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In order to analyze the influence of sulfate corrosion on the mechanical behavior of reinforced concrete beams, the dry-wet cyclic
corrosion test was carried out on the model test beams, and the two test beams corroded for 0 d and 60 d were statically loaded,
respectively. Then, the changes in flexural mechanical properties of the two test beams corroded for 0d and 60 d were studied.
Finally, the nonlinear finite element model was created by using ABAQUS. The plastic damage model is used to reflect the sulfate
corrosion, and the mechanical properties of concrete beams under long-term sulfate corrosion are further analyzed. The results
show that the compressive strength of the test beam concrete after 60 days of corrosion is 13.6% higher than that before corrosion,
which indicates that the strength of concrete is increased by sulfate corrosion in the early stage. With the increase of sulfate
corrosion time, the strength and stiffness of the beam first increase and then decrease. With the change in corrosion time, the
cracking load and flexural capacity first increase and then decrease, which is consistent with the mechanism of sulfate densification
first and then deterioration of the concrete structure. The calculation formulas of cracking load and bending capacity obtained by

fitting are accurate.

1. Introduction

A large number of salt lakes and saline soils are distributed in
Northwest China. Salt corrosion caused by these special
geographical environments is very common. Due to salt
corrosion, many reinforced concrete structures appear
diseased and even structural failure may result in advance,
which seriously affects the service life of the structure.
Among the salt corrosion problems, sulfate corrosion is
particularly prominent and needs to be paid attention to.
Common sulfate corrosion mainly occurs in industrial
buildings (such as chemical plants), underground buildings,
coastal buildings, highway and railway facilities in saline soil
environment, and hydraulic structures in inland salt lakes.
For concrete bridges, not only the foundation pier but also
the upper beam body has been seriously corroded by sulfate
[1-8]. With the rapid development of the world, China’s

various highways, railways, and other infrastructures are
under vigorous construction, which puts forward higher
requirements for the safety and durability of concrete
structures. Therefore, it is necessary to study the stress of
concrete structures in a sulfate corrosion environment
[9, 10]. Nowadays, the research on sulfate corrosion is
mostly focused on the level of concrete materials, such as the
weight change rate of concrete test block with corrosion time
and the change of dynamic elastic modulus and compressive
strength [11-15]. However, and there are relatively few
studies on the degradation of mechanical properties of
concrete beams under sulfate corrosion. It is necessary to
combine the existing research results in materials and fur-
ther explore the content of the research structure level on
this basis. At the same time, the specifications and test
conditions are limited, and the indoor test is difficult to
match the engineering practice, so a more perfect test
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scheme needs to be designed [9]; for example, test beam size
design, section reinforcement design, test solution config-
uration, mechanical test scheme, and other specific opera-
tion processes need to be further refined.

Based on the existing research, this paper designs the
sulfate immersion test of reinforced concrete beam model
and compares and analyzes the influence of sulfate corrosion
on the mechanical properties of reinforced concrete box
girder through static loading test, and the finite element
model is established by using ABAQUS nonlinear analysis
software [16-25] and reflects the sulfate corrosion by
changing the relevant parameters in the plastic damage
model. Then, the finite element calculation results are
compared with the test results. The change in flexural
mechanical properties of the test beam under long-term
sulfate corrosion is analyzed by using the finite element
model. Finally, the deterioration model of cracking load,
flexural bearing capacity with corrosion time, and the
degradation of the flexural effective section are obtained.
Therefore, it has a certain guiding significance for the
prediction of bearing capacity and service life of concrete
bridges under similar corrosion conditions.

2. Test Overview

2.1. Test Purpose. In this paper, through experimental re-
search the components were immersed in a 10% Na,SO,
solution. In order to speed up the corrosion process, the test
was carried out in a dry-wet cycle mode close to the test
conditions described in reference [26]. After that, the beams
with corrosion time of 0d and 60d were tested by static
loading failure mechanics. The whole test process is
recorded, the test results are analyzed, and the changes in
flexural mechanical properties of the two are compared, so as
to provide an effective method and means for the study of
the mechanical behavior of reinforced concrete beams under
sulfate attack.

