead to concrete at the end of the bear huge stress

(2) The stress component caused by the bending of the
prestressed steel strand makes the concrete to be
stretched and squeezed, resulting in concrete
cracking

(3) The junction of the arch foot and arch rib is cracked
due to the relative displacement trend

(4) There is a certain tensile stress at the inner bending of
the arch foot, which will produce large cracks

On this basis, in the design and construction, we
should pay attention to (1) arranging enough anchor
reinforcement and anchor reinforcement; (2) adjusting
the prestressed steel bending angle; (3) arranging steel
bars to avoid tensile stress caused by the bending mo-
ment of the arch rib.
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