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Abstract: As an indispensable material in construction and engineering, concrete’s mechanical prop-
erties and permeability are crucial for structures’ stability and durability. In order to reasonably
assess and improve the durability of fracture-containing concrete structures and to enhance the
sustainable working life of concrete structures, this research investigated the seepage characteristics
of fracture-containing concrete and its mechanical property deterioration under fracture—seepage cou-
pling by testing the permeability and strength of concrete samples before and after water penetration
using triaxial seepage test and mechanical strength test. The results show that the fracture-seepage
coupling action significantly affects the permeability characteristics and mechanical strength of
fracture-containing concrete. In particular, the strength of concrete samples containing a single
fracture decreased with increased fracture angle, with a maximum decrease of 32.8%. The fracture—
seepage—stress coupling significantly reduced the strength of the fracture-containing concrete samples,
which was about twice as much as the strength of the no-fracture concrete samples. Different fracture
angles affect the mode of fracture expansion and damage (The fracture angle varies from small to large,
and the damage form of concrete changes from tensile damage to tensile-shear composite damage).
Moreover, the coupling effect of fracture-seepage-stress will further increase fracture-containing con-
crete’s fragmentation in the damage process. Therefore, improving the seepage and fracture resistance
of concrete plays a vital role in improving the sustainable working life of concrete structures.

Keywords: mechanical properties; durability; fracture-containing concrete; seepage characteristics;
fracture-seepage coupling

1. Introduction
1.1. Importance of Concrete and Its Strength: Seepage Characteristics

Concrete, as an important material in construction and engineering, is widely used
in the building industry and underground engineering. Investigating the permeability
and mechanical properties of concrete with fracture is essential to improve the sustainable
use of concrete in buildings and extend its service life. An in-depth understanding of the
effect of fracture on the permeability and strength of concrete can help design structures
with better durability, which can effectively prevent internal corrosion and deterioration,
thus significantly improving the safety and stability of buildings. Such research can
also facilitate the development of new durable concrete materials, further promoting
concrete development for buildings towards sustainability and long life. While in working
conditions, concrete is mainly subjected to pressure, so compressive strength becomes an
important consideration in engineering design. With the complexity of the stress situation
of concrete structure, in the actual project, concrete components will be affected by many
uncertain factors (such as impact loading, temperature, construction technology, etc.) and
produce different forms of fracture defects inside. Concrete structures are in long-term
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working conditions with internal fractures. These fractures will further develop and expand
under external stresses. This will reduce the durability and bearing capacity of the structure
and accelerate its destruction. For example, in 2007, in Minneapolis, Minnesota, United
States of America, the Highway 35 bridge collapsed as a result of a severe weakening of
the concrete’s load-bearing capacity due to long-accumulated cracks. This catastrophic
event resulted in 13 deaths and some 145 injuries. The accident not only caused significant
casualties and property damage but also raised widespread concerns about the safety and
durability of infrastructure. Fractures in the concrete, in turn, create a large number of
water-conducting channels. Underground structures such as tunnels, mining tunnels, and
other critical large-scale projects such as dams, water surges in tunnels, tunnel collapses,
and landslides are the leading causes of engineering safety accidents. Water penetrates the
structure through the concrete matrix and internal fracture to damage the integrity and
durability of the structure. In 2017, for example, a severe dam failure at the Oroville Dam
in California, USA, was caused by seepage and erosion problems resulting from cracks in
the dam’s concrete structure. This resulted in the partial collapse of the dam’s spillway and
the emergency evacuation of nearly 188,000 residents, resulting in significant economic and
social impacts.

In summary, the research on the degradation effect of fractures in concrete on the
mechanical properties of concrete and the influence of concrete seepage characteristics
is significant.

1.2. Progress of Research on the Effect of Fracture in Rock on the Strength of Concrete

Some scholars [1-6] investigated single prefabricated fracture expansion patterns in
rock materials under uniaxial loading. It was shown that multiple forms of secondary
cracks would be generated at the tip of the prefabricated fracture in chronological order,
and the expansion direction of the cracks was in the direction of the maximum principal
stress. Yang et al. [7] obtained that fracture length and angle under axial pressure are the
key influencing factors on the strength and deformation properties of sandstone samples
by axial compression tests on single-fracture brittle sandstones. Qian et al. [8] analyzed
the effect of fracture on the strength of rocks by axial compression tests on rock specimens.
They concluded that the sensitivity of the factors influencing the strength of rocks is
fracture filling, fracture angle, and fracture length, in descending order of magnitude. Chen
etal. [9,10] investigated the effect of curing factors on the strength of concrete and the effect
of chemical corrosion on the mechanical properties of concrete by triaxial mechanical tests.
Xie et al. [11,12] used energy release and dissipation to determine the critical stress of the
abrupt structural damage of rock samples under different stress states. Combined with CT
scanning and acoustic emission, damage theory was introduced into analyzing damage
mechanisms. Li et al. [13] investigated the crack extension damage evolution process by
uniaxial compression test and CT scanning test of rocks. They concluded that the crack tip
and edge are the cracking starting points of the fracture of rock samples. Lin et al. [14-16]
investigated the expansion law of single fracture in mortar materials at different inclination
angles. The results showed that when the angle between the fracture and the axial pressure
direction was large, the cracks expanded unstably, and the samples were prone to cracking.

