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Abstract: To investigate the dynamic behavior and energy dissipation of the rock−concrete interface, dynamic splitting 
tests on bi-material discs were conducted by using the split Hopkinson pressure bar. The test results reveal that with the 
change of the interface inclination angles (θ), the influence of interface groove width on the bearing capacity of 
specimens also varies. When θ increases from 0° to 30°, the bearing capacity of the specimen increases first and then 
decreases with the rise of the interface groove width; the optimal groove width on the rock surface in this range of 
interface inclination angles is 5 mm. When θ increases from 45° to 90°, the bearing capacity of the specimen has no 
obvious change. Moreover, when θ increases from 0° to 45°, the dissipated energy of the specimens rises obviously at 
first and then tends to be stable as the width of the interface groove increases. 
Key words: rock−concrete interface; Brazilian disc splitting; fracture development; interface mechanical properties; 
dynamic behavior; energy dissipation 
                                                                                                             
 
 
1 Introduction 
 

Concrete is commonly poured on the rock to 
maintain the stability of bedrock in engineering 
projects such as tunnel support [1−4], arch bridge 
foundations [5], nuclear waste storage [6], retaining 
walls [7−9], rock-socketed piles [10−12] and 
concrete dam [13,14]. However, due to the weak 
mechanical properties of the interface between rock 
and concrete, structural failure often occurs at the 
interface [15−18]. To ensure safety in engineering 
construction, the mechanical properties of the 
rock−concrete interface are urgent to be 
investigated. 

In recent years, research on mechanical 
properties of the rock−concrete interface has been 
widely studied by compression tests [19−21], 
tension tests [22−29] and shear tests [5,10,30−35]. 
For example, SHEN et al [35] investigated the 

effect of interface roughness on the bond 
performance of granite−concrete interface under 
inclined shear conditions. It was found that the 
interface bond strength of the rock−concrete 
interface rises with the increase of its roughness. 
HONG et al [21] explored the bonding behavior 
between the rock and the mortar interface, and 
pointed out that the bonding force of the interface 
first rises and then tends to be stable with the 
increase of surface roughness. CHANG et al [26] 
studied the influence of groove depth on the 
mechanical properties of the rock−concrete 
interface. Their results showed that with the 
increase of the groove depth, the bonding 
performance of the rock−concrete interface first 
increases and then tends to be stable.  

The environmental conditions of the above- 
mentioned studies are limited to quasi-static 
conditions; however, the rock−concrete interface is 
often subject to dynamic loading in situ conditions, 
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such as earthquakes and blasting [36−39]. LUO et 
al [40] first conducted high strain rates tests on the 
bi-material specimens and investigated the 
influence of the rock surface sawtooth depth on the 
dynamic mechanical properties of the rock− 
concrete interface by using a split Hopkinson 
pressure bar (SHPB) apparatus. They reported that 
the peak load of the specimens rises first and then 
decreases with the increase of sawtooth depth. 
However, the loading and interface direction were 
parallel in their work, the effects of the inclined 
angle of the interface were ignored. In addition to 
increasing the groove depth in their study, the 
groove width can be increased to improve the bond 
performance of the rock-concrete interface. 
Increasing the groove depth simply improves the 
tensile properties of the interface, while increasing 
the groove width can improve tensile properties and 
shear properties of the interface. In practical 
engineering, tensile load and shear load are 
frequently encountered. Therefore, the optimal 
groove width at the interface should be studied in 
the structure containing a rock−concrete interface to 
improve the tensile and shear strength of the 
interface. 

In this study, the influence of interface 
morphology on the dynamic behavior and energy 
dissipation of the rock−concrete interface exposed 
to dynamic loads was investigated. To obtain the 
optimal groove width under different interface 
inclination angles, the rock−concrete bi-material 
discs with different interface groove widths were 
manufactured; the dynamic splitting tensile tests 
and the quasi-static splitting tensile tests on these 
specimens were performed under different inclined 
angles. The fracture development process, bearing 
capacity and deformation of the specimens after 
these two tests were compared. During these tests,  
a high-speed (HS) camera was used to capture the 
failure processes of specimens. Finally, the 
influence of interface inclination angle and the 
interface groove width on the mechanical properties, 
failure pattern, and energy dissipation of the rock− 
concrete bi-material discs was revealed. 
 
