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Abstract: Rubber concrete (RC) exhibits high durability due to the rubber admixture. It is widely used
in a large number of fatigue-resistant structures. Mesoscale studies are used to study the composition
of polymers, but there is no method for fatigue simulation of RC. Therefore, this paper presents
a finite element modeling approach to study the fatigue problem of RC on the mesoscale, which
includes the random generation of the main components of the RC mesoscale structure. We also
model the interfacial transition zone (ITZ) of aggregate mortar and the ITZ of rubber mortar. This
paper combines the theory of concrete damage to plastic with the method of zero-thickness cohesive
elements in the ITZ, and it is a new numerical approach. The results show that the model can simulate
reasonably well the random damage pattern after RC beam load damage. The damage occurred in
the middle of the beam span and tended to follow the ITZ. The model can predict the fatigue life of
RC under various loads.

Keywords: numerical simulation; rubber concrete; fatigue life; three-point bending; polymer;
mesoscale model

1. Introduction

With rapid economic development, the production of cars has increased, leading
to the pollution of many waste tires, which are the primary source of waste rubber [1].
The combination of rubber, an excellent elastic material, and concrete, a brittle material,
produces rubber concrete (RC), which has the advantages of low modulus of elasticity,
high resistance to deformation, good crack resistance, good flexibility, and good wear
resistance [2—4]. Liu et al. [2] found that RC improved concrete toughness and fatigue
properties. Wang et al. [5] used the sounding technique to study the development of the
fatigue damage process in RC at three stress levels—0.6, 0.7, and 0.8. It is a continuous
process of the cumulative increase in damage, and it is divided into three processes: crack
initiation, stable extension, and destabilization damage. With the rapid development of
finite element theory and computer technology, concrete research is no longer limited to
experimental studies. The method of finite element numerical simulation has become the
primary research tool. Liu et al. [2] studied a mesoscale model of RC and analyzed its
compressive properties. However, the model considered factors so simple that the results
were unconvincing. Many scholars [6,7] have analyzed RC on microscopic, mesoscopic, and
macroscopic scales, but no one has used a finite element model (FEM) to study RC fatigue.
For this reason, this paper propose a finite element fatigue model of RC on the mesoscale.
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Concrete mesoscale modeling studies have established aggregate, mortar, admixture,
and interface transition zones (ITZ) over the last two decades [8]. Each component inter-
acts with the others through mechanical relationships, thus influencing the strength of
the overall structure. At the stage of concrete modeling, there are two ways of dealing
with how to characterize concrete components. One technique is digital image technology
recognition [9]. Zheng et al. [10] built a 2D concrete mesoscale model based on image
recognition and investigated concrete’s compressive strength and dimensional effects. He
provided a reliable method for predicting compressive strength. Second, by analyzing
the concrete composition and using computer programming to create a random aggregate
model (RAM) [11] that meets the requirements, Sharif et al. [12] simulated samples of
biphasic cubic concrete containing spherical aggregates embedded in homogeneous mortar
and successfully demonstrated the failure modes of the pieces. After the characterization
of the mesoscale aggregate composition method is completed, there are two methods of
computational modeling: one is an FEM based on a RAM [11], and the other is a mechan-
ical model based on a discrete element model (DEM) [13]. P.S.M. et al. [14] successfully
modeled finite element RAM of ultrahigh-strength concrete fracture under uniaxial com-
pression. It was found that damage initiation may occur in any of the three phases on
the mesoscale, a degree that is difficult to achieve by experimental means and DEM. In
addition, Zhou et al. [15] built a three-point bending-notched concrete beam as a model
structure to discuss the mechanism of crack sprouting. However, realistic concrete beams
have no prefabricated cracks. This paper uses an FEM with RAM to model three-point bent
concrete without prefabricated cracks for fatigue simulation.

FEM calculations are primarily based on elasticity mechanics [16], plasticity mechan-
ics [17], damage mechanics [18], and fracture mechanics [19] theories. The elastic model
treats concrete as an elastomer and studies the mechanical properties of concrete in its
elastic range. The disadvantage of the elastic model is that it is challenging to study the
properties of concrete after large deformation or cracking. The concrete-smeared cracking
model [20] uses a linear elastic model, which makes it difficult to calculate non-linear forms
of damage. Kim et al. [21] presented a plasticity model that considers the form of concrete
damage and the area of damage. The mechanical model of concrete damage first evolved
through the study of metal fatigue [22], which considered a concrete failure as a process
of quantitative damage triggered by microcracks in mesoscale structures. Ray et al. [23]
found that the influencing factor for concrete fatigue is size through fracture mechanics
models analyzed on a macroscopic structure. Concrete damage form is not determined
by one mechanical behavior but by various mechanical methods. This paper used the
concrete damaged plasticity (CDP) model, which combined concrete elasticity, plasticity,
and damage. The CDP model was first proposed by J. et al. [24], and then B. Xu et al. [25]
presented a damage model for the cyclic loading of concrete structures. B. Xu et al. [25]
found that this model can simulate the inelastic behavior of RC beam—column members
very well. In this paper, plastic damage theory is used, and the model conforms to the
requirements by improvement.

In a 2D mesoscale study, the RC components are mortar, aggregate, rubber, aggregate-
mortar ITZ, and rubber-mortar ITZ. The ITZ is complicated, and its thickness is usually
10-50 um [26], which exceeds the minimum size for numerical simulations. With the
development of research in recent years, a method called a cohesive element (CE) [27] for
dealing with damage to very small-thickness elements has been proposed. Wang et al. [28]
investigated the effect of cohesion models on the tensile behavior of concrete. Zhao et al. [29]
developed a crystal plasticity model combining an extended finite element approach with a
CE model. They analyzed fatigue cracking and found that the simulations were consistent
with previous experimental observations.

The purpose of this paper is to present a fatigue damage model applicable to RC. This
model uses a new numerical simulation method. Different RC peak loads of static pressure
and fatigue life were simulated using the CDP and CE models. Based on the model’s
feasibility, the fatigue life of RC was predicted for different admixtures and loads, which
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can provide a basis for experimental reference in advance. Subsequent work can vary the
load application methods, such as random and variable frequency loading, and can also
consider a 3D mesoscale model study, which is of great significance.

2. Modeling Methods

The mesoscale model’s modeling approach begins by considering the geometry of the
model generation, which includes aggregate content, size, and location. Subsequently, the
constitutive model of concrete and the ITZ model is considered to make the model feasible.

