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Abstract: The foundations of bridges and other tall buildings are often subjected to cyclic loads.
Therefore, it is essential to investigate the mechanical properties of rock–concrete composite founda-
tions under cyclic loads. In this paper, uniaxial cyclic loading and unloading tests were conducted on
rock–concrete composite specimens using the TFD-2000 microcomputer servo-controlled rock triaxial
testing machine. The stress–strain curves, elastic modulus variation, and energy dissipation were
analyzed. The results showed that the stress–strain curves of composite specimens under uniaxial
cyclic loading and unloading conditions formed hysteresis loops. The hysteresis loop exhibited a
sparse–dense–sparse pattern under the upper stress of 27.44 MPa, which was 90% of the uniaxial
strength. The elastic modulus, as well as the dissipated energy, decreased rapidly in the first few
cycles and then gradually decreased at a constant rate, with the upper stress increasing to 27.44 MPa.
Both the elastic modulus and the dissipated energy exhibited an accelerated stage before specimen
failure. The primary failure mode of the composite specimen was split failure from concrete to
sandstone. A damage variable was derived to better reflect the laws governing the damage evolution
of the composite under cyclic loads.

Keywords: rock–concrete complex; cyclic loading; damage evolution

1. Introduction

Building foundations are often composed of both concrete and rock, especially in
areas with complex geological conditions. The interaction between the concrete foundation
and the underlying rock foundation plays a critical role in the overall stability of the
structure. However, the mechanical properties of the rock–concrete composite system
under cyclic loads, such as those experienced during earthquakes or other dynamic events,
are not well understood. Therefore, it is important to investigate the behavior of rock and
concrete composite specimens under cyclic loads to enhance the design and construction of
building foundations.

Numerous scholars have studied the effects of cyclic loading on the mechanical prop-
erties of rock masses in recent decades [1]. Based on the type of loading applied to rocks,
the cyclic loading tests can be classified as cyclic uniaxial or triaxial compressive tests,
cyclic tensile tests, cyclic shear tests, and cyclic flexural tests [2]. In the research field of rock
fatigue characteristics, it has been found that factors such as loading frequency, temperature,
stress amplitude, and cycle number in cyclic loading and unloading tests mainly affect
the strength of rock mass [3–5]. With more in-depth research, many scholars have become
concerned about fatigue damage [6–8] and the energy dissipation mechanism [9–11] of
rock during cyclic loading. Sun et al. [12] deduced a damage variable according to the
strength characteristics and energy evolution law in the cyclic loading process. Meng
et al. [13] found that the energy density and hysteresis energy variation in different loading
conditions show a decrease in the first few cycles and then start to increase up to failure.
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In addition, different types of experimental techniques, such as optics and acoustics, have
been employed to observe the failure process of rock materials during cyclic loading.

As early as 1934, O. Graf and E. Brenner [14] began to study the effect of loading
frequency on the fatigue life of concrete. Since then, numerous scholars have conducted
experimental, theoretical, and numerical modeling studies on the cyclic loading behavior
of concrete. Most of these studies have focused on common concrete [15–17], reinforced
concrete [18,19], recycled concrete [20], and foamed concrete [21]. Cook et al. [15] conducted
a pioneering study on the impact of sustained constant load and fatigue loading history on
the compressive strength of common concrete and revealed that the application of a constant
load leads to an increase in both the compressive strength and elastic modulus of concrete.
Bian et al. [18] conducted uniaxial compression tests on basalt-fiber-reinforced concrete
(BFRC) specimens with five different strength grades to investigate their stress–strain
relationship. Feng et al. [21] investigated the dynamic mechanical properties and damage
characteristics of lightweight foamed concrete under impact loading. They found that the
material’s dynamic mechanical properties showed a significant strain rate enhancement
effect and density dependence.

