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ABSTRACT

Excavation of tunnels or chambers causes crack initiation, propagation and coalescence, resulting in the
instability and destruction of underground projects. Understanding the damage mechanism of joint rock-like
materials is important for maintaining the stability of concrete construction. Based on the Mohr—Coulomb
criterion and Lemaitre strain equivalence hypothesis, the coupling-damage constitutive model of rock masses
was improved for application to plain concrete. Parameters including the mesoscopic and macro-meso coupling
damage variables, as well as the fractal dimension, were calculated to realize the non-linear mechanical
behaviour during damage evolution. The rationality of the model was verified by comparing experimental and
theoretical parameters. Results revealed that the coupled-damage constitutive model of rock masses has a good
applicability to plain concrete. Furthermore, two main factors affected the damage deformation: the number of
joints and the inclination angle. As the number of joints increased, the early damage accumulation increased
and the inflection point of the damage rate occurred in advance. The damage deformation varied significantly
when the inclination angle was changed. The cumulative damage curve of the plain-concrete specimens is
shown as the evolution law of an S-type curve. Both peak strength and elastic modulus were positively
correlated with the damage variable. Moreover, a smaller peak strength resulted in a larger fractal dimension
and coupling-damage variable.

KEYWORDS: Rock mass, Joint inclination angle, Mesoscopic, Macroscopic, Fractal dimension,
Coupling-damage constitutive model.

INTRODUCTION substituted with artificial

rock masses (rock-like

Excavation of tunnels or chambers causes crack
initiation, propagation and coalescence, resulting in the
instability and destruction of underground projects (Lin
et al., 2020). To a certain extent, the mechanical
characteristics of engineering rock masses are affected
by these defects (Liu et al., 2016a; Fan et al., 2018).
Owing to the rapid developments in technology,
common building materials are gradually being
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materials), including plain concrete, plaster and
reinforced concrete, in the fields of construction and
transportation (Yousuf et al., 2019). Therefore, it is
important to ensure the safety and stability of structures
by studying the influence of self-cracks on the
mechanical characteristics of rock-like engineering
materials (Qing et al., 2018).

Three common methods; namely, experimental
research, theoretical derivations and numerical
simulations, can reveal the damage mechanisms of rock
masses under loading (Yang et al, 2019). In
experimental studies, owing to the difficulties of the
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prepared specimens, most researchers have often used
indoor model tests to study fractural characteristics,
including the joint inclination angle and number of
joints. Hoek and Bieniawski (1965) investigated the
damage mechanisms of single-joint rock masses at
different joint angles. Results revealed that cracks
spread more easily when the joint inclination angle is
close to the failure angle under uniaxial compression.
Bobet and Einstein (1998) investigated the damage laws
of double-joint specimens under uniaxial compression.
Crack expansion had a direct correlation with the joint
inclination angle and rock-bridge length. Chen et al.
(2011) and Zeng et al. (2019) conducted uniaxial-
compression tests on intermittent and parallel multi-
joint gypsum specimens. The joint inclination angle and
connectivity had an evident effect on the mechanical
parameters. Kawamoto et al. (1988) integrated the
damage theory into the constitutive equation of a
fractured rock mass based on the geometric damage
theory. Zhou et al. (1998) simplified the fracture-
propagation mechanism by considering the elastic and
damage coupling of the rock mass. Subsequently, a
damage-coupling constitutive model was constructed
and the damage statistical strength theory was further
improved (Cao et al., 2017). A macro-meso damage-
coupling constitutive equation was established based on
the Lemaitre equivalent-strain hypothesis and statistical
theory (Zhang and Chen, 2017; Chen et al., 2018a; Chen
and Qiao, 2018b). The equation showed that the initial
damage of the pre-fabricated joints affected the rock-
mass failure process. Consequently, the static and
dynamic damage-evolution processes of jointed rock
masses can be simulated (Guan and Chen, 2021; Zhang
et al., 2015; Liu et al., 2016b). Additionally, fractal
theory was used in quantitative calculations during the
damage process. With the development of numerical
simulations and improvements in constitutive theories,
the dynamic damage process of rock masses has become
increasingly intuitive. Thomas and Belytschko (2010)
proposed a finite-element method for the minimum re-
cogging of crack growth, which can approximately
explain crack propagation.