2.2. Test Scheme

2.2.1. Fabrication of Test Piece. The test beam with box
section is designed for the sulfate corrosion test. The length
of the test beam is L =2000 mm, the concrete grade is C40,
and the shear span ratio is 2.74. An embedded steel plate is
set at the left and right of the bottom of the beam to prevent
local concrete from being damaged under the action of
concentrated force. The section size and reinforcement are
shown in Figure 1, and the longitudinal reinforcement
adopts @4 ribbed reinforcement and stirrup @ ribbed
reinforcement.

2.2.2. Layout of Measuring Points and Data Acquisition.
The concrete strain gauge has been pasted at the midspan
section of the test beam, with a resistance value of
120.5+£0.2% and a sensitivity coeflicient of 2.032 +0.26%
(the strain gauge has been pasted at the reinforcement of the
midspan section before pouring concrete). The pasting
position and the corresponding serial number of the
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concrete and reinforcement strain gauge are shown in
Figure 2. Two dial indicators of model YHD-100 with a
measuring range of 0~30 mm and an accuracy of 0.01 mm
are symmetrically installed on the midspan bottom surface
of the beam body to measure the midspan displacement of
the test beam f; = (f; + f,)/2. At the same time, the same dial
indicators are arranged at the supports at both ends of the
beam to measure the settlement f; and f; of the supports and
then the midspan deflection of the beam f=(f;+£.)/

2-(fs+f1)/2.

2.2.3. Immersion Model Beam. The beam body cured for
28 d and reaching the corresponding concrete strength shall
be placed in a pool with a length of 2.2 m, a width of 1.4 m,
and a height of 0.7 m. Pour the prepared 10% sodium sulfate
solution into the tank and completely soak the beam. The
dry-wet cycle period is 15 days, the sodium sulfate solution is
soaked for 7 days, and then the solution in the tank is
pumped dry and dried at room temperature for 8 days
[27-29], as shown in Figure 3.

2.2.4. Loading of Model Beam. Four-point bending static
loading failure tests were carried out on the test beams
corroded for 0 d and 60 d, respectively, to study their flexural
mechanical properties. The beam numbers are 0 beam and 1
beam, respectively (both beams are cured in the same batch
and under the same conditions). The two concentrated
forces act on one-third of the beam span. The source of the
force is the hydraulic jack, which is distributed through a
distribution beam. Step-by-step loading is adopted, and each
level stays for 5~10 minutes to obtain a stable measured
value. The loading device is shown in Figure 4.

3. Analysis of Test Results

During the loading process of the No. 0 test beam, when the
load reaches 24 kN, the first small crack appears at the
midspan at the bottom of the beam, with a width of about
0.1 mm, which is regarded as the cracking load, which is
close to the theoretical cracking load of 25kN. With the
increasing load, the crack in the middle of the span con-
tinues to develop, and then, the inclined crack also occurs in
the support, and then, the crack extends upward along the
beam height direction. When the load reaches about the
yield load, the width of the inclined crack increases obvi-
ously; for example, one of the cracks increases from 1 mm to
about 2 mm. Some different cracks are connected together to
form the main crack, which continuously extends to the
beam top, and the average spacing of cracks is 100 mm. With
the continuous application of load, when the load reaches
170KkN, it is difficult to apply the load, the load cannot be
applied continuously, and there is a gradual downward
trend. The deflection in the middle of the span increases
rapidly, and the maximum deflection is 3.284 mm. Finally,
the concrete in the shear compression zone is damaged, the
maximum crack width reaches about 2.5mm, and the
structure fails.
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FIGURE 1: Section size and reinforcement arrangement of test beam (unit: mm). (a) Elevation. (b) Section. (c) Reinforcement layout.
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FIGURE 2: Arrangement of strain gauge of test beam (unit: mm). (a) Arrangement of concrete strain gauges. (b) Arrangement of rein-

forcement strain gauge.

