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Abstract: In the research on the influence of pore structure on the macroscopic mechanical proper-
ties of concrete, the experimental method cannot realize the accurate control of the pore structure
parameters, and the research based on the numerical simulation method is insufficient in the sci-
entific simulation and parameterization of the complex pore structure. A new numerical concrete
modeling method is proposed, which introduces the total porosity, pore gradation, pore size, and
sub-porosity of each gradation segment to realize the accurate simulation and parameterization of the
pore structure. Based on the control variable method, 25 concrete mesoscopic models with the same
aggregate structure and different pore structures are established, and uniaxial tensile experiments are
performed. The pore structure accelerates the process of damage expansion from the periphery to
the center of the specimen and makes the damage inside the cement mortar more localized. There
are obvious exponential function relationships of three pairs: total porosity and elastic modulus,
PSSA and elastic modulus, and tensile strength and total porosity. There is an obvious quadratic
polynomial function relationship between tensile strength and specific surface area. For specimens
with the same aggregate structure and total porosity, the elastic modulus increases with the increase
of the macropore content, and the tensile strength and elastic modulus are basically not affected by
the average pore radius. The effect of pore space distribution and sub-porosity on peak strain is
greater than that of total porosity, but no obvious regularity is shown. For pores with a radius in
the range of 0.15–0.8 mm, the smaller the pores, the greater the effect of their porosity on the elastic
modulus and tensile strength, and the less effect on the peak strain.

Keywords: pore structure; meso-concrete model; tensile elastic modulus; tensile strength; grey
relational analysis

1. Introduction

According to the Analytic Hierarchy Process, which is an important research method
and way of thinking in modern science, the research scale of concrete can be divided into the
macro level (3~4 times the maximum aggregate volume), the meso level (10−3~100 mm),
and the micro level (10−6~10−3 mm) [1]. At the meso level, concrete is generally regarded as
a four-phase composite material composed of coarse aggregates, cement mortar, interfacial
transition zone (ITZ), pores, and initial defects [2]. The mechanical properties of concrete
are controlled by its mesoscopic components. Studying the influence of mesoscopic com-
ponents on its mechanical properties lays the foundation for scientifically revealing and
accurately describing the mechanical properties of concrete and improving the mechanical
properties of concrete, which has received extensive attention from scholars. In terms of
the pore phase, earlier studies have mainly focused on the effect of total porosity on the
mechanical properties of concrete [2–5]. Further studies [6–8] show that the macroscopic
mechanical properties of concrete still vary greatly under the same total porosity, which
makes researchers gradually pay attention to the influence of pore structure and have done
significant work in this area. Many scholars adopt the experimental method, which is to test
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the pore structure parameters of concrete, such as porosity, pore size, and pore distribution,
and then study the relationship between the pore structure parameters and macroscopic
mechanical properties. For example, Gao Hui [6] and Du Plessis A [9] measured the area
percentage of pores in different pore size ranges by optical microscope and established the
relationship between compressive strength and graded porosity. B. Kondraivendhan [10]
and Zhao Jing [11] studied the effects of pore distribution and pore size on the durability
and strength of concrete by the mercury intrusion method. Liu Jianmin et al. [12] indirectly
established the relationship between the pore structure and the macroscopic mechanical
properties of concrete by adding air-entraining agents to concrete specimens. However,
there is an obvious defect of the experimental method in establishing the relationship
between pore structure parameters and concrete mechanical properties; that is, it is almost
impossible to change the pore structure alone without changing the aggregate structure.
This makes the change of concrete mechanical properties not only produced by the change
of pore structure, but also by the change of aggregate structure. An effective way to solve
this problem is to establish mesoscale finite element models of concrete and use numerical
analysis method to conduct research in this area. There are two main approaches to gener-
ate mesoscale models of concrete: the image-based modeling method and the parametric
modeling method. The former builds the model completely based on the images obtained
from the test, which is its advantage; that is, it can accurately reflect the size, shape, and
distribution of concrete mesoscopic components [13–20]. However, it has its disadvantage
when it is applied to study the relationship between the pore structure parameters and
the mechanical properties of concrete; like the experimental method, it is impossible to
change the pore structure alone without changing the aggregate structure. The parametric
modeling method can easily change the internal structure parameters while parameterizing
the internal structure information to establish a numerical model, which provides the
possibility to solve the above problems. As a typical representative of parametric modeling
methods, the concrete random aggregate modeling method (CRAMM) has been widely
used because it is clear and convenient in modeling. However, the existing CRAMMs
have many shortcomings in the application to the study of the relationship between pore
structure parameters and concrete mechanical properties. Most existing concrete random
aggregate models (CRAMs) ignore pores [21–26] and treat concrete as either a two-phase
(mortar and aggregates) or three-phase (mortar, aggregates, and ITZ) material. So far, only
a few CRAMs contain the pore phase [2–4,27–29] and model the pore phase as a series
of randomly distributed single-graded circular or elliptical pores, which is inconsistent
with the real pore structure in concrete. Moreover, the above studies mainly focused on
the effect of total porosity on the mechanical properties of concrete and ignored other pore
structure parameters such as pore gradation, pore size, and pore distribution. For example,
Wang Xiaofeng [2] and Chen Qingqing [3] simulated the pore structure as a series of ran-
domly distributed circular or elliptical pores whose diameters were uniformly distributed
in the range of 2 to 4 mm. According to the CRAMM, some scholars have also begun
to explore the influence of pore structure on the mechanical properties of concrete. For
example, Li Kungang [29] used a series of randomly distributed circular or elliptical pores
with a certain fixed diameter to simulate the pore structure, established concrete models
with different pore sizes and porosity, and studied the effects of porosity, pore size, and pore
shape on the mechanical properties of concrete. However, the pore structure he established
did not take into account the pore gradation and was too different from the actual pore
structure in concrete. Zhu Liang [28] preliminarily explored the establishment of a complex
pore structure based on fractal theory, and based on this modeling method, they studied
the influence of total porosity on the mechanical properties of concrete. However, this pore
structure modeling method can only control the total porosity, pore fractal dimension, and
the maximum and minimum pore sizes, but cannot control the pore gradation and the
sub-porosity and pore size of each gradation segment. Therefore, this method is defective
in studying the effects of pore structure parameters on the mechanical properties of con-
crete. To sum up, there are still many deficiencies in the research on the influence of pore
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structure on the mechanical properties of concrete, especially in scientific simulation and
parameterization of the complex pore structure and the accurate application of the control
variable method (CVM).

This paper aims to accurately use the CVM to study the influence of the pore structure
on the mechanical properties of concrete on the basis of accurately constructing the com-
plex pore structure. Firstly, based on the existing modeling methods, a new CRAMM is
proposed, which introduces the concepts of pore gradation and sub-porosity to establish
a more reasonable and realistic pore structure and can realize the independent change of
pore structure parameters such as total porosity, pore gradation, pore size, and sub-porosity
of each grading segment. Based on the CVM, 25 CRAMs with the same aggregate structure
and different pore structures are established. Secondly, zero-thickness cohesive interfacial
elements (CIEs) governed by nonlinear normal and shear traction-separation laws are
inserted within cement mortar and ITZ to simulate complex crack initiation and propa-
gation. Finally, uniaxial tensile experiments are performed on these specimens. In this
paper, the scientific simulation of complex pore structure and the accurate use of CVM are
adopted for the first time to study the influence of total porosity, sub-porosity, pore specific
surface area (PSSA), and average pore radius on the concrete damage failure process, elastic
modulus, tensile strength, and peak strain. Some valuable conclusions are obtained, which
qualitatively and quantitatively describe the effect of pore structure on the mechanical
properties of concrete and help to understand and describe the mechanical behavior of
concrete more scientifically.

