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Abstract The interaction between concrete struc-
tures and rock foundations is a crucial research topic
for assessing safety and stability in geotechnical and
underground engineering. The uniaxial compression
tests were conducted on different combination modes
(concrete component heights (H,), interface incli-
nation angle (f), and coarse aggregate contents) to
investigate their impact on the mechanical and energy
response of concrete—granite composite specimens
(CGCSs). This study categorized three failure modes:
only concrete component failure (H,=80 mm), shear
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failure along the interface (#=30°), and simultane-
ous failure of both components (other combination
modes). The fractal dimension (Dy) of surface cracks
positively correlates with H,, while the compres-
sive strength (6ogcg) and stiffness (Eqgeg) exhibit an
inverse trend. The value of D; and 6gcg both exhibit
a ’U-shaped’” trend when f ranges from 0° to 90°,
whereas the value of Egqg decreases linearly. More-
over, The value of D; and Egcg positively correlate
with coarse aggregate contents, while the value of
0cges trends vary non-monotonically increases. The
coarse aggregate contents have few effects on energy
conversion. Typical brittle failure (f=0°, f=30°, and
H.=20 mm) and ductile failure (other combination
modes) are observed. Energy evolution characteristics
offer quantitative insight into the damage evolution
processes of CGCSs. The piecewise damage consti-
tutive model based on dissipation energy can accu-
rately describe the mechanical response of CGCSs.
This study enhances understanding of the mechanical
properties, failure characteristics, and energy evolu-
tion process of CGCSs under complex combination
modes.

Highlights
o Uniaxial compression tests were conducted on the

concrete-granite composite specimens with differ-
ent combination modes.
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e The mechanical properties and failure characteris-
tics were observed.

e The energy evolution mechanism was investi-
gated.

e A piecewise damage constitutive model was pro-
posed.

Keywords Concrete—granite composite specimens -
Uniaxial compression - Mechanical properties -
Energy evolution process - Piecewise damage
constitutive model

1 Introduction

Concrete—rock composite structures are prevalent in
various engineering applications, including road and
bridge engineering, tunneling, hydraulic engineering,
and mining development (Son et al. 2013; Saichi et al.
2024; Yang et al. 2024; Yuan et al. 2024a, b; Zhao
et al. 2019; Pereira et al. 2022; Qin et al. 2024). Con-
crete and rock possess different mechanical properties
and failure modes, resulting in unique deformation
and damage characteristics in composite specimens.
Therefore, analyzing the interaction between the
concrete and rock is essential to grasping composite
specimens’ failure modes and damage mechanisms.
Researchers have made significant progress in
understanding the mechanical behaviors of compos-
ite specimens, covering compression (Selcuk et al.
2019; Yang et al. 2022), tensile properties (Wang
et al. 2022; Li et al. 2022a, b, c; Zhou et al. 2022),
shear failure of the interface (Lamber et al. 2010;
Gutiérrez-Ch et al. 2018), and fracture mechani-
cal properties (Yuan et al. 2024a, b; Lu et al. 2022;
Chang et al. 2020). For instance, studies have focused
on the mechanical properties and damage evalua-
tion of composite specimens under complex stress
conditions (Shen et al. 2022; Zhao et al. 2022). The
interface inclination angle is also crucial in com-
pressive mechanical properties and failure models
(Selcuk et al. 2019; Gu et al. 2013). Meanwhile, the
interface inclination angle significantly impacts the
static and dynamic indirect behaviors of rock—con-
crete bi-material discs (Zhou et al. 2020). Studies are
being conducted using direct tensile laboratory tests
and numerical simulation to investigate the adhesion
strength of rock—concrete specimens (Li et al. 2022a,
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b, ¢). These studies have yielded meaningful results,
laying the groundwork for subsequent research. How-
ever, applications in subgrade engineering, pile foun-
dation structures, and underground space foundation
engineering, among others, often involve the use of
various construction techniques and geological fac-
tors. Therefore, conducting a comprehensive study on
the influence of combination modes, which may have
been overlooked in previous studies, is imperative to
investigate the mechanical and failure properties of
composite specimens under compression loads.

Additionally, existing research has primarily
focused on mechanical parameters and failure char-
acteristics (Yuan et al. 2024a, b; Yang et al. 2022;
Li et al. 2022a, b, c; Yang et al. 2023) without con-
sidering the influence of combination modes on
energy evolution. Macroscopic failure fundamentally
involves the energy-driven process of damage evolu-
tion in rock and concrete materials (Du et al. 2023;
Gong et al. 2023), wherein deformation and failure
represent energy storage and release processes (Qin
et al. 2024; Yang et al. 2023). Hence, researching the
damage evolution mechanism of composite speci-
mens from an energy perspective is crucial for under-
standing their mechanical properties.

Moreover, studying the energy exchange char-
acteristics of composite specimens can effectively
elucidate the damage evolution mechanism under
specific external conditions, thus offering theoretical
support for practical applications in concrete—rock
structure engineering. Zhang et al. (2023) conducted
cyclic shear tests on pre-heated sandstone—concrete
interfaces to investigate energy degradation, provid-
ing valuable insights for studying mechanical degra-
dation in deep underground engineering. Luan et al.
(2024) investigated sandstone-shotcrete’s mechanical
behavior and energy dissipation under monotonic and
cyclic triaxial loading, offering theoretical under-
pinnings for the subsequent establishment of dam-
age models. Yuan et al. (2024a, b) integrated energy
and damage theories to investigate the mechanical
properties of sandstone—concrete composite bodies.
Moreover, Zhao et al. (2023) studied the energy and
damage evolution of mortar-sandstone specimens
under impact load. These studies have significantly
advanced the research of the mechanical properties
of composite specimens and offer valuable guidance
for practical engineering applications. However, a
notable gap remains in research energy evolution
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and damage processes under complex combination
modes.

Previous studies have extensively focused on
establishing various damage-constitutive models of
rock materials (Zhang et al. 2024; Feng et al. 2024;
Zheng et al. 2024). Statistical and energy methods
have been proposed for compression damage con-
stitutive models for hybrid fiber-reinforced concrete
(Cui et al. 2020). Zhang et al. (2021a, b) estab-
lished a statistical damage constitutive model for
high-strength concrete under conventional triaxial
compression based on energy dissipation density.
Shen et al. (2022) proposed a damage constitutive
model to illustrate the mechanical characteristics of
concrete-rock composite under high temperature
and uniaxial compression. However, the qualita-
tive analysis of the four material parameters in this
constitutive model was challenging. Notably, the
compaction stage, resulting from the compaction
of microcracks during the initial loading phase (Li
et al. 2022a, b, c¢), was not adequately captured by
the traditional constitutive model (Shen et al. 2022;
Zhang et al. 2021a, b; Li et al. 2022a, b, c; Liu
et al. 2021; Yu et al. 2024). Moreover, many stud-
ies have emphasized that material failure involves
irreversible processes of energy absorption, storage,
and release, underscoring the crucial role of energy
evolution in the damage evolution mechanism of
rock and concrete (Qin et al. 2024; Du et al. 2023;
Liu et al. 2024; Gao et al. 2022; Gong et al. 2022).
Given that the strength of concrete components is
lower than rock components, the composite speci-
mens’ failure is similar to the concrete, featuring a
pronounced initial compaction stage. Consequently,
considering material failure characteristics and their
relationship with energy evolution, it is necessary to
propose a piecewise damage constitutive model for
composite specimens, characterizing the compac-
tion stage and subsequent stages of the stress—strain
curve separately.

In conclusion, while numerous studies have
examined the composite specimens’ mechanical
properties and failure characteristics under con-
ventional combination mode, few have explored
the relationship between the energy evolution pro-
cess and damage formation characteristics or have
only analyzed these properties separately. Moreo-
ver, there was limited research on mechanical,
energy, and damage under the influence of interface

inclination angles (f), concrete component heights
(H,), and coarse aggregate contents. The uniaxial
compression tests were conducted for different com-
bination modes to address these issues. The frac-
tal dimension of surface failure was quantitatively
evaluated using 3D non-contact scanner technology
and the box-counting dimension method. A piece-
wise damage constitutive model was established
based on dissipation energy. Moreover, the stress
state under different combination modes was also
studied to theoretically illustrate the mechanics and
failure mechanism of concrete—granite composite
specimens (CGCSs).

