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Abstract: In reinforced concrete structures, corrosion of the rebar produces 2—6 times more corrosion product than the original
material, creating pressure on the surrounding concrete, leading to cracking. The study of corrosion and cracking in reinforced
concrete structures is therefore of great importance for enhancing the durability of concrete. Unlike many previous studies, we
used ribbed rebar similar to that used commercially and considered the mechanical behavior of the interface transition zone
(ITZ) between the aggregate and mortar to simulate the processes of corrosion and cracking of reinforced concrete structures.
We explored the failure mode of the interface layer under uniform corrosion and the influence of different factors on the corro-
sion expansion cracking and the shedding mode of a concrete cover. This was achieved by establishing a three-phase meso-scale
model of concrete based on secondary development of ABAQUS, simulating the mechanical behavior of the ITZ using a cohe-
sive element, and establishing a rust expansion cracking model for single and multiple rebars. The results showed that: (1) Under
uniform rust expansion, concrete cracks are distributed in a cross pattern with a slightly shorter lower limb. (2) When the corro-
sion rate is low, the ITZ is not damaged. With an increase in the corrosion rate, the proportion of elements with tensile damage in
the ITZ first increases and then decreases. (3) In the case of a single rebar, the larger the cover thickness, the higher the corrosion
rate corresponding to ITZ failure, and the arrangement of the rebar has little influence on the ITZ failure mode. (4) In the case of
multiple rebars, the concrete cover cracks when the rebar spacing is small, and wedge-shaped spalling occurs when the spacing
is large.
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1 Introduction Many studies have been carried out to address
this problem. Tan et al. (2020) presented a succinct
review of studies of the durability of calcium sul-
foaluminate cement (CSAC) concrete and explained
that CSAC concrete protects steel rebar well from

corrosion when exposed to a marine tidal zone. Sanz

The product of rebar corrosion is 2—6 times
larger than the original material (Samanta et al.,
2021) and exerts pressure on the concrete around the
rebar. When corrosion has progressed to a certain

extent, the concrete cracks, which makes it easier for
corrosive substances to enter the concrete, thereby
accelerating rebar corrosion.
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et al. (2013) determined the crack distribution state
of concrete under electrified accelerated corrosion by
impregnating resin containing fluorescein. They de-
veloped an ‘expansive joint elements’ model to sim-
ulate the expansion of corrosion products, using co-
hesive cracks to describe the cracking of concrete.
Their numerical simulation and laboratory test re-
sults were in good agreement. Qiao et al. (2016)
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simulated non-uniform corrosion along the length of
rebars by setting various sizes of sodium chloride
pools on the concrete cover. The influence of non-
uniform corrosion and local corrosion on the propa-
gation of concrete rust expansion cracks was then
assessed. Savija et al. (2013) studied concrete crack-
ing caused by pitting and uniform corrosion based on
a 2D lattice model. The results showed that pitting
corrosion can significantly reduce the cracking pres-
sure compared to uniform corrosion. Amalia et al.
(2018) studied the development of cracks on the sur-
face and inside concrete, and the distribution of cor-
rosion products using electrified corrosion tests. The
test results showed that the diffusion of corrosion
products in cracks affected their propagation. Based
on theoretical derivation, Zhang and Su (2020) pro-
posed a model of the corrosion expansion cracking
of corner rebars, considering both the corrosion une-
venness and the boundary conditions of the concrete
cover. This model can be used to determine the cor-
rosion rate of rebars by measuring the width of the
bulge and/or crack on the surface of the cover. Wang
et al. (2014) proposed a new cover cracking model
for rebar corrosion. Then, some experiments were
made for comparison with the analytical results and
good agreement indicated that the proposed model
could be used to predict both the variation of strain
fields in structures during the corrosion process and
the cover cracking time. Jin et al. (2020) established
a 3D meso-scale model of concrete and characterized
the mechanical action of corrosion products by ap-
plying uneven radial displacement, to study the in-
fluence of factors such as the diameter of corner re-
bars and the thickness of the cover on corrosion ex-
pansion cracks. Cheng et al. (2018) put forward a
numerical model based on 2D diffusion mechanics to
analyze the cracks on concrete covers caused by the
uneven corrosion of rebars. They used the model to
explore the effects of the rebar spacing, thickness of
the cover, rebar diameter, and different rebar ar-
rangements on the pattern and quantity of corrosion
expansion cracks. Zhang et al. (2019) tested the cor-
rosion expansion cracking of concrete covers with
different current densities. They examined the com-
position of corrosion products and the distribution of
cracks inside and on the surface of specimens using
X-ray diffraction technology, intelligent aggregate