2. Generation of Mesostructures and Numerical Models
2.1. Size Distribution of Aggregates

Concrete aggregate gradation, determined by the Fuller curve, can produce opti-
mized structural density and strength [30]. According to the Varavan formula for 2D
transformed from the Fuller curve [31], the probability of aggregates with diameters less
than D0 and the area of the aggregates within a grading segment [Ds, Ds+1] are shown in
Equations (1) and (2), respectively.

P(D < D0) = Pk(1.065D0.5
0 D−0.5

max − 0.053D4
0D−4

max − 0.012D6
0D−6

max
− 0.0045D0

8D−8
max − 0.0025D10

0 D−10
max)

(1)

Aagg[Ds, Ds+1]

RaggAcon
=

P(Ds+1)− P(Ds)

P(Dmax)− P(Dmin)
(2)

where Pk is the volume percentage of aggregates, usually 0.75, P (D < D0) is the probability
of aggregates with diameters less than D0, D0 is the sieve diameter, D is the actual size of the
aggregate, Dmax and Dmin are the maximum and minimum size of aggregates, respectively,
Ragg is the area fraction of aggregates, Aagg is the area of aggregates within a grading
segment [Ds, Ds+1], and Acon is the cross-sectional area of the concrete specimen.

Generally, the area of aggregates accounts for 60~80% of the area of concrete. Based
on simplification ideas and previous research experience [2,32,33], only aggregates with
diameters greater than 2.36 mm are considered in this study, and the smaller aggregates
are assumed to mix with the cement to form a uniform mortar. Table 1 lists the aggregate
gradations and the aggregate area of the corresponding gradation, which is the same as
in [2].

Table 1. Size distribution of aggregates.

Diameter Range of Aggregate (mm) Area of Aggregates (mm2)

19.5 < D < 12.7 423.6
4.75 < D < 9.5 600.2

2.36 < D < 4.75 101.2
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2.2. Size Distribution of Pores

Concrete is a typical porous material with pore sizes spanning micro, meso, and macro
scales [34]. Statistics show that the porosity of ordinary concrete is generally no less than
8%, in which the porosity of pores with diameters between 53 and 106 nm is about 1%,
and the porosity of pores with diameters larger than 106 nm is about 2 to 5% [35]. Jin
Nanguo [36] found that it is unscientific to use total porosity to characterize the complex
pore structure in concrete, and the pore size distribution also has an important impact
on the strength of concrete. Qin Qian [37] used CT scanning technology to observe the
spatial distribution and morphological characteristics of pores in the concrete and found
that the pores are randomly generated and obey uniform distribution. Gao Hui [6] used
the optical microscopic image analysis method, based on quantitative stereology, to obtain
some parameters of pore structure in concrete, such as the pore size, pore gradation, and
pore spatial distribution, and measured the compressive strength of the specimens with
different pore structures.

Based on the weakening degree of pores on the mechanical properties of concrete,
Wu Zhongwei divided the pores into harmless pores, small hazardous pores, medium
hazardous pores, and large hazardous pores according to the pore size [38]. It is generally
believed that small pores (<10 µm) mainly affect the permeability and durability of concrete,
while large pores (>200 µm) affect the compressive strength of concrete [39,40]. Based on a
comprehensive evaluation of calculation cost and research purpose, only the pores with
radii greater than 150 µm are simulated, and the smaller pores are assumed to mix with
the cement to form a uniform mortar. To simulate the pore structure in concrete more
realistically, it is comprehensively determined based on the real observed data [6,37,41].
Based on Gao Hui’s experimental research experience [6], the pore structure established in
this paper includes four pore gradations. Concrete models with total porosity of 0%, 1%, 2%,
3%, and 4% were established. The specimens with the same total porosity are divided into
three categories according to the different pore structure types, namely, S-type specimens
with a relatively large proportion of small pores, L-type specimens with a relatively small
proportion of small pores, and M-type specimens with a moderate proportion of small
pores. The sub-porosity of each gradation segment of pores set in the paper is within
the range of the actual measured sub-porosity of the corresponding gradation in the
literature [41] to ensure the rationality of the sub-porosity values. To study the influence of
the spatial distribution of pores on the mechanical properties of concrete, the specimens
with the same aggregate structure, total porosity, pore gradation, pore size, and sub-
porosity of each gradation segment of pores but different pore spatial distribution are
established. All established concrete specimens and related parameters are shown in
Table 2, in which the average pore radius and PSSA are important parameters to describe
the pore structure [42,43].

Table 2. Concrete specimens and pore structure parameters.

Sample Pp [e1, e2]
(%)

Pp [e2, e3]
(%)

Pp [e3, e4]
(%)

Pp [e4, e5]
(%)

Total Porosity
(%)

Average Pore Radius
(mm)

PSSA
(mm−1)

0-1 0 0 0 0 0 0 0
1-1-S 0.4 0.3 0.14 0.15 1 0.247672 0.0684
1-2-S 0.4 0.3 0.14 0.15 1 0.248598 0.0681
1-1-M 0.305 0.3 0.2 0.195 1 0.266321 0.0615
1-2-M 0.305 0.3 0.2 0.195 1 0.268718 0.0614
1-1-L 0.21 0.3 0.25 0.24 1 0.290971 0.0555
1-2-L 0.21 0.3 0.25 0.24 1 0.288282 0.0565
2-1-S 1.1 0.5 0.28 0.12 2 0.229737 0.1541
2-2-S 1.1 0.5 0.28 0.12 2 0.229149 0.1531
2-1-M 0.965 0.49 0.34 0.205 2 0.237766 0.1439
2-2-M 0.965 0.49 0.34 0.205 2 0.234691 0.1450
2-1-L 0.83 0.48 0.4 0.29 2 0.247249 0.1354



Appl. Sci. 2022, 12, 5428 5 of 27

Table 2. Cont.