2 Experiment program
2.1 Specimen

The CGCSs consist of granite and concrete compo-
nents. Granite specimens were collected from Jining
County, Shandong Province, China, ensuring consist-
ency in experimental results by cutting all specimens
from the same larger granite volume. Granite speci-
mens were cut into cylindrical specimens (a height
of 100 mm and a diameter of 50 mm) using diamond
core bits. This cylindrical specimen was further cut
into different types of granite components based on
predetermined combination modes using a Linear
Cutting Machine, as shown in Fig. 1a. The granite’s
uniaxial compressive strength and elastic modulus are
116.52 MPa and 22.73 GPa, respectively.

The concrete was prepared in the laboratory fol-
lowing the specification for mix proportion design
of ordinary concrete: JGJ 55-2011 (2011). Ordinary
Portland cement (OPC) (P.042.5) was used as the
cementitious material sourced from Henan Mengdian
Group. The fine aggregate comprised natural river
rand with a fineness modulus of 3.1 and particle sizes
ranging from 2.5 to 4.3 mm. Hard gravel, continu-
ously graded, was used as the coarse aggregate, rang-
ing from 5.0 to 12.0 mm. Ordinary water was mixed,
and fine and coarse aggregates were sourced from the
building materials market in Jiaozuo County, Henan
Province, China.

The granite interface was roughnessed to simulate
the natural contact between the two components and
positioned at the cylindrical mold bottom. Subse-
quently, mixed concrete was poured rapidly into the
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Fig. 1 CGCSs a pre-cutting granite components b cylindrical mold ¢ different combination models of CGCSs

mold. A special vibrating device was then employed
to vibrate the cast-in-place for approximately 2 min to
ensure the high compactness of the concrete compo-
nent. The CGCSs were left in the mold for 24 h and
then cured in a Curing Standard Cabinet for 28 days
at the standard curing temperature (20+2 °C and
95%RH). The machining accuracy criteria for the
specimens included non-parallelism between the
ends face less than 0.1% of the diameter and a devia-
tion between the end face and the axial direction not
exceeding 0.25°.

The CGCSs with different combination modes
are shown in Fig. lc, including varying H,, f, and
coarse aggregate contents. The combination modes
considered in this study have significant practical
applications in foundation engineering, bridge foun-
dations, tunnel lining support, and slope engineer-
ing. For instance, variations in support thickness or
concrete strength grades are common in tunnel and
underground space support engineering. Moreover, in
slope, foundation, and dam engineering, the contact
between concrete and inclined rock is prevalent, and

Table 1 Concrete—granite
composite specimens

Combination modes

Values/specimens number

Concrete component heights (H)

Interface inclination angle (/3)
Coarse aggregate contents

20 mm 40 mm 50 mm 60 mm 80 mm
0° 30° 60° 90°
C-0 C-1 C-2 C-3
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Table 2 Mixture properties of concrete component in CGCSs
by weight ratio

Speci- Cement Water Natural river sand Hard gravel
mens

number

C-0 1 038 1.11 1.05

C-1 1.65

C-2 2.72

C-3 3.71

Fig. 2 QKX-YD-1000 servo-controlled multifunctional rock
loading system

the interface inclination angle plays a crucial role in
sliding shear failure and overall structural stability.
Through laboratory tests exploring different combina-
tion modes, the influence of mechanical and deforma-
tion behavior on structural stability and failure modes
can be evaluated, which provides a theoretical foun-
dation for engineering design.

A total of 40 CGCSs were prepared for tests and
three sets of parallel tests for each combination mode,
as shown in Table 1. The cement, water, natural river
sand, and hard gravel have a weight ratio of 1: 0.38:
1.11: 2.72, used in different concrete component
heights and interface inclination angles. Moreover,
three different mixtures were designed to produce
various strength concrete components, as shown in
Table 2, with H,=50 mm and f=90° (2011). The
slump ranges are 100-130 mm (C-0), 70-100 mm
(C-1), 50-70 mm (C-2), and 30-50 mm (C-3),
respectively. C-0 and C-1 are classified as high-slump

concrete (70-150 mm), suitable for foundation or
large-volume concrete that requires high fluidity but
resists bleeding. C-2 and C-3 are medium-slump
concrete (30-70 mm), suitable for conventional con-
struction projects, ensuring sufficient flow and ease
of construction. The concrete’s uniaxial compres-
sive strength and elastic modulus are 46.66 MPa and
18.87 GPa, respectively.

2.2 Experimental apparatus

Figure 2 displays the servo-controlled multifunc-
tional rock loading system QKX-YD-1000 (for
static and dynamic loading) utilized in this study
at Henan Polytechnic University. This system
comprises the support structure, hydraulic load-
ing pump station, standard indenter (equipped with
spherical seating), static sensor, and auxiliary sys-
tem. The technical parameters of the loading sys-
tem are as follows: maximum axial loading is 800
kN, maximum axial loading rate is 13 mm/s, and
maximum axial displacement is 50 mm. Addition-
ally, the accuracy of the deformation and stress
measurement system is+ 1.0%, and the stiffness of
the experimental device exceeds 8 GN/m. An axial
LVDT is employed to obtain the axial displacement
of the specimens and promptly feed back the meas-
ured data to the computer-control system.

To reduce the influence of the end friction between
the specimen and the loading plate measures such as
improving the specimen processing accuracy, using
a spherical seating indenter, lubricating the speci-
men, and repeating tests were taken. During the test,
1.5 kN axial load was preloaded before the test to
stabilize the specimen. Then axial displacement was
applied at a loading rate of 0.0005 mm/s on contact
with the concrete components until the specimen was
destroyed.

Figure 3 depicts the OKIO-400 3D laser scanner,
a collaborative development by Beijing Tianyuan 3D
Technology CO., Ltd. and Tsinghua University. The
main components include a computer-control sys-
tem for data processing and display of the results, a
grating emitter for transmission grating, two charge-
coupled device cameras (CCD) for image capture,
and a workbench. This device enables quick contact-
less scanning of objects, obtaining point cloud data
of surface information, and generating a 3D data
model after processing. Technical specifications of
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Computer-control system

Camera\

Fig. 3 OKIO-400 3D laser scanner system

the scanner device include a maximum scan coverage
area of 400300 mm, a single-face minimum meas-
urement accuracy of 0.02 mm, and a high-precision
industrial CCD with 480,000 pixels. Moreover, the
system utilizes advanced structured light projection
technology and heterodyne multi-frequency phase-
shift 3D optical measurement technology, offering
high measurement accuracy, fast speed, and strong
anti-interference ability. During the measurement test,
the grating emitter projects specially encoded struc-
tured light onto the object’s surface, with the image
captured simultaneously by two CCDs arranged at a
certain angle. Subsequently, the image is decoded,
and the phase is calculated to derive the 3D point
cloud data of the object’s surface.