1.3. Progress of Seepage Characteristics of Fracture-Bearing Rock

Regarding the research on the effect of fracture on the seepage characteristics of
materials in rock materials, Bian et al. [17] investigated the evolution law of seepage
properties in the water storage space of fractured sandstone in combination with in situ CT
scanning technology. By using three-dimensional digital image technology, Chen et al. [18]
investigated the mechanical model and the seepage characteristics of fracture in sandstone
samples under different seepage pressures.

In general, although there has been extensive research on the mechanism of frac-
ture extension, mechanical characteristic changes, and seepage evolution law of fracture-
containing rock materials, there is less research on the related properties of concrete materi-
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als. The effects of fractures in concrete and their comparison with the effects of fractures
in rock materials are significantly different. In terms of differences in material properties,
concrete is a composite material consisting of cement, sand, gravel, and water. This makes
its internal structure and properties more complex than those of a single-component rock.
Fracture extension in concrete is influenced by the interface between the aggregate and
the cement paste. In terms of fracture generation and expansion, the formation of concrete
fractures is influenced by various factors, such as loading, temperature changes, shrink-
age, and corrosion. In contrast, rock fractures are usually caused by geological stresses,
hydrogeological action, or external forces. In addition, fractures in concrete may extend
gradually from microscopic defects. In contrast, macroscopic stress fields may affect rock
fractures more directly. In terms of permeability differences, fractures in concrete usually
affect its permeability, which is critical to the durability of the structure. The permeability
of rock, on the other hand, is more influenced by the fracture system, and its permeation
paths and rates differ significantly from those of concrete. The mechanical properties and
seepage characteristics of concrete with fracture in actual engineering often determine the
durability of concrete structures.

In this research, the permeability of concrete samples containing prefabricated fracture
was obtained by conducting percolation tests on concrete samples under different triaxial
stresses. In this way, the effects of different fracture morphologies (single fracture, Y-fracture,
and X-fracture), fracture angle, and stress conditions on the percolation pattern of concrete
samples were investigated. The strength decay characteristics of concrete strength under
fracture—seepage coupling under different fracture morphology, fracture angle, and other
conditions were investigated by conducting strength tests on fracture-containing concrete
samples before and after seepage. Through this research, we can predict and respond more
accurately to the effects of fracture on concrete performance so that measures can be taken
at the design and construction stages to enhance the resistance to fracture and seepage of
concrete structures. This is of great significance in improving the overall performance of
buildings, extending their service life, and reducing the need for maintenance and repair
at a later stage. Therefore, this research significantly impacts the promotion of concrete
structures to be more sustainable and durable.

2. Experiment Preparation and Experimental Program Design
2.1. Sample Preparation

According to the sample size criteria recommended by the International Society
for Rock Mechanics (ISRM) [19], cylindrical samples with dimensions ¢ = 50 mm and
H =100 mm will be used in this research. This sample size is characterized by good uni-
formity, easy handling, and uniform stress distribution. Moreover, this sample size is
consistent with the sample size in the international test method, and the experimental re-
sults obtained are also convenient for academic research and communication. The prepared
fracture-containing concrete samples were made from concrete poured in advance and
finished curing. The ratio of cement:sand:water:coarse sand in the concrete samples was
1:2:0.6:2, in which natural river sand was chosen as the concrete aggregate. Because of
its uniform particle size and hardness, it can ensure the strength and compactness of the
concrete sample. They were pouring concrete samples through molds. The concrete was
vibrated using a vibrating table to remove internal gases and to compact the concrete. The
poured concrete samples need to be cured at a temperature of about 24 °C and in 80-90%
humidity. The concrete under cover should also be covered to prevent it from drying out
too quickly. After 28 days of curing, the concrete samples with prefabricated single fracture,
prefabricated Y-fracture, and prefabricated X-fracture were obtained by wire cutting. The
sample preparation is shown in Figure 1. The concrete samples with a precast fracture are
shown in Figure 2.
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Figure 2. Concrete samples containing precast fractures: (a) X-fracture, (b) Y-fracture, and (c) single fracture.

2.2. Experimental Equipment

MTS electro-hydraulic servo testing machine was selected for mechanical characteri-
zation of concrete samples with fracture. The stress—strain curves and strengths of concrete
samples before and after seepage under different fracture morphologies obtained from ex-
periments can be analyzed to obtain the strength decay characteristics of fracture-containing
concrete samples under fracture-seepage coupling.