Sample Pp [e1, e2]
(%)

Pp [e2, e3]
(%)

Pp [e3, e4]
(%)

Pp [e4, e5]
(%)

Total Porosity
(%)

Average Pore Radius
(mm)

PSSA
(mm−1)

2-2-L 0.83 0.48 0.4 0.29 2 0.244804 0.1359
3-1-S 1.75 0.52 0.42 0.31 3 0.224720 0.2303
3-2-S 1.75 0.52 0.42 0.31 3 0.225388 0.2299
3-1-M 1.655 0.485 0.505 0.355 3 0.227832 0.2243
3-2-M 1.655 0.485 0.505 0.355 3 0.231550 0.2228
3-1-L 1.56 0.45 0.59 0.4 3 0.235400 0.2141
3-2-L 1.56 0.45 0.59 0.4 3 0.231589 0.2176
4-1-S 2.28 0.99 0.49 0.24 4 0.223631 0.3157
4-2-S 2.28 0.99 0.49 0.24 4 0.225920 0.3144
4-1-M 2.135 0.97 0.57 0.325 4 0.227655 0.3060
4-2-M 2.135 0.97 0.57 0.325 4 0.229511 0.3044
4-1-L 1.99 0.95 0.65 0.41 4 0.231597 0.2961
4-2-L 1.99 0.95 0.65 0.41 4 0.234038 0.2951

Note: Pp [e1, e2]: the sub-porosity of pores in gradation segment [ei, ei+1], i = 1, 2, 3, 4, [e1, e2] = [0.15, 0.25],
[e2, e3] = [0.25, 0.4], [e3, e4] = [0.4, 0.6], [e4, e5] = [0.6, 0.8]; S: S-type specimen; L: L-type specimen;
M: M-type specimen.

2.3. The Generation of Aggregate Structure and Pore Structure

Based on the generation method proposed by X.F. Wang et al. [2], a new generation
program of aggregate structure and pore structure written in ANSYS APDL language is
proposed, which realizes a more accurate simulation of pore structure and can change the
pore structure separately without changing the aggregate structure. The pore structure is
controlled by some parameters, such as the total porosity, pore gradation, pore size, and
sub-porosity of each gradation segment. The details of the program are shown below.

1. Input controlling parameters:

The controlling parameters contain four categories. The first category is related to
the size of the concrete specimen, including the length, width (2D), and height (3D) of
the specimen. The second category is aggregate-related parameters, including the Fuller
curve, the aggregate area/volume fraction, and the aggregate type and shape. The size
distribution of aggregates shown in Section 2.1 is used in this paper. The third category
is pore-related parameters, including the pore shape, total porosity, pore gradation, pore
size, and sub-porosity of each gradation segment of pores, etc. The size distribution of
pores described in Section 2.2 is used in this paper. The fourth category is the structural
parameters of concrete, including the minimum distance, ψ1, between the pore and the
specimen boundary and the minimum thickness, ψ2, of the mortar layer, which surrounds
the aggregate, etc. In CRAMs, aggregates are generally simulated as circles, ellipses, or
polygons. X.F. Wang [2] found that the shape of aggregates has a certain influence on
the mechanical properties of concrete, but it is not significant. Therefore, it is feasible to
simulate the aggregates as circles, ellipses, or polygons. Zhu Liang [28] found that most
of the pores in concrete are spherical, so the aggregates and pores in this paper are both
simulated as circles.

2. Generate and place the aggregate:

Firstly, generate an aggregate, which starts with the grading segment containing the
largest aggregates. In each grading segment [Di, Di+1], the aggregate size is uniformly
distributed. Secondly, place the aggregate. Three random numbers for the two-dimensional
specimen or four random numbers for the three-dimensional specimen are generated
to determine the position and radius of the aggregate. Before that, three conditions are
checked: (1) all aggregates should be inside the specimen, and the distance between
the aggregate boundary and the specimen boundary is greater than ψ2; (2) there is no
overlapping/intersection between this aggregate and any other existing aggregates; (3) the
distance between any two aggregates should be greater than ψ2. If any of three conditions
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is not met, the three random numbers (2D)/four random numbers (3D) should be ignored,
and a new set of random numbers will be generated to place the aggregate in a new position.
If these conditions are all met, the aggregate is generated and placed successfully, and the
three random numbers (2D)/four random numbers (3D) are stored in an array, Aagg, which
has n rows, and n is equal to the number of aggregates.

3. Generate and place all aggregates to form an aggregate structure:

Repeat step 2 until the remaining aggregate area in this gradation segment is less than
πD2

i /4, which is transferred to the next smaller gradation segment. Repeat steps 2 and 3 in
all other gradation segments, and then the array Aagg containing all aggregate information
will be generated, through which the aggregate structure can be established.

4. Generate and place the pore:

Firstly, set an array, Kpor, which has (n + m) rows and three columns for 2D spec-
imens or four columns for 3D specimens, where n is the number of aggregates and m
is the number of pores. The first n rows of array Kpor are the same as array Aagg. Sec-
ondly, generate a pore, which starts with the grading segment containing the largest pores.
In each grading segment, [ei, ei+1], the pore size is uniformly distributed. Before that,
three conditions are checked: (1) all pores should be inside the specimen, and the dis-
tance between the pore boundary and the specimen boundary should be greater than ψ1;
(2) there is no overlapping/intersection between this pore and any existing aggregates and
other pores; (3) the distance between the pore boundary and the boundary of any aggregate
is greater than ψ2. If any of these three conditions is not met, the three random numbers
(2D)/four random numbers (3D) should be ignored, and a new set of random numbers will
be generated to place the pore in a new position. If these conditions are all met, the pore
is generated and placed successfully, and the three random numbers (2D)/four random
numbers (3D) are stored in the array, Kpor, starting from the (n + 1)th row.

5. Generate and place all pores to form a pore structure:

Repeat step 4 until the remaining pore area in this gradation segment is less than
πe2

i /4, which is transferred to the next smaller gradation segment. Repeat steps 4 and 5 in
all other gradation segments, and then the array, Kpor, containing all aggregate and pore
information will be generated, through which the aggregate structure and pore structure in
concrete can be established.

Using the above generation and placement algorithm, CRAMs that can accurately
simulate aggregate and pore structures can be easily established. Change the pore structure
parameters in step 1, keep the array, Aagg, in step 3 unchanged, perform steps 4 and 5, and
then CRAMs with the same aggregate structure but different pore structures controlled by
the pore structure parameters can be established.

According to the CVM, 25 concrete specimens with the same aggregate structure and
different pore structures were established, and the relevant parameters are shown in Table 2.
The size of the concrete specimens established in this paper are all 50 mm × 50 mm, and
the structural parameters are ψ1 = ψ2 = 0.5mm. Figure 1 shows some concrete specimens
with the same aggregate structure and total porosity of 1%, 2%, 3%, and 4% (aggregate area
ratio is 45%). Figure 2 shows some concrete specimens with the same aggregate structure
and total porosity but different pore structures as the specimens in Figure 1.

It can be seen from Table 2 that the pore structure in concrete has the following
characteristics. (1) As the total porosity increases, the sub-porosity of each gradation
segment of pores increases. (2) As the total porosity increases, the average pore radius
decreases, which indicates a large increase in the number of pores. For specimens with
the same total porosity, the average pore radius of the L-type specimen is greater than that
of the M-type specimen, which is greater than that of the S-type specimen. This indicates
that the average pore radius of the specimens with the same total porosity is proportional
to the content of large pores. (3) As the total porosity increases, the PSSA increases. For
the specimens with the same total porosity, the PSSA of the L-type specimen is smaller
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than that of the M-type specimen, which is smaller than that of the S-type specimen. This
indicates that the PSSA of the specimens with the same total porosity is proportional to the
content of small pores.
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Appl. Sci. 2022, 12, 5428 8 of 27

2.4. Numerical Model
2.4.1. Finite Element Mesh Generation and CIE Insertion

The pre-processing functionality in ANSYS is used to establish and mesh the concrete
meso-geometric model obtained through the above process. The cement mortar phase
is generated by applying the “overlapping” and “subtraction” Boolean operations. To
make the cracking path more real and smooth, the aggregate phase and the mortar phase
mesh with triangular solid finite elements. After referring to the relevant literature [2,24,43]
and trial calculation, the basic size of the element is set to 1 mm. Zero-thickness CIEs are
inserted into cement mortar and ITZ to explicitly simulate the initiation and expansion
of cracks. The research object of this paper is ordinary concrete, where the strength of
aggregate is greater than that of cement mortar, that is, when the concrete is damaged, the
aggregates will not crack or damage, so no CIE is inserted into the aggregates.