2 Experimental 
 
2.1 Specimen preparation 

In this work, the limestone collected from 
Jiaozuo (Henan province, China) was taken as rock 

specimen. The concrete was made up of cement, 
sand, gravel and water with a mass ratio of 1: 0.63: 
0.95:0.40. Figure 1 shows the grading curve of 
gravel and sand of concrete aggregate, and Table 1 
shows the basic mechanical parameters of the 
limestone and the concrete. 
 

 
Fig. 1 Grading curves of gravel and sand of concrete 
aggregate 
 
Table 1 Basic mechanical parameters of pure rock and 
concrete 

Material
Uniaxial 

compressive 
strength, σc/MPa

Static 
tensile 

strength, 
σst/MPa 

Dynamic  
tensile strength,

σdt/MPa 

Limestone 170.40 4.83 30.25 

Concrete 55.30 2.06 17.57 

 
The rock−concrete bi-material specimens were 

manufactured as follows: (1) the surface of 
limestone slates was cleaned; (2) to change the 
bonding performance between rock and concrete, 
three types of grooves with different widths (3.0, 
5.0 and 8.0 mm) and the same depth (4.0 mm) and 
spacing (4.0 mm) were fabricated on the surface of 
limestone slates; (3) the slurry of concrete was 
evenly poured on the surfaces of the limestone 
slates with different grooves as shown in Fig. 2;  
(4) the limestone−concrete composites were cured 
 

 
Fig. 2 Schematic diagram of rock−concrete interface 
groove 
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in the curing box for 28 d at the constant 
temperature of 25 °C and the humidity of 95%;   
(5) the bi-material discs with a diameter of 50 mm 
and a length of 25 mm were cored and sliced from 
the limestone−concrete composite slates, as shown 
in Fig. 3. Finally, a total of 36 bi-material disc 
specimens were manufactured, among which 15 
specimens were used for quasi-static loading tests 
and 21 specimens for dynamic loading tests. Table 2 

 

 
Fig. 3 Photographic views of specimens with different 
groove widths: (a) 3.0 mm; (b) 5.0 mm; (c) 8.0 mm 

 
Table 2 Parameters for test specimens 

Test condition Specimen 
No. 

Groove size 
(width × depth × spacing)/mm

Interface  
inclination, θ/(°)

Diameter/ 
mm 

Height/ 
mm 

Peak force/
kN 

Quasi-static 

SA-0 

3.0 × 4.0 × 4.0 

0 49.62 25.95 2.32 
SA-15 15 49.15 25.70 3.69 
SA-45 45 49.37 25.44 6.43 
SA-60 60 49.81 27.05 7.03 
SA-90 90 49.38 27.31 11.72 

Quasi-static 

SB-0 

5.0 × 4.0 × 4.0 

0 49.52 26.73 3.07 
SB-15 15 49.27 26.49 6.32 
SB-45 45 49.65 26.17 8.28 
SB-60 60 49.38 25.39 7.71 
SB-90 90 49.63 25.45 8.06 

Quasi-static 

SC-0 

8.0 × 4.0 × 4.0 

0 49.86 25.67 3.08 
SC-15 15 49.17 25.96 4.88 
SC-45 45 49.69 25.54 7.62 
SC-60 60 49.38 26.53 8.52 
SC-90 90 49.14 25.74 7.67 

Dynamic 

DA-0 

3.0 × 4.0 × 4.0 

0 49.38 25.55 22.36 
DA-15 15 49.68 25.29 27.83 
DA-30 30 49.55 25.66 28.78 
DA-45 45 49.28 25.62 38.45 
DA-60 60 49.61 26.49 40.91 
DA-75 75 49.37 25.30 45.04 
DA-90 90 49.27 25.33 42.81 

Dynamic 

DB-0 

5.0 × 4.0 × 4.0 

0 49.91 25.90 32.14 
DB-15 15 49.85 24.42 32.63 
DB-30 30 49.71 25.85 39.31 
DB-45 45 49.93 25.30 39.68 
DB-60 60 49.61 25.90 38.09 
DB-75 75 49.53 26.00 39.77 
DB-90 90 49.16 25.35 46.01 