Fig. 4 Specimen expand

@ Springer
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3 Results

3.1 Failure characteristics and mechanical properties
3.1.1 Failure characteristics

An OKIO-400 3D laser scanner was employed to
scan the specimen surface from multiple angles,
allowing for the automatic splicing of point cloud
data to capture the three-dimensional surface crack
characteristics. The open-source 3D point cloud
and mesh processing software CloudCompare per-
formed secondary point cloud data processing. This
processing can expand the three-dimensional model
along the specimen’s height to derive the surface
crack distribution under two-dimensional condi-
tions, as illustrated in Fig. 4.
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Interface

()| H,=20mm | #,=40mm | H,=60mm | #,=80 mm |

[ p=0" [ p=30" | p=60° [ p=90" |
[ co | cv | c3 | c-a |
Simultaneous failure Failure of Failure of concrete

of both components interface component

Fig. 5 Failure characteristics a concrete component heights b interface inclination angles ¢ coarse aggregate contents d failure

modes

The failure characteristics of CGCSs with different
combination modes are depicted in Fig. 5. The failure
is predominantly concentrated in the concrete compo-
nents. This occurrence can be attributed to the gran-
ite’s higher strength than the concrete. As illustrated
in Fig. 5a, significant crack propagation and typical
spalling failure (darker areas) can be observed in the
concrete components. Many failures are observed on
the concrete component surface, while the granite
component exhibits fewer cracks. Due to the signifi-
cant disparity in the mechanical properties between
the granite and concrete, the failure characteristics of
CGCSs differ substantially from those of the concrete
and granite specimens (Dong et al. 2024). The lower
strength of concrete compared to granite means that
the energy released upon concrete component fail-
ure during uniaxial compression further contributes
to the failure of granite components. Considering the
inherent heterogeneity of the two components and
the presence of an interface, the energy distribution
at the interface becomes uneven. Consequently, some
macro-cracks formed in concrete components propa-
gate to granite components, while others are arrested
at the interface due to a lesser amount of driving
energy. These results highlight the significant impact
of the interface on crack propagation and its poten-
tial role in arresting crack growth. When H_ =40 mm,

the failure characteristics closely resemble those
observed with 20 mm.

Under H, =60 mm, only minimal failure occurs
in the granite component near the interface, with
no macroscopic cracks forming. The loss of bear-
ing capacity in CGCSs is primarily attributed to the
failure of concrete components. When H,=80 mm,
macroscopic cracks predominately emerge in the
concrete components, while no damage occurs in the
granite component. Moreover, as the concrete compo-
nent height increases, significant volume expansion is
observed within the concrete component, indicating
greater radial deformation. Numerous macroscopic
cracks parallel to the loading direction are observed
in the concrete components. Concrete is commonly
conceptualized as a three-phase material consisting
of coarse aggregate, mortar matrix, and interfacial
transition zone (ITZ) between them. Hence, the for-
mation of secondary cracks with varied shapes within
concrete components is affected by different factors,
such as aggregate shape, size, distribution position,
and ITZ.

The failure characteristics under different con-
crete component heights can also be explained from
the perspective of energy evolution. As shown in
Fig. 5a, when the concrete component height exceeds
50 mm, the energy provided by the external load is
entirely consumed by concrete components. Hence,

@ Springer
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macroscopic cracks rarely form in the granite compo-
nents. However, when the concrete component height
is less than 50 mm, the energy provided by the exter-
nal load cannot be fully consumed by the concrete
component failure. As a result, a small amount of
damage is formed in the granite components to con-
sume the remaining energy.

The interface’s strength is the lowest under the
current specimen production conditions. When f=0°,
failure initially forms along the interface, separating
the concrete and granite components and exhibiting
a ’parallel’” mode, as shown in Fig. 5b. The CGCSs
display failure characteristics of a two-body two-
medium model, wherein both components lose their
bearing capacity during loading processes. The con-
crete component fails first due to its weaker strength,
while the granite component can continue to bear part
of the external load until it becomes unstable. Due to
the difference in elastic modulus between the concrete
and granite components, the axial and radial defor-
mation in CGCSs is not coordinated. Additionally,
a typical axial splitting failure is observed along the
loading direction in the granite components, with the
upper part exhibiting a higher degree of failure. With
a significant amount of energy released by the granite
component, secondary failure occurs in the concrete
component, resulting in severe failure in CGCSs. Fur-
thermore, a typical spalling failure of mortar can be
observed in the middle part of concrete components.

As the interface inclination angle increases, the
CGCSs transition from the *’parallel’”” mode to the
’series’” mode and exhibit a one-body two-medium
model. When £=30° shear-induced cracks were
observed along the interface. The lack of deformation
coordination at the interface leads to small failures
in the concrete components near the interface, while
no damage occurs in the granite components. When
P=060°, failure primarily occurs in the concrete com-
ponent, indicating that the influence of the weakest
interface on its failure characteristics decreases, and
it is primarily controlled by the concrete components.
Almost no failure was observed in the granite compo-
nent. Under #=90° and H, =50 mm, the failure char-
acteristics are similar to 60°.

As depicted in Fig. 5a, b, the failure characteristics
of CGCSs are primarily determined by concrete com-
ponents. Hence, it becomes imperative to investigate
the mechanical behaviors of CGCSs under varying
aggregate contents. Figure Sc illustrates the failure

@ Springer

characteristics under various coarse aggregate con-
tents. The failure occurs in both concrete and granite
components, with the failure degree of the concrete
component surpassing that of the granite compo-
nent. The mortar spalling failure becomes more sig-
nificant with an increase in coarse aggregate con-
tents. Furthermore, the presence of coarse aggregate
leads to cracks in concrete components propagating
in two ways, terminating the aggregate or bypassing
it. Therefore, the increase in aggregate content can
impede crack growth while it increases the area of
ITZ, resulting in a more tortuous crack path charac-
terized by a severe damage degree.

The failure characteristics of CGCSs with differ-
ent combination modes under uniaxial compressive
load reveal three distinct failure modes: only con-
crete component failure (H,=80 mm), shear failure
along the interface (#=30°), and simultaneous failure
of both components (other combination modes), as
shown in Fig. 5d.

The fractal dimension serves as a tool to quantify the
complexity and irregularity of shapes, making it par-
ticularly useful in analyzing the failure of rock materi-
als. The box-counting dimension method stands out
for its ability to directly capture the distribution defor-
mation in failure images, and its intuitive calculation
process has made it widely adopted in fractal analysis.
The Moments algorithm, known for its effectiveness
in image processing, is employed in this study. Utiliz-
ing Image] image processing software, the original
grayscale image is binarized and denoised to obtain
a refined distribution of surface cracks, as depicted in
Fig. 6b, where the black pixels represent cracks or dam-
aged areas in the failure image.

Figure 6c¢ illustrates the box-counting dimension
method. A rectangular grid (boxes) characterized by a
side length (r) overlays the failure image (Fig. 6b), and
the count is made of the number of rectangular grids
(N,) containing cracks and damage. Subsequently, the
side length of the box is halved iteratively until its value
approaches 0 while counting the number of rectangu-
lar grids (V,;) within the designated area. The natural
logarithm of the side length (r;) and the corresponding
count of rectangular grid number (V,;) are then com-
puted. Regression analysis of this statical data is con-
ducted using the least square method in the double log-
arithmic coordinate system facilitated by MATLAB. If
the failure exhibits clear fractal characteristics, the sta-
tistical data conforms to the linear relationship outlined
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in Eq. (1). The slope of Eq. (1) yields the fractal dimen-
sion and can be expressed as Eq. (2) (Xiao et al. 2024).

IgN(r) = Dflgr +b @9
. 1g(N(r)
D= e .

where r is the box’s side length, N(r) is the number of
rectangular grids containing failure information, Dy is
the fractal dimension.

The complexity of a failure image correlates posi-
tively with its fractal dimension. Figure 7 shows the
fitting lines of box-dimension under different combi-
nation models. The fitting coefficients R? all approach
0.99, indicating that the failure characteristics of
surface cracks in CGCSs conform to the fractal law.
In Fig. 7a, d, it can be found that the fractal dimen-
sion (Dy) positively correlates with the concrete com-
ponent heights. These results indicate that the more
concrete component percentages, the more severe the
failure degree of CGCSs. This is attributed to failure
predominately occurring with the concrete compo-
nents, as illustrated in Fig. Sa.