The damage mechanism of rock masses is mainly
focused on factors, such as type inclination angle, row
distance and centre distance of cracks. However, limited
research on the comparison of multiple joints of plain
concrete exists. This study aimed to: (1) study the
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damage mechanism of rock-like materials using plain
concrete as the research object, (2) verify the rationality
of the model through a comparative analysis by
introducing experimental data and (3) reveal the
difference between the theoretical and experimental
results by discussing the relationship between the
fractal-box dimensions of the joint surface and the
coupling-damage variable, peak strength and joint
inclination angle. Considering the initial damage of the
pre-fabricated joints, the macro-damage variable and
joint-coupling influence coefficient were revised.
Therefore, the  macro-meso  coupling-damage
constitutive model of plain concrete was improved.

Statistical Damage Constitutive Construction under

Uniaxial Compression

Statistical Constitutive Models of Rock Meso-damage
Under Lemaitre strain equivalence assumptions, the

rock-mass damage constitutive model is defined by Eq.

(1) (Lemaitre, 1984).

O':ES(].— D), (1)

where ¢ denotes the nominal stress, E denotes the
elastic modulus, ¢ denotes the strain and D denotes the
damage variable under compression. Based on the
Mohr—Coulomb criterion and Hooke’s law, meso-scopic
rock failure is a continuous damage process. Weibull
used the statistical probability theory to describe the
heterogeneity of materials, explaining the relationship
between material strength, deformation and failure.
When the micro-element strength inside rock F obeys
the Weibull probability distribution, the probability
density distribution law can be expressed as in Eq. (2).

In(-In i)=m InF-mInFo
Ee )

Let y = In (-In (6/E¢)); x = In F; b = -mIn Fo.
Parameters m and Fo were obtained by fitting the test
data under uniaxial compression.

Statistical Constitutive Models of Rock Macro-damage

Based on the defined additional strain energy of rock
macro-damage by Chen and Li (2000), the damage
strain energy can be expressed using Eq. (3).
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where o denotes the joint inclination angle, a denotes shear stress. Three parameters can be calculated with
the half-length joint, ¢ denotes the internal friction angle relative expressions from previous studies (Chen and Li,
of the rock material (f = tan ¢), V denotes the volume of 2000; Grady and Kipp, 1980; Nemat and Obata, 1988).
the elastomer, o denotes the normal stress on the joint The stress-intensity factor of a single joint is different
surface and 6 denotes the amount of relative slip caused from that of multi-row parallel discontinuous joints, as
by the joint surface area A, crack expansion length | and expressed in Eq. (4) (Huang et al., 2002; Li et al., 2001).
2ar«Sin g za
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where K; and Ky are the multi-joint type-I and type- where Ky and Ky are single-joint type-I and type-1I
Il stress-intensity factors, respectively. | « = 0.27a and w stress-intensity factors, respectively and f (a, b, d) is the
is the width of the specimen. The sliding shear strength interaction coefficient. Moreover, b denotes the joint
of the joint surface 7, normal stress on (o, a + ) and centre distance and d denotes the joint arrangement
shear stress 7, (o, a + ) can be calculated using the distance. This is because two rows of two parallel
expression given by Li et al. (2001). The stress-intensity intermittent joints are considered in this study. The
factor of multi-row parallel intermittent joints must coefficients are supplemented by interpolation in Table
consider the coupling effect of the joints, as shown in 1 and the raw data is derived from the study by Li et al.
Eq. (5). (2001). Three values; namely, (d/2a, b/2a) = (0,0), (0.5,
0) and (0.6, 0), were considered to couple the damage
K.=f (a,b,d)Ku } variables according to the experimental data in Table 2.
Ku=f (a,b,d)KHo ' ©)