The triaxial-loading rock-seepage test platform was selected for the test of seepage
characteristics of concrete samples with fracture. The mass of outflow water per unit of time
under different stress conditions can be obtained by applying different stresses to fracture-
containing concrete samples using the seepage experimental platform. The permeability
of the concrete samples can then be calculated to characterize the seepage properties of
the concrete samples under different fracture patterns and stress conditions. The test
platform consists of a load-bearing system, a loading system, a temperature control system,
a seepage system, a measurement system, and an automatic acquisition and control system.
In the loading system, the axial load 7 max = 300 kN, radial load 0 max = 03 max = 25 MPa,
and the upstream pressure of liquid seepage in the seepage system pymax = 20 MPa.
The experimental equipment is shown in Figure 3. Among them, the principle of the
triaxial-loading rock-seepage test platform is shown in Figure 4.
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Figure 3. Experimental equipment: (a) MTS electro-hydraulic servo testing machine and (b) triaxial-
loading rock-seepage test platform.
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Figure 4. Principle of the triaxial-loading rock-seepage test platform.

2.3. Experimental Program

In natural rock and artificial concrete structures, fracture patterns are very complex.
However, most complex fractures can be regarded as a combination of single fracture and
cross-fracture. In order to investigate the effects of different fracture morphologies on the
seepage characteristics and mechanical properties of concrete, single fracture, Y-fracture,
and X-fracture are selected as the fracture morphologies to be studied in this research.
In order to investigate the effect of concrete fracture on the seepage characteristics of
concrete, seepage experiments were carried out on fracture-containing concrete samples
using a triaxial-loading rock-seepage testing platform. The specific parameters of the
fracture are shown in Figure 2. The experiments were conducted using concrete sample
fracture morphology, fracture inclination, and external loading applied to the sample as the
research variables. The experiment was conducted using stress-controlled loading, with
axial stress oy and radial stress 0, (03) applied at a rate of 1 MPa/min for preloading. Once
the surrounding pressure reached the predetermined value of the experimental program,
the surrounding pressure was kept constant, and the axial pressure was applied to the
predetermined value of the experimental program. Keeping the axial stress ¢, radial stress
09, and o3 stable, the percolation pressure Py, was applied through an advection pump,
and percolation was carried out using a constant flow pattern of 5 mL/min. Based on
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the strength of the concrete samples in the pre-test and the equipment parameters, the
experimental program in this research is shown in Table 1.

Table 1. Loading scheme for seepage test of concrete with fracture.

Fracture o Surrounding Stress o, Axial Stress Seepage Stress
No. Morphology Fracture Angle/ (c3)/MPa o1/MPa Py/MPa
1 Without fracture /
2 Single fracture 0, 15, 30, 45, 60, 75, 90
3 Ycfracture 0, 15, 30, 45, 60 5.6 67,8 3
4 X-fracture 30, 45, 60, 75, 90

In the research, the effect of prefabricated fractures on the mechanical strength of
concrete can be obtained by conducting compressive strength tests on concrete samples
with single fracture, “Y” fracture, and “X” fracture with different inclination angles. The
effect of fracture-seepage—stress coupling on the deterioration in the mechanical properties
of concrete was investigated by conducting compressive strength tests on concrete samples
after seepage tests and without seepage tests, respectively.

Under different seepage pressures and external stresses, fractured concrete’s fracture
and microcrack morphology will change. Seepage water and external stresses also affect
the microstructure of concrete and, hence, its water absorption. Therefore, concrete samples’
water absorption must be tested before starting the subsequent study. The saturated water
content of the concrete samples before and after the percolation test was obtained by im-
mersion testing of dry concrete samples to investigate the water absorption characteristics
of the fractured concrete samples under seepage-stress coupling.

3. Characteristics of Seepage in Fracture-Containing Concrete
3.1. Investigation of Water Absorption Characteristics of Fracture-Containing Concrete Samples
under Seepage—Stress Coupling

A non-destructive water immersion device was used to saturate the samples. The
water content of the concrete sample at the current moment was calculated by Equation (1).

my —m
wp = —— % 100% 1)
s

where w; is the moisture content of the sample after immersion time ¢ expressed as %; m; is
the total mass of the sample after immersion time in g; and m; is the mass of the sample
when dry in g.

The average water content-time relationship of the fracture-containing concrete sam-
ples before and after the percolation experiment is shown in Figure 5.
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Figure 5. Mean moisture content-time relationship for concrete samples with fractures: (a) single
fracture, (b) Y-fracture, and (c) X-fracture.