Dynamic 

DC-0 

8.0 × 4.0 × 4.0 

0 49.26 26.86 24.13 
DC-15 15 49.38 25.56 26.98 
DC-30 30 49.78 25.36 30.41 
DC-45 45 49.25 27.31 41.49 
DC-60 60 49.38 26.29 43.51 
DC-75 75 49.56 26.28 46.19 
DC-90 90 49.53 26.82 47.41 
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lists the detailed parameter of the specimens. As for 
the specimen number, the first letter of S or D 
represents the static or dynamic loading conditions; 
the second letter of A, B or C represents the groove 
width of 3.0, 5.0 or 8.0 mm; the last number 
represents the interface inclination angle (θ). For 
example, specimen SA-0 represents the specimen 
with a groove width of 3.0 mm and an interface 
inclination angle of 0° tested under the static 
loading. 
 
2.2 Experimental setup 
2.2.1 Quasi-static testing system 

The quasi-static loading tests were carried out 
on a servo-controlled material testing machine 
(MTS 322) located in the Advanced Research 
Center of Central South University, Changsha, 
China (see Fig. 4). The maximum load-carrying 
capacity and load control accuracy of the MTS 322 
were 500 kN and 0.5%, respectively. Before the  
test, the lubricant was applied to the ends of the 
specimen to reduce the end friction. The loading 
rate during the entire loading process was kept at 
50 kPa/s. 
 

 
Fig. 4 Quasi-static test system: (a) Photographic view;  
(b) Schematic illustration 

2.2.2 Split Hopkinson pressure bar system 
The dynamic loading tests were performed on 

an improved split Hopkinson pressure bar (SHPB) 
system in the Central South University (see Fig. 5). 
The SHPB apparatus can generate a half-sine stress 
wave to eliminate PC oscillation and achieve stress 
equilibrium (see Fig. 6) [41−43]. The detailed 
principle and operation procedures are available in 
previously study [44]. To compare the effect of 
interface morphology on dynamic behavior and 
energy dissipation of specimens, the loading rates 
of all specimens in dynamic tests are nearly 
900 GPa/s. 
2.2.3 HS photography system 

An HS photography system was used to record 
the fracture development of the bi-material disc 
specimen. As shown in Fig. 5, the high-speed 
photography system consists of a high-speed 
camera (FASTCAM SA1.1) and a high-intensity 
spotlight (Pallite VIII). The high-speed camera took 
72000 frames per second in 256 × 240 pixels. The 
camera was triggered by a TTL pulse emitted from 
the oscilloscope when the voltage of the incident 
wave reached −34 mV. 

 
2.3 Data reduction 
2.3.1 Dynamic loading in SHPB test 

The dynamic loads at the contact points 
between the specimen and bars can be calculated  
by [45]  
F1(t)=EA[εi(t)+εr(t)]                      (1) 

 
F2(t)=EAεt(t)                             (2) 

 
where F1(t) is the force at the contact point of the 
incident bar and the specimen; F2(t) is the force at 
the contact point of the transmission bar and the 
specimen; A is the cross-sectional area of the bar; E  

 

 
Fig. 5 Split Hopkinson pressure bar system 
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Fig. 6 Typical signals recorded by strain gauge 
 
is the elastic modulus of the bar; εi(t) is the incident 
strain; εr(t) is the reflected strain; εt(t) is the 
transmission strain. 

When the force balance is fulfilled, the average 
loading force F(t) at both ends of the specimen can 
be calculated by [46,47]  

1 2( ) ( )( )
2

F t F tF t +=                        (3) 
 
2.3.2 Dissipated energy and energy dissipation rate 

In SHPB tests, if the energy consumption at 
the contact among the specimen, bars and heat 
energy is ignored, the dissipated energy (Ws) of the 
specimen during the loading process is obtained as 
follows [48]:  
Ws=WI−(WR+WT)                         (4) 
 
where WI, WR and WT are the elastic strain energy 
induced by the incident wave, reflected wave and 
transmitted wave, respectively. These elastic strain 
energies can be calculated by  

2
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T t
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                      (5) 

 
where C is the P-wave velocity of the bar. 

Figure 7 shows a typical dissipated energy− 
time curve of the bi-material disc specimen during 
the dynamic loading. The curve is S-shaped. In the 
middle section, the energy dissipation increases 
almost linearly with time, indicating that the energy 
consumption of the specimen is stable at this stage. 
The slope of the linear portion is defined as the 
energy dissipation rate ( )W . 