The zero-thickness CIEs insertion scheme was developed in tandem with ABAQUS
and python code. In ABAQUS, the planar element CPE3 is used to simulate aggregate
and cement mortar, and the two-dimensional CIE is the COH2D4 element provided by
ABAQUS. The key process of CIEs insertion can be divided into three steps, as shown in
Figure 3. Firstly, the node and element information of the initial mesh topology in ABAQUS
must be read (Figure 3a). The second step is to copy and re-number the nodes between
each pair of the solid elements, except aggregate elements, to obtain the nodes needed to
generate CIEs in the identical positions of every two neighboring elements (Figure 3b). It
should be noted that in Figure 3, to facilitate the display of the insertion position of the CIEs
and the division of the model, the gap is set between the elements. There is no gap between
solid elements in the real finite element model. The third step is to search for the common
corner nodes of each two adjacent elements. For the 2D triangular elements, there are four
common corner nodes between every two adjacent elements, and an appropriate CIE can
be generated with these nodes. As shown in Figure 3c, all solid elements except aggregate
elements are connected to adjacent elements by CIEs. CIEs are divided into two types. One
type is located inside the cement mortar and is denoted as coh_mor (the red four-node
elements in Figure 3c). The other is located on the ITZ and is denoted as coh_ITZ (the blue
four-node elements in Figure 3c). Finally, a finite element mesh with zero-thickness CIEs is
established in ABAQUS.
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2.4.2. Constitutive Response of the CIEs

Because the cohesive crack model can simulate the softening and plastic behavior of
the material in the crack tip, it can accurately simulate the damage and fracture process of
the material. The constitutive response of CIE is defined in terms of stress (traction) versus
displacement (separation) of adjacent virtual surfaces. Normal traction, tn, and tangential
traction, tt, act on adjacent virtual surfaces, and their corresponding separations are crack
opening displacement, δn, and crack sliding displacement, δt. In this paper, the control
equations of the bilinear traction separation law, which are widely used in finite element
software, are defined as:

tn =


t0
n
δ0

n
δn (δn ≤ δ0

n)

t0
n
δf

n−δn

δf
n−δ0

n
(δn > δ0

n)
tt =


t0
t
δ0

t
δt (δt ≤ δ0

t )

t0
t
δf

t−δt

δf
t−δ0

t
(δt > δ0

t )
(3)

where t0
n and t0

t are the maximum normal traction and the maximum tangential traction,
respectively, δ0

n and δ0
t are normal separation and tangential separation when the normal

stress and tangential stress are at their maximum, respectively, and δf
n and δf

t are the normal
and shear separations when debonding is completed, respectively.

Under stretching, shearing, or their combined action, the CIE will be damaged. The
quadratic nominal stress law is adopted as the basis for judging the damage initiation in
this paper, as follows: {

〈tn〉
t0
n

}2
+

{
tt

t0
t

}2
= 1 (4)

where 〈〉 is the Macaulay bracket and

〈tn〉 =
{

tn, tn ≥ 0(tension)
0, tn < 0(compression)

(5)

When the CIE develops into the softening state, the damage evolution is characterized
by the scalar damage index, D, which is a function of the effective relative separation, δm,
combining the effects of δn and δt:

δm =

√
〈δn〉2 + δ2

t (6)

The damage variable, D, of the linear softening law, which monotonically increases
from 0 to 1 under further loading after the initiation of damage, is calculated as:

D =

{
δf

m(δmax
m − δ0

m), δmax
m ≥ δ0

m
0, δmax

m ≤ δ0
m

(7)

where δ0
m and δ

f
m are the effective separations at the damage initiation and complete

failure, respectively, and δmax
m is the maximum effective relative separation during the

entire loading process.
Once the damage variable, D, is determined, the tractions can be calculated as:

tn =

{
(1−D)tn (tension)
t (compression)

tt = (1−D)tt

(8)

where tn and tt are the tractions in the normal and the tangential direction calculated by
multiplying the initial stiffness and the current separations. The initial stiffness should be
large enough to represent the uncracked material, but a too large initial stiffness tends to
cause numerical ill-conditions.

When a CIE is completely destroyed (D = 1), it will be removed. The automatic general
contact algorithm of ABAQUS in which the penalty contact scheme is adopted is used to
handle the contact behavior after the removal of the CIEs.
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2.5. Numerical Validation

To verify the effectiveness of the method for establishing the mesoscopic concrete
model with the pore structure proposed in this paper and the accuracy of the established
numerical mesoscopic model of concrete, a quasi-static tensile test was carried out and
compared with related research [2,44].

The boundary conditions of the tensile experiment are that the lower boundary is
fixed in the Y direction, the lower-left node is fixed in the X and Y directions, and the upper
boundary is loaded with displacement control, and the loading speed is 9 mm/s, as shown
in Figure 4. The relevant parameters of the concrete FE model are determined by referring
to relevant literature [2,24,25,43,45,46] and trial calculations, which are shown in Table 3.
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Figure 4. Loads and boundary conditions for uniaxial tensile tests.

Table 3. Material properties of the concrete mesoscopic FE model.

Bulk Elements Cohesive Elements

Aggregate Mortar ITZ Mortar

Density (10−9 t/mm3) 2.5 * 2.2 * 2.2 ˆ 2.2 ˆ

Elastic modulus (GPa) 70 ˆ 25 ˆ / /
Poisson’s ratio 0.2 ˆ 0.2 ˆ / /

Elastic stiffness (MPa/mm) / / 355,000 # 355,000 #

Tensile strength (MPa) / / 1.14 # 2.28 #

Fracture energy (N/mm) / / 0.0114 # 0.0228 #

Note: * denotes that the value is defined according to Ref. [24]; ˆ denotes that the value is defined according to
Ref. [2]; # denotes that the value is defined by trial calculation with reference to Refs. [25,43,45,46].

Figure 5 shows the stress–strain curve under uniaxial tensile loading obtained in
this paper, the simulation results obtained by Wang et al. [2], and the experiments results
obtained by Hordijk [44]. It can be seen that the stress–strain curves obtained in this paper
are in good agreement with the experimental results [44] and simulation results [2] in the
ascending section, softening section, and descending section. It should be noted that the
differences between the results in this paper and those in the Ref. [44] and Ref. [2] are due to
the different sizes, mesostructures, and material properties of the test specimens. The com-
parison indicates that the proposed method and the mesoscale concrete numerical models
established in this paper are reasonable and can effectively characterize the mechanical
behavior of concrete.
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Figure 5. Comparison of stress-strain curves in uniaxial tension [2,44].