The rebound value of the No. 1 test beam is measured
before and after corrosion, and the change of concrete
compressive strength can be obtained by correcting its
carbonation depth. Through comparison, it can be found
that the concrete compressive strength after 60 days of
corrosion is 13.6% higher than that before corrosion, in-
dicating that the concrete compressive strength of the beam
body will be improved to a certain extent in the early stage of
sulfate corrosion concrete beam. However, due to the short
corrosion time, the mechanical test results are only slightly
different from those in the noncorroded state. The situation

of the whole test process is basically the same as that of the
corroded 0d test beam. When the first crack appears, the
loading force is 32 kN, and the crack width is about 0.1 mm.
With the continuous increase of the load, the crack at the
middle of the span continues to develop, and then, the
support also produces oblique cracks. The cracks extend
upward in the beam height direction, the vertical cracks and
oblique cracks continue to increase, the crack width also
gradually increases, and the average spacing of cracks is
105 mm. When the loading force reaches 170 kN, the test
beam is still under normal stress. After that, the force
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FIGURE 3: Immersion test of the model beam. (a) Immersion model beam. (b) 10% Na,SO, solution configuration.

FIGURE 4: Loading device diagram.

continues to increase, and the deflection continues to in-
crease. When it reaches a certain degree, the force cannot
continue to be applied, it is unloaded automatically, the
concrete at the inclined section is crushed, the structure fails
and destroys, the test beam is damaged by bending, and the
crack distribution is shown in Figure 5.

The cracking load is obtained through the test, and the
change of yield load is shown in Table 1. The yield load of the
test beam is controlled by the yield stress of the tensile
reinforcement at the bottom [30, 31].

It can be seen from Table 1 that the cracking load of the
current test beam increases with the change of corrosion
days; that is, the cracking load of the 60-day corrosion test
beam is increased by 33.3% compared with that before
corrosion. The reason for this is that the corrosion degree
will have a certain impact on the cracking load of the beam.
At the initial stage of corrosion, sulfate will react with the
concrete to produce expansive products, which will con-
tinuously compact the concrete, so as to enhance the crack
resistance of the concrete. On the other hand, the expansive
products will produce expansive internal stress in the
concrete. When the concrete is under load, it is necessary to
offset this part of the stress before the concrete is tensioned,
so the cracking load increases. Similarly, the yield load of the
test beam corroded for 60 days also increases by 3%.

4. Finite Flement Model of Structure

4.1. Plastic Damage Model of Concrete. The concrete strength
index reduction method is adopted to consider the im-
pact of sulfate immersion corrosion on concrete strength.

In ABAQUS software, the plastic damage model is a
model based on plastic continuum damage. The principle
is to use the combination of isotropic damage elasticity,
isotropic tension, and compression plasticity to reflect the
inelastic behavior of concrete [32]. In this paper, the plastic
damage model is used to study the change of flexural
mechanical properties of the test beam with the corrosion
time, ignoring the factors such as the corrosion of rein-
forcement caused by sulfate corrosion and the change of
bonding force between reinforcement and concrete
[33, 34].

The key of the plastic damage model is to obtain the
parameters of concrete CDP (concrete damaged plastic)
constitutive relationship corresponding to different corro-
sion times to reflect the sulfate corrosion. The stress-strain
curves of concrete are mainly divided into two types: one is
the full stress-strain curve under uniaxial compression and
the other is the full stress-strain curve under uniaxial
tension.

Through the formula in references [35-37], the eigen-
value reflecting the constitutive relationship of concrete after
corrosion can be calculated.