technology, and digital image correlation methods.
Finally, based on a two-stage model, they predicted
the critical corrosion rates under different current
densities. Otieno et al. (2019) studied the influences
of the water—cement ratio and cement types on the
corrosion cracking of concrete covers through lab
tests. The results showed that, under the same cover
thickness, the steel corrosion rate of concrete with a
high water—cement ratio was higher when the cover
surface had cracked. In addition, the steel corrosion
rate of mixed cement concrete cover surface cracks
was higher than that of ordinary Portland cement.
Wu et al. (2020) developed an algorithm to generate
a high aggregate content and established a meso-
scale analysis model considering the confining pres-
sure of the concrete. They analyzed and discussed
the influence of the confining pressure, size, and spa-
tial distribution of the aggregate, concrete tensile
strength, and other factors on corrosion expansion
cracks. Yu and Jin (2020) established a 3D diffusion
mechanics model of reinforced concrete with trans-
verse cracks based on the extended finite element
method. The model considered the influence of the
transverse crack angle on corrosion expansion
cracks. The results showed that the deflection angle
of transverse cracks not only affects the width and
length of corrosion expansion cracks, but also deter-
mines their locations. Based on a damage-plastic
model of concrete, Hu et al. (2020) studied the influ-
ence of the thickness—diameter ratio, concrete
strength, and other factors on corrosion expansion
cracks. They then put forward a fitting formula for
the corrosion expansion force based on the calcula-
tion results, and verified the accuracy of the formula
through comparisons with experimental results. Xu
et al. (2020) comprehensively considered the effects
of temperature, water, and chloride ions, and studied
the influence of the rebar position and arrangement
on concrete corrosion expansion cracks using Com-
sol and ABAQUS software. The results showed that,
under the same conditions, the corrosion of corner
rebars is greater than that of central rebars, and the
arrangement of the rebars has a great influence on
the crack patterns. Zhang and Xiong (2020) studied
the corner rebars of concrete cube specimens, simu-
lated the whole development of corrosion by apply-
ing time-related uneven displacement around the
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rebars, and explored the effects of different factors
on corrosion expansion cracking. Their results
showed that the thickness of the cover had the great-
est influence on corrosion expansion cracking. Wang
et al. (2018) established a three-phase meso-scale
model of concrete based on the secondary develop-
ment of ABAQUS. They simulated the uneven cor-
rosion of rebars with interference fit, analyzed the
whole process of cracking from initiation to propaga-
tion and penetration of the cover, and discussed the
relationships between factors such as aggregate gra-
dation, rebar position, cover thickness, and crack
patterns. Yang et al. (2019) performed experiments
on corner rebar corrosion under different cover
thicknesses. The experimental results showed that
the crack width was linearly related to the corrosion
rate under the same cover thickness. Through statis-
tical analysis of the experimental data, a relational
expression for the corrosion rate, crack width, and
cover thickness was proposed.

In summary, in lab experimentation, most
scholars have adopted an electrification method to
accelerate rebar corrosion and generate concrete cor-
rosion expansion cracks. They obtained information
such as the shape and number of cracks through var-
ious observation methods, and finally carried out
analysis based on the experimental results. In terms
of numerical simulation, most scholars have used
temperature expansion (Zhang, 2003), interference
fit (Wang et al., 2018), and hole displacement (Jin et
al., 2020) to simulate corrosion expansion and study
the influence of different factors on concrete corro-
sion expansion cracking.

The above studies considered the effects of sev-
eral factors such as the rebar spacing, protective lay-
er thickness, concrete material, rebar diameter, and
aggregate size on the corrosion expansion cracking
of ribbed reinforced concrete by means of experi-
ments or numerical simulations. These studies insti-
gated the development of a complete system for re-
search on the corrosion expansion cracking of ribbed
reinforced concrete, laying a solid foundation for
subsequent research.

However, the existing numerical simulations
have several limitations. The failure modes of the
interface transition zone (ITZ) were rarely studied. In
addition, most of the research objects were plain

round bars (Zhao, 2013), whereas most rebars in
general practice are ribbed. Therefore, there was a
need for further research on reinforced concrete cor-
rosion expansion.

In this study, a three-phase meso-scale model of
concrete was established based on the secondary
development of ABAQUS, and the mechanical be-
havior of the ITZ was simulated using cohesive ele-
ments. The failure mode of the interface layer under
uniform corrosion was studied by numerical simula-
tion, and the influence of factors such as the cross-
sectional arrangement of ribbed bars, rebar spacing,
and cover thickness on the corrosion expansion
cracking and the shedding mode were explored.