According to Figure 5, the average saturated water content of concrete samples with-
out the percolation experiment is about 7.54%—the average saturated water content of
concrete samples after the reduced percolation experiment. The average saturated water
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content of concrete samples with a single fracture is about 7.37%, about 2.25% lower. The
average saturated water content of concrete samples with Y-fracture is about 7.40%, about
1.86% lower. The average saturated water content of concrete samples with X-fracture
is about 7.38 percent, about 2.12 percent lower. Concrete samples without percolation
experiments reach 95% of the saturated water content in about 2 h. The time to reach
saturated water content was prolonged for all the concrete samples containing fractures
after the percolation experiment (single fracture, 4 h; Y-fracture, 4.5 h; and X-fracture,
4.5 h). From the microstructural aspect of the concrete samples, it is possible that the
pore structure of the concrete was adjusted by the coupling of stress and seepage. The
internal pores of concrete are reduced due to external stresses and seepage stresses. The
capillary action of the concrete pores is reduced so that the water absorption efficiency of
the sample is reduced, the saturated water content is reduced, and the time to reach the
saturated state is prolonged. The presence of fracture reduces the saturated water content
of concrete. This also provides additional space and channels for seepage, allowing water
to penetrate deeper into the concrete. Moreover, due to the fracture in the sample, the
stress concentration phenomenon occurs near the fracture of the sample when the external
stress is applied. This stress concentration phenomenon causes the fracture to expand and
change the water absorption channel, thus affecting the water absorption characteristics
of concrete containing fractures. The prolonged percolation may also lead to changes in
the internal microstructure of the concrete, such as stripping the aggregate—cement paste
interface. These changes may also further affect the water absorption properties of concrete.

From the distribution of error bands in Figure 5, it can be seen that with the complexity
of the geometrical characteristics of the fracture in the concrete sample (single fracture-Y-
fracture-X-fracture), the water absorption characteristics of the concrete sample tend to
stabilize (the width of the error band of the average water content gradually decreases).
Comparing the error bands of concrete samples with the same fracture morphology before
and after percolation, it can be seen that the water absorption characteristics of concrete
changed significantly after percolation, and there are apparent differences in the water
content state between samples at different times. The significant difference in the error
bands of concrete samples with different fracture patterns before and after percolation
also reflects the significant effect of fracture-seepage coupling on the water absorption of
concrete. The range of the error bands can also reflect the permeability changes in concrete
samples with different fracture patterns to a certain extent.

3.2. Seepage Characteristics of Concrete Samples Containing Fractures

Further investigation of the seepage characteristics of concrete samples can better
reveal how water is transported along the fracture in fracture-containing concrete and how
this process is affected by the external stress conditions of the concrete. Combined with the
results of its water absorption characteristics, it can better help us to analyze the mechanical
characteristics of fracture-containing concrete under complex environmental conditions.
Fracture size, fracture angle, and fracture morphology are important fracture parameters
that affect the seepage characteristics of concrete. Among them, previous research has
explored the effect of rock fracture size on the seepage characteristics of rock and found
that the rough fracture seepage of rock has an apparent size effect [20]. Next, the effect of
fracture angle and fracture morphology on the seepage characteristics of fracture-containing
concrete samples will be investigated. According to Darcy’s law [21], a linear relationship
exists between the seepage velocity of the fluid and the hydraulic gradient, as shown in
Equation (2).

ApA
Q=K @
where Q is the fluid flow rate through the sample per unit time in cm?/s; k is the permeabil-
ity of the sample in m?; A is the cross-sectional area of the fluid through the sample in cm?;
u is the viscosity of the fluid in Pa-s; [ is the length of the seepage path in cm; and Ap is the
pressure difference before and after the passage of the fluid through the sample in MPa.
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The permeability k of the sample can be obtained according to Equation (3).

qul
k= Ap ®)
where g is the seepage velocity in cm/s.

The permeabilities of single-fracture concrete samples with different fracture angles
under different stresses can be obtained from the seepage test of fracture-containing concrete
samples, as shown in Figure 6. With the gradual increase in the angle between the fracture
and the direction of seepage in the concrete samples, the permeability of concrete samples
under each stress decreases. Among them, the permeability change was most evident in
the fracture angle from 0° to 30°. As an example, when the surrounding pressure is 4 MPa
and the axial pressure is 6 MPa, the permeability of the concrete sample decreases from
6.46 x 10710 m2 t0 2.87 x 1071 m2, which is a decrease of about 55.57% when the fracture
angle in the concrete is increased from 0° to 30°. Throughout the process of increasing
the fracture angle from 0° to 90°, the permeability of the concrete samples decreased from
6.46 x 10710 m? t0 1.73 x 1071 m?2, a decrease of about 73.22%. It can be seen that the
permeability of concrete samples containing a single fracture is more significantly affected
by the angle between the single fracture and the direction of seepage. The existence of
fracture in the concrete sample shortens the distance of water seepage in its interior, so the
sample’s permeability is more significant when the angle between the single fracture and
the seepage direction is minor. According to Figure 6, it can be seen that the permeability
of concrete samples containing fractures is mainly affected by the stress perpendicular to
the seepage direction. Due to the effect of stress perpendicular to the direction of seepage,
the internal fracture and pore space of concrete is closed by pressure so that the seepage
channel is reduced, which reduces the permeability of concrete samples. Moreover, this
effect is more significant at low stress. Taking o = 6 MPa as an example, when o, (03)
increased from 4 MPa to 6 MPa, the permeability of concrete samples decreased by about
34.84% on average. Moreover, when o; = 8 MPa, the average decrease in permeability of
concrete samples under the same condition is about 29.13%.