Table 1. Values of f (a, b, d) (Li et al., 2001)

b/2a
d/2a
) 5 2.5 1.67 1.25 0.5 0
) 1.000 1.017 1.075 1.208 1.565 2.203 2.628
5 1.016 1.020 1.075 1.208 1.565 2.203 2.628
1 1.257 1.257 1.258 1.292 1.580 2.094 2.437
0.6 1.703 1.703 1.704 1.720 1.861 2.112 2.280
0.5 1.815 1.815 1.815 1.827 1.931 2.117 2.241
0.25 2.094 2.094 2.094 2.094 2.107 2.130 2.145
0 2.373 2.373 2.373 2.361 2.283 2.144 2.051
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Table 2. Physical and geometric joint parameters

. Joint Joint center Joint Joint Joint numbers
Joint Eof . .
tVpes GPa 0l(°) arrangement distance length depth per unit area
yp distance d/mm b/mm 2a/mm B/mm p/mm?
Complete | 12.474 0 0 150 0
Single 9.922 0 60 150 4.444x10°
Double | 6.130 | 2° 30 0 60 150 8.889%10°
Three 8.404 30 50 150 1.333x10*

When there are single-group multi-row joints in rock
masses, the macro-damage variable D, can be obtained

0, tana < tang

DzZ

[+1--
[+1]-

1f2(ab,d)sec(*2)}
W

Macro-meso Coupling Damage Constitutive Model

For the coupling calculation problem between two
scale damage variables, the expression of the rock
coupling-damage variable was obtained from two
studies (Liu et al., 2016a; Zhang et al., 2015).

(1- D)(1- D)
1-D.D.

De=1-
(7

where D13 is the coupling-damage variable, D; is the
meso-scopic damage variable and D; is the macro-
damage variable. The coupling-damage constitutive
model of intermittent rock masses can be obtained by
substituting D12 into Eq. (1).

(1- D.)(1- D)

O'=E08(1— D12)=Eo$
1-D.D.

®)

Cases Analysis and Model Verification
Impact of Statistical Parameters on the Model

The macro-meso coupling-damage constitutive
model of intermittent joint rock masses has been applied
to fractured rock masses (Chen and Qiao, 2018b). For
the damage analysis of rock-like masses using the model

1—{1+\%[4.72NBa2 cos® a(Sina — cos e tan p)* +

by substituting Eq. (5) into Eq. (3) to obtain Eq. (6).

8NBa’ cos’ a(sin & — cos a tan p)?

In(l +||—)+g(1+ cos 2(a +6)1? +8J2NBa’ cos a(sin & — cos e tan p)tang
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(6)

derived by Figure 1, the experimental data was obtained
from two sources (Sun et al., 2018; Sun et al., 2019). In
this study, the joint inclination angle and number of
joints were regarded as variables to investigate the
strength and deformation characteristics of plain
concrete. Stainless-steel sheets with a thickness of 0.3
mm and a length of 160 mm were pre-fabricated with
four types of joint specimens. These are complete,
single-joint, double-joint and triple-joint specimens
(Figure 2). All joints were through and the main joint
inclination angles a were 0°, 30°, 45°, 60° and 90°.
Model tests were conducted under uniaxial
compression. The dimensions of the specimens were
150 mm x 150 mm x 150 mm. The physical and
geometric parameters of the joint specimens are
presented in Table 2.

In Table 2, the elastic modulus is the average value
obtained by fitting the stress-strain data in the uniaxial
compression tests. The ability of the complete
specimens to resist the elastic deformation was
significantly larger than that of the joint specimens.
There were some differences in the different joint types
of the specimens. By substituting the rock mechanical
parameters of the complete specimens (Sun et al., 2019)
into the statistical damage constitutive model, the
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statistical parameters m = 0.833 and Fo = 9.573 MPa
were obtained using the fitting method. Figure 3 shows
the effect curve in which the constitutive model of plain
concrete is affected by these two parameters.