2 Generation of the meso-scale model

A fine view model consisting of mortar, an in-
terface layer, and aggregate was established through
secondary development. This differs from the gen-
eral user-defined material base (Jin et al., 2018;
Yang et al., 2020), but uses a reasonable combina-
tion of existing materials to make the mechanical
behavior of the model more representative of that of
actual concrete.

2.1 Generation of single irregular polyhedral
aggregate

Our process for generating a single aggregate
was as follows: firstly, an ellipsoid was generated
into a dodecahedron (Fig. 1a), and then the vertex
position of each aggregate (ry, 6o, @) randomly fluc-
tuated (Figs. 1b and 1c); the vertex coordinates after
fluctuation (r, 6y, ¢;) are shown in Eq. (1), where dj,
d,, and d, are the random variations in length (7o) and
angle (6o, ¢o), respectively.

%, =7, + random(—d, ,d,),
6, =6, + random(—d,,d,), (D
@, = @, +random(-d,,,d ).

Unlike previous well-established parameter op-
timization algorithms (Yin et al., 2018; Jin and Yin,
2020), the problem in this study was a shape parame-
ter optimization problem based on a 3D entity. Trial
calculations were performed to avoid the need for a
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large number of samples and to make this 3D entity
closer to the actual aggregate shape.

Through many trial calculations based on our
understanding of the parameters, we found that when
d,=0.5b (where b is the shortest axial length of the
ellipsoid) and dy, d,=25°, the aggregate shape gener-
ated was close to the actual aggregate shape.

Fig. 1 Random fluctuations of base aggregate and vertices
(a) Base aggregate; (b) Node fluctuating outward; (c) Node
fluctuating inward

2.2 Generation and placement of aggregate
inventory

In practical engineering, concrete is often used
with aggregates with different particle sizes in a cer-
tain proportion, which is called gradation. In this
study, the gradation commonly used in engineering
proposed by Fang et al. (2013) was adopted. After
the aggregate gradation was determined, an aggre-
gate inventory was generated according to the flow
diagram shown in Fig. 2.

A meso-scale model was established by gener-
ating a geometric model directly from a defined grid.
The process of aggregate placement is shown in
Fig. 3.

To verify the effectiveness of the above aggre-
gate generation and placement method, a placement
example was studied. The placement area was a
square with side lengths of 150 mm, element sizes of
3 mm, and 125000 cells in total, and the aggregate
was a tertiary mix with 40% content. The total time
for the entire aggregate generation and placement
was 6638.489 s (the test platform was as follows:
CPU: Intel Core i7-8700K @ 3.7 GHz; memory:
32 GB of DDR4 3000 MHz RAM; hard disk: Intel
SSD P4510, 2 TB).

An example of the placement is shown in
Fig. 4, along with the actual concrete section and the

meso-scale model section generated in this study. It
can be seen that they have a high degree of similari-
ty, which shows that the methods proposed in this
paper for aggregate generation, placement, and
meso-scale modeling are highly practicable.

2.3 Generation of the interface transition zone

Cohesive elements in ABAQUS were used to
model adhesives between two components, each of
which could be deformable or rigid. The cohesive
elements can be used to study the adhesion between
structures and complex multi-crack propagation, as
well as the characterization of interface composite
materials. They are useful when simulating the cor-
rosion expansion cracking of ribbed reinforced con-
crete. Cohesive elements were used to characterize
the mechanical properties of the ITZ. Cohesive ele-
ments were connected to elements on both sides
through shared nodes.

The interface layer element was inserted using
HyperMesh and Python. The main steps were as fol-
lows: (1) divide the aggregate set and mortar set for
the model into which the aggregate inventory is en-
tered; (2) generate a common node between the ag-
gregate and mortar with HyperMesh; (3) use Python
to record the information of common nodes, and
when all the nodes in a certain plane of the element
are common nodes, a cohesive element is inserted in
the plane; (4) take the newly generated elements as
ITZ sets.

The technique for simulating the corrosion ex-
pansion cracking of ribbed reinforced concrete in
this way is similar to the discrete element modeling
method (Yin et al., 2020; Zhu et al., 2020). However,
it differs from the multiscale modeling approach
(Zhao et al., 2018; Xiong et al., 2019). The base unit
of the model in this study was an element, and there
is no other more detailed study on the method of a
coupled unit and micromechanical model.