 

 
Fig. 7 Dissipated energy−time curve 
 
3 Test results 
 
3.1 Fracture development process and failure 

pattern of specimens 
Figure 8 shows the typical failure process of 

the specimens. For Specimen DA-0 (the groove 
width is 3.0 mm and the interface inclination angle 
is 0°), the crack first occurs in the center of the disk 
at 14 μs. At 28 μs, the main cracks develop along 
the rock−concrete interface towards the loading end 
of bars. The main cracks at the interface penetrate 
the specimen at 98 μs, and the secondary cracks 
also appear at the interface. At 714 μs, the specimen 
totally loses its bearing capacity and reaches a 
complete failure state. For the Specimen DA-15 
(groove width is 3.0 mm, interface inclination is 
15°), the cracks firstly appear along the interface at 
14 μs. At 28 μs, the wing cracks appear in the 
loading ends. At 56 μs, the wing crack develops to 
the end. At 308 μs, the specimen is completely 
destroyed; the rock and concrete slide in opposite 
directions along the interface, that is, the 
phenomenon of shear dislocation occurs. However, 
for the Specimen DC-15 (the groove width is 
8.0 mm, the interface inclination angle is 15°), as 
the groove width increases, the crack firstly occurs 
near the center of the disk at 14 μs. At 126 μs, the 
crack penetrates the entire specimen. At 532 μs, the 
specimen fails completely and the rock sawtooth is 
fractured. For the Specimen DA-60 (the groove 
width is 3.0 mm, the interface inclination angle is 
60°), the crack first appears in the center of the disc 
specimen at 14 μs. At 42 μs, the cracks develop to 
both ends of the specimen along the loading 
direction. At 140 μs, cracks appear at the rock− 
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Fig. 8 Fracture development process of typical failure pattern of specimens 
 
concrete interface. At 756 μs, the specimen fails 
completely. For the Specimen DA-90 (the groove 
width is 3.0 mm, and the interface inclination angle 
is 90°). At 14 μs, the crack first appears in the 
center of the disc specimen. At 28 μs, the main 
crack develops toward the end of the specimen 
along the loading direction. At 336 μs, the crack 
penetrates the specimen. At 1106 μs, the specimen 
fails completely. At the same time, secondary 
cracks also appear near the incident end of the 
specimen along the loading direction. 

Figure 9 shows the failure patterns of the 
bi-material disc specimen after the test. Figures 9(a) 
and (b) show the failure patterns of the specimens 
under the static and dynamic loads, respectively. 
When the inclination angle of the specimen is 0° 
(such as SA-0 and DA-0), the specimens with 
different groove widths have the similar failure 
patterns, i.e., cracks are generated in the loading 

direction. This failure pattern is the same as that of 
brittle materials (such as pure rock or pure concrete) 
under the classic Brazilian split test. The reasons 
are as follows: when the Brazilian disc is loaded 
along the radial direction, the tensile stress inside 
the disc will first reach the maximum tensile 
strength of brittle materials such as rock; in the 
classical Brazilian split test of brittle materials 
cracks are developed along the loading direction in 
the bi-material disc, the interface serves as the 
weaker part of the disc specimen, and the cracks are 
also generated along the interface once the loading 
direction is the same as the interface. 

When the inclination angle of the interface is 
15° and the groove width is small (such as SA-15 
and DA-15), the failure occurs along the interface, 
and the rock sawtooth at the interface is not 
destroyed at this time. However, when the groove 
width is large (such as SC-15 and DC-15), although 
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Fig. 9 Typical failure patterns of bi-material disc specimens with different interface groove widths and interface 
inclination angles: (a) Under static loading; (b) Under dynamic loading 
 
the failure also occurs along the interface, the rock 
sawtooth fractures at the interface at this time. 

