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Abstract. The pier is a critical component of bridge structures, and its load-
bearing capacity directly impacts the safe operation of the bridge. However,
during its service life, piers are susceptible to various structural defects that de-
grade their load-bearing capacity. To systematically investigate the influence of
these defects on pier performance, this study employs Abaqus finite element
analysis (FEA) to focus on the safety and durability issues arising from pier
damage. To effectively evaluate the residual bearing capacity of bridges, a nu-
merical simulation method is adopted to establish assessment models for piers
with varying spalling locations and areas. Predicted values of residual vertical
load-bearing capacity under different damage levels are calculated. The results
indicate that spalling area significantly affects pile foundation capacity, high-
lighting the necessity for timely pier inspection. The residual bearing capacity
evaluation method, based on pier spalling location and area, provides a reliable
approach to assess pile foundation capacity and offers robust support for bridge
safety management and maintenance decision-making.
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1 Introduction

In recent years, numerical simulation of the load-bearing capacity of bridge substruc-
tures has emerged as a prominent research focus, spanning topics from concrete dura-
bility to structural responses under complex loading conditions. Zhou et
al.'investigated corrosion issues in underwater bridge structures, employing numerical
simulations to analyze the impact of corrosion on concrete bridge bearing capacity
and proposing an improved finite element model (FEM) that enhances prediction
accuracy. For evaluating the load-bearing capacity of symmetric cantilever bridge
nodes, Cao et al. 2 utilized numerical methods to validate structural mechanical be-
havior under diverse loads and developed an efficient evaluation framework.
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Furthermore, Song et al. * conducted load-bearing capacity simulations for extrud-
ed cable-stayed bridges, demonstrating that advanced numerical approaches signifi-
cantly improve the prediction accuracy of ultimate loads in complex bridge systems.
Chen et al. * combined experimental testing with numerical simulations to study the
dynamic effects of ship collisions on underwater circular concrete piers, offering re-
fined design recommendations for impact resistance.

Chi et al. ° focused on underwater bridge decks, using numerical simulations to in-
vestigate the influence of turbulent flow on deck load-bearing capacity. Their find-
ings, validated through ANSYS FLUENT-based drag coefficient analysis, provide
critical optimization insights for bridge design.This template, modified in MS Word
2003 and saved as “Word 97-2003 & 6.0/95 — RTF” for the PC, provides authors with
most of the formatting specifications needed for preparing electronic versions of their
papers. All standard paper components have been specified for three reasons: (1) ease
of use when formatting individual papers, (2) automatic compliance to electronic
requirements that facilitate the concurrent or later production of electronic products,
and (3) conformity of style throughout a conference proceedings. Margins, column
widths, line spacing, and type styles are built-in; examples of the type styles are pro-
vided throughout this document and are identified in italic type, within parentheses,
following the example. Some components, such as multi-leveled equations, graphics,
and tables are not prescribed, although the various table text styles are provided. The
formatter will need to create these components, incorporating the applicable criteria
that follow.

Futian Zhao et al.®performed the static direct tensile test and dynamic spalling test
by using the Hopkinson pressure bar (HPB), and revealed the dynamic response char-
acteristics of SFRC in the high-speed strain rate range. Xiao fei Zhang et al.” explored
the influence of the number of textile layers, mesh size, surface treatment method and
protective layer thickness on the bending and peeling behavior of TRC plate speci-
mens through a four-point bending test. Liu et al.® compared the concrete with quartz
gravel and basalt grains, and confirmed that the aggregate type has an important im-
pact on the spalling behavior. Specifically, basalt grains are more likely to induce
local stress concentrations at the same heating rate due to their higher thermal expan-
sion coefficients, and ultimately manifest themselves as deeper spalling depths.D.
Hernéndez-Figueirido et al.” found that the appropriate amount of polypropylene fi-
bers (PPFs) can effectively alleviate this phenomenon in view of the problem that
concrete is prone to burst spalling under ultra-high temperature conditions