4.1.1. Constitutive Relation of Uniaxial Compression.
According to the characteristics of the stress-strain curve of
concrete under axial compression, document [36] pro-
posed a curve equation with a cubic polynomial in the
rising section and rational formula in the falling section,
namely,

ax+(3=2a)x* +(a-2)x°, 0<x<I,

y= X (1)
— x>1,
b(x-1*+x

where x = ¢/e,,, y = 0/0,,: €, is the peak strain of concrete;
0y, is the peak stress of concrete; and a, b are the parameters
of rising section and falling section related to materials,
respectively.

4.1.2. Constitutive Relation of Uniaxial Tension. According
to reference [36], the full tensile stress-strain curve can
also be described by a two-stage formula, that is, rising
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FIGURE 5: Fracture correlation. (a) Crack distribution in the web of No. 0 test beam. (b) Crack distribution in the web of No. 1 test beam.

TaBLE 1: Test results of cracking load and yield load of test beam.

Cracking load Cracking moment M., Yield load Yield moment M,

y
Number of test beam (kN) (kN-m) M /Mo (kN) (kN-m) M,/Myo
No. 0 test beam 24 8 1 149 49.67 1
No. 1 test beam 32 10.67 1.33 154 51.33 1.03

Note: M., is the cracking moment of the test beam corroded by sulfate; M. is the cracking moment of the test beam not corroded by sulfate; M, is the yield

moment of the test beam corroded by sulfate; and My, is the yield moment of the test beam not corroded by sulfate.

stage and falling stage. The specific expression is as
follows:

1.2x — 0.2x°,

y= X . )

x<1,

a,(x - DM+ x

The initial parameters of axial compressive strength are
obtained by measuring the cube compressive strength of
concrete test blocks with the same batch and strength grade
of 100 mm x 100 mm x 100 mm as the test beam and mul-
tiplying the corresponding coeflicient. The size is 34.1 MPa.
Other parameters such as expansion angle 38, eccentricity
0.1, fpo/fio=1.16, k=0.66667, viscosity parameter 0.05 are
selected. The eigenvalues of concrete constitutive relation-
ships corresponding to different corrosion times are shown
in Table 2.

By analyzing the data in the table, it can be seen that
the variation of each characteristic value of concrete is
similar, which increases first and then decreases gradu-
ally. By using the relevant calculation tables and inputting
the above parameters, the corresponding CDP consti-
tutive relationship can be obtained. The stress-strain
curves of concrete test blocks corroded for 0d, 120d,
360d, and 600 d are compared, and the results are shown
in Figure 6.

As can be seen from Figure 6, the height of the curve
position is ranked as 120d, 0d, 360 d, and 600 d, indicating
that the compressive stress-strain curve and tensile stress-
strain curve belong to an upward trend from 0 to 120 d, and
there is an overall downward trend after 120 d, with a greater
degree of decline and a faster rate of decline. It shows that the
performance of concrete changes with the corrosion time. In
the early stage, the corrosion degree of sulfate on concrete is
relatively light and even improves its strength to a certain
extent. Then, the overall trend is decreased, and the dete-
rioration speed is gradually accelerated, which has a serious
impact on the performance of concrete and accelerates the
deterioration of overall strength.

4.2. Numerical Analysis Model

4.2.1. Element Selection. The material properties of rein-
forcement and concrete are quite different. When dividing
the calculation unit of the structure, according to the dif-
ferent methods of dealing with the two materials, three
methods can be adopted: integral model, separated model,
and combined element model [36]. The separated model
divides reinforcement and concrete into different types of
elements and gives different material parameters.

The characteristic modeling method [38] is used to es-
tablish the numerical analysis model of the reinforced
concrete beam. The model size and reinforcement layout are
consistent with the test concrete beam shown in Figure 1.
The concrete adopts an eight-node hexahedral isoparametric
element (C3D8) with reduced integral, and the reinforce-
ment adopts a two-node three-dimensional linear truss el-
ement (T3D2). The reinforcement cage is built into the
concrete by using the method of a built-in unit [39, 40].