When S ranges from 0° to 90°, as shown in Fig. 7b,
d, The fractal dimension (Dy) initially decreases and

then increases trend. Due to more significant energy
release and leading to severe crushing, the highest
fractal dimension is obtained at f=0°. Conversely,
when f=30°, a simple failure mode (shear failure
along the interface) occurs in CGCSs, resulting in the
smallest fractal dimension. Moreover, as shown in
Fig. 7c, d, the fractal dimension (D) positively cor-
relates with the coarse aggregate content, indicating
that damage tends to be severe. Therefore, particu-
lar attention should be given to concrete component
height and interface inclination angle in practical
engineering, optimizing the coarse aggregate content
and then obtaining excellent mechanical properties of
CGCSs.

3.1.2 Compressive strength and stiffness

The compressive strength (ocgeg) and  stiffness
(Ecges) under different combination modes are
shown in Table 3 and Fig. 8. As presented in Fig. 8a,
the value of 6-gcg notably decreases when H, ranges
from 20 to 50 mm, and then remains almost con-
stant as the concrete component height continue
increases. The value of opgcg is influenced by both
the two components and is closely tied to the height
ratio of these components (Dong et al. 2024). With

(b)

Fig. 6 The processing of failure image and box-counting method a grayscale image b binarization and denoise ¢ box-counting

method
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Fig. 7 Relationship between 1gN(r) and 1g(r) of surface crack a concrete component heights b interface inclination angles ¢ coarse
aggregate contents d change of fractal dimension
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Table 3 Compression
strength and stiffness under
different combination

modes

Specimens Compression strength Stiffness (GPa)
(MPa)

Concrete component height /mm 20 8540 90.09 85.06 18.89 2356 22.50
40 60.10 6142 63.67 2234 1952 2042
50 4736 5326 47.16 2196 1856 17.59
60 46.25 50.18 4577 1956 1828 19.79
80 45.18 5126 46.72 1528 1879 17.92

Interface inclination angle 0° 7326 7825 76.01 2029 23.89 19.99
30° 3521 37.82 38.18 19.89 2256 @ 19.56
60°  50.23 51.36 4457 19.05 2235 2235
90° 4736 5326 47.16 2196 1856 17.59

Coarse aggregate contents C-0 4625 4986 4744 1725 19.63 18.11
C-1 5121 5136 56.10 18.75 20.01 17.55
C-2 4736 5326 47.16 2196 1856 17.59
C-3 5421 5736 5475 1856  21.05 2288

an increase in concrete component height, the contri-
bution of concrete components to the value of 6-geg
gradually increases, while the contribution of granite
components gradually decreases. Due to concrete’s
lower strength than granite, the value of 6-gcg €xhib-
its a gradual decreasing trend. Specifically, the com-
pressive strength of concrete is 46.66 MPa. When
the concrete component height exceeds 50 mm, the
value of 6cgcg 1s nearly equal to that of the concrete
specimen, indicating that the concrete component
predominantly determines the value of 6p-gcg. The
above results are linked to the failure mode of CGCSs
and the disparity in strength between the two com-
ponents (the failure mode was discussed in detail in
Sect. 3.1.1).

Additionally, as shown in Fig. 8a, the value of
Ecgcs decreases with an increase in concrete com-
ponent heights, indicating a gradual decrease in the
stiffness of CGCSs. The value of Eqgcg ranges only
from 21.65 to 17.33 GPa, with a maximum reduction
rate of 19.95%. However, the values of 6y range
from 86.85 to 47.47 MPa, with a maximum reduc-
tion rate of up to 45.34%. The results indicate that the
impact of concrete component height on compressive
strength is greater than that on stiffness.

Figure 8b shows the mechanical properties under
various interface inclination angles. The value of
6cges hoticeably decreases as f ranges from 0° to
30°, with a reduction rate of 51.12%. Subsequently,
its values demonstrated gradually increasing trends
for interface inclination angles larger than 30°.

Meanwhile, in comparison with f=0°, the com-
pressive strength falls by 35.76% and 35.05% when
B ranges from 60° to 90°. This indicates a signifi-
cant influence of the interface inclination angles
on the value of o-gcg under a small angle, while
this influence diminishes as the interface inclina-
tion angle increases. The results can be attributed
to the differing relative position of the two compo-
nents. For f=0°, the CGCSs exhibit a *’parallel’’
model, and their strength is shared by both compo-
nents. When the concrete component is damaged,
the granite component, with higher strength, retains
some bearing capacity until it is also compromised.
Hence, the maximum o.gcg value is determined by
both the two components (f=0°), with the concrete
component exerting a controlling influence. Con-
versely, a shear failure along the interface occurs
at f#=30°, and the value of ogcg is dictated by the
shear strength of the interface, leading to the speci-
mens exhibiting the minimal value of 6gcg. Similar
to the strength anisotropy observed in layered rocks
(such as shale and sandstone) (Heng et al. 2015),
the relationship between the value of ogcg and the
interface inclination angles shown in Fig. 8b exhib-
its a >’U-shaped’’ trend.

Moreover, the value of 6pgcg remains almost
constant when S ranges from 60° to 90°. This can
be explained as CGCSs adopting a *’series’’ model,
with failure primarily occurring in the concrete
components. Although the granite component con-
tributes somewhat to the compressive strength of
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CGCSs, its influence is minimal. The compressive
strength of CGCSs is predominantly controlled by
the concrete component. Consequently, the values
of ocgeg are nearly equivalent to the strength of
concrete specimens.

Additionally, as illustrated in Fig. 8b, the value
of E-gcs decreases linearly with increasing inter-
face inclination angle. In comparison with f=0°,
the value of Eqgqg decreases by 3.36%, 5.14%, and
9.47% when f ranges from 30° to 90°. This indi-
cates that the interface inclination angle has mini-
mal effects on the stiffness of CGCSs. Therefore,
considering the difficulty in ensuring complete
horizontal alignment of the contact surface between
concrete and rock in practical engineering, it is cru-
cial to account for the influence of interface inclina-
tion angle to explore the mechanical properties of
CGCSs.

Figure 8c illustrates the mechanical properties
under different coarse aggregate contents. The value
of Ecgcs increases linearly with increasing coarse
aggregate content. In comparison with C-0, the value
of Eqges increases by 2.4%, 5.67%, and 13.64%
respectively for C-1, C-2, and C-3. This indicates that
coarse aggregate contents also have minimal effects
on the stiffness. The high strength of coarse aggre-
gate itself can bear a portion of the external load and
hinder further crack propagation, positively impact-
ing the concrete strength. However, the augmenta-
tion in coarse aggregate contents increases the inter-
face transition zone (ITZ). The weak strength of ITZ
facilitates crack propagation and negatively affects
the concrete strength. The interaction mechanism
between the coarse aggregate and ITZ is relatively
complex. Moreover, the weaker concrete components
determine the overall strength of CGCSs (Dong et al.
2024). Consequently, as shown in Fig. 8c, the influ-
ence of coarse aggregate contents on the value of
0cges 1S not monotonically increasing. Additionally,
for the C-2 specimen, the coarse aggregate change
caused a significant negative impact on the strength
of concrete components, resulting in a decrease in the
value of o¢gcs.

EO/'/

Y

Fig. 9 Energy conversion under uniaxial loading conditions

3.2 Energy evolution
3.2.1 Principle of energy calculation

The CGCSs undergo a process from local failure to
global instability failure under external load, con-
stituting an irreversible energy conversion process
accompanied by energy absorption, dissipation, and
release (Gong et al. 2023). This highlights the criti-
cal role of energy evolution during the damage of
CGCSs (Du et al. 2023; Qin et al. 2024). Accord-
ing to the first law of thermodynamics, and without
considering external temperature change or material
exchange during testing, the total energy injected (U)
into the specimen by the external loading system can
be divided into two components: elastic energy (U,)
and dissipation energy (U,), as shown in Fig. 9. The
dissipation energy primarily encompasses surface
energy consumed during fracture and pores genera-
tion, extension, and expansion, plastic energy during
irreversible plastic deformation of concrete, and the
heat generated by friction between fractures. This
constitutes an irreversible energy conversion process,
resulting in damage occurring in CGCSs.