Zhen dong yu et al.!” revealed the mechanical behavior characteristics of the bridge
pier under different load levels through low-cycle repeated loading tests, and quanti-
fied the damage evolution process of the bridge pier in combination with the change
law of acoustic emission signal. Wei ding Zhuo et al.!! showed that the fatigue
strength of the pier would be significantly reduced when the loading displacement
reached the yield displacement. Once this threshold is exceeded, the subsequent cu-
mulative fatigue effects can lead to more severe damage or even shorter service life.
Further research also proposes a fatigue strength degradation model based on the peak
lateral force and number of cycles in the first cycle, which provides theoretical sup-
port for the design and evaluation of prefabricated bridge piers. Traditional determin-
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istic analysis methods are difficult to accurately evaluate the failure probability and
reliability level of bridge piers caused by vehicle impacts. To this end, a Monte Carlo
simulation method combining a simplified analysis model and a response surface
method was proposed 2. This method can not only efficiently solve the problem of
large-scale sample calculation, but also establish the response surface formula of the
residual bearing capacity, so as to effectively evaluate the probability and reliability
of the damage state of the bridge pier '.

Digambar Patil et al. proposed a deflection-based damage index to quantify the
damage degree of bridge piers for flood conditions. Based on the mature experience
in the field of earthquake engineering, the method successfully simulated the failure
process of concrete under lateral flood force through finite element modeling by
ABAQUS software, and verified the accuracy of the model by comparing it with ex-
perimental data '*. However, the relationship between displacement and force re-
quirement needs to be weighed when selecting the coefficient of friction 4.

In order to verify the superiority of the concrete-filled steel tubular piers, the re-
searchers established seven different sets of three-dimensional finite element models
of the concrete-filled steel tubular piers, and concluded through comparative analysis
that the dynamic response of the concrete-filled steel tubular piers under seismic exci-
tation is more gentle, and the overall damage probability is lower. This achievement
lays a foundation for further promoting the practical application of concrete-filled
steel tubular piers '°. In the study of shallow sleeve connection of precast concrete
piers, finite element analysis revealed the specific effects of factors such as the incli-
nation angle of the shear key and the strength of the sleeve concrete on the mechani-
cal properties of the piers.'®

Therefore, the purpose of this paper is to explore the influence of concrete spalling
of bridge piers on the bearing capacity, establish a mathematical model, and apply it
to the underwater structure detection of actual bridges.

This paper provides a new method for the underwater structure evaluation of
bridges by combining the finite element analysis model.

2 Material Parameter Setting

The yield strength of the reinforcement is 371MPa, and the constitutive relationship is
selected as a double polyline model. The strength grade of concrete is C30, and the
uniaxial tensile and compressive stress-strain relationship is described by using the
hyperbolic model, and the damage behavior is simulated by combining with the con-
crete plastic damage model (CDP).

Figure 1 and Figure 2 shows the uniaxial tensile and compressive stress-strain
curve of concrete, where the stress-strain relationship of the compressed section can
be described by the following formula:
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Where in: O, is the compressive stress of concrete; f, is the axial compressive

strength of concrete; £, is the compressive strain of concrete; £, is the peak com-

pressive strain of concrete; ¢, is the descending section parameter.
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Figure 1. Concrete compression
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Figure 2. Concrete stretching
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The stress-strain relationship of the tensile section can be described by the follow-
ing formula:

£
O-t:ft — (gzggto)
€0 (2)

O-t = f;e{_at(gt_g[())} (gt > €t0)

Wherein: O, is the tensile stress of concrete; f, is the axial tensile strength of
concrete; £, is the tensile strain of concrete; £, is the peak tensile strain of concrete;
o, is the descending section parameter.

In the CDP model, a distinction is made between tensile d . and compressive dam-
aged, :

dt is the tensile damage parameter, which reflects the stiffness degradation of
concrete caused by cracking apart.

dc is the compression damage parameter, which reflects the stiffness degradation

caused by the propagation of microcracks in concrete under compression.
Figure 3 and Figure 4 depicts the tensile d , and compressive damage as a function
of plastic strain, and the damage dc parameters can be calculated by the following

formula:

E
d=1-— 3)
E,
Wherein: d is the damage parameter (0<d <1), 0 means no damage, 1 represents

complete damage; £ is the modulus of elasticity of the current material; £ is the
initial modulus of elasticity.