3. Numerical Experimentation and Analysis

Twenty-five CRAMs established according to the CVM were subjected to uniaxial
tensile experiments to study the effects of total porosity, sub-porosity, average pore radius,
and PSSA on the failure process, tensile strength, tensile elastic modulus, and peak strain
of concrete.

3.1. Failure Process Analysis

The failure of concrete is a process in which micro-cracks continue to germinate,
expand, and penetrate to form macro-cracks [47]. Under different load levels, the crack-
ing characteristics are significantly different. According to the previous research experi-
ence [48,49] and the visual cracking process obtained in this paper, the failure process of
concrete is divided into three stages: the relatively stable stage of micro-cracks, the stable
development stage of cracks, and the unstable development stage of cracks.

3.1.1. The Failure Process of Concrete Specimen without Pores

1. The relatively stable stage of micro-cracks (σ/σmax < 0.3~0.5);

The damage degree of coh_mor and coh_CIE characterizes that of cement mortar
and ITZ to some extent. At this stage, the internal stress of the concrete is small, and the
visual cracking process shows that the damage of concrete first appears in the periphery
of the specimen. Later in this stage, most of the damage variables of coh_mor are less
than 0.45, and all of them are distributed in the periphery of the specimen. Figure 6a
shows the distribution of CIEs with damage variable D = 0.12 when σ/σmax ≈ 0.36, where
the black line segments represent CIEs, the green circle represents aggregate, and the
yellow area represents the mortar. The damage variables of coh_ITZ are mainly distributed
in the range of 0.46~0.59, and they are also mainly distributed in the periphery of the
specimen. Figure 6b shows the distribution of CIEs with damage variable D = 0.52 when
σ/σmax ≈ 0.36. This indicates that the damage degree of ITZ is greater than that of cement
mortar at this stage, possible because the material strength of ITZ is only about 1/3 that of
cement mortar, and the stress concentration at ITZ is stronger. At this stage, the damage of
ITZ and cement mortar is mainly distributed in the periphery of the specimen and has not
extended to the center of the specimen.

2. The stable development stage of cracks (0.3~0.5 < σ/σmax < 0.75~0.9);

Figure 7a,b respectively, show the distribution of CIEs with damage variable D = 0.34
and D = 0.7 when σ/σmax ≈ 0.74, which show that, at this stage, with the increase of
stress, the damage of the cement mortar and ITZ develops and extends to the center of the
specimen. The damage degree of ITZ is still larger than that of cement mortar, as shown in
Figure 7b.
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3. The unstable development stage of cracks (0.75~0.9 < σ/σmax).

Figure 8a,b, respectively, show the distribution of CIEs with damage variable D = 0.7
and D = 0.96 when σ/σmax ≈ 0.98 (ε < peak strain εp). Comparing Figures 7b and 8a, it
is found that under the action of high-level stress, the micro-cracks in the cement mortar
develop rapidly. Before the peak stress, σp, the damage variables of coh_ITZ mainly
distributes in the range of 0.75~0.985, and the damage degree of ITZ is still larger than that
of cement mortar, as shown in Figure 8b.
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After reaching the peak stress, σp, the strain, ε, continues to increase, and the micro-
cracks in ITZ and cement mortar continue to develop, and the damage degree of cement
mortar reaches the same level as that of ITZ, as shown in Figure 9, which shows the
distribution of the CIEs with D = 0.98 when σ/σmax ≈ 0.77 (ε > εp). With a further increase
of strain, the micro-cracks in the cement mortar and ITZ are interconnected and penetrated
to form macro-cracks, as shown in Figure 10, which shows a macroscopic penetrating crack
when the specimen finally fails.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 28 
 

 
Figure 9. The distribution of the CIEs with D = 0.98 when σ/σmax ≈ 0.77 (ε > εp). 

 
Figure 10. The macroscopic penetrating crack. 

3.1.2. The Failure Process of Concrete Specimen with Pore Structure 
The failure process of concrete specimens with pore structure is similar to that of 

concrete specimens without pores, which is also divided into three stages in the same way. 
This conclusion is consistent with Wriggers’ findings [29]. However, the existence of pores 
makes the cracking process of concrete present different characteristics, which are de-
scribed below. 
1. The relatively stable stage of micro-cracks (σ/σmax < 0.3~0.5) 

Figure 11a,b, respectively, show the distribution of the CIEs with damage variables 
D = 0.25 and D = 0.45 when σ/σmax ≈ 0.36, where black circles represent pores. It can be 
seen from Figure 11a that in the later stage of this stage, the damage in the cement mortar 
is mainly concentrated in some pore concentration areas around the specimen, because 
the stress concentration in the pore concentration areas is more intense. It can be seen from 
Figure 11b that the damage in the ITZ has expanded from the periphery to the center of 
the specimen at the later stage of this stage, indicating that the presence of pores acceler-
ates the expansion of the damage. 

Figure 9. The distribution of the CIEs with D = 0.98 when σ/σmax ≈ 0.77 (ε > εp).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 28 
 

 
Figure 9. The distribution of the CIEs with D = 0.98 when σ/σmax ≈ 0.77 (ε > εp). 

 
Figure 10. The macroscopic penetrating crack. 

3.1.2. The Failure Process of Concrete Specimen with Pore Structure 
The failure process of concrete specimens with pore structure is similar to that of 

concrete specimens without pores, which is also divided into three stages in the same way. 
This conclusion is consistent with Wriggers’ findings [29]. However, the existence of pores 
makes the cracking process of concrete present different characteristics, which are de-
scribed below. 
1. The relatively stable stage of micro-cracks (σ/σmax < 0.3~0.5) 

Figure 11a,b, respectively, show the distribution of the CIEs with damage variables 
D = 0.25 and D = 0.45 when σ/σmax ≈ 0.36, where black circles represent pores. It can be 
seen from Figure 11a that in the later stage of this stage, the damage in the cement mortar 
is mainly concentrated in some pore concentration areas around the specimen, because 
the stress concentration in the pore concentration areas is more intense. It can be seen from 
Figure 11b that the damage in the ITZ has expanded from the periphery to the center of 
the specimen at the later stage of this stage, indicating that the presence of pores acceler-
ates the expansion of the damage. 

Figure 10. The macroscopic penetrating crack.

3.1.2. The Failure Process of Concrete Specimen with Pore Structure

The failure process of concrete specimens with pore structure is similar to that of
concrete specimens without pores, which is also divided into three stages in the same
way. This conclusion is consistent with Wriggers’ findings [29]. However, the existence of
pores makes the cracking process of concrete present different characteristics, which are
described below.

1. The relatively stable stage of micro-cracks (σ/σmax < 0.3~0.5)

Figure 11a,b, respectively, show the distribution of the CIEs with damage variables
D = 0.25 and D = 0.45 when σ/σmax ≈ 0.36, where black circles represent pores. It can be
seen from Figure 11a that in the later stage of this stage, the damage in the cement mortar
is mainly concentrated in some pore concentration areas around the specimen, because the
stress concentration in the pore concentration areas is more intense. It can be seen from
Figure 11b that the damage in the ITZ has expanded from the periphery to the center of the
specimen at the later stage of this stage, indicating that the presence of pores accelerates
the expansion of the damage.
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Figure 11. The distribution of CIEs with D = 0.25 and D = 0.45 when σ/σmax ≈ 0.36 in the 1-1-S
specimen. (a) D = 0.25; (b) D = 0.45.