Therefore, the energy conversion during the defor-
mation and damage process can be expressed by
Eq. (3) (Solecki et al. 2003; Qin et al. 2024; Du et al.
2023).

U=U,+U, 3)
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«Fig. 10 Energy evolution process a H,=20 mm b local
amplification for H.=20 mm ¢ H,=40 mm d H,=60 mm e
H,=80mmfC-0gC-1hC-3

where U, U,, and U, are the total energy (J/cm3), the
elastic energy (J/cm?), and the dissipation energy (J/
cm?), respectively.

Under triaxial loading conditions, the energy rela-
tionship of each unit can be calculated using Egs.
(4) and (5), as shown in the following (Solecki et al.
2003; Luo et al. 2022):

€] & €3
U=/ o,de, +/ O'2d62+/ 05des 4)
0 0 0

U, = 5[0 + 02+ 02 = 2 (0102 4 020+ 0103
)]

u
where o), 6,, and o5 are the maximum, intermediate,
and minimum principal stresses, respectively. g, &,
and &, are the elastic strains of specimens correspond-
ing to o), 0,, and o3, respectively. E, is the unload-
ing elastic modulus and u is the unloading Poisson’s
ratio.

Under uniaxial compression loading conditions
(6,=05,=0), the elastic energy consists of the axial
and circumferential energy, and the circumferential
energy is much smaller than the axial energy. Hence,
the influence of circumferential energy can usually
be ignored. Meanwhile, the initial elastic modulus
(E,) and Poisson’s ratio (u) obtained from the linear
stage of the stress—strain curve are used instead of the
unloading elastic modulus and unloading Poisson’s
ratio to calculate the energy. Therefore, the U, U,, and
U, values under uniaxial loading conditions can be
calculated using Egs. (6)—(8), as shown in the follow-
ing (Solecki et al. 2003):

&
0
1 >
Ve =25, o
Ud = /Elgldel - LO‘2 (8)
0 2E0 !

3.2.2 Energy evolution process

The energy evolution of CGCSs uniaxial compres-
sion loading conditions can be obtained from Eqs.
(6)—(8). Figure 10 shows the energy evolution pro-
cess under different concrete component heights and
coarse aggregate contents. It can be observed that the
pre-peak plastic deformation has similar stage char-
acteristics under different combination modes. The
damage deformation process can be divided into four
stages: compaction (OA), linear elastic deformation
(AB), plastic deformation (BC), and post-peak fail-
ure (CD). Taking H,=20 mm as an example, the four
stages are characteristics:

(1) Compaction stage (OA): During the initial
loading stage, the original microcracks and pores
structure inside the specimen gradually close, and
the specimen is compacted, forming an early nonlin-
ear deformation, and the stress—strain curve exhibits
an upper concave type. Meanwhile, the value of U
and U, increase nonlinearly with deformation, and
the value of U, increases in a flat ’’S-shaped’’.
Figure 10b presents the local amplification of the
energy evolution at the compaction stage. When the
axial strain is smaller than 1.34 x 1073, the value of
U, is larger than U,, the reason can be explained
as most energy was consumed by microcracks clo-
sure and friction in the specimen. However, with
the increase of deformation and microcracks clo-
sure, the effective contact area inside the speci-
men increases, and the accumulation rate of elastic
energy increases while the accumulation rate of
dissipation energy decreases. When the curves of
U, and Uy cross, the growth rate of elastic energy
is gradually greater than that of dissipation energy,
and it is consistent with the growth rate of total
energy input by the loading system.

(2) Linear elastic deformation stage (AB): The
value of U and U, increase linearly with deformation,
while the value of U, remains relatively lower and is
almost unchanged. The microcracks and pores inside
the specimen are completely closed, and the value of
U input by the loading system is mainly converted
into U, and stored inside the specimen. This indi-
cates that the specimen accumulates recoverable elas-
tic deformation with continuous loading at this stage
and only a relatively small amount of micro-damage
forms in the specimen.
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(3) Plastic deformation stage (BC): Under the con-
tinuous loading, the initiation, propagation, and inter-
penetration of cracks will consume part of the value

of U, accompanied by irreversible plastic deforma-
tion and other different forms of energy consumption.
Therefore, the value of U and U, continue to increase
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Fig. 11 Energy evolution process a f=0° b local amplification for f=0° ¢ f=30° d f=60° e f=90° (H,=50 mm and C-2)
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with deformation. At the same time, the growth rate
of elastic energy gradually decreases and reaches the
maximum value at peak stress (energy storage limit).
The value of U, shows an increasing trend, and its
growth rate increased gradually.

Under the influence of concrete component heights
and coarse aggregate contents, the stress—strain vari-
ation trends before peak stress are similar to each
other. However, there is a significant difference dur-
ing the post-peak stress stage.

(4) Post-peak failure stage (CD): When
H.=20 mm, although failure still primarily occurs in
the concrete component, the post-peak stage is shorter
due to the lower concrete component height. After a
small degree of ductile failure, it shows a typical brit-
tle failure, which is similar to the granite specimen.
With an increase in concrete component heights, duc-
tile failure occurs in CGCSs, as shown in Fig. 11c-h.

Combined with Fig. 6a and c, the failure is primar-
ily concentrated in the concrete components, leading
to the ductile failure characteristics being similar to
concrete (Liu et al. 2021). Additionally, the elastic
energy is released in a short time when H,=20 mm,
and the value of U, increases rapidly, indicating that
a larger number of microcracks in the specimen are
connected to form macroscopic cracks. Finally, this
leads to the complete failure of CGCSs.

The above results indicate that the total energy is
primarily stored in the specimen in the elastic energy
form under the pre-peak stage, which is the energy
source of failure after the peak stress. Moreover, other
forms of energy dissipation during the pre-peak stage
reduce the specimen’s bearing ability. During the
post-peak stage, the elastic energy is released, and the
proportion of dissipation energy in the total energy
increases.

Figure 11 shows the energy evolution process for
various interface inclination angles. Under f=60°and
p=90°, simultaneous failure of both components
is formed and concentrated in the concrete compo-
nents, indicating that the stress—strain and energy
evolution regularities are similar to those under dif-
ferent coarse aggregate contents. Meanwhile, the
stress—strain regularities under f=0° are generally
similar to H,=20 mm. However, due to the special
relative positions of the two components under f=0°,
the failure process is significantly different from that
of H,=20 mm, resulting in different energy evolu-
tion processes. The failure first forms in the concrete

component with weaker strength, and with the con-
tinuous loading, the granite component gradually
causes damage, finally leading to the overall instabil-
ity of CGCSs. Therefore, a typical compaction stage
(OA) occurs at the beginning of loading, as shown
in Fig. 11a. Then both the two components bear the
external load and enter the linear deformation stage.

As shown in Fig. 1la, the value of U and U,
increase, while the value of U, remains unchanged
during the AB, stage. Due to the failure first forms
in the concrete components with a lower strength,
the granite component can continue to bear part of
the external load, the stress shows constant as the
strain increases (B,B,). During the BB, stage, the
value of U continues to rise, the value of U, remains
unchanged, and the value of U, appears to have a
small increase trend, an important mark of the dam-
age in the concrete components. Under continuous
loading, the control effect of granite components is
enhanced, and the stress increases with the increase of
strain. The value of U and U, are gradually increased,
and the difference between them increases. The value
of U shows an increasing trend. The reason can be
explained as the continuous failure of concrete com-
ponents and the internal damage development of
granite components to consume part of the input
energy. The growth rate of elastic energy decreases
while the growth rate of dissipation energy increases,
and the specimen enters the elastic deformation stage.
When the peak strength is reached, the value of Uy
increases rapidly and exhibits typical brittle failure
characteristics. Moreover, as a typical brittle material,
the dissipation energy of granite is much higher than
concrete.