4.2.2. Analysis Method and Convergence Criterion. Solid
structure analysis is to solve the structural state response
quantity that satisfies three kinds of basic equations under
external action under given boundary conditions and initial
conditions, including stress, strain, and displacement. Im-
plicit algorithm or explicit algorithm can be used to solve the
nonlinear equations of reinforced concrete structures.
Among them, the implicit algorithm adopts the New-
ton-Raphson method to solve the nonlinear equation. In the
process of solving, it is necessary to inverse the stiffness
matrix at the current time.

4.2.3. Loads and Boundary Conditions. Mutual restraint is
established between the reinforcement to form a whole, and
the three-point loading is carried out on the model
according to the test operation. The reference point RP-1
and the loading area are set, as shown in Figure 7. The two
are coupled and connected, and then, the load is applied to
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TaBLE 2: Constitutive parameters of concrete corresponding to corrosion days.

Days of corrosion Axial compressive strength Compressive peak strain

Elastic modulus ~ Tensile strength ~ Tensile peak strain

(d) (MPa) (ue) (MPa) (MPa) (ue)
0 34.1 1704 34555 3.17 121
60 34.6 1712 34697 3.20 122
120 34.6 1712 34701 3.20 122
240 33.1 1690 34286 3.11 120
360 29.6 1635 33268 2.88 115
480 24.0 1542 31526 2.51 107
600 16.3 1395 28782 1.94 93
3.5
35
3.0 F
30
25k ]
25+
20 2.0 F
= i =
=% Ay
2 15} s
© [+
ol 1.0+
5L 0.5}
0k 0.0 - JI
_5 1 1 1 1 1 ] _0.5 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.000 0.005 0.010 0.015 0.020

—=— 0 d compression
—e— 120 d compression

()

—— 360 d compression
—v— 600 d compression

€

—— 360 d stretch
—v— 600 d stretch

—=— 0 d stretch
—e— 120 d stretch

(®)

FIGURE 6: Comparison of stress-strain curves of concrete under different corrosion days. (a) Compressive stress-strain curve of the concrete

test block. (b) Tensile stress-strain curve of the concrete test block.

the reference point to avoid stress concentration. The load is
applied to the reference point RP-1, and then, the boundary
conditions are created according to the simply supported
structure.

4.2.4. Contact Conditions. Reinforcement and concrete are
set in built-in contact.

4.3. Type of Element and Verification of Mesh Sensitivity.
ABAQUS software sets up a rich element library to meet the
requirements of different problems for different element
types. At present, the commonly used element types in the
structural analysis of solid materials include truss element
(rod element), beam element, solid element, shell element,
rigid body element, and membrane element. In this paper,
the concrete adopts a spatial solid element, and the rein-
forcement adopts a spatial truss element.

Considering that the displacement mode [38] of the
spatial 4-node tetrahedral element is a linear function similar
to the plane 3-node triangular element, and the strain matrix
of each element is constant, and its accuracy is often poor
[41]. In this study, the concrete adopts the spatial 8-node
hexahedron element, and the reinforcement adopts the

FIGURE 7: Interaction diagram.

spatial 2-node truss element. The 8-node hexahedron ele-
ment adopts the displacement mode with three mixed
quadratic terms and one mixed cubic term. The maximum
number of times of its strain matrix is 2, which can accu-
rately simulate the deformation of the element. Therefore,
the spatial 8-node hexahedron element can be used to
simulate the strain of the model concrete material.

In order to analyze the influence of element size on the
calculation results of the concrete beam, the maximum
Mises stress and S33 stress of concrete beam under 6 mm
displacement loading are compared and analyzed by using
different mesh sizes. The results are listed in Table 3. The
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TaBLE 3: Influence of element and mesh size on analysis results.