Figure 3a shows the effect of Fo on the constitutive
model of plain-concrete specimens when m = 0.833. The
stress in the linear elastic stage is hardly affected by the
change in Fo. However, the stress in the non-linear
elastic stage gradually decreases with an increase in Fo
and the curve shows parallel characteristics when the
strength reaches its peak value. This indicates that Fo
reflects the average value of the micro-element strength

of plain concrete (Yang et al., 2004). Figure 3b shows
the effect of m on the constitutive model for Fo = 9.573
MPa. The stress in the linear elastic stage changes
slightly with an increase in m. The stress in the non-
linear elastic stage has a positive correlation with m
when the strength reaches the peak value. When the
strain is 0.101%, the curvature of the post-peak curve
becomes steeper with an increase in m. Notably, m is a
measure of the ductility and brittleness of the material.
Parameter m reflects the degree of concentration of the
micro-element strength distribution in plain concrete
(Yang et al., 2004).

Statistical damage constitutive construction

Statistical constitutive models of
rock meso damage

Statistical constitutive models of
rock macro damage

Macro-meso coupling damage constitutive
model under uniaxial compression

Figure (1): Schematic representation of the methodology

A Y A
Single joint Double joints Three joints
g = g =]
g . = =) =
S Complete specimen S S =
vy w wy v
A 4 v h A
< » < > |
< » < > » < »
150mm 150mm 150mm 150mm
a) b) c) d)

Figure (2): Sketch map of plain concrete specimens with different formal joints:
a) complete b) single joint ¢) double joints and d) three joints

Calculation of Damage Variables for Plain Concrete
Under uniaxial compression, the crack-growth
length I along the principal stress after the plain concrete
is damaged is shown in Table 3. The crack length
indicates the degree of macro-scopic damage from a
one-dimensional perspective. Because the loading
process is continuous, it is difficult to accurately
quantify the relationship between crack-growth length

and strain change. The total crack-growth length was
evenly distributed in each loading step. This can be used
as the basis for calculating D.. The damage variables can
exhibit failure characteristics to a certain extent. Figure
4 shows the micro-scopic damage variable graphs and
macro-microscopic coupling-damage variable graphs
for different joint types during specimen failure.
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Figure (3): Statistical parameters’ effects on constitutive models: a) Fo value and b) m value

Table 3. Crack length

Joint type
Single-joint specimens | Double-joint specimens | Three-joint specimens

Joint angle
0° 75.000 60.000 57.300
30° 60.000 40.500 56.600
45° 53.800 43.200 57.300
60° 49.000 44.500 49.600
90° 45.000 45.000 36.100

Figure 4a shows the curves of D; and ¢ for a single
joint. Figure 4b shows the curves of D, and ¢ for a
single joint. Comparing Figure 4a and Figure 4 b, the
coupling damage of a single joint was dominated by
meso-scopic damage. The damage evolution rate of 45°
joint specimens was the fastest when the damage value
was less than 0.80 and the rate gradually weakened when
the damage value was more than 0.80. These results
were consistent with those obtained by Sun et al. (2018).
Additionally, the damage evolution rates for other joint
inclination angles are respectively complete; 90°, 0°,
60° and 30° joint specimens go from fast to slow in a
loading process. These results are consistent with
conclusions obtained by Chen et al. (2018a).
Meanwhile, it was indicated that the existence of joints
weakens the strength and elastic modulus, which results
in a brittle to ductile failure transition. The damage rates
of all specimens tended to stabilize when the damage
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variable was equal to 0.80. Once the specimens were
close to damage, the damage value was the largest for
the complete specimen. This indicates that the ability of
the complete specimen to resist the development of
micro-cracks and voids is stronger than those of the joint
specimens.