When f=30°, shear failure along the interface is
formed, and no obvious damage is found in the two
components. Therefore, the deformation and energy
show different trends. The compaction phenomenon
occurs in the initial stage and then enters the linear
elastic deformation stage. No plastic deformation
stage forms during the pre-peak stage. The specimens
directly lose their bearing capacity after reaching the
peak strength. The value of U and U, increase with
the increase of deformation, while the value of Uy
remains unchanged (maintains a small value) before
reaching the peak stress and increases rapidly exceed-
ing peak strength. These results show that the bond-
ing force between the interfaces under vertical loads
is suddenly released during sliding failure. Moreover,
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Fig. 12 Energy density at peak stress point a concrete component heights b interface inclination angles ¢ coarse aggregate contents

due to the low interface strength, the total input
energy during the entire failure process was lower
than that of other interface inclination angle condi-
tions. The deformation and damage process under
p=30° is similar to that of horizontally layered rock
under direct shear, both of which produce typical
shear failure along the weak plane and obtain mini-
mal shear strength (Heng et al. 2015).

3.2.3 Energy at the peak stress point

As shown in Fig. 12a, the value of U and U, absorbed
by CGCSs first decreases with an increase in concrete
component height and then remains unchanged, while
the concrete component height has few effects on
the value of U,. The granite components with higher
strength and more energy need to be absorbed during

@ Springer

the damage process, and the stored elastic energy
also increases, leading to larger dissipation energy
when damaged. As the concrete component height
increases, the input total energy required for dam-
age decreases. When the concrete component height
exceeds 50 mm, the failure is mainly concentrated in
the concrete component, and the failure degree of the
granite component is reduced, leading to the degree
of mutual conversion of each energy being the same.
The above results indicate that the height of the con-
crete component influences energy evolution. Moreo-
ver, the value of U, at the peak stress point represents
the energy storage limit of the specimen and reflects
the ability to resist damage. Hence, due to the pres-
ence of granite components with higher strength, the
smaller the height of the concrete component, the
stronger the ability to resist damage.
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Figure 12b displays the energy at the peak stress
point for various interface inclination angles. The
energy varies *’U-shaped’’ trends, similar to layered
rocks’ compressive strength anisotropy characteristics
(Heng et al. 2015). Under f=0°, the two components
jointly bear the external load, and the damage degree
is highest (Fig. 5b). Hence, it needs to absorb larger
input energy, and the dissipation energy is higher,
which is the most difficult to destroy. Moreover, the
dissipation energy required for the failure of f=30°
is the least, and the failure is easiest. As shown in
Fig. 7d, the interface shear failure degree decreases
with an increase in interface inclination angle, and
the macro failure is formed in the two components.
Hence, the value of U and U, increases when f
exceeds 30°.

When H.=50 mm and f=90° as shown in
Fig. 12c, simultaneous failure of both components is
formed for different coarse aggregate contents, lead-
ing to similar values of energy density and evolution
process at peak stress. This result indicates that the
coarse aggregate contents have few effects on the
energy conversion process under uniaxial compres-
sion load.

3.2.4 Elastic energy consumption ratio

Internal damage and overall failure of CGCSs are
essentially part of the conversion process between
U, and Uy. The value of Uy is directly related to the
damage and strength of the specimen, and the degree
of energy dissipation can reflect the degree of the
strength attenuation. Hence, the energy consump-
tion ratio (K) was used to reflect the influence of the
combination modes on the energy consumption and
energy storage characteristics under different stress
stages. K can be expressed by Eq. (9):
Ua

K=% ©)

e

For ideal elastic materials, the total energy
absorbed will be fully converted into elastic energy,
and no damage will occur during the deformation, nor
will it be consumed in the form of deformation heat
production. All the elastic energy is released after
unloading, indicating that the values of K is always 0.

However, for heterogeneous materials such as
rock or concrete, deformation, micro-crack initiation,

internal friction, and other characteristics will con-
sume energy, eventually reducing strength and form-
ing macroscopic damage. As shown in Sects. 3.1 and
3.2, CGCSs form three failure modes, correspond-
ing to different stress—strain and energy evolution
processes. Figure 13 illustrates the value of K and
stress—strain under different combination modes.
Micro-cracks and pores compaction lead to a high
proportion of dissipation energy during the initial
loading stage, leading to a quick rise in the value of
K. Hence, the value of K is greater than 1.0, which
indicates that the specimen is in an unstable state
(marked with the red curve) in the compaction stage.
Then the degree of compaction decreases with the
continuous loading, the value of U, increases, and the
value of U, decreases, leading to a gradual decrease
in the value of K. During the elastic and plastic defor-
mation stage, the energy primarily stored in the form
of elastic energy, accompanied by the accumulation
of a small number of micro-cracks, and the value of
U, is relatively low. The value of K typically remains
between 0 and 1.0, which indicates that the specimen
is in a relatively stable state (marked with the blue
curve). Moreover, K = 1.0 represents the specimen in
a critical stable state.

As shown in Fig. 13a, d, the value of K shows a
rapid increase after reaching peak stress, indicating
that the value of U, increases sharply, and CGCSs
exhibit a typical brittle failure characteristic. The two
components are shown in a *’parallel’”” mode under
$=0°, resulting in more significant post-peak brittle-
ness characteristics than H,=20 mm. Particularly, the
value of K increases rapidly during the loading pro-
cess, then decreases gradually, and finally increases
sharply after reaching the peak strength (Fig. 13e).
No plastic deformation stage directly causes a shear
failure along the interface under f=30° (Fig. 13e).
For H.=50 mm and C-0 specimen (Fig. 13b, c), the
value of K did not show a rapidly increasing trend
after reaching peak stress, showing a ductile failure
characteristic.

3.3 Evolution equation of damage variable
3.3.1 Damage constitutive model

Based on the strain equivalent principle theory,
the relationship between ’’apparent stress’” and
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’effective stress’’
tre 1984):

[o7] =

can be proposed as follows (Lemai-

o] _ E][€;]
(1-D4)  (1-Dy)

where [o;] is the apparent stress, [0';“] is the effective

(10)

stress, [E] and [ei] is the elastic modulus and strain
tensor respectively, D, is the damage variable.

According to Sect. 3.2, the value of U, is closely
related to the damage and failure process of CGCSs.
Therefore, assuming that the damage is continuously
developed and is the gradual accumulation of fail-
ure in mesoscopic elements. The damage probability
of the mesoscopic elements is related to Uy and fol-
lows the Weibull distribution function. The probabil-
ity density function can be expressed as (Shen et al.
2024; Jiang et al. 2022):

P(U;) = { %(%)m_le’“”[‘<g—§>m]"v>° (11)

0,F<0

where Uy is the elemental dissipation energy. m and
F, are the Weibull parameters, m is the brittleness of
rock and F, is the macroscopic average strength of
rock.

The energy consumed during the failure process
is proportional to the number of damaged meso-
scopic elements. The damage variable D, can be
calculated (Shen et al. 2024; Jiang et al. 2022):

D, = 12)

N
where Ny and N represent the numbers of damaged
mesoscopic elements and the total number of meso-
scopic elements, respectively.

When U; increases to U;+dUy the number
of damaged mesoscopic elements increases by
NP(Uy)dU,. If the external load leads to the dissipa-
tion energy increases from 0 to Uy, the total number
of damaged mesoscopic elements is (Zhang et al.
2021a, b):

wiw = weiwga =i -en-(2)']}

13)
Substituting Eq. (13) into Eq. (12) yields:

Uy
Dd—l—exp[ (F) ] (14)
0

According to the generalized Hooke’s law, the
damage constitutive model based on energy dissipa-
tion can be expressed as:

6=Ee{exp[—<;]—;'>m]} (s)

The stress—strain fitting curve obtained from
Eq. (15) is approximately straight or convex in
shape under lower stress level conditions, which
is suitable for characterizing the dense rock with
no obvious compaction stage (Zhang et al. 2021a,
b). However, the failure is mainly caused by the
concrete components, there are obvious compac-
tion stages (lower convex shape) at lower stress
level conditions. Hence, to accurately character-
ize the whole damage process of CGCSs, the
compaction stage is considered to be calculated
separately. Deng et al. (2017) indicated that the
stress—strain curve shape was mainly determined by
the exp(—(Uy/Fy)™) term in Eq. (15). This term is
changed to 1—exp(—(U,/Fy)™) to represent the low
convex shape characteristic of the stress—strain in
the compaction stage. The stress—strain after the
compaction stage continues to adopt the form of
Eq. (15). Therefore, the damaged constitutive model
can be expressed as:

7=Fea1=ew|-(52) |}es

|
o =E(e—ep)em|-( 2522 )] +

(16)
where o,, €,, and Uy, are the stress, strain, and dis-

sipation energy at the end point of compaction stage,
respectively.