2.1. Mesoscale Model Geometry Generation

In mesoscale studies, concrete is usually considered a three-phase material consisting
of aggregate, mortar, and ITZ. The rubber particles in RC replace part of the fine aggregates.
Concrete is regarded as a homogeneous material in conventional macroscopic concrete
FEM. This visual modeling approach makes it difficult to investigate how the concrete’s
inhomogeneity affects the macroscopic properties. This assumption of the homogeneity of
concrete ignored several vital influences, such as aggregate size, particle size distribution,
aggregate shape, and the effect of the ITZ. Zhong et al. [30] investigated the effect of
aggregate shape (circular, elliptical, and polygonal) on the results of numerical analysis of
the mesoscale model. They compared the stress—strain curves under different conditions
with the experimental results. The results showed that the circular aggregate model is
optimal for the numerical simulations. In this paper, circular aggregates are used so
that meshing is easier and computer solutions are faster. In contrast, irregularly shaped
aggregates are very complex to mesh and increase the computational burden.

In this paper, the coarse aggregates in the RC mesoscale model are aggregates of 5
mm or more in diameter and the fine aggregates are included in the mortar. The geometry
of the mesoscale model needs to comply with three requirements: firstly, all the particles
generated must be within the specified boundaries; secondly, none of the particles can
overlap; and thirdly, there must be a gap between each particle, as the aggregates are
wrapped in a layer of mortar and have no contact. Fuller’s particle size [31] distribution
curves are used in this paper. The Fuller curve is widely regarded as the grading curve,
which provides an optimum particle size distribution for the working condition of the
concrete. The Fuller curve equation is as follows:

Dy

P =100
Dmax

M

where P represents the percentage of aggregate passing through sieve hole diameter Dy,
Dy represents the diameter of the sieve hole, and D, represents the diameter of the
largest aggregate.

As this paper focuses on the 2D level, it is impossible to deal with the 2D problem
directly with the help of the 3D Fuller set matching formula. It was used to obtain the best
particle size distribution curve in 2D by applying the Walraven formula [32]. The formula
is as follows:

P.(D < Dg) = P, (1.065D8-5D,;125§ —0.053D§ D}y — 0.012DED,,.E. — 0.0045D8D,,8, — 0.0025D30D—10) 2)

max

where P, represents the percentage of the aggregate area, where size D is smaller than D).
Py represents the percentage of the aggregate area of the total area. In this paper, Py is taken
to be 0.7. Dy represents the diameter of the largest aggregate size, and the maximum
diameter is taken as 20 mm.

The area of aggregate size distribution in the 550 mm x 150 mm area is listed by
Formula (2) in Table 1.
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Table 1. Size in 550 mm x 150 mm area occupied by different particle sizes.
RubbeIr{:{t:p(}ya;ement 5-10 mm (mm?) 10-15 mm (mm?) 15-20 mm (mm?) Rubber (mm?)

0 5612 8851 12,547 0

2.5 5612 8851 12,547 768

5 5612 8851 12,547 1537

7.5 5612 8851 12,547 2305

10 5612 8851 12,547 3074

The random generation is implemented in Python according to the aggregate area in

Table 1, and the generated flowchart is shown in Figure 1.

Divide the particle size into four segments L,, n € [1,4]

-

Calculate the required drop area A for each section of aggregate

according to the formula S, k € [1,4]

-

Determine the drop boundary, the length H, the width W. Define an array to store the location X,
Y, and radius R. The order in which the particle sizes are generated follows the order of the larger
particle size groups. Generate random particle positions Xand Y, X € [0,H], ¥ € [0, W], R
randomly between the smallest and largest particle size of the corresponding particle size group
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Record the aggregate(i) information, X;, ¥;, R;.

Calculating the remaining drop area Si = Si™* — nR?

termine if the area

NO of St isless than the area of the

minimum size aggregate

l YES

Enter the next section of the aggregate placement interval

.

Complete the full range of drop zones to meet all area needs

Figure 1. Flowchart of aggregate generation.

2.2. Constitutive Model of Concrete

The finite element software ABAQUS (2021 Version, Dassault systemes, France) and
the programming language Python 3.8 are interconnected, and the code generated in
Section 2.1 can be imported directly into ABAQUS. Aggregates are developed according
to the program, and different property values are assigned to the different components to

achieve the actual state of the mesoscale RC aggregates.
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In this paper, coarse aggregate and rubber are considered homogeneous elastomers,
and mortar is modeled numerically as a homogeneous continuum with elasticity. The
mortar can be regarded as a lower-strength type of concrete, and its constitutive law uses
the concrete-damage—plasticity (CDP) model. The CDP is a continuous, plasticity-based
damage model that defines the concrete state by defining two mechanical behaviors: tensile
cracking and compression damage. This model assumes that the concrete’s uniaxial tensile
and compressive response is characterized by plastic damage. The evolution of the yield

surface is controlled by two hardening variables, the tensile equivalent plastic strain 'éfl and

the compressive equivalent plastic strain Efl, which are related to the damage mechanisms

under tensile and compressive loading. The uniaxial tensile and compressive stress—strain
response is shown in Figure 2.

lo8 O¢

Eo '
A —doE,

e
=pl el
& £

(b)

Figure 2. The uniaxial stress—strain response: (a) tensile; (b) compressive.

Where Efl and ’éfl represent the equivalent plastic strains in tension and compression,
¢ and ¢? represent the elastic strains corresponding to tension and compression, d; and
d; represent the two damage variables for elastic stiffness degradation, with the damage
variables taking values from 0 to 1, and d = 0 means the material is undamaged, d = 1
means the material is completely damaged, and Ej represents the initial Young’s modulus
of the material.

In the case of uniaxial tension, the concrete stress—strain response obeys linear elastic
variation up to the time of failure stress 039, which is used to distinguish between the
elastic and plastic phases of concrete. After oy, the concrete enters the damage phase,
and microcracking occurs in the macrostructure. In the case of uniaxial compression, the
concrete stress—strain response obeys a linear elastic change to the compressive elastic
ultimate stress, and o, and 0,0 used to distinguish the elastic phase from the plastic phase
under uniaxial compression. Unlike uniaxial tension, there is a hardening phase to the
ultimate compressive stress o, after o, where the concrete is softened and microcracked.

When a concrete specimen is unloaded from any point in the strain-softening branch
of the stress—strain curve, the elastic stiffness of the material appears to be damaged. The
stress—strain relationships for uniaxial tensile and compressive loading are (Equation (3)):

or = (1—dy) Eg (st - Efl) 3)
0. = (1—d.) Eg (sc —Efl> @)

This paper deals with the numerical simulation of the three-point bending of concrete,
where the general form of damage is tensile damage. After being subjected to cyclic loading,
the tensile stiffness after damage needs to be redefined, as shown in Figure 3.
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Figure 3. Redefinition of tensile stiffness after damage.