Q@ 0,=6MPa 0,=0,=4MPa
@ o0,=6MPa 0,=0,=5MPa
0,=6MPa ¢,=0,=6MPa
Q@ o0,=TMPa 0,=0,=4MPa
o0,=TMPa o0,=0,=5MPa
@ o,=TMPa o,=0,=6MPa
0,=8MPa 0,=0,=4MPa
@ o,=8MPa o,=0,=5SMPa
0,=8MPa 0,=0,=6MPa

g g > o
S o)} o) S
T T T T

Permeability / x107°m?

p—
N
T

0 15 30 45 60 75 90
Fracture angle / °

Figure 6. Permeabilities of single-fracture concrete samples with different fracture angles.

The permeabilities of Y-fracture and X-fracture concrete samples at different stresses
are shown in Figure 7. Compared with the permeability change in concrete samples contain-
ing a single fracture at different fracture angles in Figure 6, the fracture angle does not sig-
nificantly affect the permeability of concrete samples with Y-fracture and X-fracture. Taking
the average permeability of concrete samples at each stage during the seepage experiments
as an example, the average permeability of single-fracture concrete samples was reduced
from 3.03 x 1071® m? t0 2.04 x 107® m?, a reduction of about 32.67%, during the process
of increasing the stresses applied to the samples from o1 = 6 MPa and o, (03) =4 MPa to
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o1 =8 MPa and o3 (03) = 6 MPa. The average permeability of Y-fracture concrete samples
was reduced from 6.24 x 1071 m? to 5.75 x 10~1® m?, about 7.85%. The average permeabil-
ity of X-fracture concrete samples was reduced from 6.73 x 1071 m? to 5.65 x 10716 m?,
about 16.05%. From the above, it can be seen that with the increase in the axial pressure
and the surrounding pressure, the permeability of Y-fracture and X-fracture with different
fracture angles shows an overall decreasing trend. From the analysis of fracture morphol-
ogy, it can be seen that the more complex the fracture morphology is under the same stress
condition, the smaller the effect of stress on the permeability of concrete samples. This sug-
gests that a complex fracture structure may produce more seepage paths, thus reducing the

effect of stress on permeability. In the seepage experiments, the average permeability of the

concrete samples containing a single fracture was 2.40 x 10~!® m?, the average permeability

of the concrete samples containing a Y-fracture was 5.93 x 1071® m?, and the average per-
meability of the concrete samples containing an X-fracture was 6.16 x 1071 m2. The more

complex the fracture morphology of the concrete samples, the greater the permeability of

the concrete samples. This also indicates that the complex fracture structure provides more

channels for water seepage and increases the permeability of the concrete samples.

6.5} Fractureangle @ 0° @ 15° 30° 8.1F Fracture angle @ 30° @ 45° 60°
Q@ 45° 60° @ 75° 90°
i.’a 6.3F ﬁa 72k
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Figure 7. Permeabilities of concrete samples with complex fractures at different fracture
angles: (a) Y-fracture and (b) X-fracture.

4. Degradation of Mechanical Properties of Fracture-Containing Concrete

By exploring the effect of fracture-seepage-stress coupling on the strength of concrete,
it is possible to reveal the specific effect of its complex coupling on the bearing capacity
of concrete. Secondly, by investigating the damage characteristics of concrete, a more
comprehensive understanding of the effects of different conditions on concrete can be
obtained. The above research can provide a theoretical basis for better predicting and
improving concrete performance and durability.

4.1. Effect of Fracture—Seepage—Stress Coupling on the Strength of Concrete

Formation and development of fracture are the primary manifestations of concrete
deterioration [22-24]. Fractures increase the stress concentration in concrete. The local
stress concentration due to stress redistribution, in turn, promotes the generation of new
fractures or the extension of existing ones, which reduces the overall load-bearing capacity
of the concrete structure and reduces its strength [25]. Seepage of water and other fluids
through concrete fracture may lead to chemical erosion or physical stripping of materials
around concrete fracture [26-28]. This may lead to further expansion of the fracture in the
concrete. At the same time, seepage’s physical erosion effect may change the concrete’s
microstructure. This will increase the brittleness and reduce the strength of concrete to
some extent. Different stress states may change the opening and direction of expansion
and development of concrete fracture, thus affecting the permeability and mechanical
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properties of concrete. It can be seen that stress redistribution, seepage erosion, and stress
action generated by fracture have apparent effects on the mechanical properties of concrete.
However, there is less research on coupling fracture, seepage, and stress. In general, the
research on the effect of fracture-seepage—stress coupling on the strength of concrete is of
great significance.