3.3.2 Determination of the value of m and F,,

The key point to establishing the constitutive models
lies in determining Weibull parameters. There are two
methods to solve the statistical model in Eq. (15). The
first method is to solve the equation directly, which
has strict mathematical and physical significance but
is complicated. The second is the data fitting method.
Although it cannot strictly meet the solution conditions,
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it has a simple process, and the fitting effect is good.
Therefore, considering the characteristics of these two
methods, the data fitting method for the compaction
stage and the solution equation method for the post-
compaction stage were used in this study.

(1) Data fitting method

When € < €,, Eq. (16) is deformed and logarithmi-
cally calculated twice, which can be expressed as:

ln[_ln(l - 1%)] = myin(Uy) — min(Fy,) a7

Making  y=In|-In(1 = )| x=in(U,). and
b=—m,In(F), Eq. (17) can be expressed as:

y=mx+b (18)

The value of m; and b can be calculated by fitting
the results in the compaction stage using data fitting,
and then F,, =exp(—b/m,).

(2) Solution equation method

When € > €,, the value of m, and F;, can be deter-
mined by considering the peak stress condition and
geometric condition of the stress—strain curve, which
can be expressed as:

Ole=e, =0,
w| o (19)

de |e=¢,

where o, and ¢, are the stress and strain at peak point,
respectively.

Substituting Eqgs. (16) and (19), the value of m,
and F\y, after the compaction stage can be expressed
as:

UdA_Ud
(oo mo ]

Foo = "§/n(ec = €4) (0, = 04) (Vs = Upn)

m2=

m,—1

(20)

3.3.3 Verification of the damage constitutive model

According to Sects. 3.2.2 and 3.2.4, the dissipa-
tion energy is greater than elastic energy due to the
micro-failure in the compaction stage. The elastic
energy accumulates, and the dissipation energy is
mainly unchanged in the elastic stage. Moreover, the
value of K can effectively reflect the energy evolution
characteristics, which can well reflect the deforma-
tion and failure of CGCSs under uniaxial compres-
sion. Therefore, the black dot mark on the curve of K
value (K=1.0) in Fig. 13 is a dividing point between
the compaction and elastic stages. This point corre-
sponds to a specific strain value, defined as ¢,. Based
on Sect. 3.3.2, the value of m and F, under differ-
ent loading stages can be determined, as shown in
Table 4.

Figure 14 compares experimental and theoretical
values under different combination modes. During

Table 4 Weibull
parameters under different
combination modes

Specimens Compaction stage Non-compaction
(e <€y stage (€ > €,)
nmy Fy, ny Foo
Concrete component height /mm 20 0.0231 0.4628 0.3220 0.8459
40 0.0093 0.4785 0.2132 0.7556
50 0.3932 0.0058 0.1440 0.7826
60 0.0039 0.6095 0.1503 0.7228
80 0.0022 0.6371 0.1437 0.8759
Interface inclination angle 0° 0.0048 0.3255 0.4320 0.6020
30° 0.0075 0.2852 2.6990 0.3270
60° 0.0159 0.1245 0.2956 0.5665
90° 0.3932 0.0058 0.1440 0.7826
Coarse aggregate contents C-0 0.0028 0.4695 0.1510 0.7745
C-1 0.0070 0.3367 0.1904 0.7290
C-2 0.3932 0.0058 0.1440 0.7826
C-3 0.0232 0.4136 0.9470 1.1062
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the pre-peak stage, including the compaction stage,
linear elastic deformation stage, and plastic deforma-
tion stage, the total stress—strain curves show a high
consist in the experimental curves. The theoretical
value of peak stress is also the same as the test. For
the post-peak stage, it can also better reflect the char-
acteristics of the sharp decline of stress and also has
strong applicability to ductile failure. These results
indicate that the piecewise damage constitutive model
proposed in this study is reasonable and can more
accurately characterize the deformation and failure
characteristics of CGCSs under uniaxial compression.

(2)60
——m=0.5918
—— m=1.0918
504 —— m=1.5918
m=2.0918
£ 40
=
A
e
& 304
20~
10 T T T T T T
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Strain /107

(b 1.0

These results further indicate that the nonlinear char-
acteristics of the compaction stage must be consid-
ered in the damage constitutive analysis of CGCSs.

3.3.4 Parameter-sensitive analysis

To investigate the influence of m on the stress and
deformation characteristic and determine its physi-
cal significance, taking f=90° as an example, the
value of F, remains unchanged, and the value of m
is changed to fit Eq. (16). It is worth noting that the
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Fig. 15 Sensitivity analysis of the Weibull distribution parameters m a stress—strain b D
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Fig. 16 Sensitivity analysis of the Weibull distribution parameters F;, a stress—strain b D
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sensitivity analysis of Weibull distribution parameters
is only for deformation after the compaction stage.

As shown in Fig. 15a, the value of m signifi-
cantly influences the plastic deformation stage. With
the increase of parameter m, the degree of plas-
tic deformation decreases, and the strain hardening
degree and the peak strength increase. Moreover,
the stress—strain curve’s post-peak section becomes
steeper with parameter m increases. This can be
explained as the physical significance of parameter m
represents the concentration of the strength distribu-
tion of the micro-elements inside the specimens, and
its value reflects the material brittleness (Jiang et al.
2022). The microelement strength of the specimens is
more concentrated at the peak under a larger value of
parameters m, resulting in an obvious post-peak stress
drop phenomenon, and then showing more significant
brittle failure characteristics. It can be observed from
Fig. 15b that the strain value corresponding to the
damage accumulation began to increase with param-
eter m increases, and the damage accumulation rate
was also increased.

Figure 16 shows the influence of F|, on the defor-
mation and damage characteristics. It can be seen
that parameter F|, has few influences on the overall
shape of the stress—strain curve. The same deforma-
tion rate is observed during the elastic stage, but the

Au
W

7
'
7
7

"iv‘{-,. Ll g

III

I N .

peak strength and strain increase gradually with an
increase in F,,. Therefore, the physical significance of
parameter [, can be expressed as an indicator of the
macroscopic strength of the specimens (Jiang et al.
2022). From Fig. 16b, the strain value corresponding
to the damage accumulation of the specimen began to
increase with parameter m increases, while the dam-
age accumulation rate decreased.

4 Stress analysis
4.1 Concrete component heights

Due to the difference in mechanical properties
between the two components and the existence of an
interface, the mechanical properties of CGCSs are
significantly different from that of the concrete and
granite single specimens. The discontinuity and ani-
sotropy of the composite specimen structure cause the
discontinuity and non-uniformity of its internal stress
distribution, leading to complex mechanical proper-
ties. By summarizing the mechanical parameters and
failure modes of CGCSs, it is observed that the fail-
ure mechanism results from the comprehensive inter-
action of the two components and the interface. To

Fig. 17 Stress state of CGCSs under different concrete component heights
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further understand the failure mechanism of CGCSs
under uniaxial compression load, we studied the
stress state characteristics for different combination
modes.