Where e‘élt represents elastic strain and g represents cracking strain.
In the event of damage to the concrete, the cracking strain & is defined by the
following equation:

& = e — e ®)

el Ot
6
SOt EO ( )

ABAQUS automatically converts cracking strain to plastic strain for use:

ol ~ck TNY;

ik (1—d;) Eo @

According to the Structural Design Code for Concrete [33], considering the tensile

and compressive damage variables of the material, the specific concrete intrinsic model

is determined by Young’s modulus E and Poisson’s ratio A in the elastic phase and by the

non-linear stress—strain equation in the inelastic phase. When the concrete structure is
under pressure:

0. = (1—d) Ee, ®)

o {11—_” P o)
te(x — 172 +x

o = Efg (10)

X = % (11)

n= Ecjjgirfcr (12)

where a, is the parameter value of the falling section of the uniaxial compressive stress—strain
curve for concrete, f.r is the representative value of the uniaxial compressive strength of
concrete, g., is the peak compressive strain corresponding to f;,, and d, is the evolutionary
parameter for uniaxial compressive damage to concrete.
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When the concrete structure is in tension:

0 = (1 — dt)ESt (13)

1—p [1.2 — 02x¢°]x <1
=3 1- & y>1 (14)

X = — 15
. (15)
ftr

= : 1
ot Eeer, (16)

where a; is the parameter value of the falling section of the uniaxial tension stress—strain
curve for concrete, f;  is the representative value of the uniaxial tension strength of concrete,
€t is the peak tension strain corresponding to f;,, and d; is the evolutionary parameter for
uniaxial tension damage to concrete.

In accordance with the Structural Design Code for Concrete [33], specific values are
shown in Table 2.

Table 2. Parameters of CDP.

fer (MPa) ecr (x1076) ®c f: ,(MPa) ety (x107°) wr
40.26 1790 1.947 3.01 84 2.831

In addition to this, the plasticity parameters for CDP are self-contained in ABAQUS,
as shown in Table 3.

Table 3. Parameters of ABAQUS itself.

Dilation Angle Eccentricity frolfeo K
30 0.1 1.16 0.666

The values in Table 3 have been verified by many academics to be generally consistent.
This is a fixed value [10].

2.3. CE Model of the ITZ

After the aggregate model has been built, there are two approaches to the ITZ. One
is establishing a solid FEM of the ITZ [34]. The advantage of this is that it can reflect the
thickness relationship of the interface composed of concrete. However, the ITZ’s actual
thickness is 10-50 um, which is difficult to achieve with FEM. Even if the thickness is
expanded by a factor of 10 to a range that FEM can calculate, this will result in a dense and
small mesh division and a significant increase in computational effort. Secondly, the ITZ
is considered a zero-thickness element (ZTE) [35], which retains the relevant mechanical
properties of the actual ITZ to achieve the accuracy of the simulation, and all ITZs in
concrete can be represented by ZTE. In summary, we selected the ZTE.

The ZTE has three ways of simulating the behavior of the ITZ. Firstly, a layer of the
ZTE can be inserted using a shared node, which can be used if the CE is on the same mesh
as the surrounding element. Secondly, if the elements of the CE are divided differently
from the surrounding mesh or if the CE uses a finer discretization than the adjacent parts,
the tie constraint can be used to connect the CE to other parts. Thirdly, in some special
cases where the requirements are met, a connected interaction can be added directly to the
CE in contact without adding additional elements. Figure 4 shows the three methods of
CE processing.
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Part 1

Part 1 d nodes  Part 1

contact —»

\ interaction

Part 2 ments Part 2

ments

(a) (b) (c)
Figure 4. Three types of CE: (a) shared nodes; (b) tie constraint; (c) contact interaction.

Based on the random aggregates generated by the simulations in this paper, a cohesive
zone will be added to the contact surface of the aggregate and mortar. The first ZTE
(Figure 4a) is chosen to insert a layer of CE using a shared node. The size and location of
each aggregate are uncertain, so choosing inserted CE is difficult. A Python program finds
the node number of the aggregate place and copies the new node at the node number to
create a zero-thickness CE. This fits perfectly with the shared node insertion approach. The
ITZ generates CE, as shown in Figure 5.

Rubber Mortar

\

Rubber-mortar ITZ

,

Aggregate \/ >
R

Figure 5. Aggregates and ITZ generated in ABAQUS.
Figure 5. Aggregates and ITZ generated in ABAQUS.

The CE damage is divided into four parts: the linear elastic phase, the damage
initiation phase, the damage evolution phase, and complete damage.
The online resilience phase of the damage response of the CE is as follows:

tn Eun Ens Ent En
t = ts p = | Ens Ess Est gs o = Ee (17)
t Eunt Est Eg €t

where t, is the nominal stress in the normal direction, f; is the nominal stress in shear in
the first direction, t; is the nominal stress in shear in the second direction, Ejj is Young's
modulus in each direction, and ¢; is the strain in the corresponding direction.
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The quadratic stress criterion formula is used for damage initiation. Damage initiation
occurs when the contact-stress ratio involved reaches 1:

b (6 (L
{5 +{t9} =1 19

Damage evolution by way of traction separation is shown in Figure 6.

traction

0 5% 55, separation

Figure 6. Traction separation relationship.

Where &Y, is the separation displacement value at the onset of damage and (5,{1 is the
separation displacement at the maximum damage.

The material enters the damage phase judged by the damage value D. When Dis 1,
the material is completely damaged by the following equation:

_ O (o~ )

= 19

ope (0, — %) )
where D is the damage value and 6},** is the additional amount of maximum separation
displacement during loading.

In this paper, the fracture energy is calculated using the Benzeggagh—Kenane
(BK) criterion:

GE = Gf + (GE - ) {G}W (20)
Gr
where GC is the hybrid fracture energy, G is the type I fracture energy of the cohesive ele-
ment, G$ is the type II fracture energy of the cohesive element, G; is the shear deformation
energy, and Gr is the tensile deformation energy.

The performance of ITZ is difficult to test on the experimental scale, so the determina-
tion of simulation parameters for ITZ is difficult to determine. Usually, the performance of
ITZ is approximated by the weak mortar composition, and researchers use the percentage
of mortar to study and judge the performance of ITZ. Xiao et al. [36] considered the strength
of ITZ to be 80% of the mortar. Kim et al. [37] considered the fracture energy of ITZ to be
equivalent to 50% of the mortar. Li et al. [38] considered it to be 80%. It was obvious that dif-
ferent researchers have different opinions on determining the mechanical properties of ITZ.
The ultimate purpose is to achieve unity between numerical simulations and experiments,
so the performance parameters of the ITZ on numerical simulations are determined by trial
and error to determine the optimum values of these relevant parameters. The parameters
used in this paper are shown in Table 4.
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Table 4. Parameters of ITZ.
Normal Strength Tangential Strength Normal Fracture Shear Fracture Energy
(MPa) (Mpa) Energy (N/mm) (N/mm)
Aggregate-mortar ITZ ! 3.1 9 0.03 0.09
Rubber-mortar ITZ 2 2.8 8.4 0.028 0.084

1 Data from [28], 2 trial values.

3. Verification of the Model
3.1. Experiment

The data for this summary test were obtained from Liu et al. [39]. He investigated
the effect of rubber substitution rate and rubber particle size on the fatigue life of rubber
concrete. The object of study was an RC beam with dimensions of 150 mm x 150 mm x
550 mm. A static load test was conducted under a three-point bending load, and a fatigue
test was conducted under a cyclic load. The fatigue life and related fatigue life curves were
obtained for different rubber substitution rates, particle sizes, and stress levels.

