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Abstract: To study the uniaxial compressive strength calculation method of rock-steel fiber reinforced concrete (R-SFRC) composite 
layer, uniaxial compression test was carried out on rock, steel fiber reinforced concrete and R-SFRC composite layer specimens. The 
influence of concrete strength grades (C30, C40 and C50) and fiber contents (0, 40, 60 and 80 kg/m3) on the uniaxial compressive 
strength of steel fiber reinforced concrete and composite layers was analyzed. RFPA2D was utilized to simulate the damage process 
and stress-strain curve of the composite layer under uniaxial compression. The compressive strength prediction model of R-SFRC 
composite layer was established based on Mohr-Coulomb yield criterion. The results showed that the uniaxial compressive strength 
for composite layer specimens was between the compressive strength of rock and concrete. The mutual restriction of rock and 
concrete interface in the composite layer changes the stress state of each layer. The strength of rock in the composite layer decreases 
while the strength of concrete increases. The ultimate compressive strength of composite layer is the strength of concrete in the 
composite layer. The compressive strength of composite layer specimen increases with increasing concrete matrix strength and steel 
fiber content, and effect of concrete matrix strength was more significant. For the uniaxial compressive strength of composite layers 
of different materials, the error ranges of the numerical simulation value and theoretical calculation value relative to the experimental 
value are −5.41%～−0.69% and −8.67%～−1.21% respectively. Numerical simulation and theoretical calculation models can be used 
for uniaxial compressive strength prediction of composite layers. 
Keywords: rock; steel fiber reinforced concrete; composite layer; compressive strength; numerical simulation; Mohr-Coulomb yield 
criterion 
 

1  Introduction 

The stability control of underground engineering caverns 
surrounding rock is related to the safety of construction 
equipment and personnel, and the scientific design of 
supporting system is key to high-stress underground 
engineering[1−2]. Steel fiber reinforced concrete is widely 
used in the surrounding rock support structure of tunnels, 
roadways and slopes due to its excellent mechanical 
properties[3−5]. In continuous surrounding rock, the steel 
fiber reinforced concrete shotcrete is combined with the 
surrounding rock (Rock-steel fiber reinforced concrete 
composite layer) and provide support resistance as a 
whole[6]. Under the action of axial compression, the rock 
layer and steel fiber reinforced concrete layer interact 
through the interface, which affects the compressive 
performance of the composite layer[7]. The interaction 
mechanism and strength prediction model of rock and 
steel fiber reinforced concrete can provide a theoretical 

basis for the supporting structure design optimization.  
Some researches have conducted experimental studies 

on the shear and compressive properties of rock-concrete 
composite specimens[8−11], and the results show that the 
uniaxial compressive strength of composite specimens 
is between rock and concrete. Xiang et al.[12] studied 
the macroscopic mechanical properties and microscopic 
failure mechanism of rock-shotcrete composite specimens 
through freeze−thaw cycles, uniaxial and triaxial com- 
pression, and established a damage softening statistical 
constitution model of the composite specimens before 
and after the freeze−thaw cycle. Selcuk et al.[13] studied 
the strength and failure behavior of rock-concrete com- 
posite specimens through uniaxial compression and split 
tensile tests, and discussed the influence of interface 
inclination angle on the strength and damage mode of 
the composite layer. Guo et al.[14] used the split Hopkinson 
pressure bar to perform dynamic compression tests on 
the shotcrete−surrounding rock composite, and they found 
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that the composite layer strength is related to the age 
of concrete and the loading rate. The bonding and friction 
of the interface cause mutual restraint between rock and 
concrete under axial load[15], which changes the stress 
state of rock and concrete. It is necessary to establish a 
composite layer compressive strength prediction model 
based on theoretical and experimental research. 

Regarding the research of theoretical model on the 
“rock-rock” and “concrete-concrete” composite com- 
pressive strength, Xiao et al.[16] and Xie et al.[17] analysed 
the stress−strain curve and Mohr-Coulomb envelope 
of the “rock-rock” composite body, and established the 
strength model of composite rock mass under unidi- 
rectional stress state. Qin et al.[18] conducted direct shear 
tests and double-edge notched single-edge compressing 
tests on the interfacial properties of layered concrete, 
and established a fracture toughness prediction model 
based on the Mohr-Coulomb yield criterion. Based on 
the two-parameter Mohr-Coulomb yield criterion, Domingo 
et al.[19] established a stress−strain model suitable for 
FRP-confined concrete under uniaxial and triaxial com- 
pression loading conditions. Other related research shows 
that the Mohr-Coulomb yield criterion can be used to 
study the strength model of layered rock or concrete 
materials under axial load. 

Chinese scholars have conducted numerical simulation 
on the failure process of rock materials. Tang et al.[20] 
used the elastic damage theory and Weibull distribution 
to describe the distribution characteristics of compressive 
strength and elastic modulus of rock meso-units and 
developed the RFPA2/3D model. Xu et al.[21] compared 
the numerical simulation and test results of rock samples 
under uniaxial conditions, and found that the numerical 
simulation curve is in good agreement with the linear, 
near-peak and post-peak sections of the test curve. Huang 
et al.[22] analyzed the numerical simulation and experi- 
mental results of a single-cracked rock specimen failure 
under uniaxial loading, and showed that RFPA2D can 
simulate the crack propagation process of brittle materials. 
Lu et al.[23] employed RFPA software to study the wing 
crack model of concrete materials. RFPA2D can perform 
numerical simulation on the rock and concrete materials 
properties, and can well reflect the strength, deformation, 
and damage process of the material. 