In this calculation model, only a cohesive ele-
ment needs to be inserted between the aggregate and
the mortar. Therefore, its shape is the same as that of
the aggregate external surface grid. The generated
ITZ is shown in Fig. 5. Thus, the meso-scale model
is generated.
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No

Aggregate gradation is input

\ 4

¢ Aggregates in the particle size range
are generated one by one, and the

volumes of aggregates are calculated

The required volume of aggregates in
each particle size range is calculated

A 4

Is the volume of aggregates not
less than the required volume?

A

Aggregates in the next particle size
range are generated

Aggregate inventory is output

Are aggregates in all particle
size ranges generated?

Overall aggregates are reduced
to required volume

Fig. 2 Aggregate inventory generation process

The aggregates of next grade
are placed

The aggregates are not placed, and
associated message was recorded

.

Aggregates are placed in

Placed zone and aggregate
descending order of particle size

inventory information are input

Number of

Update unplaced elements
untried nodes>07?

and untried nodes

Result of aggregate
placement at this time

Have aggregates not
been placed?

Untried nodes are selected
randomly for placement

Are aggregates placed
successfully?

Fig. 3 Aggregate placement process

Fig. 4 Aggregate placement results
(a) Aggregate placement result; (b) Actual concrete cross-
section; (c) Cross-section of the generated meso-model

Local zoom

(a) (b)

Fig. 5 Aggregate elements (a) and cohesive elements of
the interfacial transition zone (b)

3 Material constitutive model and parameter
determination

3.1 Mortar constitutive model and parameter
determination

The mechanical behavior of mortar was charac-
terized by the JH-2 model proposed by Johnson and
Holmquist (1994). Mortar parameters from Lv et al.
(2018) were used for calculation (Table 1).
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Table 1 Mortar calculation parameters

G p 1 /s o4 g
(GPa) (kg/m®) (MPa) (MPa) (MPa)

12 2200 50 0 3 0.8 1.8
Plock Pcrush Kl KZ K3 D D
(MPa) (MPa) (MPa) (MPa) (MPa) ! 2
200 16.7 8.5x10* —1.71x10° 2.08x10° 0.06 1
Smax Hiock Herush EFmin Emaxe C N

4 0.01  0.001  0.003 0.1 0.1 065

G, p, [, 15, and f; are the shear modulus, density, compressive strength,
shear strength, and tensile strength of mortar, respectively; Perushs Plocks
Herush, @Nd fiock are the pressure and volumetric strain when the material is
crushed and fully compressed in the uniaxial stress compression test of
material, respectively; K, K,, and K3 are constants used for the material
with no voids; 4, B, N, C, and S, are defined as the normalized cohesive
strength, normalized pressure hardening coefficient, pressure hardening
exponent, strain rate coefficient, and normalized maximum strength,
respectively; EF i, is the equivalent plastic strain to fracture the material;
Emaxe 18 the maximum erosion principal strain; D; and D, are the damage
constants

3.2 Constitutive model and parameter determi-
nation of the interface transition zone

The ITZ was characterized by cohesive ele-
ments, and the initial cracking criterion adopted the
maximum nominal stress criterion (Maxs). In this
criterion, when the stress in any one of the three
main directions of the material reaches the critical
value, the material starts being damaged. That is:

~

() Sent=l. @)

>0
t

~

where t,, t;, and ¢ are the stresses in the normal and
tangential directions, respectively.

After cracking, the bilinear tension—displacement
criterion with good convergence was used to charac-
terize the subsequent damage evolution, as shown in
Egs. (3) and (4) and Fig. 6:

%5, 5<8°,

o am%, 5> 6, v
ng*& 5<8°,

e

) rm%, 5> 8. v

In the formulas and figures, J is the normal or
tangential displacement value, 0, Omax, (5n0, 5nf, and
¢, are the normal stress, maximum stress, initial and
final displacements of cracking, and fracture energy,
respectively, and 7, Tyax, 510, 5tf, and ¢ are the corre-
sponding tangential values. The parameters selected
for calculation were shown in Table 2.

3.3 Constitutive model and parameter determi-
nation for aggregate and rebar

The existing meso-scale concrete research find-
ings show that aggregate generally does not crack
(Unger and Eckardt, 2011; Wang et al., 2020; Naderi
et al., 2021). In this study, an elastic model was used
to characterize the mechanical behavior of aggregate,
and the aggregate parameters were selected with ref-
erence to Yang et al. (2020). An HRB400 bar was
regarded as an ideal elastic—plastic material, and its
calculation parameters were selected according to
MOHURD (2010) as shown in Table 3.

It is considered that corrosion expansion dis-
placement occurs only in the cross-section of a rebar
and that axial displacement can be ignored (Jin et al.,
2020). Here, thermal expansion was used to simulate
uniform corrosion expansion, and the anisotropic
thermal expansion coefficients were defined as
a,=1.2x10"" °C71, ocyy=1.2><1075 °C71; the expansion

coefficient in the other directions was 0 °C ™.