Figure 4c shows the curves of D1 and € double joints.
Figure 4d shows the curves between D12 and ¢ for double
joints. In Figure 4c, the meso-scopic damage evolution
rates of 45° and 60° specimens were smaller than those
of other joint specimens. In Figure 4d, 45° and 60°
specimens’ coupling damage rates are significantly
larger than those of other joint specimens before D1, was
0.80. The rate became smaller than those of other
specimens after D1, reached 0.80. This indicates that the
damage evolution rate is closely correlated with the
macro-scopic joint numbers of the double-joint
specimens under uniaxial compression. The coupling-
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damage evolution rates for other joint inclination angles
are complete; 0°, 90° and 30° specimens, from fast to
slow. The damage rates of all the specimens tended to
be stable when the specimens were almost damaged.
This indicates that micro-cracks and voids have a critical
threshold and this value is related only to the material
characteristics and macro-scopic joint damage.

Figure 4e shows the curves of D and ¢ for the triple-
joint specimens. Figure 4f shows the curves between D1,
and ¢ for the triple-joint specimens. Comparing Figure
4e and Figure 4 f, the damage evolution rates of the 30°,
45° and 60° joint specimens are the largest when the
damage value is less than 0.25. The damage
accumulation of the 45° and 60° joint specimens was the
largest when this value was between 0.25 and 0.50. The
damage rate of the 30° joint specimen was the smallest
and other joint specimens were basically similar during
the loading process. The greater the damage evolution
rate, the earlier the damage to the specimens. This is
consistent with the experimental results, in which 45°
and 60° joint specimens exhibited brittle failure and 30°
joint specimen exhibited ductile failure (Sun et al.,
2019).

Figure 5 shows curves of different numbers of joints
between D1 and ¢ at different joint inclination angles,
including 0°, 30°, 45°, 60° and 90°. In Figure 5a, when
D12 is below 0.80, the damage evolution rates for the 0°
joint specimens are: triple-joint, complete joint, single-
joint and double-joint specimens from large to small,
respectively. The reason for the fastest damage of the
triple-joint specimens has a close correlation to the
connectivity between primary and secondary joints.
When D1, is more than 0.80, it tends to remain constant.
Moreover, the damage value of the complete specimens
is more than that of the joint specimens. In Figure 5b,
when D, is below 0.25, the damage rate of the 30°
double-joint and triple-joint specimens is the largest,
while that of the single-joint specimens is the smallest.
When Di, is more than 0.25, the damage rate of
complete specimens is faster than that of joint specimens
and the damage value is the largest. In Figure 5¢ and
Figure 5d, when Di, is below 0.50, the damage
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accumulation of double-joint and triple-joint specimens
(45°, 60°) is the largest. When D12 is between 0.50 and
0.80, the damage rate of the 45° single-joint specimens
is the largest and that of the 60° single-joint specimens
is the smallest. When D12 is more than 0.80, the damage
rate of the 45° and 60° specimens is approximately
similar to those of the triple-joint and complete
specimens. However, the damage value of the complete
specimens is 0.972 and is more than those of other joint
specimens. In Figure 5e, the coupling damage value of
the 90° joint specimens is approximately similar to that
of the 0° specimens.

Comparing Figures 4 and 5, for the single-joint
specimens, the damage rate of the 45° joint specimens
was the fastest at the initial stage of loading. However,
for the 30°-joint specimens the damage rates the slowest.
When D, reached 0.80, the damage rate of the joint
specimens gradually decreased and it was lower than
that of the complete specimens. For the double-joint
specimens, the damage rates of the 45° and 60° joint
specimens were the highest at the initial stage of loading.
This rate decreased until Di, reached 0.50. Moreover,
the turning point of the damage evolution of the 30° joint
specimens is equal to 0.25. The damage rate, including
that of the 0° and 90° joint specimens, was the smallest
during the entire loading process. For the triple-joint
specimens, the turning point of the damage evolution of
the 0° joint specimens is equal to 0.80. Certain
specimens, including 30°, 45° and 60° joints, have
damage evolution characteristics that are similar to those
of the double-joint specimens. The damage rate of the
90° joint specimens was greater than that of other joint
specimens in the initial stage of loading. The early
evolution of specimens is increasingly faster for single-
joint, double-joint and triple-joint specimens. This result
had a positive correlation with the degree of structural
damage as the number of joints increased. During the
uniaxial loading process, the damage curves obeyed the
S-type evolution law: they first increased and then
decreased. This is consistent with the experimental
results.
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Figure (4): Curves of the damage variable and strain for different joint numbers: a) ¢-D1 of
single joint b) &-D12 of single joint ¢) &-D1 of double joints d) &-D12 of double joints e) &-D: of
three joints and f) &-Da12 of three joints
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Comparison between Theoretical and Experimental
Constitutive Curves