3.1.1. Experimental Materials

Material parameters are shown in Tables 5 and 6.

Table 5. Parameters of cement.

Coagulation Time (min) Compressive Strength (MPa) Flexural Strength (MPa)
Type Initial Final
Condensation Condensation 3d 28d 3d 28d
P-O425 180 270 26.9 50.1 5.62 8.3
Table 6. Parameters of aggregates.
. . Apparent Stacking Water .
Type Gr(e;i ::;OH llanzneless Density Density Absorption Mud ((oic;ntent ‘C/rlu Shif,}g)
odulus (kg/m?) (kg/m?) (%) ° atue Lo
Crushed stone 5-20 - 2775 1648 1.0 0.35 8.9
Sand - 2.76 26.58 1736 1.3 1.9 -

Rubber: Crushed rubber granules from waste tyros 1-4 mm.

3.1.2. Experimental Test Methods

RC specimens with different rubber replacement rates are first tested by static loading
to obtain the corresponding peak loads. The fatigue tests are carried out using models of
the same material proportions. The maximum and minimum loads are applied to the RC
beams using a load-controlled mode, which is an equal amplitude and uniform load mode.

3.2. Building Mesoscale Models

A 150 mm x 550 mm rubber concrete beam element is built according to Table 1, with
different dosing of rubber concrete beams as shown in Figure 7, where gray means mortar,
red means aggregate, and black means rubber.
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Figure 7. RC beams with different dosing: (a) 0; (b) 2.5%; (c) 5%; (d) 7.5%; (e) 10%.

The load loading point is in the middle of the upper part, with the bottom left constraint
100 mm from the left boundary and the right constraint 100 mm from the right, as in
Figure 8.
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ﬂP

150mm

A A :

100mm 350mm 100mm

Figure 8. Load loading schematic.

The model is solved using the ABAQUS/Standard. First, apply a displacement
constraint of 2 mm at the upper load loading point, stop the calculation when the model
does not converge, and obtain the peak load Fy;4x for the model. Subsequently, the fatigue
life of the model is calculated at different stress levels, still using the same model with cyclic
concentrated force constraints applied at the upper load loading points. Load application
from minimum load P,,;, to maximum load Py,4x, where Py, / Prax = 0.1, fatigue load stress
levels S = Pyx / Fiuax. In this paper, S takes the values 0.9, 0.85, 0.8, and 0.75. When S is too
high, the fatigue damage results are over in one go. When S is too small, the calculation
is too large in the numerical simulation phase. The Fourier series method controls the
equivalent mean amplitude load when fatigue loads are applied:

F(t) = {Ao + YN[ Ay cos nw(t — ty) + By sin nw(t — to)]t > to

A0 <t <ty 1)

where the period is T, circle frequency w = 27t/T, the loading initial time is Ao, and the
number of steps parameters A1, By, Ay, By, -+, Ap, Ao.
The parameters used for RC in this paper are shown in Table 7.

Table 7. Parameters of RC.

Type Young's Modulus (GPa) Poisson’s Ratio
Mortar 36 0.2
Aggregate 72 0.16
Rubber 7 0.49

3.3. Experimental Versus Simulation

By comparing the results of this study with the three-point bending static load peak
load results and fatigue load results from the literature [39], the feasibility of the model
is verified.

3.3.1. Peak Load

The peak load tests and simulation results for this model under three-point bending
loads at different stress levels are summarized in Table 8. It can be seen that the magnitude
of the peak load decreases as the rubber content increases, which is in line with the
researchers’ judgment on the performance of RC. Comparing the test and simulation for
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peak loads at the same stress levels proved that the simulation and test results agree well.
The maximum absolute error is 3.6%. The new numerical model proved reliable for peak
loads under three-point bending loads.

Table 8. Experimental and simulated peak loads.

RC-0 RC-2.5 RC-5 RC-7.5 RC-10

Experimental peak loads (KN) 28.15 26.32 25.05 241 23.06
Simulated peak loads (KIN) 28.62 25.94 25.52 24.44 22.23
Error (%) 1.67 —1.44 1.88 1.41 3.60

3.3.2. Fatigue Life

The results of tests and simulations with different dosing levels of rubber concrete
at stress levels S = 0.85 and S = 0.75 are summarized in Table 9. The increase in rubber
admixture can improve the fatigue resistance of RC and extend the fatigue life. Due to the
large dispersion of the fatigue life results, only the minimum and maximum lives are taken
as a reference in the test results. Moreover, the overall life trend improves with increasing
rubber doping. As shown in Figure 9, the results obtained from the numerical model of
rubber concrete in this paper are all between the maximum and minimum values of the
test results and meet the feasibility requirements of the model. This proves the reliability of
the new numerical model in fatigue life calculation. There are some differences between
the expected life and the experiment, but this is acceptable. Because the experiment phase
is a one-off for each test beam, the RC is already destroyed after the experiments with peak
load. Although each beam is made to the same size and aggregate content, the mechanical
properties are not the same. The different mechanical behaviors of the concrete beam can
be observed in [37].

Table 9. Experimental and simulated fatigue life.

RC-0 RC-2.5 RC-5 RC-7.5 RC-10
S 0.5 experiment min/max 1615/4236 2281/3459 1485/5883 2261/6781 3827/6832
- simulation 1742 2678 3824 5018 6779
S—075 experiment min/max 8654,/15,432 9876/19,536 14,876 /23,654 15,245/31,132 20,268/34,538
- simulation 11,812 14,208 19,081 24,085 32,742

—4— $=0.75 Max life
359 —<— $=0.75 Simulation

—v— $=0.75 Min life

304 —®— $=0.85 Max life
$=0.85 Simulation

—m— $=0.85 Min life

Fatigue life(x10°%)
S

0 T T T T T
RC-0 RC-2.5 RC-5 RC-7.5 RC-10
Type

7T resssaaahimmes

Figure 9. Experimental and simulated fatigue life.

4. Analysis of Variables

Finite element static pressure simulations of three-point bending were carried out for
RC rubber admixtures of 0, 2.5%, 5%, 7.5%, and 10% to obtain the corresponding peak
load and displacement relationships. Based on the stress levels S = 0.85 and S = 0.75 above,
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add stress levels S = 0.9 and S = 0.8 to the loading method for the RC fatigue simulation
to analyze the effect of different rubber doping and stress levels on damage form and
fatigue life.