According to Figure 1 and Figure 2, the key parameters f,, €,,, f, and £, 0
lists the plastic parameters of the CDP model, including the expansion angle i/, plas-

tic potential offset € , fb0 ! f. , » K, and viscosity coefficient.

Table 1. Concrete plasticity parameter setting table

Expansion Plastic poten- f / f K Viscosity coef-
angle |/ tial offset £ K ficient
30 0.1 1.16 0.667 0.0005

Note: where fb0 /f. , is the ratio of the initial yield stress under biaxial compres-

sion to the initial yield stress under uniaxial compression, and K is the ratio of the
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value of the second stress invariant on the tensile meridian to the value of the second
stress invariant on the compression meridian.
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Figure 3. Concrete compression damage parameters
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Figure 4. Concrete tensile damage parameters

3 Concrete Spalling Simulation

In order to better simulate the behavior of reinforced concrete, this paper uses the
built-in Rebar layer reinforcement method of Abaqus to simulate the reinforcement.
This method efficiently simulates the interaction between steel and concrete with a
simple setup, making it suitable for large-scale structural analysis.
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3.1 Reinforced Concrete Model Establishment Method

The material parameters and reinforcement arrangement of the pier are shown in Fig-
ure 5, and the specific parameter settings refer to the actual engineering data to ensure
the representativeness and adaptability of the model.

Figure 6 shows a schematic representation of the Rebar layer reinforcement model,
which includes three perspectives of concrete, reinforcement, and complete structure.

/' /" The stirrups are arranged at
intervals of 2 m The material is
HPB235

| | The diameter of the bridge pieris 1m| |

Concrete strength grade C30 / ,

Longitudinal reinforcing bars: 8 X diameter 18mm
Evenly distributed along a circle with a diameter of 0.9 m
The material 1s HRB335

Figure 5. Layout of the reinforcement of the bridge pier

(a)concrete  (b)Reinforced layer  (c)Complete structure

Figure 6. Rebar layer model
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3.2 Concrete Spalling Simulation Method

The simulation of concrete spalling uses the life-and-death element method in
Abaqus. As shown in Figure 7, the spalling process of the concrete is achieved by
removing the spalling units before loading.

Set the displacement loading to 0.05m
Calculate the terminaticn
corresponding to the structural failure

Simu lated spalling of life-
and-death units at different

positions

|

Bottom displacement
constraint

Figure 7 Schematic diagram of concrete spalling simulation

3.3  Working Condition Setting

For the selection of spalling depth, 4cm was selected as the spalling depth, and con-
sidering that the thickness of the concrete protective layer is Scm, the steel bar has not
been exposed at this depth, so the corrosion effect of the steel bar is not considered. If
the spalling depth exceeds 5cm, the corrosion may accelerate after the steel bar is
exposed, and the influence of the material strength and working area of the steel bar
on the bearing capacity needs to be further analyzed.

When studying the effect of spalling area, spalling areas at different locations at the
bottom of the pier, in the middle of the pier and at the top of the pier were selected.
According to the actual engineering experience, the failure of the pier structure usual-
ly starts from the pier bottom, so different area working conditions of pier bottom
spalling are set. However, the spalling failure of bridge pier concrete is not only
caused by load, so the working conditions of different spalling positions are set. The
specific working conditions are set as follows: 5%, 10% and 20% of the spalling area
is set at the bottom of the pier, and 10% of the spalling area is set in the middle and
top of the pier, aiming to study the influence of spalling position and spalling area on
the bearing capacity of the structure.
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4 Analysis of Calculation Results

Through simulation calculation, the load-displacement curves of the pier under differ-
ent damage states are obtained. The simulation results show that with the increase of
spalling area, the maximum bearing capacity of the pier decreases.

Figure 8 shows the ultimate limit state stress distribution of the pier structure with-
out spalling. As can be seen from the figure, the maximum Mises stress of the con-
crete unit is 33MPa, which occurs at the bottom of the pier, which is consistent with
the relevant engineering experience. The maximum Mises stress of the reinforcement
element reaches 371MPa, which occurs at the bottom of the pier and reaches the yield
limit of the reinforcement. This reflects the synergy of concrete and rebar, and the
structural arrangement makes the most of the material properties.