Concrete Rebar Mises stress
Mesh scheme L L
Element type Grid size (mm) Element type Grid size (mm) (MPa)

Mesh 1 C3D8R 25 T3D2 25 6.15
Mesh 2 C3D8R 12.5 T3D2 12.5 9.1
Mesh 3 C3D8R 10.0 T3D2 10.0 10.2
Mesh 4 C3D8R 7.5 T3D2 7.5 10.3
Mesh 5 C3D20R 10.0 T3D3 10.0 10.2

analysis results show that when the concrete element is
10 mm and the reinforcement element is 10 mm, the influence
of refining the element size on the analysis results is gentle.

In this paper, the numerical simulation of reinforced
concrete beams is carried out by using reinforcement and
concrete elements with an approximate size of 10 mm. The
box section concrete beam is divided into 55440 spatial 8-
node hexahedral reduced integral elements, and the rein-
forcement skeleton is divided into 2052 spatial 2-node linear
truss elements.

4.4. Comparison between Numerical Simulation and Model
Test Results. By using ABAQUS software, the nonlinear
finite element models under seven corrosion conditions are
established. The corrosion days are 0d, 60d, 120d, 2404,
360d, 480 d, and 600 d, respectively. Now, the corrosion 0d
model is taken as an example. The whole tensile damage
nephogram can reflect the location and development process
of cracks. Figure 8 shows the tensile damage in the last frame
of the ABAQUS model, and Figure 8 shows the midspan
deflection nephogram of the ABAQUS model test beam.
It can be seen from Figure 8 that there is serious tensile
damage in the lower midspan of the test beam and its ad-
jacent areas, and there is a tensile stress concentration area at
the concentrated loading point, which is consistent with the
above mechanical test phenomena. It can be seen from
Figure 9 that when the load is 170kN, the deflection of the
middle span of the test beam is large, and the maximum
value is at the middle of the span, which is 3.328 mm, which
is 1.3% different from the test result of 3.284 mm, indicating
that the ABAQUS model is in good agreement with the test.

4.4.1. Load Strain Analysis. The load strain comparison of
the concrete at the bottom of the model test beam is shown
in Figure 10. It can be seen from Figure 10 that the change
trend of corrosion 0d test value and finite element calcu-
lation value is basically the same, and the difference between
values is small. Similarly, the fitting degree between the load
strain test value of concrete corroded for 60 days and the
results of the finite element model is also high, which shows
that the test results are reliable, and the method of nonlinear
simulation analysis of test beam by using ABAQUS plastic
damage model is effective.

4.4.2. Long-Term Sulfate Corrosion. In the previous step, the
feasibility of ABAQUS nonlinear simulation is verified.
Therefore, with the help of the nonlinear analysis finite
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FIGURE 8: Nephogram of tensile damage of test beam.
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FIGURE 9: Nephogram of midspan deflection of test beam.

element model, the change of flexural mechanical properties
of concrete beams under long-term corrosion can be
studied, and the load-strain curve corresponding to each
corrosion day can be obtained, as shown in Figure 11.

It can be seen from Figure 11 that when the load is small,
the concrete strain corresponding to different corrosion
times is basically the same or the difference is very small.
When the action load is increased, the concrete strain of each
corrosion beam is significantly different. The longer the
corrosion time is, the greater the concrete strain under the
same load, and the maximum increase is about 42%. At this
time, the influence on the mechanical properties of the
whole structure is obvious. When the load continues to
increase to a certain extent, the difference gradually de-
creases, and the concrete strain value under each corrosion
condition is almost equal. On the whole, long-term sulfate
corrosion will increase the strain of concrete and reduce the
flexural mechanical properties of test beams.

4.4.3. Analysis of Load Deflection Curve of Test Beam.
The load-displacement curve corresponding to each cor-
rosion day is obtained by ABAQUS finite element model, as
shown in Figure 12.