Figure 17 shows the stress state near the interface
under different concrete component heights. Due to
the significant differences in the elastic modulus and
Poisson’s ratio of concrete and granite materials, the
radial strain of those components mutually constrains
each other under external load, leading to a mutual
restraint effect near the interface. For the concrete and
granite components on either side of the interface, the
constraint stress is equal in magnitude but opposite
in direction. This results in tensile (compressive) in
one component and compressive (tensile) stress in the
other component.

The elastic modulus of concrete with a mix-
ture of 1:0.38:1.11:2.72 is 18.87 GPa, while the
granite is 22.73 GPa. Hence, under compression
loading conditions, the radial strain of the granite
component is lower than that of the concrete com-
ponent. According to the deformation coordination
principle, the radial deformation of concrete com-
ponents is limited by granite components, while
concrete components promote the radial defor-
mation of granite components. Under this inter-
action, radial compressive stress occurs near the
interface’s concrete component. In contrast, radial
tensile stress occurs in the granite component near
the interface, as shown in Fig. 17. Moreover, due to
the radial strain constraints, no shear stress occurs
at the interface when f=90°. Therefore, near the
interface, it changes from a unidirectional com-
pressive stress state to a triaxial stress state. In this
triaxial state, the concrete component experiences
compressive stress, and the granite component
experiences compressive and tensile stress. The
concrete and granite components outside the inter-
face region remain in a unidirectional compressive
stress state.

It can be seen that the concrete component near
the interface changes from a unidirectional com-
pressive stress state to a triaxial compressive stress
state, resulting in an increased axial ultimate com-
pressive strength compared to the concrete com-
ponent outside the interface region. Conversely,
the granite component experiences horizontal ten-
sile stress, reducing its axial ultimate compressive
strength relative to the granite component outside

@ Springer

the interface region. However, because the granite’s
strength (116.52 MPa) is much greater than that of
concrete (46.66 MPa), the strength of the granite
component near the interface remains higher than
that of the concrete component. The change in the
strength of each part affects the failure sequence in
CGCSs. Failure first occurs in the concrete com-
ponent far away from the interface and gradually
develops towards the interface. When the failure
energy is sufficient, the granite components fail.
Due to the lower strength of the concrete compo-
nent, increasing the value of H, results in damage
concentrating in the concrete components and con-
suming significant energy, while the granite com-
ponents remain minimally or with no damage. This
failure pattern indicates that the weaker compo-
nents determined the value of 6-gcg. Additionally,
as the value of H_ increases, the influence of con-
crete components on the value of 6-gcg enhances,
while the granite component’s influence dimin-
ishes. Hence, the value of o.gcg is negatively cor-
related with H_. These theoretical results are con-
sistent with the experimental results in this study.
Moreover, when the strength of the concrete and
granite is closer (such as high-strength concrete
materials), further studies will be needed to eluci-
date the mechanical response of these combination
modes.

4.2 Interface inclination angle

Figure 18 shows the stress state near the interface
under various interface inclination angles. The bond-
ing strength of the interface is weak in CGCSs.
Shearing stress forms near the interface, leading to
shear failure during the initial loading stage and sepa-
rating the two components into independent entities.
Therefore, as the loading continues to increase, the
two components remain in a unidirectional compres-
sive stress state, and the axial and radial deformation
of the two components do not affect each other, as
shown in Fig. 18a. Subsequently, macroscopic dam-
age gradually forms in the weaker concrete compo-
nent. Meanwhile, the granite component continues
to bear part of the external load until its ultimate
strength is reached, leading to the overall instability
failure of the CGCSs. This failure sequence is the pri-
mary reason for the maximum value of 6-gcg under
p=0°.
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ST

Fig. 18 Stress state of CGCSs a f=0°b f=30°

Due to the difference in mechanical parameters
(strength and deformation) of the two components
and the existence of an inclined interface, the stress
state is more complicated than f=90° (as shown in
Fig. 17). The following conclusions can be drawn

from the stress state analysis under #=30°, as shown
in Fig. 18b.

(1) The uncoordinated deformation of the two com-
ponents near the interface leads to a mutual
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restraint effect at this location, resulting in a com-
plex triaxial stress state in CGCSs. Due to the
inclined interface, both normal and shear stress
occur near the interface. However, the concrete
and granite components outside the interface
region remain in a unidirectional compressive
stress state.

(2) For the CGCSs with an inclined interface, the
value of 6¢gcg primarily determined by concrete
and granite components and the interface and
is closely related to the value of . As shown in
Figs. 5b and 18b, the shear stress leads to shear
failure along the interface more easily, and the
value of 6-gcg depends on the bonding strength
of the interface, resulting in minimal strength
being obtained at f=30°. As the value of g
increases, CGCSs gradually change to a *’series’’
mode, reducing the shear stress near the inter-
face and the probability of shear failure along
the interface. Damage mainly forms in the con-
crete component, leading to an increase in o¢gcss
with values similar to the strength of concrete
specimens. These results theoretically explain
the mechanical properties and failure character-
istics of CGCSs for various interface inclination
angles.

(3) The stress, strain, and strength near the interface
are closely related to the two components’ elas-
tic modulus, Poisson’s ratio, and shear modulus.
Theoretically, the more significant the difference
in elastic modulus and Poisson’s ratio between
the two components, the more pronounced the
mutual restraint effect forms near the interface,
leading to significant changes in the mechanical
properties within the CGCSs.

It is worth noting that for different combination
modes under uniaxial compression, the difference
in the mechanical properties of the two components
changes the stress state in CGCSs, especially near the
interface. This change results in the mechanical and
failure characteristics of CGCSs being different from
those of individual specimens. The value of ocgcg
and failure modes are primarily determined by con-
crete, granite, and interface properties. Therefore,
to ensure the safety and stability of concrete—rock
composite structures, it is necessary to consider the
comprehensive influence of the combination modes
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and loading conditions. The conclusions of this study
provide important support for understanding the
mechanics, energy, and failure evolution mechanisms
of CGCSs under uniaxial compression from theoreti-
cal and experimental perspectives.

5 Conclusions

This study investigates mechanical and failure charac-
teristics, energy evolution process, and damage con-
stitutive model of CGCSs for different combination
modes under uniaxial compression. The main conclu-
sions are as follows:

(1) The concrete component failure and the
shear failure along the interface are formed at
H.=80 mm and #=30°, respectively. The simul-
taneous failure of both components occurs in
other combination modes. The fractal dimension
Dy is positively correlated with H, and coarse
aggregate contents, *’U-shaped’’ variation trends
are observed under different S.

(2) The compressive strength is negatively correlated
with H_, while it shows *’U-shaped’’ trends when
P changes from 0° to 90°. Meanwhile, under the
synthetical effect of coarse aggregate shape, dis-
tribution, and contents, the overall trend of com-
pressive strength increases with an increase in
coarse aggregate contents. The stiffness is nega-
tively correlated with H, and f, while it is posi-
tively correlated with the coarse aggregate con-
tents. The variation amplitude of stiffness is not
evident under different combination modes.

(3) The stress—strain and energy evolution curves can
be divided into four stages. The typical brittle
failure characteristics occur at f=0°, #=30°, and
H.=20 mm, while the ductile failure character-
istics are observed in other combination modes.
The value of K first increases and then decreases
to maintain a lower value and rises again near the
peak strain, which can well reflect the deforma-
tion and failure characteristics of CGCSs under
uniaxial compression.

(4) A piecewise damage constitutive model is pro-
posed to characterize the damage evolution law
for different combination modes under uniaxial
compression. The theoretically calculated values
are well consistent with the experimental data,
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which verifies the validity and reasonableness of
this damage constitutive model.

It is important to note that the effects of complex
loading conditions (triaxial and dynamic loads) and
environment conditions (e.g., high temperature,
humidity variation, and freeze—thaw cycles) on
the mechanical response of CGCSs require further
investigation. Additionally, in future studies, the
adaptability of the proposed piecewise damage con-
stitutive model should be validated through numeri-
cal simulation, and a systematic sensitivity analysis
should also be conducted to explore the influence
of complex loads and combination modes on the
model parameters.
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