In recent years, there has been growing interest in the study of the cyclic loading
mechanical properties of composite specimens, which are composed of concrete and other
materials. Researchers have conducted experiments to investigate the behavior of such com-
posite materials under dynamic loading conditions, aiming to understand their response
to cyclic loading and its implications for engineering practice. He et al. [22] examined the
cyclic loading test properties of composite laminated beams and found that the stiffness of
the specimen, which failed in the cyclic loading test, decreased by about 30%, while the
bearing capacity decreased by about 10%. Zhang et al. [23] investigated the cyclic behavior
of FRP–concrete–steel double-skin tubular columns under a combined loading condition of
axial compression and cyclic lateral loading.

Despite efforts in the field of rocks, concrete, and composite materials, there is still
a lack of comprehensive understanding of the behavior of rock and concrete composite
specimens under cyclic loading, particularly in the context of building foundation systems.
Therefore, this study aims to contribute to the existing body of knowledge by investigating
the mechanical properties of composite specimens under cyclic loading. By doing so, the
study aims to offer valuable insights into the behavior of rock and concrete composite
foundations under dynamic loading conditions and to enhance the design and construction
of building foundations in practice.

2. Materials and Method
2.1. Specimen Preparation

Sandstone blocks were extracted from a foundation engineering site in southern
Sichuan Province. The sandstone was compact and uniform in structure, displaying a
white-gray appearance. Its mineral composition mainly consisted of quartz, feldspar,
calcite, and a small amount of iron, among others. Its chemical composition primarily
included SiO2, Al2O3, CaO, and Fe2O3, classifying it as a low-strength, brittle rock. First,
the surface of one sandstone block was cleaned, and it was treated to achieve a certain
degree of roughness. Then, concrete was poured on the surface. After 28 days of curing, the
composite block was cored in the laboratory, and the composite specimens with a diameter
of 50 mm and a height of 50 + 50 mm were prepared. The specimen preparation diagram
and prepared specimens are shown in Figure 1.

2.2. Testing Equipment

The TFD-2000 microcomputer servo-controlled rock triaxial testing machine which
was manufactured by Changchun Keyi Testing Instrument Co., Changchun, China was
used in the test, as shown in Figure 2. The maximum axial compressive force of the
test machine is 2000 kN. The measurement resolution is 0.001 MPa, and the pressure
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measurement error range is ±0.5%. During the test, the test data can be automatically
collected by a microcomputer.
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Figure 1. Pictures and schematic diagram of rock–concrete composite specimens. (a) Schematic
diagram of rock–concrete composite specimens; (b) pictures of rock–concrete composite specimens.
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Figure 2. TFD-2000 microcomputer servo-controlled triaxial testing machine.

2.3. Preliminary Test

Before conducting the uniaxial cyclic loading and unloading test, the uniaxial compres-
sion tests of a sandstone and concrete composite specimen were performed at a displace-
ment control rate of 0.01 mm/min. The test results are shown in Figure 3. It can be observed
that the uniaxial compression test curve under different cycles can be divided into four
stages. The first stage was the compaction stage of the micro-cracks (Stage I). The original
cracks gradually closed under axial pressure in this stage, and the slope of the stress–strain
curve gradually increased, indicating that the original cracks closed gradually with the
increase in load. The second stage was the elastic deformation stage (Stage II), where the
slope of the curve in the elastic stage remained approximately constant. The third stage
was the plastic yield deformation stage (Stage III). The decrease in the slope of the curve
at the end of the elastic deformation stage indicated that the specimen continued to form
new cracks and progress towards an unstable state. The fourth stage was the failure stage
following the peak strength (Stage IV). The stress decreased rapidly and then gradually
decreased to a constant value. The uniaxial compressive strength of the composite specimen
was 30.52 MPa.
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Figure 4. Stress path diagram of the cyclic loading and unloading test. 
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Figure 3. Uniaxial stress−strain curves. (a) The uniaxial compression stress−strain curve; (b) the
four-stage diagram of uniaxial compression.