4.1.1. Deterioration in Concrete Strength by Fractures in Concrete

The stress—strain curves of the fracture-containing concrete samples without the seep-
age test are shown in Figure 8. The strength of the concrete sample without fracture is about
14.15 MPa. The strength of the concrete sample with a single fracture is about 11.16 MPa,
which is 21.13% lower than that of the concrete sample without fracture. The strength of
the concrete sample with Y-fracture is about 9.01 MPa, which is 36.33% lower than that
of the concrete sample without fracture. The strength of the concrete samples containing
X-fracture is about 9.48 MPa, which is 33.00% lower than those without fracture. It can be
seen that fracture in concrete has a more significant deteriorating effect on the strength of
concrete. The existence of the fracture leads to the stress concentration phenomenon in
concrete, which makes the local area of concrete reach the destructive strength earlier. The
Y- and X-fractures, due to their more complex structure, produce a more obvious stress
concentration at the tip of the fracture, leading to further degradation of the strength of the
concrete samples. From the figure, it can also be found that the peak strain of the concrete
samples decreases under the influence of the deteriorating effect of the fracture. The more
complex the fracture morphology, the smaller the peak strain of concrete samples. During
the compression process of the sample, there is a prominent stage of fracture closure in
the concrete samples containing fracture, which is manifested by the rapid change in the
stress—strain curve of the sample on the strain axis within a short period. The more com-
plex the fracture morphology in the sample, the earlier the fracture closure phenomenon
occurs. This also indicates that the deterioration effect of cracks in concrete samples is more
apparent when the fracture morphology is more complex.
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—— Y-fracturc — X-fracture
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g | /
=
~ 12 A
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Figure 8. Stress—strain curves of fracture-containing concrete samples without seepage test.

4.1.2. Deterioration in Concrete Strength by Fracture-Seepage-Stress Coupling

The strengths of fracture-containing concrete samples after the seepage experiment are
shown in Table 2. The relationship between the strength attenuation in concrete samples
under the coupled action of fracture—seepage—stress and the angle of the fracture is shown
in Figure 9. Table 2 and Figure 9 show that different fracture morphologies will cause the
strength of concrete samples to be significantly attenuated after the combined action of
seepage and stress. Among them, after the same seepage pressure and external stress, the
average attenuation in the strength of concrete samples with a single fracture is 26.06%,
the average attenuation in the strength of concrete samples with Y-fracture is 32.06%, and
the average attenuation in the strength of concrete samples with X-fracture is 37.83%. The
more complex the fracture morphology, the stronger the deterioration effect on the concrete
strength under the combined effect of fracture-seepage-stress. From Figure 9, it can be seen
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that there is a positive correlation between the strength attenuation in concrete samples
containing a single fracture and the single-fracture angle. This may be because the increase
in the single-fracture angle leads to an increase in the area of the fracture in the direction
perpendicular to the loading direction. Under the same external stress, the effective bearing
area of the concrete samples decreases, which leads to different degrees of attenuation in
the strength of the concrete samples. In contrast, in relatively complex fracture morphology
(X and Y shapes), there is no significant relationship between the strength attenuation in

concrete samples and the fracture angle.

Table 2. Strengths of fracture-containing concrete samples after seepage experiments.

No Fracture Fracture Strength Strength
) Morphology Angle/° Average/MPa Decay/%
Al Without fracture / 13.02 /
Bl 0 10.89 16.36
B2 15 10.29 20.97
B3 30 9.87 24.19
B4 Single fracture 45 9.50 27.04
B5 60 9.18 29.49
B6 75 8.91 31.57
B7 90 8.75 32.80
C1 0 8.06 38.10
C2 15 9.31 28.49
C3 Y-fracture 30 9.41 27.73
C4 45 9.23 29.11
C5 60 8.22 36.87
D1 30 8.19 37.10
D2 45 8.27 36.48
D3 X-fracture 60 7.83 39.86
D4 75 7.93 39.09
D5 90 8.25 36.64
40 o Y
o
Average ° (") o o
X35F
xS —0 |
-°§ 30 | Average
= ")
o -]
5 25 FAverage
1]
a0
Positive correlation @ Single fracture
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Figure 9. Strength decay of concrete samples under the coupled action of fracture—seepage—stress in
relation to the angle of the fracture.
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The average strengths of concrete samples before and after the seepage experiment are
shown in Table 3. According to the data in the table, it can be seen that after the seepage
experiment, the strength of concrete samples has different degrees of decline due to the
joint effect of seepage and stress. Among them, the strength of concrete samples with
fracture decreased significantly compared with that of concrete samples without fracture.
Under the influence of seepage and stress, new microcracks may be generated around
the cracks in the concrete samples, exacerbating the cracks” extension. Concrete samples
with complex fractures may have more complex seepage channels, which may exacerbate
the reduction in the load-carrying capacity of the samples after the seepage experiments.
When there are fractures in concrete, the seepage medium (water) seeps through these
channels. This seepage not only causes changes in pressure within the fracture. It also
accelerates erosion within the concrete when the seepage medium contains chemicals
that can react with the concrete components. All of these effects affect the development
and expansion of microfractures in concrete. The presence of fracture reduces the overall
continuity of concrete, making it more prone to fracture and damage under external stress.
When the original fracture, seepage, and stress coupling will accelerate the expansion of
secondary cracks, thus reducing the bearing capacity and durability of concrete. In general,
the mechanical properties of concrete samples containing fractures will produce a more
obvious deterioration phenomenon under fracture-seepage—stress coupling.

Table 3. Average strengths of concrete samples before and after seepage experiments.