4.1. Force—Deflection Curves

The force—deflection curves for RC at different admixtures were obtained from numer-
ical simulations, as shown in Figure 10. The concrete deflection increases as the rubber
admixture increases and the peak load tends to decrease significantly. The rising and falling
phases of the curve for ordinary concrete are steeper than the gentle curve for RC. The trend
becomes more subdued as the amount of rubber added increases. The comparison of the
trends of the two curves RC-0 and RC-10 in Figure 10 is exceptionally different. It confirmed
the effect of rubber particles on concrete in the mesoscale study. Rubber was able to reduce
the extension of concrete damage and increase the toughness of concrete, reducing the
brittleness of concrete. This reflects the actual validity of the new numerical model.

30

—=— RC-0
—e— RC-2.5
25 —h— RC75
—*— RC-7.5
RC-10
20
2 d
<
@ 15
=
o
L
10
5 -
0 - T T T T T T T T T T T T T T T T T 1

0.0 02 04 06 08 L0 1.2 14 16 18
Deflection (mm)

Figure 10. Load—deflection curve.

4.2. Types of Damage

In this paper, the damage to the RC is shown through stiffness in the form of two
factors: one is static compression, and the other is fatigue. The visual form of the damage is
represented by the SDEG cloud map output by ABAQUS (SDEG = 0 means no damage to
the structure, and SDEG = 1 means complete damage to the structure). Figure 11 shows
the damage to an ordinary concrete beam of 150 mm x 550 mm without rubber admixture
after a three-point bending static load. As the beam damage occurs in the middle of the
span, for ease of observation, the structure is taken in the middle of the beam, as shown in
the black box in Figure 11, with a size of 150 mm x 150 mm. The following are screenshots
of the damage obtained by this method.

The SDEG damage clouds for 0, 2.5%, 5%, 7.5%, and 10% rubber doping after damage
are shown in Figure 12. A form of static pressure damage to rubber concrete was observed
in the mesoscale study. The damage was mainly at the mid-span of the beam, with an
irregular damage zone extending from the bottom to the top. The damage course follows
the edges of the aggregate and rubber and is consistent with existing fracture and damage
mechanics theories. The point of damage to the zero rubber-doped concrete is only at the
opening of the damage zone, with no damage to the surrounding concrete aggregate, as
shown in Figure 12a. Damage points occur not only at the opening of the damage zone but
also minor damage to the rubber around the opening, as shown in Figure 12b—e. On the
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mesoscale, it is observed that the rubber particles take up a small part of the load-bearing
capacity under load. Furthermore, with the increase of rubber admixture, the damage
point at the bottom of the concrete increases, and the damage zone is influenced by the
surrounding rubber particles in the middle of the extension. The 10% and 7.5% rubber-
doped concrete leads particularly well, with multiple damage points at the bottom and tiny
branches of the damage zone midway through, as shown in Figure 12d,e. Various forms of
damage indicate that adding rubber particles to concrete helps to retard concrete damage,
which also provides the basis for research into the fatigue resistance of RC.

Screenshot location

Figure 11. Damage to ordinary concrete and location of damage sampling.

® [ ] [ ]
...‘. . .‘
@07
A X B ‘o'0%®
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o

Figure 12. RC SDEG with different mixes for static pressure loading: (a) 0; (b) 2.5%; (c) 5%; (d) 7.5%;
(e) 10%.
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The fatigue simulation of the same RC beam at different stress levels is a unique
advantage of the fine-view simulation. The stress levels are guaranteed to be the same
peak load each time, something that cannot be achieved experimentally. This paper uses
fatigue simulations for four stress levels of 0.9, 0.85, 0.8, and 0.75, with each stress level
corresponding to five rubber doping levels. Shown in Figure 13 are four forms of stress level
fatigue damage for ordinary concrete. It can be observed that fatigue damage to ordinary
concrete at different stress levels takes the same form, with the damage zone starting at the
same point of failure at the bottom of the concrete. In ordinary concrete, from the start of
the damage to the end, only the weakest point within the concrete bears the load, regardless
of the force acting. Its fatigue damage is also essentially the same as static pressure damage
(Figures 12a and 13), proving that ordinary concrete is relatively homogeneous regarding
internal forces when damaged, with the same place bearing the load.

SDEG

Figure 13. SDEG of ordinary concrete under different stress levels: (a) S=0.9; (b) S=0.85; (c) S=0.8;
(d)S=0.75.

Figures 14-17 show fatigue damage at four stress levels for four doped RC. Unlike
ordinary concrete, the fatigue loads do not take the same form of damage at different stress
levels when rubber is added. As shown in Figure 14, the damage zone for 2.5% admixture
stress levels of 0.85, 0.8, and 0.75 differ, and the damage point is also different at the bottom
of the concrete. As shown in Figure 15, the location of the damage zone is different for 5%
doping stress levels of 0.9, 0.85, and 0.8, but the location of the bottom damage point is the
same for stress levels of 0.85, 0.8, and 0.75. As shown in Figure 16, the 7.5% doping stress
level only differs in the damage zone and damage at a stress level of 0.9; the damage zone
and damage point are essentially the same at other stress levels. As shown in Figure 17, the
orientation of the damage zone and the location of the initial damage point at the bottom
stabilize and remain the same when the doping level reaches 10%. The rubber dosing
ranges from 0 to 10%, with the damage zone orientation and initial damage point location
stabilizing from the beginning, through the disorder of the intermediate dosing, and to
final stability. The fatigue damage of RC is different from hydrostatic damage, which is also
different from ordinary concrete. The addition of the rubber creates a fragile ITZ between
the rubber and the mortar, even weaker than the ITZ between the aggregate and the mortar.
The model successfully simulated the effect of rubber doping.

SDEG
0.240 § U

0.160 o P e @ e,
0.080 Lo .-.' §: =
0.000 A . Jece’@® X »

Figure 14. SDEG of RC-2.5 under different stress levels: (a) S=0.9; (b) S=0.85; (¢) S=0.8; (d) S=0.75.
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Figure 17. SDEG of RC-10 under different stress levels: (a) S=0.9; (b) S=0.85; (c) S=0.8; (d) S =0.75.

4.3. Fatigue Life

Table 10 shows the peak loads and the life of the fatigue loads at the corresponding
four stress levels for the five doped rubber concretes. At the same stress level, the fatigue
life increases as the rubber content increases, indicating that rubber concrete carries higher
cyclic loads than ordinary concrete for a given cyclic load. In the case of rubber concrete,
this result is because the rubber particles act as an energy absorber and load cushion in
the concrete. Rubber particles have better elastic properties on the mesoscale level than
concrete particles. In the case of concrete suffering from tension and compression, part of
the energy is converted into the elastic energy of the rubber particles. The fatigue life of
10% rubber is 7.3, 3.89, 4.45, and 2.77 times greater than that of ordinary concrete at four
stress levels.