2.4. The Cyclic Loading and Unloading Test Method

According to uniaxial compression test results, 18.29, 21.34, 34.39, and 27.44 MPa
were selected as the cyclic upper limit stress amplitudes. These values corresponded to
60%, 70%, 80%, and 90% of the uniaxial compressive strength, respectively. Additionally,
6.11 MPa (20% of the uniaxial compressive strength) was the cyclic lower limit stress. Each
specimen underwent 200 loading and unloading cycles. A force-controlled rate of 0.2 kN/s
was adopted in the loading and unloading cycles. Figure 4 shows the stress path diagram
of cyclic loading and unloading tests, while Table 1 presents the detailed test parameters.
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Figure 4. Stress path diagram of the cyclic loading and unloading test.

Table 1. Uniaxial cyclic loading and unloading test plan.

Specimen/No Upper Stress/MPa Lower Stress/MPa Stress
Amplitude/MPa Cycles/N Loading

Speed/(kN/s)

RC-1 18.29 6.11 12.18 200 0.2
RC-2 21.34 6.11 15.03 200 0.2
RC-3 24.39 6.11 18.28 200 0.2
RC-4 27.44 6.11 21.33 200 0.2

3. Results and Discussion
3.1. Mechanical Properties of Composite Specimens under Cyclic Loading and Unloading
3.1.1. Deformation Characteristics

Figure 5a–d shows the stress–strain curves of rock–concrete composite specimens
under uniaxial cyclic loading and unloading for tests conducted at stress amplitudes of
12.18, 15.03, 18.28, and 21.33 MPa.
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Figure 5. Stress–strain curve of a rock–concrete composite specimen under different upper cycle
loads. (a) Stress amplitude of 12.18 MPa; (b) stress amplitude of 15.03 MPa; (c) stress amplitude of
18.28 MPa; (d) stress amplitude of 21.33 MPa.

It can be seen from Figure 5 that the stress and axial strain curves of the rock–concrete
composite specimens formed hysteresis loops under cyclic loads. From the perspective of the
entire experiment process, the axial strain hysteresis loop formed by the stress–strain curve
demonstrated a trend from sparse to dense when the stress amplitude was less than 21.33 MPa.
However, the axial strain hysteresis loop exhibited an evolution pattern from sparse to dense
to sparse when the stress amplitude reached 21.33 MPa. The cyclic loading only endured for
19 cycles before the specimen was destroyed. It can be concluded that the axial deformation
of the composite specimen develops rapidly, and the distance between the hysteresis loops is
relatively larger, resulting in a larger area of hysteresis loop at the beginning of the cycle. This
indicates that more energy is consumed under each loading and unloading cycle, and the
cumulative fatigue damage inside the composite specimen is larger at this stage. After the first
few cycles, the development rate of composite specimen deformation gradually decreases and
enters the stable growth stage. The distance between each hysteresis loop becomes very dense,
the area of the hysteresis loop is correspondingly reduced, and the fatigue damage caused by
each loading and unloading cycle is significantly reduced. When the upper stress reaches a
certain value, the axial deformation rate accelerates, leading to significant deformation and a
more spread-out hysteresis loop.

Figure 6 shows the curve of residual strain with cycles for the rock–concrete composite
specimen. It can be seen from Figure 6 that each cycle produced residual strain. The
residual strain had a nonlinear relationship with the number of cycles, which was very
similar to the typical three-stage rock creep curve. Referring to the division method of the
rock creep curve, the curve of residual strain and cycles can be divided into two stages for
stress amplitudes less than 21.33 MPa: the deceleration accumulation stage and the stable
accumulation stage, as shown in Figure 7. The curve of residual strain and cycles can be
divided into three stages for a stress amplitude of 21.33 MPa: the deceleration accumulation
stage (I), the stable accumulation stage (II), and the acceleration accumulation stage, as
shown in Figure 8. It can be concluded that during the early cycles (III), the residual strain