This can be explained as follows: if the groove 
width of the rock is small, the width of the concrete 
sawtooth is smaller (the groove width of the rock is 
equal to the width of the concrete sawtooth), and 
the strength of the concrete is less than that of the 
rock (see Table 1). As a result, when the groove 
width of the rock is small, the concrete sawtooth 
fracture occurs at the interface; when the groove 
width of the rock is large, the rock sawtooth 
fracture occurs at the interface. In this case, the 
load-bearing capacity of the concrete sawtooth is 
less than that of the rock sawtooth. At this time 
(specimen SA-15 or DA-15) the width of the 
concrete sawtooth is only 3.0 mm, and the width of 
the rock sawtooth is 4 mm, so the concrete 
sawtooth is broken but the rock sawtooth not (such 
as SA-15 or DA-15). However, if the width of the 
rock groove is larger, the width of the concrete 
sawtooth is larger. At this time, the width of the 
concrete sawtooth is 8.0 mm, and the width of the 
rock sawtooth is 4 mm, then the rock sawtooth of 

the specimens SC-15 and DC-15 will fracture, as 
shown in Fig. 9. 

When the interface inclination angle is in the 
interval of 30° to 75°, the groove width has no 
obvious influence on the failure pattern of the 
specimen. In these failure patterns cracks are 
produced in the rock along the interface and the 
loading direction. This can be explained as follows: 
When the bi-material disc is subjected to radial 
loading, tensile cracks first appear along the loading 
direction, which is similar to test results of the 
classical rock disk Brazilian splitting test. 
Subsequently, since the bi-material disc is split into 
two half disks, there is a rock−concrete interface in 
each half-disk; the interface acts as a weak surface, 
and cracks fracture along the interface after the 
continuous loading (such as DA-60). When the 
interface inclination angle is 90°, the groove width 
has no obvious effect on the failure pattern of the 
bi-material disc specimen. In this failure pattern 
cracks are only generated in the rock part along the 
loading direction, and no interface cracks are 
produced. It is also the only failure pattern without 
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interface cracks when the interface inclination angle 
increases from 0° to 90°. This is because when the 
interface inclination angle is 90°, the interface is 
under compression, no cracks appear along the 
interface, and the cracks only appear in the matrix 
material along the loading direction. This failure 
pattern is the same as that of the classic Brazilian 
splitting tests on the pure rock. 
 
3.2 Deformation response of bi-material disc 

specimens 
Figure 10(a) shows the load−displacement 

curves of bi-material disc specimens with different 
interface groove widths under static loading 
conditions. When the groove width is 3.0 mm 
(Specimen SA-15), at the initial stage of loading, as 
the displacement increases, the corresponding load 
increases approximately linearly until it reaches the 
peak load. After the peak load, as the displacement 
continues to increase, the peak load of the specimen 
suddenly drops to zero. The changing trend of the 
load−displacement curve of the specimens with the 
groove width of 5.0 mm (Specimen SB-15) is 
similar to that of the groove width of 3.0 mm 
(Specimen SA-15). Before the peak load, the load 
borne by the specimens increases approximately 
linearly, and after the peak load, the load suddenly 
drops to zero. When the groove width is 8.0 mm 
(Specimen SC-15), before the peak load, the load 
gradually rises with the increase of the 
displacement. After the peak load, as the 
displacement continues to increase, the load does 
not suddenly decrease to 0 but the load decreases 
stepwise. The reasons are as follows: when the 
specimen (SA-15 or SB-15) with a small groove 
width (3.0 mm or 5.0 mm) is loaded, cracks first 
appear at the interface; as the loading continues, the 
crack suddenly penetrates the entire specimen, and 
the specimen loses its bearing capacity. When the 
specimen (SC-15) with a large groove width 
(8.0 mm) is loaded, the crack first appears in the 
concrete; as the loading continues, the concrete first 
broke, and then the rock sawtooth at the interface 
broke. As a result, with the increase in the 
displacement, after the load reaches the peak load, 
the load presents a stepped drop. Figure 10(b) 
shows the load−displacement curves under dynamic 
loading conditions. It can be seen from the DA-15 
curve that at the initial stage of loading, as the 
specimen loading displacement increases, the load  

 

 

Fig. 10 Load−displacement responses under quasi-static 
loading (a) and dynamic loading (b) 
 
approximately increases linearly. After the peak 
load, as the loading displacement increases, the load 
approximately decreases linearly. The load− 
displacement relationship curves of DB-15 and 
DA-15 have similar changing trends. However, 
after the peak load of the DC-15 curve, with the 
increase of the loading displacement, the peak load 
also has a stepwise decrease (similar to the SC-15 
curve in Fig. 10(a)). 
 