2. The stable development stage of cracks (0.3~0.5 < σ/σmax < 0.75~0.9)

Figure 12a,b, respectively, show the distribution of the CIEs with damage variables
D = 0.35 and D = 0.7 when σ/σmax ≈ 0.72. As shown in Figure 12a, the damage in the
cement mortar extends to the center of the specimen at this stage. From the comparison
of Figures 12a and 7a, it can be seen that the presence of pores makes the damage in the
cement mortar show stronger localization. Even with the existence of pores, the most
severely damaged part of the concrete is the ITZ, as shown in Figure 12b.
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Figure 12. The distribution of CIEs with D = 0.35 and D = 0.7 when σ/σmax ≈ 0.7 in the 1-1-S
specimen. (a) D = 0.35; (b) D = 0.7.

3. The unstable development stage of cracks (0.75~0.9 < σ/σmax)

Figure 13 shows the distribution of the CIEs with damage variable D = 0.8 when
σ/σmax ≈ 0.94(ε < εp). It can be seen that the most severely damaged areas in the cement
mortar are not the pore-concentrated areas but are distributed around the aggregates, which
may be caused by the propagation of cracks in the ITZ to the cement mortar. Figure 14 shows
the distribution of macro cracks in some specimens with the same aggregate structure but
different pore structures. It can be seen that the pore structure has an important influence
on the initiation position and propagation direction of macroscopic cracks, and the macro
cracks must pass through pores and ITZ.
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3.2. The Influence of Pore Structure on the Stiffness of Concrete

The 25 uniaxial tensile stress–strain curves obtained in this paper are shown in
Figure 15. According to the suggestion of the famous scholar Guo Zhenhai [48], the secant
modulus at 50% of the peak stress in the ascending section is taken as the tensile elastic
modulus of the concrete specimen. The macroscopic mechanical properties of the concrete
specimens are shown in Table 4. The laws between the pore structure and the mechanical
properties of concrete analyzed and discussed in the paper are limited to the range of
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parameter values in this paper, such that the range of the total porosity is 0~4%, which is
hereby explained, and no special explanation will be given later.
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studies [29,51], scholars used mainly linear and exponential relationships to describe the 
relationship between elastic modulus and total porosity, but these experiments have 
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Table 4. Mechanical properties of concrete specimens.

Sample Modulus (MPa) Strength (MPa) Peak Strain (10−3)

0–1 33,841 3.532 0.168
1-1-S 29,632 3.149 0.2104
1-2-S 29,879 3.001 0.1925
1-1-M 30,500 2.779 0.1759
1-2-M 31,132 2.682 0.1525
1-1-L 31,407 2.828 0.1926
1-2-L 30,715 3.084 0.1927
2-1-S 26,410 2.337 0.1844
2-2-S 26,667 2.372 0.1762
2-1-M 26,675 2.349 0.1760
2-2-M 27,332 2.450 0.2104
2-1-L 27,172 2.384 0.1602
2-2-L 27,193 2.362 0.1759
3-1-S 23,278 2.277 0.2101
3-2-S 24,009 2.225 0.1844
3-1-M 24,663 2.224 0.1844
3-2-M 23,695 2.193 0.1927
3-1-L 24,225 2.119 0.1760
3-2-L 24,837 2.319 0.1929
4-1-S 21,875 1.977 0.1843
4-2-S 21,602 2.121 0.2374
4-1-M 21,403 1.963 0.1844
4-2-M 21,867 1.960 0.1758
4-1-L 22,169 1.943 0.1600
4-2-L 21,363 1.970 0.2102

In a previous experimental study [50] and in numerical simulation experimental
studies [29,51], scholars used mainly linear and exponential relationships to describe
the relationship between elastic modulus and total porosity, but these experiments have
shortcomings in simulating the complex pore structure and applying the CVM accurately.
The relationship between total porosity and the elastic modulus obtained in this paper is
shown in Figure 16a. It can be seen that both the linear relationship and the exponential
relationship can well reflect the relationship between the total porosity and the elastic
modulus, but the exponential relationship is better than the linear relationship. Therefore,
the change of aggregate structure has little effect on the functional relationship between
total porosity and elastic modulus.
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The maximum fluctuation amplitude of the elastic modulus of the concrete speci-
mens with the same aggregate structure and total porosity but different sub-porosities is
1746 MPa, which occurs in specimens with a total porosity of 1%, accounting for about
5.7% of its elastic modulus. The maximum fluctuation amplitude of the elastic modulus
of the specimens with the same aggregate structure, total porosity, and sub-porosities but
different pore space distribution is 968 MPa, which occurs between specimen 3-1-M and
specimen 3-2-M, accounting for about 4% of its elastic modulus. Figure 16b shows the
elastic moduli of the three types of specimens established in this paper, from which it can
be seen that, for the specimens with the same total porosity, the greater the content of
macropores, the greater the elastic modulus. The reason for this may be that, for specimens
with the same total porosity, the larger the content of macropores, the less the number of
pores. While the number of pores decreases, the elastic modulus of concrete increases.

Figures 17 and 18, respectively, show the relationship between the average pore radius
and the elastic modulus and the relationship between the PSSA and the elastic modulus.
It can be seen from Figure 17 that, for specimens with the same aggregate structure and
total porosity, the elastic modulus is basically not affected by the size of the average pore
radius. This finding is consistent with the conclusions of Ref. [29]. It can be seen from
Figure 18 that the linear relationship and exponential relationship can well reflect the
functional relationship that the elastic modulus decreases with the increase of PSSA, and
the exponential relationship is better. For specimens with the same aggregate structure and
total porosity, the elastic modulus has a tendency to decrease with the increasing PSSA.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 19 of 28 
 

0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29

2.2×104

2.4×104

2.6×104

2.8×104

3.0×104

3.2×104

total porosity-1%
total porosity-2%
total porosity-3%
total porosity-4%

Te
ns

ile
 e

la
st

ic
 m

od
ul

us
 (M

Pa
)

Average pore radius (mm)  
Figure 17. Relationship between average pore radius and elastic modulus. 