Average Strengths of Concrete Samples/MPa

Fracture Morphology Strength Decay/%
No Seepage Experiment After the Seepage Experiment
Without fracture 14.15 13.02 7.99
Single fracture 11.16 9.50 14.87
Y-fracture 9.01 8.06 10.54
X-fracture 9.48 8.19 13.61

4.2. Damage Characteristics of Fracture-Containing Concrete under
Fracture-Seepage—Stress Coupling

4.2.1. Characteristics of Crack Extension in Concrete with Fractures under Compression

In order to further clarify the damage characteristics of fracture-containing con-
crete, the crack extension characteristics of concrete samples with different fracture an-
gles under compression after seepage tests are investigated. Currently, researchers have
identified the types of cracks that can be observed in rock-like materials under uniaxial
compression [29,30]. Under compression, wing cracks (smaller, spiky lateral cracks that ac-
company the main crack on either side) and secondary cracks (cracks initiated by extension
of the main crack or stress concentration at the crack end) occur in rock-like materials [31].
Among them, wing cracks start to expand from the tip of the original fracture, which ap-
pears earlier. Moreover, it expands in a curvilinear path with increasing load. Wing cracks
are a type of tensile crack, and the direction of initiation is approximately perpendicular to
the direction of the original fracture. Secondary cracks appear later, usually in the form
of shear cracks in the same plane of the original fracture expansion. According to the
characterization of the crack surface, the crack form can be distinguished: wing cracks and
tensile cracks have smooth surfaces. Secondary shear cracks (cracks that are perpendicular
to the extension direction of the main crack and are in a shear state) have a rough surface
accompanied by a large amount of rock particle debris. The shear strength can be character-
ized by the degree of debris fragmentation. A schematic diagram of the crack extension
morphology and types of fracture-containing rock materials under compression is shown
in Figure 10.
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Figure 10. Morphology and type of crack extension after compression of fracture-containing
rock-like materials.

Macroscopic crack expansion on the surface of concrete samples in various stages of
compression was recorded by high-definition images. Now, the crack distribution images
of each sample at the time of damage are taken to analyze the crack extension characteristics
of the concrete containing fracture under compression. The crack expansion of concrete
samples after compression damage is shown in Figure 11. In the compression process of
the sample, the elastic deformation of concrete under compression led to the expansion
of cracks. Moreover, the through fracture formed by the crack expansion led to the loss of
bearing capacity and damage to the concrete sample. Wing cracks and secondary shear
cracks mainly control the damage form of concrete samples. Among them, wing cracks
initiate at the tip of the original fracture. When it expands to a certain extent, it will be
connected to the secondary shear cracks generated from the end face of the sample, thus
forming a through fracture between the end face of the sample and the original fracture,
leading to the destruction of the sample.

According to the crack distribution of concrete samples under different fracture angles,
it can be seen that the original fracture angle has different degrees of influence on the
type of crack extension and final damage morphology of the samples. In concrete samples
containing a single fracture, the macroscopic crack extension is more evident with increased
fracture angle. Among them, when the fracture angle is slight, the damage form of the
sample is dominated by tensile damage. When the fracture angle is larger, the damage form
of the sample is dominated by tensile-shear composite damage. In the concrete samples
containing Y-fracture or X-fracture, the influence of the fracture angle on the crack extension
characteristics and the damage form of the sample is minor. According to the expansion
of cracks in concrete samples with different fracture morphology, it can be seen that the
more complex the original fracture morphology is, the more the number of wing cracks
and secondary shear cracks produced by compression damage.

4.2.2. Damage Fractals of Concrete Containing Fracture under Compression

The broken mass of concrete samples after destabilization and damage directly re-
sults from the extension and penetration of fractures and cracks, which has the value of
fractal research [32]. The fractal research used the particle size-mass classification method
to fractalize the broken blocks produced by compressing concrete samples containing
fracture [33]. The broken masses of concrete samples were sieved using a particle-size sieve.
The sieved particle size ranges were larger than 25 mm, 25-20 mm, 20-15 mm, 15-10 mm,
10-5 mm, 5-2.5 mm, and less than 2.5 mm, respectively. The sieved fractions of broken
blocks of some concrete samples are shown in Figure 12.



Sustainability 2024, 16, 1187

14 of 19

“J‘f % :
Without fracture

] S 3

Single fracture 0°

60°

Y-fracture 0°

300

45°

X-fracture 30°

45°

60°

75°

90°

Figure 11. Expansion of cracks in concrete samples after damage under compression.

Figure 12. Sieving of broken masses of some concrete samples.
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In this research, the mass of the broken mass M and the equivalent side length of
the broken mass Ly were used for statistical analysis to calculate the fractal dimension (a
mathematical concept used to describe the complexity and irregularity of a rock’s surface
or internal structure) of the broken mass of the concrete sample D. The equations are

as follows:
mi
Legi = 1000 - g/;;jiﬁg 4

where L, is the equivalent side length of the broken mass of the i sample in mm; p is the
average density of the concrete sample in kg/m?; and m; is the mass of the broken mass of
the i sample in g.