Table 10. Fatigue life of different rubber doping at different stress levels.

RC-0 RC-2.5 RC-5 RC-7.5 RC-10
5S=09 135 243 581 792 986
5=0.85 1742 2678 3824 5018 6779
5=038 4212 5385 9821 12036 18735
5=0.75 11,812 14,208 19,081 24,085 32,742

The relationship between rubber doping, stress level, and fatigue life is shown in
Figure 18. It is obvious that, within a specific range, an increase in rubber content and
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a decrease in stress level increase the fatigue life of RC. The increase in fatigue life is a
non-linear relationship, as shown in Figure 19.

Fatigue life (x10%)

Figure 18. Fatigue life of different rubber doping at different stress levels.

—=— RC-0
090 % e RC-2.5
\ 4 RC5
v RC-7.5
+ RC-10
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g
g
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0.80 1
0.75 v *
T T T T T T T
0 5 10 15 20 25 30 35

Fatigue life(x10%)

Figure 19. Relationship between stress level and fatigue life of different rubber doping.
5. Discussion

This model simulation study generates the mesoscale structure of RC through random
aggregates, applies the improved properties of CDP to mortar, and combines modeling
of the aggregate-mortar ITZ and rubber-mortar ITZ to achieve the mesoscale structure
of actual RC. It is a new numerical approach. The model was subjected to a series of

three-point bending fatigue loads to analyze the causes of damage forms and fatigue life
from a mesoscale.

5.1. Causes of Damage Types

The structural form of the model after damage by static pressure and fatigue loading
is consistent with reality, and the appearance of concrete damage on the mesoscale can be
accurately observed from the mesoscale structure. Subsequent damage develops along
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the weakness of the ITZ around the aggregate and rubber particles. There are two main
reasons for producing an irregular damage band consistent with reality. First, the model
adds the damage theory in the CE model, setting a zero-thickness damage zone in the
aggregate-mortar and rubber-mortar layers. The material’s mechanical properties in the CE
are less than those of the mortar. When subjected to forces, the ITZ is more easily damaged
than the mortar aggregate. Secondly, the mesoscale model is randomly generated for
aggregate size and location, which aligns with the actual aggregate distribution of concrete
materials and better reflects the model’s realism. The rubber particles are smaller than the
coarse aggregate, and it is easier for damage to occur around the rubber than around the
coarse aggregate.

5.2. Factors Influencing Fatigue Life

The addition of rubber benefits the fatigue properties of rubber concrete. When the
model is damaged, there is some damage around the rubber particles not in the damage
zone. These share some of the fatigue load, confirming the effect of the rubber particles on
the mesoscale level. The mesoscale model can be applied to complex fatigue loads. The
model shows fatigue life agreement at stress levels of 0.75 to 0.9 and can simulate the effects
of fatigue life due to different doping levels of rubber. Rubber particles have better elastic
properties on the mesoscale level than concrete particles. When the concrete is loaded, part
of the energy is converted into the elastic energy of the rubber particles. RC life increases
with increasing rubber and decreases with increasing stress ratio. As a rule of thumb, the
magnitude of the stress ratio is related to the logarithm of the fatigue life [40]. After trying
various fitting formulae, the following relationship is assumed:

S = A + BIn(N) + CIn*(N) (N > e %) (22)

where S is the concrete stress ratio, A, B, and C are constants whose magnitude is related to
the concrete admixture, and N is the concrete fatigue life.

According to Formula (22). for curve fitting, as shown in Figure 20, the specific
formula and correlation coefficient R results are shown in Table 11, and the fitted results
meet the requirements. It is found that the stress level is related to the quadratic function
of the logarithm of fatigue life. In addition, the results of this study allow for reasonable
extrapolation of the three-point bending fatigue life of rubber concrete at dosing levels
between 0.75 and 0.9. This provides a corresponding reference for the test, a model for
calculating fatigue life correctly on the mesoscale.

—m— RC-0
--@-- RC-2.5
0-90 —A— RC-5
RC-7.5
—e— RC-10
©0.85 1
8
g
k723

0.80 4

0.754

0 5 10 15 20 25 30 35
Fatigue life(x10%)

Figure 20. Fitting relationship between different rubber doping stress levels and fatigue life.
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Table 11. Fitting formulae for different rubber doping.

Type Fitting Formula R?

RC-0 S = 0.865 + 0.028 In(N) — 0.0043 In?(N)) (N > 26) 0.999
RC-2.5 S = 0.671 4 0.087 In(N) — 0.0083In?(N) (N > 189) 0.989
RC-5 S =0.519 4 0.126 In(N) — 0.0104In*(N) (N > 361) 0.997
RC-7.5 S = 0.475 + 0.135In(N) — 0.0107 In*(N) (N > 550) 0.999
RC-10 S = 0.384 4 0.152In(N) — 0.0112In*(N) (N > 886) 0.996

5.3. Potential Applications and Developments

The mesoscale model proposed in this study can accurately represent the fatigue
life of rubber concrete under three-point bending fatigue loading. In addition, analysis
of the static pressure load’s damage form and the RC’s ultimate load reveals that the
model is also accurately represented. The study of RC is equally informative for ordinary
concrete and other polymer admixture concrete. The difference lies in the polymer’s
shape, size, location, and properties. Shape, size, and position are solved by Python code,
and performance could be solved by setting properties on the polymer. However, it is
often difficult to achieve the desired effect, and an interface layer is needed to change the
mechanical relationship between the different substances. This study could also be applied
to reinforced RC to simulate the location of damage and structural life of specific damaged
structures in macrostructures to provide an initial structural performance judgment for
actual structures.

The limitations of this research method lie in the 2D structure. When considering the
mesoscale design in the 3D structure, the lack of computer performance is challenging to
resolve, and the vast number of calculations leads to increased calculation time. Future
work could be improved to develop a 3D mesoscale concrete model to calculate fatigue life,
achieving the desired accuracy and computational efficiency requirements.

6. Conclusions

This paper proposed an RAM on the scope of a mesoscale study. The model used
plastic damage theory and the insertion of cohesive elements in the ITZ, and is a new
numerical model. This paper verifies the model’s correctness in peak load and fatigue life.
Peak loads were verified for five doping levels of 0, 2.5%, 5%, 7.5%, and 10%, and fatigue
life was verified for stress levels of 0.75 and 0.85. After this, the results for stress levels of 0.8
and 0.9 were simulated and analyzed. The peak static pressure load in three-point bending
was successfully modeled on a mesoscale as decreasing with increasing rubber doping,
and the resulting deflection increased with increasing rubber doping. Static pressure and
fatigue forms of damage could be observed in the mesoscale, where the point of damage
produced by RC damage is not unique and increases with the amount of rubber admixture.
The damage element produced by RC damage shows an order—disorder—order process
as the rubber dosing increases. It was observed from the model that when the damage
occurred to the RC, the internal rubber took the load. In addition, the model could simulate
the three-point bending fatigue life at different stress levels for various rubber doping on
a mesoscale. A quadratic function relating stress levels with different rubber doping to
fatigue life was fitted, which can predict fatigue life for stress levels between 0.75 and 0.9,
providing some reference value for the test. The mesoscale model in this paper satisfied
the fatigue life simulation requirements perfectly. The method, with model improvements,
could be applied to all RC fatigue structures in the future.