Theoretical constitutive curves of complete, single-,
double- and triple-joint specimens can be obtained by
substituting the macro-meso coupling damage variables
into Eq. (8). Subsequently, they are compared with
experimental constitutive curves from two sources
(Chen et al., 2011), as shown in Figure 6.

In Figure 6, the theoretical and experimental
constitutive curves for each set of joint types match well
at the linear elastic stage, indicating that the damage
degree of plain concrete is small at the beginning of
loading. However, a slight difference is observed at the
plastic stage. This difference may be related to the crack
length deviation, because the crack path is a curve
instead of a straight line.

In Figure 6a, the elasticity modulus and peak
strength of the complete specimens are larger than those
of the joint specimens, which shows that the ability of
plain concrete to resist deformation is weakened by
cracks. The peak strengths of the specimens are arranged
in increasing values such that single-joint > double-joint
> triple-joint specimens. The test and theoretical peak
strengths are 9.247, 8.021 and 6.200 and 7.948, 7.159
and 4.340 MPa, respectively. The reductions in the peak
strength were up to 14%, 11% and 30%. In Figure 6b,
the peak strength follows the same rule as the 0° joint
specimens. The test and theoretical peak strengths are
8.223,7.124 and 6.700 and 7.736, 6.501 and 5.808 MPa,
respectively. The reductions in the peak strength were
up to 6%, 9% and 13%. In Figure 6c¢, the peak strength
of the single-joint specimens is the largest, but that of
the double-joint specimens is lower than that of the
triple-joint specimens. The test and theoretical peak
strengths are 7.771, 6.716 and 7.100 MPa and 7.179,
6.174 and 6.060 MPa, respectively. The reductions in
the peak strength were up to 8%, 8% and 15%. In Figure
6d, the peak strength followed the same rule as the 45°
joint specimens. The test and theoretical peak strengths
are 8.494, 6.906 and 7.100 and 6.873, 6.062 and 6.661
MPa, respectively. The reductions in the peak strength
were 19%, 12% and 6%. In Figure 6e, the peak strength
followed the same rule as the 0° joint specimens. The
test and theoretical peak strengths are 9.006, 7.975 and
7.120 MPa and 7.909, 6.484 and 6.519 MPa,
respectively. The reductions in the peak strength were
up to 12%, 19% and 8%. The maximum peak strength
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(9.300 MPa) occurred in the complete specimens.
However, the minimum peak strength occurred in the 0°
triple-joint specimens and its value was 6.200 MPa. The
reduction in the peak strength was up to 33% owing to
the presence of joints.

Itis evident that the peak strengths of the 0°, 30° and
90° joint specimens are single-joint, double-joint, triple-
joint specimens from large to small, respectively.
However, for the 45° and 60° joint specimens, the peak
strength of the double-joint specimens was lower than
that of the triple-joint specimens. This is because the
double-joint specimens were prone to rock mass failure
along the 45° direction under multi-crack distribution
and the above results correspond to curves of damage
variables in Figure 5¢ and Figure 5d. A comparative
analysis of the theoretical and experimental constitutive
curves revealed that the improved damage constitutive
models can be applied to plain concrete.