3.3 Peak load of bi-material disc specimens 

Figure 11(a) shows the relationship between 
different groove widths on the rock surface and the 
peak load of the specimen under static loading. 
When the inclination angle is between 0° and 45° 
and the groove width is 3.0 mm, the corresponding 
peak load is the minimum. When the groove width 
is increased to 5.0 mm, the peak load of the 
specimen increases significantly (the load with an 
interface inclination angle of 0°, 15° and 45° 
increases by 33%, 71% and 29%, respectively). 
However, when the groove width is increased to 
8.0 mm, the peak load does not continue to increase 
(the load with interface inclination angle of 0°, 15°  
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Fig. 11 Static and dynamic peak load with different 
groove widths under static loading (a) and dynamic 
loading (b) 
 
and 30° decreases by 8%, 23% and 0%, respectively). 
The reason is that properly increasing the groove 
width of the rock surface can improve the 
mechanical bite between rock and concrete, so as to 
enhance the bond performance of the rock−concrete 
interface; however, the excessive groove width of 
the rock surface can damage the bedrock, which is 
not conducive to improving the bond performance 
of the rock−concrete interface. When the inclination 
angle is 60°, the width of the groove has little effect 
on the peak load of the specimen (with the increase 
of the groove width, the variation of the adjacent 
peak load is 10%). This is because the failure crack 
appears in the matrix material first, and the peak 
load is determined by the bearing capacity of pure 
rock and concrete, while the width of the interface 
groove has little effect on the bearing capacity of 
the specimen. 

Figure 11(b) shows the relationship between 
the peak load of the specimen and the different 
groove widths on the rock surface under the 

dynamic loading. When the inclination angle is in 
the interval of [0°, 30°], and the groove width is 
3.0 mm, the corresponding peak load is the smallest. 
When the groove width is increased to 5.0 mm, the 
peak load of the specimen with an interface 
inclination angle of 0°, 15° and 30° increases 
significantly by 44%, 17% and 37%, respectively. 
However, as the groove width further increases to 
8.0 mm, the peak load of the specimen with an 
interface inclination angle of 0°, 15° and 30° 
decreases by 25%, 17% and 23%, respectively. This 
is because appropriately increasing the groove 
width of the rock surface can improve the 
mechanical occlusion between the rock and the 
concrete, so as to achieve the purpose of enhancing 
the bonding performance of the rock−concrete 
interface; however, the excessive groove width on 
the rock surface can damage the rock, which is not 
conducive to improving the rock−concrete bonding 
performance. When the inclination angle is in the 
interval of [45°, 90°], the groove width has little 
effect on the peak load of the specimen (as the 
groove width increases, the adjacent peak load 
changes are between 3% and 7%). The reason is 
that at this time, the failure cracks of the specimen 
first appear in the matrix material, and the peak load 
is determined by the bearing capacity of pure rock 
and concrete materials, while the width of the 
interface groove has little effect on the bearing 
capacity of the specimen. 

Figure 12 shows the relationship between peak 
load of specimens and interface inclination angle 
under dynamic loading. As shown in Fig. 12, the 
peak load increases with the increase of the 
interface inclination angle regardless of the groove 
 

 
Fig. 12 Relationship between peak load and interface 
inclination for bi-material disc specimens under dynamic 
loading 
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width of 3, 5 or 8 mm. The results of linear 
regression analysis show that the slope of the 
regression line of the specimen with the groove 
width of 3, 5 and 8 mm is 0.26, 0.13 and 0.29, 
respectively. The slope of the regression line of the 
specimen with the groove width of 5 mm is the 
smallest. The reason is that when the inclination 
angle of the interface is 0° or 15°, the specimen will 
fracture along the rock−concrete interface; at this 
time, the load-bearing capacity of the specimen 
with the groove width of 5 mm is larger, so the 
slope of its regression line is the smallest in the 

regression analysis. 
 