0.05 0.10 0.15 0.20 0.25 0.30

2.2×104

2.4×104

2.6×104

2.8×104

3.0×104

3.2×104

total porosity-1%
total porosity-2%
total porosity-3%
total porosity-4%

Te
ns

ile
 e

la
st

ic
 m

od
ul

us
 (M

Pa
)

PSSA (mm−1)

y=−36,219x+32,475
R2=0.977

y=12,514+21,417e-x/0.362

R2=0.987

 
Figure 18. Relationship between PSSA and elastic modulus. 
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3.3. The Influence of Pore Structure on the Tensile Strength of Concrete

In previous studies, scholars often used linear relationship [6,40], exponential relation-
ship [29,50], and power function relationship [34,52] to describe the relationship between
total porosity and concrete strength. The relationship between the total porosity and the
tensile strength obtained in this paper is shown in Figure 19, which is fitted with linear,
exponential, and power functions, respectively. From the fitting results in Table 5, it can
be seen that the exponential function fits the best. Xin Fang et al. [53] obtained the two-
dimensional pore structure photos of concrete specimens through deep-learning-based
image segmentation, and measured the relationship between the total porosity and ten-
sile strength of concrete with the same aggregate gradation. The relationship exhibits
an obvious exponential relationship, as shown in Figure 20, which is consistent with the
conclusions of this paper.
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Figure 22 shows the relationship between the average pore radius and the tensile 
strength, while Figure 23 shows the relationship between the PSSA and the tensile 
strength. It can be seen from Figure 22 that for the specimens with the same total porosity, 
the average pore radius has little effect on the tensile strength of concrete, which is con-
sistent with the research results of Du Xiuli [52]. 

Figure 19. Relationship between the total porosity and the tensile strength.

Table 5. Fitting results of the relationship between total porosity and tensile strength.

Function Type Fit Function Correlation Coefficient (R2)

Linear function y = 3.197 − 0.322x 0.866
Exponential function y = 1.721 + 1.858e−x/2.121 0.934

Power function y = 328.12 − 325.22x0.002 0.911
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The maximum fluctuation amplitude of the tensile strength of the concrete speci-
mens with the same aggregate structure and total porosity but different sub-porosities is
0.447 MPa, which occurs in specimens with total porosity of 1%, accounting for about 14.8%
of its tensile strength. The maximum fluctuation amplitude of the tensile strength of the
specimens with the same aggregate structure, total porosity, and sub-porosities but different
pore distribution is 0.256 MPa, which occurs between specimen 1-1-L and specimen 1-2-L,
accounting for about 8.66% of its tensile strength. Figure 21 shows the tensile strength of
three types of concrete specimens. For specimens with the same total porosity, the larger
the content of macropores, the smaller the number of pores. Large pores tend to reduce
the strength of the specimen, and the decrease in the number of pores tends to increase the
strength of the specimen. These two factors work together on the strength of the concrete,
and neither one dominates, as shown in Figure 21.
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Figure 22 shows the relationship between the average pore radius and the tensile
strength, while Figure 23 shows the relationship between the PSSA and the tensile strength.
It can be seen from Figure 22 that for the specimens with the same total porosity, the average
pore radius has little effect on the tensile strength of concrete, which is consistent with the
research results of Du Xiuli [52].
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Polynomial function, exponential function, and power function are used to fit the
relationship between tensile strength and PSSA. The fitting results are shown in Table 6,
from which it can be seen that the quadratic polynomial function fits the best. It can be seen
from Figure 23 that, for the specimens with the same total porosity, PSSA has no regular
effect on the tensile strength.

Table 6. Fitting results of the relationship between PSSA and tensile strength.

Function Type Fit Function Correlation Coefficient (R2)

Polynomial function y = 11.369x2 − 7.784x + 3.331 0.892
Exponential function y = 2.129 + 1.780e−x/0.074 0.863

Power function y = 116.215 − 114.845x0.0048 0.847

3.4. The Influence of Pore Structure on the Peak Strain of Concrete

Figure 24 shows the relationship between total porosity and peak strain. The numbers
in the legend represent total porosity and the letters represent specimen type. Specimens
with the same total porosity and specimen type include multiple specimens, and the
average value is used as a representative value. The peak strain has an increasing trend
with the increase of the total porosity, which is consistent with the Chang Xiya’ findings [54].
With a 1% increase in total porosity, the maximum change in peak strain is 0.0181 × 10−3,
which occurs between 0% and 1%, and the minimum change is 0.0019 × 10−3, which
occurs between 3% and 4%. Among the specimens established in this paper with the same
aggregate structure and total porosity but different sub-porosity, the maximum difference
in peak strain is 0.0774 × 10−3. For specimens with the same aggregate structure, total
porosity, and sub-porosity, but different pore distributions, the maximum difference in peak
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strain is 0.053 × 10−3. Therefore, peak strain is more sensitively affected by pore space
distribution and sub-porosity than total porosity.
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Figure 25 shows the relationship between the PSSA and the peak strain, while
Figure 26 shows the relationship between the average pore radius and the peak strain.
It can be seen that the effects of PSSA and average pore radius on peak strain do not show
obvious regularity.
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3.5. Grey Relational Analysis (GRA) of Concrete Mechanical Properties and Pore
Structure Parameters

When the volume of the sub-sample is not large enough to reflect all the information
of the parent body, we say that the sub-sample has a certain gray scale. GRA is an effective
analysis method for the analysis of the relationship among objects with incomplete run
mechanism, scare behavior data, and unclear, inherent connotations, which was proposed
by Deng Julong [55] and can be regarded as an overall comparison with a reference system.
The specific calculation of relational grade is shown below.

1. The evaluation index system is determine according to the evaluation purpose and
collect evaluation data:

Assuming that there are n data columns, the following original data matrix (X′1, X′2, . . . , X′n)
is formed.

(X′1, X′2, . . . , X′n) =


X′1(1)
X′1(2)

...
X′1(m)

X′2(1)
X′2(2)

...
X′2(m)

· · ·
· · ·

...
· · ·

X′n(1)
X′n(2)

...
X′n(m)

 (9)

where m is the number of indicators, X′i = (X′i(1), X′i(2), · · ·X′i(m))
T , i = 1, 2, · · · , n.

2. Determine the reference data column X′0:

The reference column should be an ideal comparison standard, which can be consti-
tuted by the optimal value of each index or other reference values selected based on the
evaluation purpose, denoted as X′0 = (X′0(1), X′0(2), · · · , X′0(m))

T. Other data columns are
comparison data columns.

3. Dimensionless processing of index data columns:

The commonly-used dimensionless methods are the mean method, as shown in
Equation (10) and the initial value method as shown in Equation (11):

Xi(k) =
X′i(X)

1
m

m
∑

k=1
X′i(X)

(10)

Xi(k) =
X′i(X)
X′1(X)

(11)

where i = 0, 1, . . . , n; k = 1, 2, . . . , m.
The following matrix (X0, X1, . . . , Xn) is formed after dimensionless processing.

(X0, X1, · · · , Xn) =


X0(1)
X0(2)

...
X0(m)

X1(1)
X1(2)

...
X1(m)

· · ·
· · ·

...
· · ·

Xn(1)
Xn(2)

...
Xn(m)

 (12)

4. The absolute difference ∆i(k) between the corresponding elements of the reference
column and the comparison column is solved by:

∆i(k) = |X0(k)− Xi(k)|, (k = 1, · · · , m, i = 1, · · · , n) (13)

5. The relational coefficient, ξi(k), is solved by:

ξi(k) =
min

i
min

k
∆i(k)+ρ×max

i
max

k
∆i(k)

∆i(k)+ρ×max
i

max
k

∆i(k)
, k = 1, · · · , m (14)

where ρ is the resolution coefficient, which is taken within (0, s1). The smaller the ρ, the
greater the difference among the relational coefficients and the stronger the distinguishing
ability, usually ρ = 0.5.
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6. Calculate the relational grade.