Omax |—— T
max

|
|
|
1

5° 5

Fig. 6 Traction—separation relationship of the bilinear
tension displacement criterion

Table 2 Interface transition zone calculation parameters

Density Initial nor_mal/ Tensile/Shear Normal/Tangential
(kg/m’) Fangentlal strength (Pa) fracture energy
stiffness (Pa) (N-m)
2200 6x10" 2x10° 30

Table 3 Rebar and aggregate parameters

Elastic . , Compressive  Tensile
Poisson’s
Item modulus ratio strength strength
(GPa) (MPa) (MPa)
Aggregate 70 0.2 - -
Rebar 200 0 360 360
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4 Scenario of a single rebar
4.1 Finite element model

In the model, the dimension of the concrete was
lengthxwidthxheight=150 mmx150 mmx150 mm,
and the rebar was a ribbed bar with a nominal diame-
ter of 20 mm and a length of 290 mm, whose geo-
metric parameters were determined mainly according
to ISO (2015). The established finite element model
is shown in Fig. 7.

A schematic diagram of the corroded rebar sec-
tion is shown in Fig. 8. According to the principle
that the temperature expansion area is equal to the
corrosion expansion area, the corresponding temper-
ature variation of the rebars under a certain corrosion
rate can be calculated.

The calculation formulae of temperature varia-
tion AT is shown in Egs. (5)—(8). We assumed that
the corrosion rate for the rebars developed to #.

Herein, the corrosion rate # is equal to the
cross-sectional loss rate:

alrr—(r=56)| 2r6-6 25 &°
77: |: 2 :|: 2 :___2 (5)

r r r r
The nominal corrosion layer thickness, 4, is:
A=(n-1)5, (6)

where r is the radius of the steel bar. The nominal
corrosion layer thickness is (n—1) times the corrosion
depth, and 7 is a constant Then, the expanded area at
the cross-section of rebar is

AS. =n(r+4) - =2l (n-1) 8>+ 2r(n-1)5].
(7)

The linear expansion coefficient of the rebar is
0=1.2x107 °C”", and when the temperature changes
AT, the expansion area at the cross-section of the
rebar is

AS, = [(1+aAT) —1]=m? (26AT +a?AT?).
®)
In this calculation, » is taken as 2 (Wang, 2018),

the corrosion rate #=5%, and =10 mm. Through the
above formulae, the solution is A7=2110.05 °C, i.e.

the rebar’s temperature increases from 0 to
2110.05 °C in the simulation. In this study, the pre-
defined field in ABAQUS was used to apply the
thermal loading. Recreating the corrosion expansion
cracking process of ribbed reinforced concrete by
numerical simulation is complicated. To improve the
convergence of the numerical simulation, the explicit
module in ABAQUS was used for the calculation.

Four different cover thicknesses and five differ-
ent arrangement modes, totaling 20 working condi-
tions, were set. The thicknesses of the covers were
20, 30, 40, and 50 mm; the arrangement of the rebars
is shown in Fig. 9.

() (d)

Fig. 7 Finite element numerical model
(a) Mortar elements; (b) Cohesive elements; (c) Aggregate
elements; (d) Numerical model

A

Nominal corrosion layer

Initial profile
of rebar

Rebar profile after
corrosion

Fig. 8 Section of the corroded rebar
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Fig. 9 Arrangement of rebars

4.2 Analysis of corrosion expansion crack pattern
and the ITZ failure mode

4.2.1 Patterns of corrosion expansion cracks

Taking a cover thickness of 30 mm and an in-
cluded angle of 0° as an example, it can be observed
that there were four main cracks in the specimen,
including two oblique, one vertical under the rebar,
and one vertical through the concrete cover. The
overall crack pattern was a “cross” with a slightly
short lower limb. Our results are in good agreement
with the pattern of internal cracks of concrete
(Fig. 10) obtained in a lab-based electrifying corro-
sion experiment conducted by Tran et al. (2011),
which verifies the rationality of the numerical simu-
lation performed in this study.

4.2.2 Failure mode and distribution of ITZ

D is the overall scalar stiffness degradation var-
iable, which is displayed in the output variable
SDEG. Cohesive elements in the ITZ with complete
failure (D=1.0) are distributed as shown in Fig. 11,
concentrated mainly near the cracks penetrating the
cover and along two long inclined cracks.