Author Contributions: Conceptualization, X.P. and X.H.; methodology, X.P. and K.W.; software,
X.P. and D.H.; validation, X.P.,, X.H. and D.H.; formal analysis, X.P,; investigation, X.P. and D.H.;
resources, X.P. and D.H.; data curation, X.P.; writing—original draft preparation, X.P.; writing—review
and editing, H.L.; visualization, X.P,, Z.C., Z.Y. and K.M.; supervision, H.L., C.L. and W.L.; project
administration, H.L.; funding acquisition, H.L., S.W. and K.W. All authors have read and agreed to
the published version of the manuscript.



Polymers 2023, 15, 2048 21 of 22

Funding: This research was funded by the 2022 Hubei Construction Science and Technology Program
Project (grant 90) and the 2021 Hubei Construction Science and Technology Program Project (grant
number 43).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: The data used in the article can be obtained from the author here.
Acknowledgments: The authors would like to acknowledge Hubei University of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Xiao, Z,; Pramanik, A.; Basak, A.K; Prakash, C.; Shankar, S. Material Recovery and Recycling of Waste Tyres—A Review. Clean.
Mater. 2022, 5, 100115. [CrossRef]

2. Liu, F; Zheng, W,; Li, L.; Feng, W.; Ning, G. Mechanical and Fatigue Performance of Rubber Concrete. Constr. Build. Mater. 2013,
47,711-719. [CrossRef]

3. Sukontasukkul, P.; Chaikaew, C. Properties of Concrete Pedestrian Block Mixed with Crumb Rubber. Constr. Build. Mater. 2006,
20, 450-457. [CrossRef]

4. Liu, F; Wang, B.; Yuan, X.; Wang, Y.; Li, ]. Experimental Study on the Toughness of Concrete Mixed with Waste Rubber Particles.
Concrete 2019, 353, 78-81+85.

5. Wang, L.; Wang, C.; Zhang, Y.; Ma, A. Study on Fatigue Damage Process of Rubberized Cement Concrete by Acoustic Emission
Technique. . Southeast Univ. Nat. Sci. Ed. 2009, 39, 3.

6. Kachkouch, F.Z.; Noberto, C.C.; Babadopulos, LED.A.L.; Melo, A.R.S.; Machado, A.M.L.; Sebaibi, N.; Boukhelf, F.; El Mendili, Y.
Fatigue Behavior of Concrete: A Literature Review on the Main Relevant Parameters. Constr. Build. Mater. 2022, 338, 127510.
[CrossRef]

7. Xu,J;Yao, Z,; Yang, G.; Han, Q. Research on Crumb Rubber Concrete: From a Multi-Scale Review. Constr. Build. Mater. 2020, 232,
117282. [CrossRef]

8. He,],; Liu, D.; Gao, Z.; Zhu, E; Bai, P. Research Progress on Mechanical Properties Testing Methods of Interfacial Transition Zone
in Concrete. J. Exp. Mech. 2022, 37, 805-820.

9.  Huang, Y. Overview of Research Progress of Digital Image Processing Technology. J. Phys. Conf. Ser. 2022, 2386, 012034. [CrossRef]

10. Zheng, Z.; Tian, C.; Wei, X.; Zeng, C. Numerical Investigation and ANN-Based Prediction on Compressive Strength and Size
Effect Using the Concrete Mesoscale Concretization Model. Case Stud. Constr. Mater. 2022, 16, €01056. [CrossRef]

11. Yu, L. Liu, C; Mei, H,; Xia, Y;; Liu, Z.; Xu, F;; Zhou, C. Effects of Aggregate and Interface Characteristics on Chloride Diffusion in
Concrete Based on 3D Random Aggregate Model. Constr. Build. Mater. 2022, 314, 125690. [CrossRef]

12. Yu, Y,; Zheng, Y.; Guo, Y.; Hu, S.; Hua, K. Mesoscale Finite Element Modeling of Recycled Aggregate Concrete under Axial
Tension. Constr. Build. Mater. 2021, 266, 121002. [CrossRef]

13. Abu-Haifa, M,; Lee, S.J. Image-Based Modeling-to-Simulation of Masonry Walls. J. Arch. Eng. 2022, 28, 06022001. [CrossRef]

14. Thilakarathna, P; Baduge, K K.; Mendis, P.; Chandrathilaka, E.; Vimonsatit, V.; Lee, H. Understanding Fracture Mechanism and
Behaviour of Ultra-High Strength Concrete Using Mesoscale Modelling. Eng. Fract. Mech. 2020, 234, 107080. [CrossRef]

15.  Zhou, R;; Lu, Y,; Wang, L.-G.; Chen, H.-M. Mesoscale Modelling of Size Effect on the Evolution of Fracture Process Zone in
Concrete. Eng. Fract. Mech. 2021, 245, 107559. [CrossRef]

16. Lurie, A.L; Belyaev, A. Theory of Elasticity. Foundations of Engineering Mechanics; Springer: Berlin/Heidelberg, Germany, 2005;
ISBN 978-3-540-24556-8.

17.  Abu-Lebdeh, T.M.; Voyiadjis, G.Z. Plasticity-Damage Model for Concrete under Cyclic Multiaxial Loading. J. Eng. Mech. 1993,
119,7.

18.  Nguyen, G.D. A Thermodynamic Approach to Non-Local Damage Modelling of Concrete. Int. ]. Solids Struct. 2008, 45, 1918-1934.

19. Gonzélez-Velazquez, J.L. Chapter 2—Linear Elastic Fracture Mechanics. In A Practical Approach to Fracture Mechanics; Gonzalez-
Velazquez, ].L., Ed.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 35-74. ISBN 978-0-12-823020-6.

20. AHillerborg, A.; Modéer, M.; Petersson, P.E. Analysis of Crack Formation and Crack Growth in Concrete by Means of Fracture
Mechanics and Finite Elements. Cem. Concr. Res. 1976, 6, 773-781. [CrossRef]

21. Jae, Y.; Hong, G.; Seong, T. Plasticity Model for Directional Nonlocality by Tension Cracks in Concrete Planar Members, Eng.
Struct. 2011, 33, 1001-1012.