3.4 Energy dissipation of specimens 

Figure 13 shows the evolution curves of the 
dissipation energy of specimens during dynamic 
loading with time. The evolution process of 
dissipated energy can be divided into three stages: 
compaction stage, linear growth stage and plateau 
stage. In the compaction stage, the energy is mainly 
used for the compaction of the original pores and 
micro-cracks in the specimen, which is similar    
to the compaction stage of the rock in the uniaxial 

 

 

Fig. 13 Dissipated energy of rock−concrete bi-material discs under dynamic loading conditions: (a−d) Evolution 
process of dissipated energy with time; (e) Dissipated energy; (f) Energy dissipation rate 
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compression test. At the linear growth stage, the 
energy is quickly accumulated to generate new 
cracks and merge the original cracks. At the plateau 
stage, the energy is minimally increased because the 
main crack has been formed. As shown in Fig. 13, 
when the groove width is 3.0 mm, the energy 
dissipation and energy dissipation rate are the 
smallest. The reason may be that when the groove 
width on the rock surface is small, then the width of 
the concrete sawtooth at the rock−concrete interface 
is also relatively small; when 0° ≤ θ ≤ 45°, interface 
cracks of the specimens all appear. Besides, when 
the groove width is 3.0 mm (the black curve in 
Fig. 13), the interfacial cracks are all formed by the 
sawtooth fracture of concrete, and the strength of 
concrete is less than that of limestone, so the energy 
required for the sawtooth fracture of concrete is less 
than that of the rock sawtooth fracture energy. 
When the groove width is 3.0 mm, the energy 
dissipation rate of all specimens is also the smallest. 
Because in the dynamic loading, the time used for 
the loading process is very short. Therefore, the 
loading time of all test specimens is very close, and 
the variation trend of dissipated energy and energy 
dissipation rate with different widths of interface 
groove is very similar, as shown in Figs. 13(e) and 
(f). When the groove width is 5.0 mm (the red curve 
in Fig. 13), the dissipated energy of the specimens 
rises significantly. However, when the groove  
width is 8.0 mm (the blue curve in Fig. 13), the 
dissipated energy of the specimens does not 
increase significantly. 
 
4 Discussion 
 

In actual engineering projects, artificial 
grooves are made on the surface of the rock to 
increase the roughness of the rock surface to 
improve the bonding performance of the rock− 
concrete interface. Because concrete and rock are 
two different materials, the stress state at the 
interface is more complicated than that of a single 
material. If the optimal groove width can be 
designed according to the mechanical properties of 
the rock or concrete, the safety and durability of the 
structure can be effectively ensured. 

In order to obtain the most suitable groove 
width on the rock, a series of groove widths on the 
rock surface (that is, the width of the concrete 
sawtooth) were designed. If the groove width is too 

small and the ultimate bearing capacity of the 
concrete sawtooth is reached, then only the concrete 
sawtooth will fracture. However, if the groove 
width is too large and the ultimate bearing capacity 
of the rock sawtooth is reached only, then only the 
rock sawtooth fractures. When an appropriate 
groove width is set on the rock surface, the ultimate 
bearing capacity of the rock sawtooth can be 
equivalent to that of the concrete sawtooth, then the 
concrete sawtooth and rock sawtooth at the rock− 
concrete interface can fracture simultaneously. 

The loads borne by the rock sawtooth and the 
concrete sawtooth at the interface are calculated by  
Fr=σrAr                                       (6)  
Fc=σcAc                                            (7) 
 
where Fr and Fc are the ultimate loads borne     
by pure rock and concrete, respectively; σr and σc 
are the failure strengths of rock and concrete, 
respectively; Ar and Ac are the cross-sectional areas 
of rock or concrete, respectively. 

When the rock−concrete structure is under 
load, the overall load resistance of the structure is 
the largest, that is, the loads on the rock sawtooth 
and the concrete sawtooth at the interface are the 
same, namely,  
Fc=Fr                                                 (8) 
 

Since the rock−concrete interface is formed by 
the interlocking of rock sawtooth and concrete 
sawtooth, the total area of the interface (Asum) is 
equivalent to the sum of the cross-sectional area of 
rock sawtooth and that of concrete sawtooth, as 
shown in Eq. (9):  
Asum=Ac+Ar                                    (9) 
 

According to Eqs. (6)−(9), the cross-sectional 
areas of the rock and concrete sawteeth at the 
interface can be obtained by  

c
r sum

c r
A Aσ

σ σ
=

+
                        (10) 

 
r

c sum
c r

A Aσ
σ σ

=
+

                         (11) 
 