To study the processes of rusting and swelling
in ribbed reinforced concrete until the protective lay-
er cracks, the concrete damage pattern was studied
for corrosion rates of from 0% to 5%. Fig. 12 shows
the relationship between the number of completely
damaged ITZ elements and the corrosion rate. When
the corrosion rate was low (<0.5%), no ITZ elements
were completely destroyed. Beyond that, the number
of completely damaged ITZ elements grew rapidly,
then finally became generally stable.

There are three basic fracture types for cohesive
elements in the ITZ, Types L, 11, and 111, which corre-
spond to open type, sliding type, and tearing type,
respectively (Fig. 13).

Type 1 (open type) cracks are caused by tensile
stress, and so are called tensile failures, whereas
Type II (sliding type) and Type III (tearing type)

cracks are caused by shear stress, and so are called
shear failures. The failure mode identified by the
finite element method is determined from the
MMIXDMI field output. The relevant calculation
formulae are as follows:

(a)
Fig. 10 Comparison of diagrams of numerical simulation
and a test result
(a) Surface cracks; (b) Internal cracks; (c) Test result (Tran
etal., 2011)

SDEG
(average: 75%)
000

9.167x10™"
8.333x10™"
7.500%10”"
6.667x10""
5.833x10™"
5.000x107"
4.167x107"
3.333x10”"
2.500%10™"
1.667x10""
8.333x1072
0.000

Fig. 11 Completely destroyed ITZ elements (D=1.0)

1.2x10° -
1.0x10* e
8.0x10° |-
6.0x10° |-
4.0x10°F

2.0x10°p

L e

0.0 ...M’T.|.|.|.|.|.|.|.|.

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
Corrosion rate (%)

Number of completely destroyed ITZ elements

Fig. 12 Relationship between the number of completely
destroyed ITZ elements and the corrosion rate
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(a) (b) (©)

Fig. 13 Fracture types of cohesive elements
(a) Type I (open type); (b) Type 1I (sliding type); (c) Type
III (tearing type)

MMIXDMI=1-m;. )
G,
™= (10)

where m; is the mode mixing amount, G, is the frac-
ture energy of Type I (open type), and Gr is the sum
of the fracture energies of Types I, 11, and III.

The proportion of the fracture energy of Type |
fractures can reflect the type of failure. Therefore,
the value of m; and MMIXDMI can be used to de-
termine the fracture types of cohesive elements.
When m;=1.0 and MMIXDMI=0, the failures of the
cohesive elements are tensile failures. When m ;=0
and MMIXDMI=1.0, the failures of cohesive ele-
ments are shear failures. When O0<m;<1.0, and
0<MMIXDMI<1.0, the failures of the elements are a
mixture of tension and shear failures. Herein, the
MMIXDMI value of 0.5 was used as the threshold,
therefore when MMIXDMI<O0.5, the cohesive ele-
ments were mainly tensile failures, and when
MMIXDMI>0.5, the cohesive elements were mainly
shear failures. Fig. 14 shows the distribution of co-
hesive elements dominated by tensile and shear
failures.

To more intuitively characterize the change in
failure types of ITZ elements in the process of corro-
sion expansion cracking, the ratio of elements with
tensile failure to all completely damaged elements
under different corrosion rates was extracted to re-
flect the change in failure type in corrosion expan-
sion cracking (Fig. 15).

When the corrosion rate was low (<0.5%), there
were no completely destroyed ITZ elements. Corro-
sion continued to develop, ITZ elements were gradu-

ally damaged, and most were dominated by tensile
failure. When the corrosion rate reached 0.75%, the
proportion of ITZ elements dominated by tensile
failure reached its maximum of 85.4%. After that,
the proportion of ITZ elements dominated by tensile
failure decreased with the increasing corrosion rate
and reached the minimum value of 49.1% at a corro-
sion rate of 1.75%. With the further development of
corrosion, the proportion of ITZ elements dominated
by tensile failure slowly increased and finally stabi-
lized, maintaining a value of around 56.2%.

MIMIXDMI
(average: 75%)
1.0
0.5

Fig. 14 Distribution of tensile and shear failure elements
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Fig. 15 Relationship between the proportion of tensile
failure-dominated elements and the corrosion rate

4.3 Influence of cross-section arrangement of re-
bars and cover thickness on corrosion expansion
cracks

4.3.1 Influence on crack patterns

Fig. 16 shows the crack patterns in specimens
with different cover thicknesses and arrangements.
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(a) 20 mm, 0°; (b) 20 mm, 22.5°; (c) 20 mm, 45°; (d) 20 mm, 67.5°; (e) 20 mm, 90°; (f) 30 mm, 0°; (g) 30 mm, 22.5°; (h)
30 mm, 45°; (i) 30 mm, 67.5°; (j) 30 mm, 90°; (k) 40 mm, 0°; (1) 40 mm, 22.5°; (m) 40 mm, 45°; (n) 40 mm, 67.5°; (0) 40 mm,