Equation (15) is used to calculate the relational grade of each evaluation object to
reflect its relationship with the reference column. The greater the relational grade, the
greater the relationship between the comparison column and the reference column, and
vice versa.

ri =
1
m

m

∑
k=1

ξi(k) (15)

To study the influence of pore structure parameters on the macroscopic mechanical
properties of concrete, the sub-porosity of each gradation segment of pores, total porosity,
average pore radius, and PSSA are taken as the comparison columns for the GRA. Elastic
modulus, tensile strength, and peak strain are taken as the reference columns for the GRA,
respectively. Using the mean dimensionless method, the calculated relational grades are
shown in Table 7.

Table 7. Relational grades.

Project Total
Porosity

Average
Pore Radius PSSA Pp [e1, e2] Pp [e2, e3] Pp [e3, e4] Pp [e4, e5]

Elastic modulus 0.999820 0.999759 0.999758 0.99978717 0.999768 0.999764 0.999760
Tensile strength 0.74927 0.62672 0.62156 0.75216 0.66283 0.64477 0.63015

Peak strain 0.55099 0.9485 0.9402 0.745 0.869 0.909 0.9409

It can be seen from Table 7 that the descending order of the relational grades between
elastic modulus and pore structure parameters is: total porosity > Pp [e1, e2] > Pp [e2, e3]
> Pp [e3, e4] > Pp [e4, e5] > average pore size > PSSA. In the range of pore size studied in
this paper, the smaller the pore size, the greater the influence of its content on the elastic
modulus, and the total porosity has the greatest influence. The order of effects of pore
structure parameters listed in this paper on the elastic modulus and tensile strength of
concrete is very close. Dong [56] used nuclear magnetic resonance technology to measure
the porosity of different pore sizes in concrete and used GRA to study the correlation
between porosity and concrete strength. The results showed that the smaller the pore size,
the greater the effect on concrete strength, which is consistent with the research results
in this paper. The difference is that the most important factor for elastic modulus is total
porosity and the second most important factor is Pp [e1, e2], while the most important
factor for tensile strength is Pp [e1, e2] and the second most important factor is total
porosity. The effect of pore structure parameters on peak strain is quite different from
that of elastic modulus and tensile strength, and the order of the effect is: average pore
radius > Pp [e4, e5] > PSSA > Pp [e3, e4] > Pp [e2, e3] > Pp [e1, e2] > total porosity. The
sub-porosity of the pores with larger pore size has a greater influence on the peak strain.
Total porosity is the primary factor affecting the elastic modulus and tensile strength, but is
only the secondary factor affecting the peak strain.

3.6. The Influence of Pore Shape on the Mechanical Properties of Concrete

Many scholars [3,29] have studied the influence of pore shape on mechanical proper-
ties, but the existing research ignores the influencing factors of aggregate structure; that is,
it does not change the pore shape alone without changing the aggregate structure. In order
to study the effect of pore shape on the mechanical properties of concrete, an elliptical pore
specimen with a total porosity of 1%, a pore gradation similar to that of the specimen 1-2-S,
a ratio of the short axis to the long axis of 0.5, and the same aggregate structure as Specimen
1-2-S was established in this paper. The stress–strain curves for elliptical pore specimen
1-ellipse and specimen 1-2-S are shown in Figure 27, and the mechanical properties are
shown in Table 8. It can be seen that the strength of specimen 1-ellipse is 0.261 MPa smaller
than that of specimen 1-2-S, and the peak strain is 0.0082 × 10−3 smaller than that of
specimen 1-2-S, and the elastic modulus is 761 MPa smaller than that of specimen 1-2-S.
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The shape of pores changes from circular to oval, which weakens the mechanical properties
of concrete to a certain extent but has the greatest impact on tensile strength and the least
impact on elastic modulus. These conclusions are largely consistent with Li’s findings [29].
It is worth noting that, under the same pore size and porosity, the number of elliptical
pores is much larger than that of circular pores, especially for small pores. Therefore, the
above-mentioned changes in the mechanical properties of concrete are not only caused by
changes in the shape of pores, but also by changes in the number of pores.
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Table 8. The mechanical properties of Specimen 1-ellipse and Specimen 1-2-S.

Mechanical Properties 1-Ellipse 1-2-S

Modulus (MPa) 29,118 29,879
Strength (MPa) 2.740 3.001

Peak strain (10−3) 0.1843 0.1925

4. Conclusions

A new CRAMM is proposed, which can accurately model the pore structure in con-
crete by setting the total porosity, pore gradation, pore size, and sub-porosity of each
gradation segment. According to the CVM, 25 mesoscopic concrete specimens with the
same aggregate structure and different pore structures are established, and the effects
of total porosity, sub-porosity of each pore gradation segment, average pore radius and
PSSA on the concrete failure process, elastic modulus, tensile strength, and peak strain are
studied. The following conclusions can be drawn.

The failure process of concrete specimens with and without pores under uniaxial
tensile loading is very similar, but the pore structure demonstrates different characteristics,
especially that the damage inside the cement mortar is more localized. The damage first
germinates from the periphery of the specimen and then expands to the center of the
specimen, and the existence of pores accelerates the expansion process. The existence of
pores does not change the phenomenon that the most severely damaged area in concrete
is ITZ before the internal stress reaches the ultimate stress. The pore structure has an
important influence on the initiation and propagation direction of macroscopic cracks,
which must pass through pores and ITZ.

Both linear and exponential functions can fit well the relationship between elastic
modulus and PSSA and the relationship between elastic modulus and total porosity, but
the exponential function fits better. For specimens with the same aggregate structure and
total porosity, the elastic modulus increases with the increase of the macropore content and
is basically not affected by the average pore radius.

The exponential function can fit well the relationship between total porosity and tensile
strength, and the quadratic polynomial function can fit well the relationship between PSSA
and tensile strength. For specimens with the same aggregate structure and total porosity,
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there is no clear functional relationship between the tensile strength and the sub-porosity
of different gradation segments, and the tensile strength is basically not affected by the
average pore radius.

The peak strain has an increasing trend with the increasing total porosity, which is
more sensitive to pore space distribution and secondary porosity than total porosity. Peak
strain is more sensitively affected by pore space distribution and sub-porosity. The effect of
average pore radius and PSSA on peak strain has no obvious regularity.

Based on the GRA, the effects of the pore structure parameters listed in this paper on
the elastic modulus and tensile strength of concrete are very close in sequence. For pores
with a radius in the range of 0.15–0.8 mm, the smaller the pores, the greater the effect of
their porosity on the elastic modulus and tensile strength, and the less effect on the peak
strain. Total porosity is the primary factor affecting elastic modulus and tensile strength,
but is only a secondary factor affecting peak strain.

The research has drawn some valuable conclusions, although some further work is
needed. Firstly, this study adopts a 2D assumption to save computational cost, but due
to the 3D random anisotropic distribution of aggregates and pores, the effect of the three
dimension on pore structure and mechanical properties should be considered by extending
the established model to 3D conditions. Secondly, the influence of pore structure on the
mechanical properties of concrete under complex loads such as dynamic and temperature
should be studied. Therefore, further work in this area is needed in the future.
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