S, Mises

(Avg: 75%)
+3.306e+04
+3.193e+04
+3.080e+04
+2.967e+04
+2.854e+04
+2.741e+04
+2.628e+04
+2.515e+04
+2.402e+04
+2.289%+04
+2.176e+04
+2.063e+04
+1.950e+04

Max stress location: 3.306x 10*kPa

(a)Concrete units

S, Mises

Rebar layer = REBAR-1

(Avg: 75%)
+3.718e+05
+3.613e+05
+3.507e+05
+3.401e+05
+3.295e+05
+3.190e+05
+3.084e+05
+2.978e+05
+2.873e+05
+2.767e+05
+2.661e+05
+2.556e+05
+2.450e+05

Max stress location: 3.718x 10%kPa

(b)Rebar elements

Figure 8. Mises stress contour diagram of each element in the ultimate limit state of the structure (unit:
kPa)
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Figure 9 shows the material stress-displacement curves at key nodes, which clearly
show the stress changes of concrete and rebar under load. The two are consistent with
the corresponding constitutive relationship, which further confirms the effectiveness
of the model.
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(b)Rebar

Figure 9. Stress-displacement diagram of each material at a critical node

Figure 10 shows the load-displacement curve at the pier top. The curve as a whole
exhibits a hyperbolic pattern, which is consistent with the selected constitutive rela-
tionship setting. The difference between the maximum load is 23,818 kN and the
maximum load calculated by the code is 24,317 kN, which is 499 kN, or about 2%.
This small difference verifies the accuracy of the simulation model and shows that the
simulation analysis results can be used as an important basis for the evaluation of the
bearing capacity of the bridge pier. The standard calculation method here uses the
formula for calculating the axial compressive ultimate bearing capacity of the rein-
forced concrete compression column:
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Nu:ﬁA+fy’As (4)

Wherein: fL is the design value of concrete axial compressive resistance; A is the
cross-sectional area of concrete components; fy . is the design value of the compres-

sive strength of the steel bar; A is the cross-sectional area of the reinforcement

member.
25 rrTr T 1T L L |
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o y
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Figure 10. Pier crest load-displacement diagram

Figure 11 shows the stress contours under different operating conditions. By com-
paring the changes in stress distribution under different spalling conditions, it can be
clearly seen that the stress distribution in the spalling area has changed significantly.
Especially in the spalling area, the stress concentration of concrete is more obvious,
which leads to a decrease in the bearing capacity of this area and further affects the
stress state of the overall structure.

S, Mises

(Avg: 75%)
+3.513e+04
+3.375e+04
+3.237e+04
+3.09%+04
+2.961e+04
+2.823e+04
+2.685e+04
+2.547e+04
+2.410e+04
+2.272e+04
+2.134e+04
+1.996e+04

. "
118580404 Max stress location: 3.513x 10%kPa

(a) Spalling at the bottom of the pier 5%
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S, Mises
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(b) Spalling at the bottom of the pier 10%
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(c)Spalling in the middle of the pier 10%
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X stress location: 3.460x 10%kPa

(d)Spalling at the top of the pier 10%
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S, Mises

(Avg: 75%)
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Max stress location: 3.376x 10*%kPa

(e)Spalling at the bottom of the pier 20%

Figure 11. Concrete stress contour diagram of ultimate limit state under each working condition (unit:
kPa)

Figure 12 shows the variation of the load-displacement curve at the pier top under
different operating conditions. It can be seen that concrete spalling mainly leads to the
early arrival of the ultimate limit state of the structure. With the increase of spalling
area, the load-displacement curve has an earlier nonlinear increase, indicating that the
ultimate bearing capacity of the structure has been reached under a small displace-

ment and has entered the failure stage in advance.
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Figure 12. Load-displacement diagram of pier crest for each working condition
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In order to further verify the effect of concrete spalling on the bearing capacity,
Table 2 summarizes the maximum load and pier top displacement data under different
working conditions.