90°; (p) 50 mm, 0°; (q) 50 mm, 22.5°; (r) 50 mm, 45°; (s) 50 mm, 67.5°; (t) 50 mm, 90°
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Most of the cracks were in the shape of a cross with
a slightly shorter lower limb. By comparing the ar-
rangement of rebars at different angles under protec-
tive layers of the same thickness, it can be observed
that the main internal crack modes were similar.
However, there were some differences in the shape
and number of secondary cracks. This indicates that
the arrangement angle of the cross-section of the
rebar has little effect on the main cracks, but some
effect on the secondary cracks. When the thickness
of the cover increased, the length of cracks penetrat-
ing the cover also increased, but the patterns of the
main cracks changed little.

4.3.2 Influence on the ITZ failure mode

The relationship between the proportion of ele-
ments with tensile-dominated failure and the corrosion
rate under different cover thicknesses and cross-section
arrangements of rebars was obtained (Fig. 17).

The proportions of ITZ elements dominated by
tensile failure among the specimens with the same
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cover thickness and different arrangements differed
slightly. Therefore, we conclude that the cross-
section arrangement of rebars had little influence on
the ITZ failure mode.

Fig. 18 shows the relationship between the
number of completely destroyed ITZ elements (the
average value for all the specimens with the same
cover thickness) under each cover thickness and the
corrosion rate. With increasing cover thickness, the
corrosion rate of ITZ elements completely destroyed
for the first time also increased, which shows that an
increase in the cover thickness can delay the occur-
rence of cracks to a certain extent. In addition, the
greater the cover thickness, the greater the number of
ITZ elements that were completely destroyed for the
first time.

Fig. 19 shows the relationship between the pro-
portion of elements with tensile-dominated failure
under each cover thickness and corrosion rate. With
increasing cover thickness, the peak proportion of
elements with tensile-dominated failure decreased,
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Fig. 17 Relationship between the proportion of tensile failure-dominated elements and corrosion rate
(a) The thickness of the cover is 20 mm; (b) The thickness of the protective layer is 30 mm; (c) The thickness of the protective lay-

er is 40 mm; (d) The thickness of the protective layer is 50 mm
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and the greater the cover thickness, the greater the
corrosion rate when the peak proportion was reached.
The curves for different cover thicknesses tended to
stabilize, and the greater the cover thickness, the
smaller the stable proportion of elements with tensile-
dominated failure.

5 Scenario of multiple rebars
5.1 Finite element model

Fig. 20 shows the finite element models. Four
rebars were arranged side by side at center distance,
with a cover thickness of 30 mm. The width and
height of the concrete and the rebar diameter were
the same as those of the single rebar. Five different
rebar spacings were set from 60 to 220 mm, at inter-
vals of 40 mm.
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Fig. 18 Relationship between the number of completely
destroyed ITZ elements and the corrosion rates under
different cover thicknesses
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Fig. 19 Relationship between the proportion of tensile
failure-dominated elements and the corrosion rate under
different cover thicknesses

(c) (d)

Fig. 20 Finite element numerical model
(a) Mortar elements; (b) ITZ elements; (c) Aggregate ele-
ments; (d) Numerical model

5.2 Influence of rebar spacing on the corrosion
expansion crack and shedding mode of the cover

5.2.1 Influence of rebar spacing on patterns of sur-
face corrosion expansion cracks

The surface cracks of specimens with different
rebar spacings are shown in Fig. 21. According to
the patterns and positions, the cracks can be divided
into parallel cracks on the parallel plane of the axis
of the rebar, and vertical, horizontal, and oblique
cracks on the vertical plane of the axis of the rebar.

In the case of a small rebar spacing, the cracks
in the vertical plane of the axes of the rebars were
generally distributed horizontally, except for the ver-
tical cracks penetrating the covers. In the case of a
large rebar spacing, except for the above-mentioned
vertical cracks penetrating the cover, the remaining
cracks on the vertical plane of the axis of the rebars
were generally distributed obliquely to the surface of
the cover. Due to the random distribution of aggre-
gates and the influence of rebar spacing, some of the
rebar locations did not have corresponding cracks
parallel to the rebars.