22.  Kachanov, L.M. Rupture Time Under Creep Conditions. Int. |. Fract. 1999, 97, 11-18. [CrossRef]

23. Sonalisa, R.; Kishen, ].M.C. Fatigue Crack Propagation Model and Size Effect in Concrete Using Dimensional Analysis. Mech.
Mater. 2011, 43, 75-86.

24. Lubliner, J.; Oliver, J.; Oller, S.; Ofate, E. A Plastic-Damage Model for Concrete. Int. . Solids Struct. 1987, 25, 299-326. [CrossRef]

25. Xu, B,; Bompa, D.V,; Elghazouli, A.Y.; Ruiz-Teran, A.M.; Stafford, P.J. Numerical Assessment of Reinforced Concrete Members
Incorporating Recycled Rubber Materials. Eng. Struct. 2020, 204, 110017. [CrossRef]

26. Gaedicke, C.; Roesler, J.; Evangelista, F. Three-Dimensional Cohesive Crack Model Prediction of the Flexural Capacity of Concrete

Slabs on Soil. Eng. Fract. Mech. 2012, 94, 1-12. [CrossRef]


https://doi.org/10.1016/j.clema.2022.100115
https://doi.org/10.1016/j.conbuildmat.2013.05.055
https://doi.org/10.1016/j.conbuildmat.2005.01.040
https://doi.org/10.1016/j.conbuildmat.2022.127510
https://doi.org/10.1016/j.conbuildmat.2019.117282
https://doi.org/10.1088/1742-6596/2386/1/012034
https://doi.org/10.1016/j.cscm.2022.e01056
https://doi.org/10.1016/j.conbuildmat.2021.125690
https://doi.org/10.1016/j.conbuildmat.2020.121002
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000569
https://doi.org/10.1016/j.engfracmech.2020.107080
https://doi.org/10.1016/j.engfracmech.2021.107559
https://doi.org/10.1016/0008-8846(76)90007-7
https://doi.org/10.1023/A:1018671022008
https://doi.org/10.1016/0020-7683(89)90050-4
https://doi.org/10.1016/j.engstruct.2019.110017
https://doi.org/10.1016/j.engfracmech.2012.04.029

Polymers 2023, 15, 2048 22 of 22

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Zhang, B.; Nadimi, S.; Eissa, A.; Rouainia, M. Modelling Fracturing Process Using Cohesive Interface Elements: Theoretical
Verification and Experimental Validation. Constr. Build. Mater. 2023, 365, 130132. [CrossRef]

Wang, J.; Jivkov, A.P,; Engelberg, D.L.; Li, Q. Parametric Study of Cohesive ITZ in Meso-Scale Concrete Model. Procedia Struct.
Integr. 2019, 23, 167-172. [CrossRef]

Zhao, Q.; Wahab, M.A.; Ling, Y.; Liu, Z. Fatigue Crack Propagation within Al-Cu-Mg Single Crystals Based on Crystal Plasticity
and XFEM Combined with Cohesive Zone Model. Mater. Des. 2021, 210, 110015. [CrossRef]

Zhong, G.Q.; Guo, Y.C.; Li, L.J.; Liu, F. Analysis of Mechanical Performance of Crumb Rubber Concrete by Different Aggregate
Shape under Uniaxial Compression on Mesoscopic. Key Eng. Mater. 2011, 462-463, 219-222. [CrossRef]

Schlangen, E.; van Mier, ].G.M. Simple Lattice Model for Numerical Simulation of Fracture of Concrete Materials and Structures.
Mater. Struct. 1992, 25, 534-542. [CrossRef]

Wang, Y.; Peng, Y.; Kamel, M.M.A.; Ying, L. Mesomechanical Properties of Concrete with Different Shapes and Replacement
Ratios of Recycled Aggregate Based on Base Force Element Method. Struct. Concr. 2019, 20, 1425-1437. [CrossRef]

Mohurd. Code for Design of Concrete Structures; China Architecture and Building Press: Beijing, China, 2010.

Song, Z.; Lu, Y. Mesoscopic Analysis of Concrete under Excessively High Strain Rate Compression and Implications on
Interpretation of Test Data. Int. J. Impact Eng. 2012, 46, 41-55. [CrossRef]

Victor, R.; Marta, S.; Flora, F,; Juan, M. Self-Compacting Concrete Manufactured with Recycled Concrete Aggregate: An Overview.
J. Clean. Prod. 2020, 262, 121362.

Xiao, J.; Li, W.; Sun, Z.; David, A.L.; Surendra, P.S. Properties of Interfacial Transition Zones in Recycled Aggregate Concrete
Tested by Nanoindentation. Cem. Concr. Compos. 2013, 37, 276-292. [CrossRef]

Kim, S.-M.; Abu Al-Rub, R.K. Meso-Scale Computational Modeling of the Plastic-Damage Response of Cementitious Composites.
Cem. Concr. Res. 2011, 41, 339-358. [CrossRef]

Li, W.; Xiao, J.; Corr, D.J.; Shah, S.P. Numerical Modeling on the Stress-Strain Response and Fracture of Modeled Recycled
Aggregate Concrete. Civil Environ. Eng. 2013, 1, 749-759.

Liu, Y. Fatigue Test and Life Prediction of Pre-Treated. Master’s Thesis, North China University of Water Resources and Electric
Power, Zhengzhou, China, 2020.

Mohammadi, Y.; Kaushik, S.K. Flexural Fatigue-Life Distributions of Plain and Fibrous Concrete at Various Stress Levels. ]. Mater.
Civil Eng. 2005, 17, 650e8. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.conbuildmat.2022.130132
https://doi.org/10.1016/j.prostr.2020.01.081
https://doi.org/10.1016/j.matdes.2021.110015
https://doi.org/10.4028/www.scientific.net/KEM.462-463.219
https://doi.org/10.1007/BF02472449
https://doi.org/10.1002/suco.201800261
https://doi.org/10.1016/j.ijimpeng.2012.01.010
https://doi.org/10.1016/j.cemconcomp.2013.01.006
https://doi.org/10.1016/j.cemconres.2010.12.002
https://doi.org/10.1061/(ASCE)0899-1561(2005)17:6(650)

	Introduction 
	Modeling Methods 
	Mesoscale Model Geometry Generation 
	Constitutive Model of Concrete 
	CE Model of the ITZ 

	Verification of the Model 
	Experiment 
	Experimental Materials 
	Experimental Test Methods 

	Building Mesoscale Models 
	Experimental Versus Simulation 
	Peak Load 
	Fatigue Life 


	Analysis of Variables 
	Force–Deflection Curves 
	Types of Damage 
	Fatigue Life 

	Discussion 
	Causes of Damage Types 
	Factors Influencing Fatigue Life 
	Potential Applications and Developments 

	Conclusions 
	References