Table 2. Comparison table of the maximum load of each working condition

. Maximum
D.tsp ltucemtent of Maximum load | load re-
i')rlne;moli a‘; (anj- at pier top (kN) maf'ning
ratio
No flaking 15.87 23818 1.0000
Spalling at the bottom of the pier 5% 12.54 22051 0.9258
Spalling at the bottom of the pier 10% | 12.54 21799 0.9152
Spalling in the middle of the pier 10% | 13.36 21574 0.9058
Spalling at the top of the pier 10% 12.17 21561 0.9052
Spalling at the bottom of the pier 20% | 11.84 20811 0.8738

For the spalling area, the remaining proportions of the maximum load of 5%, 10%
and 20% of different spalling areas at the bottom of the pier are 0.9258, 0.9152 and
0.8738, respectively, and the maximum displacement is 12.54mm, 12.54mm and
11.84mm respectively. With the increase of spalling area, the stress area of the con-
crete gradually decreases, resulting in a decrease in the maximum bearing capacity of
the pier. Especially when the spalling area at the bottom of the pier reaches 20%, the
remaining proportion of the maximum load decreases significantly, which indicates
that the mechanical properties of the pier are greatly affected when the spalling area is
large. Spalling in smaller areas (e.g., 5% and 10%) has a relatively small effect on the
residual proportion of the load, but the change in displacement still indicates that the
stiffness and stability of the structure are affected.

For the spalling position, the remaining proportions of the maximum load at the
bottom of the pier, in the pier and at the top of the pier are 0.9152, 0.9058 and 0.9052
respectively, and the maximum displacement is 12.54mm, 13.36mm and 12.17mm
respectively. From these results, there is almost no difference in the residual propor-
tion of the maximum load at the bottom of the pier, in the pier and at the top of the
pier, indicating that the influence of the spalling position on the load is relatively bal-
anced. However, the maximum displacement caused by spalling in the pier is
13.36mm, which is increased compared with 12.54mm and 12.17mm at the bottom
and top of the pier, which may be due to the damage of the middle part of the pier
resulting in the decrease of the stiffness of the local structure, resulting in a large dis-
placement.

It is worth noting that the maximum load residual proportion of spalling at the bot-
tom of the pier is slightly higher than that in the middle of the pier and at the top of
the pier. The reason may be that the pier bottom is the starting part of the failure of
the structure, and the reinforcement will yield in advance during the bearing process,
resulting in the relatively late failure of the concrete.
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5 Conclusions

To sum up, through the finite element model established by Abaqus considering the
plastic damage of concrete (CDP) and the bipolygonal constitutive structure of the
reinforcement, the simulation analysis of six working conditions of pier bottom (5%,
10% and 20% spalling area), pier middle and pier top (both 10% spalling area) shows
that with the increase of spalling area, the bearing capacity of the structure gradually
decreases, and the influence of different spalling positions on the bearing capacity is
relatively balanced under the same spalling area. When the spalling area at the bottom
of the pier is 5%, 10% and 20%, the residual proportion of the maximum load de-
creases in turn, and the remaining proportion of the maximum load is 92.58%,
91.52% and 87.38%, respectively, and the downward trend of bearing capacity is
intensified. When the spalling area is 10%, the difference of the maximum load resid-
ual proportion at different spalling positions is small, and the maximum load residual
proportion of pier bottom, pier middle and pier top is 91.52%, 90.58% and 90.52%,
respectively, indicating that the stress redistribution mechanism plays a key role in it.
However, when the spalling area exceeds a certain critical value (such as 10%), the
bond-slip effect between the steel bar and the concrete is significantly enhanced, and
the stress redistribution path changes, resulting in the steel bar being unable to give
full play to its strength and the bearing capacity decreasing rapidly. The damage fac-
tor d analysis based on the plastic damage model shows that with the increase of
spalling area, the damage degree of concrete is aggravated, and the elastic modulus
degrades significantly, which finally promotes the rapid expansion of the plastic zone
and the formation of a through plastic hinge, and the structure enters the failure stage.
In contrast, although the local spalling in the middle of the pier and the top of the pier
caused some damage, it did not affect the core compression area, and the plastic de-
velopment was relatively slow, and the decline in bearing capacity was small. There-
fore, in the actual engineering evaluation, we should pay attention to whether the
spalling area at the bottom of the pier exceeds the critical threshold, and comprehen-
sively consider the degradation of steel bar performance and the state of the concrete
protective layer to ensure the safety and durability of the bridge pier column.
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