5.2.2 Influence of rebar spacing on patterns of inter-
nal corrosion expansion cracks

Fig. 22 shows the patterns of corrosion expan-
sion cracks in the specimens. There were obvious
differences in the patterns of cracks between the cor-
ner and the middle.
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(d) (e)
Fig. 21 Specimen surface corrosion expansion crack patterns
(a) Rebar spacing: 60 mm; (b) Rebar spacing: 100 mm; (c) Rebar spacing: 140 mm; (d) Rebar spacing: 180 mm; (e) Rebar
spacing: 220 mm
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Fig. 22 Patterns of corrosion expansion cracks in the specimens
(a) Rebar spacing: 60 mm; (b) Rebar spacing: 100 mm; (c) Rebar spacing: 140 mm; (e) Rebar spacing: 180 mm; (e) Rebar
spacing: 220 mm
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In the case of a small rebar spacing, there were
three main cracks in the corner: vertical cracks pene-
trating the cover, horizontal cracks connected with
the middle cracks, and oblique cracks developing
towards the side cover. In contrast, the middle part
included only two horizontal cracks connected with
the corner cracks.

In the case of a large rebar spacing, there were
four main cracks in the corner: vertical cracks pene-
trating the cover, horizontal cracks penetrating the
side cover, oblique cracks developing towards the
side cover, and oblique cracks developing towards
the top cover. The middle part showed mainly three
cracks distributed in an inverted T-shape.

In the case of a small rebar spacing, the hori-
zontal cracks and oblique cracks between rebars be-
came connected and penetrated the whole cover hor-
izontally, causing the cover to fall off, a process gen-
erally called “spalling” (Figs. 23a and 23c). In the
case of a large rebar spacing, the cracks between the
rebars did not penetrate through the cover. When the
oblique cracks on both sides of a single rebar pene-
trate through the cover, the cover between them will
fall off, and the detached part will be large on the top
and small on the bottom. Thus, this falling-off pro-
cess is generally called “wedge-shaped peeling”
(Figs. 23b and 23d). Obviously, spalling has a great-
er impact on the structure, so in practical engineer-
ing, to prevent its occurrence, the rebars should not
be arranged too closely.

6 Conclusions

In this study, a meso-scale analysis model was
established through the secondary development of
ABAQUS, which reproduces the whole process of
the initiation and development of concrete cracks
under corrosion. The effects of the cross-section ar-
rangements of rebars, rebar spacing, cover thickness,
and other factors on corrosion expansion cracks were
studied, as were the failure modes of the interface
layer under the condition of a single rebar and the
shedding mode of the concrete cover under multiple
rebars. The main conclusions are as follows:

1. A line of thought for generating and placing
a single, irregular, dodecahedral aggregate and

(d)
Fig. 23 Forms of peeling of the concrete protective layer
(a) Spalling caused by horizontal crack penetration; (b) Peel-
ing caused by diagonal crack penetration; (c) Spalling (Wang,
2018); (d) Wedge-shaped peeling (Wang, 2018). Reprinted
from (Wang, 2018), Copyright 2018, with permission from

Southwest Jiaotong University

corresponding aggregate inventory based on an ellip-
soid is put forward. On this basis, the secondary de-
velopment was conducted in ABAQUS, and a meso-
scale modeling method was constructed for directly
generating 3D solids based on a defined grid.

2. The overall pattern of cracks caused by cor-
rosion expansion cracking of rebars was cross-
shaped, with a slightly shorter lower limb.

3. No ITZ elements were completely destroyed
when the corrosion rate was low. As corrosion con-
tinued to develop, complete destruction of ITZ ele-
ments occurred gradually, and most ITZ elements
were dominated by tensile failure. After that, the
proportion of ITZ elements dominated by tensile
failure decreased with an increase in the corrosion
rate and reached the minimum value. With a further
increase in the corrosion rate, the proportion of ITZ
elements dominated by tensile failure slowly in-
creased and finally exhibited a stable trend.
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4. In the case of a single rebar, the cross-
sectional arrangement of rebars had little influence
on the patterns of corrosion expansion cracks and
ITZ failure modes. With an increase in the cover
thickness, the corrosion rate for ITZ elements that
were completely destroyed for the first time also in-
creased, which shows that increasing the cover
thickness can delay the occurrence of cracks to a
certain extent.

5. In the case of multiple rebars, when the rebar
spacing was small, the horizontal cracks and oblique
cracks between rebars were connected, and horizon-
tally penetrated the whole cover, causing it to peel
off. In the case of a large rebar spacing, the cracks
between rebars did not penetrate through, but oblique
cracks on both sides of the rebars penetrated the cov-
er, causing the part of the cover between the two
oblique cracks to fall off. The detached part was
larger at the top than at the bottom, and so this pro-
cess was called “wedge-shaped peeling”.
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