Fractal Characteristics of a Fractured Surface in
Rock-like Specimens
Basic Principles of Fractal-box Dimensions

The failure mechanism can be characterized by the
macroscopic fracture-surface morphology. The fracture
morphology is calculated using the fractal-box
dimensions calculated in plain concrete (Zou et al.,
2016). The variable is defined as follows: Let A be any
non-empty and bounded sub-set of the R, space. When
r >0, A is covered by n-dimensional cubes of side
length r. The minimum coverage is N; (A). If d is present,
r tends to zero.

r

. 9)

where d denotes the box dimensions of A. Only a
positive number k exists and Eq. (10) can be established
as follows:

lim Nr(A)

r—-0 1/ rd =k.

(10)

Fractal dimension d can be obtained by taking the
logarithm on both sides of Eq. (10).

d - lim lgk —Ig Nr(A) g Nr(A).
Igr Igr

Nr (A) is calculated at different values of r to cover
A. Let Ig r be the horizontal axis and Ig N; (A) be the

—lim

r—0

11)

r—0
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vertical axis. (g ri, Ig N:(A)) can be drawn in the were the smallest, at a value of 1.670. Among triple-joint
coordinate system. All coordinate scatters were fitted specimens, the fractal-box dimensions (60°) were the
using MATLAB and the absolute value of the straight- largest, at a value of 1.778. The 30° joint specimens
line slope represented the fractal box dimensions. showed the smallest value at 1.736.
Fractal Dimension Calculation of a Fracture Surface 1.9 i .
) ) ) —=— Complete —o— Single joint
in Plain Concrete Specimens ] Double joints —— Three joints
In the above analysis of the constitutive models, the 18
effect of cracks on the fracture process of plain concrete | ,Hi/ \,,/’*— —
was revealed by introducing the crack length to calculate <" .
the macro-scopic damage variable. Similarly, the =17 \
fractal-box dimensions of the joint surface can be used 1 \ / —
as a quantitative indicator of the macro-scopic damage 16 ad
variable.
In Figure 7, the fractal-box dimensions of the
complete specimens amounted to 1.737. In single-joint 1'500 300 45° 60° og°
specimens, the fractal-box dimensions (45°) were the a
largest, at a value of 1.772 and the fractal-box
dimensions (30°) were the smallest, at a value of 1.617. Figure (7): Curves of the joint inclination angle and
Among the double-joint specimens, the fractal-box fractal-box dimensions under
dimensions (60°) were the largest, at a value of 1.785. different joint numbers
For 90° and joint specimens, the fractal-box dimensions
10 120 10 - 120
> T — o o) —— 4 — — y
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g s poamda ?.l E —A— Ppand a g:
= 8 3 4] g
% s 0§ {10
1 L\\\“H* [-4 . — ——a D
7 T T T 0.5 5 T T T 0.5
[ 30° 45° o e [ 30° 45 o e
@ [+ 2
a) b)
10+ - 20
94— o 0 . 0 —

—8— Peak sirength and a
8- —o—dand 415
—A—D,and &

Peak Strength/MPa
Iy
L
Dy ord

6‘;\‘\_ P 3 1.0
A
5
4 T T T 0.5
o~ 30° 45 600 P

Figure (8): Curves of the peak strength, box dimensions, coupling damage variable and
joint inclination angle: a) single joint b) double joints and c) three joints
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These results are consistent with the damage
variables shown in Figures 4 and 5. The fractal-box
dimensions can be used as a measure of the macro-
scopic damage in rock-like masses. In Figure 8a, a
smaller experimental peak strength resulted in larger
fractal-box dimensions and a larger coupling-damage
value. This indicates that the ability of plain concrete to
resist plastic deformation was weak. As shown in
Figures 8b and 8c, the joint inclination angle has similar
characteristics to these variables, including peak
strength, coupling damage value and fractal-box
dimensions.

CONCLUSIONS

e The macro-meso coupling damage constitutive
model introduced from the damage analysis of
intermittent fractured rock masses can be applied to
plain concrete. The damage rate of joint concrete
increases with an increase in the number of joints at
the initial stage of loading. The damage curves obey
the S-type evolution law during the entire uniaxial
compression process.

e The joint inclination angle and the number of joints
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