It can be seen from Figure 12 that with the increase of
sulfate corrosion time, the overall curve deviates to the lower
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right, indicating that under the condition that the test beam
is subjected to the same size of the load, the higher the
corrosion degree of the beam body, the smaller the stiffness
and the worse the flexural mechanical performance, the
greater the corresponding deflection, with the maximum
increase of about 28%. Because the coincidence degree of the
three curves of 0 d, 60 d, and 120 d is too high, it is difficult to

180 |

160

140

120

100

Load (kN)

80

60

40

20

1 1 1 1 1 1 1 1 ]
05 10 15 20 25 30 35 40 45

Mid span deflection (mm)

—=— Finite element calculation of corrosion 0 d
—— Finite element calculation of corrosion 60 d
—— Finite element calculation of corrosion 120 d
—+— Finite element calculation of corrosion 240 d
—— Finite element calculation of corrosion 360 d
—— Finite element calculation of corrosion 480 d
—— Finite element calculation of corrosion 600 d

FiGURE 12: Load deflection curve.

distinguish the changes, so it is necessary to zoom in further.
The results show that the corrosion curves of 60d and 120d
are above the corrosion curve of 0d, indicating that the
deflection is smaller under the same load, indicating that the
flexural mechanical properties of the test beam are improved
in the corrosion time of 0~120d. In conclusion, with the
increase of sulfate corrosion time, the stiffness of the test
beam first increases and then decreases; that is, with the
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TaBLE 4: Cracking load and flexural capacity corresponding to different corrosion days.

Corrosion days (d) Cracking load (kN) Flexural capacity (kN)

0 24.55 178

60 24.59 179.21
120 24.59 179.21
240 24.53 175.92
360 24.35 171.83
480 24.03 164.84
600 23.35 154.03

Note: the cracking load corresponding to corrosion 0d in the table is 24.55kN, which is close to the 24 kN obtained from the test; the cracking load
corresponding to 60 days of corrosion is 24.59 kN, which is somewhat different from the 32 kN obtained from the test. It may be due to human factors, and
there is an error in the observation of the first crack.

TaBLE 5: Degradation of effective cross-sectional area of flexural section.

Bending
moment
(kN-m)

Flexural
capacity (kN)

Corrosion
time ¢ (d)

Effective flexural cross- Degradation of the effective Degradation rate of the effective
sectional area (mm?)

cross-sectional area i (%) cross-sectional area (107°)

0 178

240 175.92
360 171.83
480 164.84 54.95 45922.35
600 154.03 51.34 44604.20

59.33
58.64
57.28

47600.00
47240.50
46761.17

0 —_
0.76 3.17
1.76 8.33
3.52 14.67
6.29 23.08

Note: degradation rate of effective cross-sectional area = (i, —i;)/(t, — t;).

deepening of corrosion, the flexural mechanical properties
of the beam first increase and then decrease.

4.4.4. Effective Cross-Sectional Area of Bending Section of Test
Beam. By analyzing the results of the ABAQUS finite ele-
ment model, the cracking load of the test beam under
different corrosion times can be obtained. According to the
code, the theoretical flexural capacity of the section before
corrosion of the test beam is 178 kN, and the corresponding
deflection in the finite element model is 3.492 mm. Based on
the deflection, the flexural capacity corresponding to each
corrosion day can be obtained by applying displacement
force. The results are shown in Table 4.

The change in the effective cross-sectional area of the
flexural section is obtained according to the degradation of
the flexural bearing capacity. Between 0 and 120d of cor-
rosion, the flexural mechanical properties of the test beam
are improved due to the compactness of the concrete
structure, so there is no degradation of the effective cross-
sectional area of the flexural section. Therefore, from 240d,
the analysis results are shown in Table 5.