In this study, the tensile strengths of the   
rock and the concrete are 4.83 and 2.06 MPa, 
respectively. The diameter of the disc specimen is 
about 50 mm and the thickness is about 25 mm. 
Because the interface passes through the center of 
the disk, the total area of the interface is 1250 mm2. 
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Therefore, based on Eqs. (10) and (11), the total 
cross- sectional areas of rock and concrete sawteeth 
are 374 and 876 mm2, respectively. Because the 
thickness of the disc specimen is about 25 mm, in 
the disc specimen in this test, the sum of the rock 
groove width is about 35 mm (the rock groove 
width is equal to the total cross-sectional area of the 
concrete sawtooth divided by the thickness of the 
disc specimen, so the sum of the length of the 
optimal groove width can be obtained as 35 mm). 
When the sum of the groove width is less than 
35 mm, only the concrete sawtooth fractures. As 
shown in Fig. 14(a), the sum of the groove width of 
the specimen is about 21 mm, so the specimen only 
fractures along the concrete sawtooth. When the 
sum of the groove width is greater than 35 mm, the 
fracture of rock sawtooth occurs. The specimen in 
Fig. 14(b) has a total groove width of about 37 mm, 
so the fracture only occurs along the rock sawtooth. 
 

 
Fig. 14 Different groove widths on rock surface 
corresponding to different failure patterns of specimen:  
(a) 3 mm; (b) 8 mm 
 
5 Conclusions 
 

(1) When the interface inclination angle is 15°, 
the fracture pattern of the rock−concrete interface is 
significantly affected by the width of the interface 
groove. When the width of the rock−concrete 
interface groove is 3 mm, the concrete sawtooth at 
the interface is broken. However, when the width of 
the interface groove is 8 mm, the rock sawtooth at 
the interface is broken. 

(2) The load−displacement responses are 
determined by the width of the interface groove. 
When the interface groove width is 3 mm, at the 
initial stage of loading, as the displacement 
increases, the corresponding load approximately 
increases linearly until it reaches the peak load. 
After the peak load, as the displacement continues 

to increase, the peak load suddenly drops to zero. 
When the groove width is 8 mm, before the peak 
load, the load gradually rises with the increase of 
the displacement. However, after the peak load,  
the load decreases stepwise as the displacement 
increases. 

(3) The bearing capacity of structures 
containing rock−concrete interface is also closely 
related to the interface inclination angle θ and the 
interface groove width. If 0° ≤ θ ≤ 30°, the bearing 
capacity of the specimen rises first and then 
decreases with the increase of the width of the 
interface groove. Besides, the optimal groove width 
on the rock surface is 5 mm. If 45° ≤ θ ≤ 90°, the 
bearing capacity of the specimen tends to be stable 
with the increase of the width of the interface 
groove. Therefore, if the angle between the load 
direction and the interface direction is less than 45°, 
the bearing capacity of the structure can be 
effectively improved by properly increasing the 
width of the interface groove at the rock−concrete 
interface. 

(4) The interface groove width has a 
significant effect on the dissipated energy of the 
specimen under dynamic loading. When the groove 
width is 3.0 mm, the dissipated energy of the 
specimen is the smallest. When the groove width is 
increased to 5.0 mm, the dissipated energy of the 
specimen rises significantly. However, if the groove 
width is increased to 8.0 mm, the dissipated energy 
of the specimen does not rise significantly. 
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界面形态对双材料圆盘的动态行为和能量耗散的影响 
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摘  要：为了研究岩石−混凝土界面的动态行为和能量耗散，采用霍普金森压杆对双材料圆盘进行动态劈裂试验。

结果表明，随着界面倾角(θ )的变化，界面槽宽度对试件承载力的影响也发生变化。当θ从 0°增加到 30°时，试样

的承载力随界面槽宽度的增加先增大后减小；在此界面倾角范围内，岩石表面的最佳刻槽宽度为 5 mm。当θ从 45°
增加到 90°时，试样的承载力没有明显变化。当θ从 0°增大到 45°时，随着界面槽宽度的增大，试样的耗散能先明

显增加，然后趋于稳定。 
关键词：岩石−混凝土界面；巴西劈裂；裂隙发育；界面力学性能；动态行为；能量耗散 
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