Buildings 2024, 14, 854 6 of 13

increases relatively rapidly as the specimen adjusts to the cyclic stresses. However, as the
number of cycles continues to increase, the rate of residual strain accumulation may slow
down, reaching a more stable or saturated level. After the residual strain accumulates to a
certain value, micro-cracks in the rock gradually connect. Consequently, the residual strain
increases rapidly before failure.
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3.1.2. The Elastic Modulus: Changing Characteristics

The Young’s modulus (E) is one of the most important mechanical properties of
materials and is often used to describe their elastic behavior. Elastic modulus is one of the
most important parameters for evaluating the mechanical properties of rocks. According to
the Regulation for testing the physical and mechanical properties of rock—Part 19: Test for
determining the deformability of rock in uniaxial compression (DZ/T 0276.19-2015 19) [24],
the elastic modulus in each load cycle was calculated by Equation (1):

E =
σmax − σmin

εmax − εmin
(1)

where E is the elastic modulus, MPa; σmax is the maximum axial stress in each cycle, MPa;
σmin is the minimum axial stress in each cycle; εmax is the maximum axial strain; and εmin
is the minimum axial strain.

The elastic modulus of the composite specimen under different stress amplitudes can
be calculated using Equation (1). The curves depicting the evolution of the elastic modulus
are shown in Figure 9. It can be seen in the figure that the evolution trends of the elastic
modulus under different stress amplitudes decreased rapidly in the first three cycles, after
which the elastic modulus gradually decreased at a constant rate. With the increase in stress
amplitude, the elastic modulus showed a rapid decreasing trend, indicating that higher stress
amplitudes caused irreversible fatigue damage. Under the same stress amplitude, the primary
pores inside the composite specimen are gradually compacted, the cracks are gradually closed
in the first few cycles, and the composite specimen enters the elastic phase. This is the main
reason that the elastic modulus of the composite specimen gradually tends to a constant value
after decreasing in the first few cycles. The elastic strain of the specimen played a major role,
resulting in a stable elastic modulus. Before failure, new cracks formed inside the composite
specimens, leading to the destruction of the specimen’s integrity. This resulted in a rapid
decrease in the loading elastic modulus under significantly higher stress amplitudes.
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Figure 9. The evolution curves of the elastic modulus of the composite specimen under different
stress amplitudes.

3.2. Failure Mode

Figure 10 displays the apparent damage pattern of the rock–concrete composite spec-
imen after various levels of cyclic loading. It can be seen from Figure 10 that the main
forms of damage were split failures from concrete to sandstone, and a partial blocking
phenomenon appeared in both the concrete and sandstone sections. During the cyclic load-
ing test, the micro-cracks inside the rock–concrete composite specimen were consistently
opening and closing with each load–unload cycle. This phenomenon created room for the
development of additional micro-cracks. During a long test period, the micro-cracks in
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rock–concrete composite specimens can grow significantly. Moreover, because the maxi-
mum stress from cyclic loading was 27.44 MPa, which was lower than the conventional
compression strength of the rock–concrete composite specimen, the propagation of large
cracks in the specimen was limited during the cyclic loading test. Instead, the development
of micro-cracks prevailed. With the propagation and coalescence of the micro-cracks, the
rock–concrete composite specimen eventually failed.
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Figure 10. The damage evolution of the rock–concrete composite specimen under cyclic loads.

The rock and concrete portions of the failed samples were microscopically scanned with
the aid of a scanning electron microscope (SEM), yielding the microstructures of the rock and
concrete at the same magnification, as illustrated in Figure 11. The microstructures of the two
blocks were evidently very different. The rock blocks were composed of a dense array of
nested silicon dioxide crystals with very few additional large ratios of impurities. The compact
and regular crystal arrangement formed the microstructure. The concrete’s coarse and fine
aggregates were interspersed with numerous micropores and micro-cracks; these meso-fracture
characteristics elucidate the primary mechanism by which the failure characteristics of the
rock–concrete composite specimen transitioned from the concrete to the rock portion.
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Figure 11. The microstructures of the rock–concrete composite specimen after failure. (a) Rock;
(b) concrete.