It can be seen from Table 5 that through analysis, it is
found that with the change of corrosion time, the degra-
dation rate of the effective cross-sectional area of sulfate
corrosion test beam is 3.17, 8.33, 14.67, and 23.08, which
increases exponentially. That is, the corrosion rate is faster
and faster, the degradation degree of effective cross-sectional
area is greater and greater, and the attenuation degree of the
whole stiffness is stronger and stronger, which finally leads
to the decreasing trend of beam bearing capacity. In the
actual engineering analysis, the reason for the reduction of
the effective cross-sectional area of the bending section is
that after the sulfate corrodes the beam body, the part of the

24.5

24.0 N

Cracked load (kN)

23.5 A

23.0 T T T T T T T
0 200 400 600

Days of corrosion (d)

®  Cracked load
—— Fitting curve

FiGure 13: Fitting diagram of a variation of cracking load with
sulfate corrosion time.

external concrete in contact with the corrosive environment
is eroded, resulting in strength degradation, even cracking
and spalling, reducing the effective cross-sectional area,
deteriorating the stiffness of the beam body, and deterio-
rating the bearing capacity.

4.4.5. Calculation of Cracking Load and Flexural Capacity of
Test Beam. It can be seen from Table 5 that with the increase
of corrosion time, the cracking load increases first and then
decreases. In order to better analyze the change of cracking
load with corrosion time and study the change degree of
mechanical properties of concrete beams under long-term
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0 120 240 360 480 600
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= Ratio of flexural capacity
—— Fitting curve
FIGURE 14: Fitting diagram of bending capacity with sulfate cor-
rosion time.

sulfate corrosion, the quadratic polynomial can be used to fit
the above results to obtain the calculation formula of for-
mula (1), and the fitting curve is shown in Figure 13.

P, =24.52-159x10°t - 5.76 x 10~ °¢%, )
3

correlation coefficient R* = 0.986.

In addition, compared with that before corrosion, the
flexural capacity increased by 0.68% at 60d and 120d and
then showed a downward trend as a whole. It decreased by
1.17% at 240d, 3.47% at 360 d, 7.39% at 480 d, and 13.47% at
600d. It can be found that the decline rate of flexural ca-
pacity increased exponentially, indicating that the degra-
dation rate of flexural mechanical properties of the test beam
is faster and faster. Therefore, another percentage method
can be used to reflect the degradation of bearing capacity;
that is, the following formula can be obtained by fitting:

P _ _
U = 1.002 + 8.559 x 107>t — 5.180 x 10”2,

u0 (4)

correlation coefficient R* = 0.997,

where the flexural capacity of the test beam without p,
corrosion, p,0 =178 kN; and P, is the flexural capacity of the
test beam corroded for t days. The fitting degree is good, and
the fitting curve is shown in Figure 14.

5. Conclusion

In the early stage of corrosion, the strength of concrete
increases. The main reason is that, in the early stage of
corrosion, the expansive products generated by sulfate
and concrete fill the pores of the structure, compact the
concrete, and produce expansive internal stress, which
improves the flexural mechanical properties of the
structure to a certain extent. Comparing the test data with
the finite element calculation results, it can be found that
the calculation results obtained by ABAQUS finite

Advances in Civil Engineering

element numerical simulation are in good agreement
with the test data. Through the numerical simulation
under different corrosion days, it is found that with the
increase of sulfate corrosion time, the strength and
stiffness of the beam have experienced a process of first
increasing and then decreasing. It shows that sulfate
corrosion does have a significant impact on the flexural
mechanical properties of concrete, and the structural
performance will deteriorate under long-term corrosion,
which will affect the durability of the beam and reduce its
service life. At the same time, the cracking load and
flexural capacity also increase first and then decrease,
which is consistent with the mechanism of sulfate
compacting first and then deteriorating concrete struc-
ture. Therefore, the deterioration model of cracking load
and flexural capacity with corrosion time is accurate
through data fitting.

Sulfate corrosion is a complex and slow process with
many influencing factors. This paper only studies 10% so-
dium sulfate solution. The concentration and type of sulfate
have a profound impact on the test results. If magnesium
sulfate solution is used, the test results may change greatly.
Moreover, due to the time limit, only the mechanical
properties of two beams corroded for 0d and 60d are
studied, and the test data are very limited. Therefore, in
future research, it is suggested to increase the corrosion days
to 2 years or even 3 years, so as to obtain more data for more
practical analysis and research.
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