_ lg(My,, /M)

1gLeq

where « is the slope of My, /M—Le; in double logarithmic coordinates; My, /M is the
cumulative percentage of fragments with equivalent side lengths less than Le;; My, is the
mass of fragments corresponding to an equivalent side length of L., in g; and M is the total
mass of fragments in the computational scale in g.

Q)

D=3-u« (6)

The concrete sample broken-block mass—equivalent edge length relationships are
shown in Figure 13. From the figure, it can be seen that the concrete sample broken-block
mass—equivalent edge length has good linear correlation and self-similarity. It conforms to
the fractal statistical distribution.
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Figure 13. Mass—equivalent edge length relationships for broken blocks of concrete samples: (a) single
fracture, (b) Y-fracture, and (c) X-fracture.
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Statistically, the distribution of fractal dimensions of broken blocks of concrete samples
in this research is shown in Figure 14. Concrete samples without fracture have the lowest
fractal dimension, indicating that the structure of their broken blocks is relatively simple.
The fractal dimension of concrete samples with a single fracture increased compared to the
fractal dimension of concrete samples without fracture, indicating the effect of fracture on
the structural complexity of the broken blocks of concrete samples. The fractal dimension
of broken blocks of concrete samples further increased with the complexity of fracture
morphology (Y-fracture and X-fracture). It can be seen that the presence and expansion of
the fracture add new interfaces and discontinuities to the concrete sample on a macroscopic
level. These fractures make the concrete sample more fragmented during compressive
instability damage, producing broken blocks with smaller dimensions and less mass. A
comparison of the fractal dimension of the broken blocks of concrete samples before and
after the seepage experiments also shows a slight increase in the fractal dimension of the
broken blocks of concrete samples after the seepage experiments. This may be related to the
dynamic effect of fluid percolation. Under seepage and external stress, fracture-containing
concrete’s internal pore structure, microcrack, and stress state are redistributed. Moreover,
this coupling effect will change the bond state inside the concrete, which reduces the
strength of the concrete structure and causes more block fragmentation after damage.

O Fractal dimension distribution
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Figure 14. Distribution of fractal dimensions of broken blocks of concrete samples.

5. Conclusions

This research mainly carried out the seepage experiment and uniaxial compression test
of concrete samples containing different fractures. It includes investigating the water ab-
sorption characteristics of concrete samples containing fractures, the change in permeability
of samples under different stresses, and the mechanical strength and damage characteristics
of samples with different fracture morphologies before and after the seepage experiments.
Finally, the seepage characteristics of fracture-containing concrete under different stresses
and the deterioration characteristics of mechanical properties of fracture-containing con-
crete under the action of fracture-seepage coupling were obtained. The main conclusions
are as follows:

The action of seepage and external stresses can reduce the saturated water content of
concrete and prolong the time it takes for the concrete to reach the saturated water content.
The saturated water content is reduced by about 2.1%. In fracture-containing concrete,
the stress concentration near the fracture will cause the fracture to expand and change the
water-conducting channel. Therefore, the more complex the geometrical characteristics
of the fracture in the concrete, the less time it takes for each concrete sample to reach
saturation versus the change in saturated water content.
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The permeability of concrete samples containing a single fracture decreases and
stabilizes with the increase in the angle between the single fracture and the direction of
seepage. Under the stress conditions of this research, the permeability of the concrete
samples was reduced by about 73.2% when the pinch angle was 90° at maximum. However,
in concrete with more complex fractures, the angle between the fracture and the seepage
direction has no noticeable effect on the permeability of the concrete. The more complex
fracture morphology can reduce the effect of stress on concrete permeability.

A single fracture in concrete samples reduces their strength with increasing angle
between the fracture and the stress direction. More complex fracture morphology correlates
with lower strength and peak strain. Seepage-stress coupling significantly affects strength,
with fracture-containing samples experiencing double the strength decay compared to
samples without fracture. Concrete samples with different fracture types also showed
notable strength reductions, averaging 26.06% for single fracture, 32.06% for Y-fracture,
and 37.83% for X-fracture.

The elastic deformation of concrete under compression is the leading cause of crack
expansion in concrete samples, and crack development eventually leads to sample damage.
The original fracture angle significantly affects the crack expansion and damage pattern.
Smaller fracture angles in concrete samples with single fracture lead to tensile damage, and
larger fracture angles lead to tensile—shear composite damage. The higher the complexity of
the fracture morphology, the higher the number of wing cracks and secondary shear cracks
generated during concrete damage, resulting in a more complex damage pattern. The
fractal dimension of broken blocks of fracture-containing concrete samples increases with
the complexity of fracture morphology. The coupling effect of fracture, seepage, and stress
can further increase the fractal dimension of fracture-containing concrete broken blocks.

From the research on the effect of fracture—seepage—stress coupling on the strength
and damage characteristics of concrete, it can be seen that the existence of fracture and its
coupling with seepage and stress significantly reduces the bearing capacity and durability
of concrete, which is manifested in the apparent deterioration in the mechanical properties
of fracture-containing concrete after the occurrence of seepage phenomenon.
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