4. The Dissipated Energy Evolution and Analysis of Damage Characteristics
4.1. The Dissipated Energy

The specimen underwent cyclic loading and unloading, which is essentially a process
of energy input and dissipation. The area of OABE which below the loading section
OAB and the X-axis represents the input energy U, the area of BCDE which below the
unloading section BC and the X-axis represents the elastic strain energy Um, and the area
OAB represents the dissipation energy density UW, as illustrated in Figure 12. The energy
of each part of the specimen can be defined as follows [24]:

U =
∫ εB

ε0

σLdε (2)
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Um =
∫ εB

εC

σUdε (3)

Uw = U − Um (4)

where σL is the stress of each cycle loading segment; σU is the stress of the unloading section
for each cycle; and ε0, εB, and εC are the axial strains at points of O, B, and C, respectively.
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Figure 12. The schematic diagram of sandstone energy calculation under cyclic loading and unloading
conditions.

According to Equations (2)–(4), the energy of each cycle of the composite specimen under
different stress amplitudes was calculated. The energy evolution curve of the composite
specimen under different stress amplitudes can be seen in Figures 13 and 14. It can be seen from
Figure 13 that the energy evolution curves showed a sudden-drop stage (I) and a steady-speed
stage (II) when the stress amplitude was less than 21.33 MPa. The curve of energy evolution can
be divided into three stages for a stress amplitude of 21.33 MPa: the sudden-drop stage (I), the
steady-speed stage (II), and the accelerated development stage (III). During the sudden-drop
stage, the energy dissipation decreased rapidly in the first few cycles. Subsequently, the energy
dissipation rate gradually stabilized at a certain value. This phenomenon primarily occurred
due to energy consumption during the closure of micro-defects inside the specimen in the initial
cycles. As the cycles progressed, the specimen became more compact, leading to a decrease in
energy dissipation. In the steady-speed stage, the energy was mainly consumed in the form of
acoustic energy, thermal energy, and plastic deformation. The dissipation energy rate gradually
approached a constant speed with the increase in cycles. During the accelerated development
stage, the upper stress exceeded the yield strength. The energy was primarily consumed in
initiating micro-cracks, facilitating effective expansion, and creating new plastic areas. Energy
dissipation escalated rapidly at this stage.
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Figure 14. The energy evolution curve of composite specimens under a stress amplitude of 21.33 MPa.

4.2. Damage Evolution Law

With the increase in fatigue cycles, the internal pores, micro-cracks, and irreversible
deformation gradually accumulated, leading to continuous damage and deterioration of the
specimen. Based on the equivalent strain hypothesis of a continuously damaged medium,
the damage constitutive equation of a rock–concrete composite specimen under uniaxial
compression can be expressed as follows [25]:

1 − D =
σ

Eε
(5)

where D is the damage variable, σ is the stress of a non-destructive material, E is the elastic
modulus of the non-destructive material, and ε is the strain of the non-destructive material.
When D = 0, the rock–concrete composite material is in an undamaged state and intact;
when D = 1, the rock–concrete composite material is completely destroyed.

In the loading and unloading tests, if we ignore the single cyclic damage change, the
material stress σ can be calculated. Therefore, it can be treated as a known constant in
Equation (5). By taking the derivative of ε on both sides of Equation (5), we can obtain
the following:

dD =
σ

Eε2 dε (6)

Assume that ε0 represents the axial strain at the beginning of the cycle, with the
damage variable D = 0 at this point. εe represents the axial strain at the point of failure
after various cycles, with the damage variable D = 1 when the specimen fails. Integrating
D in Equation (6) from 0 to 1 and ε from ε0 and εe, respectively, the Equation (6) can be
expressed as follows: ∫ D

0
dD =

∫ εe

ε0

σ

Eε2 dε (7)

D =
σ

E

(
1
ε0

− 1
ε

)
+ C (8)

By substituting D = 0 and ε = ε0 into Equation (8), C = 0 can be obtained. By substituting
D = 1, ε = εe, and C = 0 into Equation (8), the following can be obtained:

1 =
σ

E

(
1
ε0

− 1
εe

)
(9)

Therefore, the damage variable D can be expressed as follows:

D =
εe

ε

(
ε− ε0

εe − ε0

)
(10)
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According to Equation (10), the damage variable of the composite specimen under
a stress amplitudes of 21.33 MPa was calculated using the data of residual strains, and
the damage evolution curve of the composite specimen is shown in Figure 15. It can be
seen from Figure 15 that the composite specimen’s damage variable during the cyclic
fatigue process can be divided into three stages. In the initial stage (I), the damage variable
decreased rapidly with the increase in cycles. During the steady-state stage (II), the damage
variable increased at a constant rate with the increase in cycles. During the acceleration
stage (III), as the damage accumulated to a certain extent, the damage variable started to
increase rapidly until the composite specimen was destroyed. Compared to other rocks,
the composite specimen contained more pores, especially in the concrete part. Under cyclic
loading, the micro-cracks from pressure-sealing cracks and new cracks further expanded
during the initial cycle, leading to some irreversible deformation. When the damage
accumulated to a certain extent, a large number of new cracks began to appear in the
composite specimen and gradually connected. Consequently, the damage variable started
to increase more rapidly.
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Figure 15. The damage evolution curve of the composite specimen under a stress amplitude of 21.33 MPa.

The damage variable of dissipated energy [26], shown in Equation (11), and the
damage variable of residual strain [27], shown in Equation (12), were used for a comparative
analysis of the damage evolution of the composite specimen.

Di =
∑n

i Uip

Up
(11)

where Di is the damage variable of the i-th cycle, Uip is the cumulative energy dissipation
at the i-th cycle, and Up is the total energy dissipation.

Di =
∑n

i εip

εp
(12)

where Di is the damage variable of the i-th cycle, εip is the cumulative residual strain at the
i-th cycle, and εp is the total residual strain.

Figure 16 illustrates the calculated damage evolution of a composite specimen under
a stress amplitude of 21.33 MPa in three different ways. It can be seen from Figure 16
that both the damage variable of cumulative energy dissipation and the damage variable
of cumulative residual strain present a straight line with an increase in cycles. However,
neither of them accurately represents the trend of rapid propagation, steady development,
and accelerated expansion of cracks in rocks. This indicates that the damage calculated by
these two methods cannot reflect the damage evolution characteristics of the specimen.
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5. Conclusions

In conclusion, this study investigated the mechanical properties of rock and concrete
composite specimens under cyclic loads. In accordance with the experimental results, the
deformation characteristics and energy dissipation of composite specimens under cyclic
loading were analyzed. The damage variable equation was deduced to evaluate the damage
evolution of the specimen. Based on our research results, the following conclusions can
be drawn.

Referring to the division method of the rock creep curve, the curve of residual strain
and cycles can be divided into two stages for stress amplitudes less than 21.33 MPa: the
deceleration accumulation stage and the stable accumulation stage.

The elastic modulus, as well as the dissipated energy, under different stress amplitudes
decreased rapidly in the first three cycles. Subsequently, the elastic modulus gradually
decreased at a constant rate. With the increase in stress amplitude to 21.33 MPa, the
elastic modulus showed a rapid decreasing trend, while the dissipated energy showed an
accelerated increase before specimen failure.

A damage variable was deduced, and the damage evolution curve of the composite
specimen exhibited three distinct stages: the initial stage, the steady-state stage, and the
acceleration stage.
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