In this study, steel fiber reinforced concrete with 
different matrix strength (C30, C40, C50) and different 
fiber contents (0, 40, 60, 80 kg/m³) are designed, and 
uniaxial compression test on rock, steel fiber reinforced 

concrete and rock-steel fiber reinforced concrete composite 
layers are conducted to examine mechanical parameters 
such as elastic modulus, Poisson's ratio and internal friction 
angle of rock and steel fiber reinforced concrete. The 
uniaxial compressive strength and failure process of 
composite layer specimens are simulated by RFPA2D. 
Based on the Mohr-Coulomb yield criterion, the com- 
pressive strength prediction model of the rock-steel fiber 
reinforced concrete composite layer is constructed. 

2  Test overview 

2.1 Preparation of concrete specimens 
The P·O42.5 ordinary Portland cement is adopted 

in test. Fine aggregate of natural river sand with the maxi- 
mum particle size of 4.75 mm is used with a fineness 
modulus of 2.56. The coarse aggregate is crushed granite 
with a particle size of 5−10 mm and good gradation. The 
water reducing agent is polycarboxylic acid with a reduction 
rate of 38%. The steel fiber is Dramix 3D 65/35BG end 
hook type fiber produced by Shanghai Bekaert Company. 
The morphology, physical and mechanical properties of 
the steel fiber are listed in the Table 1 and the mix ratios 
of different types of concrete are provided in Table 2. 

 
Table 1  Physical and mechanical properties of steel fiber 

Fiber 
morphology 

Elastic Modulus 
/GPa 

Density 
/(kg·m−3) 

Length
/mm 

Aspect 
ratio 

220 7 850 35 65 

 
The cement and aggregate are placed in a mixer for 

mixing according to the mixing ratio, then water and water 
reducing agent are added for wet mixing, the mixing time 
is no less than 2 minutes, and the steel fiber is finally put 
in and stirred until the fiber is evenly distributed. The 
concrete mixture is poured into mold to make a cubic 
test block with a side length of 150 mm (cubic com- 
pressive strength test), cylindrical test specimen with a 
diameter of 100 mm and a height of 50 mm (cylinder 
compressive strength test), cylindrical test specimen with 
a diameter of 50 mm and a height of 100 mm (direct 
shear test) and prism test block with a size of 150 mm × 
150 mm × 300 mm (elastic modulus and Poisson's ratio 
test). After vibrating and compacting, the samples are 
covered with plastic wrap, demoulded after 24 hours and 
put into a standard curing room (temperature 20 ℃ ± 
2 ℃, relative humidity above 95%) to cure for 28 days. 
2.2 Preparation of rock and composite layer specimens 

The granite used in test is processed into cylinder 
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Table 2  Mixture proportions of steel fiber reinforced concrete and test results 

Sample 
No 

Cement 
content 

/(kg·m−3) 

Fine 
aggregate 
content 

/(kg·m−3) 

Coarse 
aggregate 
content 

/(kg·m−3) 

Water content
/(kg·m−3)

Water-reducing 
admixture content

/(kg·m−3) 

Steel fiber 
content 

/(kg·m−3)
Cf  

/MPa 
Cf ′  

/MPa 

Elastic 
modulus 
EC /GPa 

Poisson’s 
ratio Cμ  

Internal 
friction angle

/(º) 

C30S0 268 728 1 293 161 2.68 0 32.8 39.9 31.3 0.231 35.5 
C30S4 268 728 1 293 161 2.68 40 33.4 40.8 31.7 0.225 36.6 

C30S6 268 728 1 293 161 2.68 60 34.0 41.7 31.9 0.221 37.9 

C30S8 268 728 1 293 161 2.68 80 34.8 42.6 32.4 0.219 38.3 

C40S0 418 611 1 239 182 4.18 0 38.5 47.0 32.7 0.226 35.9 

C40S4 418 611 1 239 182 4.18 40 39.4 48.3 33.1 0.221 37.1 

C40S6 418 611 1 239 182 4.18 60 40.4 49.2 33.8 0.218 38.3 

C40S8 418 611 1 239 182 4.18 80 41.5 50.8 34.2 0.214 39.1 

C50S0 500 674 1 100 155 5.00 0 53.5 63.9 35.3 0.221 36.2 

C50S4 500 674 1 100 155 5.00 40 55.4 66.1 35.5 0.213 37.9 

C50S6 500 674 1 100 155 5.00 60 56.8 68.3 36.1 0.211 38.7 

C50S8 500 674 1 100 155 5.00 80 58.9 71.3 36.8 0.207 39.2 

Note: C30S4 indicates that the concrete strength grade is C30, the steel fiber content is 40 kg/m3, and so on, Cf and Cf ′ are the uniaxial compressive strength 
of concrete cube and cylindrical specimens, respectively. 

 

specimens with a diameter of 50 mm and a height of 
100 mm (for uniaxial compression and direct shear tests) 
and a diameter of 100 mm and a height of 50 mm (for 
uniaxial compression and composite layer specimens) 
after core drilling, cutting, and grinding. The non-paral- 
lelism of the two ends of the cylindrical specimen should 
be less than 0.1% of the diameter, and the deviation between 
the two ends and the axis should not be more than 0.25º. 
The mechanical properties of granite are tested according 
to Standard for test methods of engineering rock masses 
(GB/T50266-2013)[24], and the physical and mechanical 
properties of granite are shown in Table 3. 

 
Table 3  Physical and mechanical properties of rock 

Density 
/(kg·m−3) 

Elastic 
modulus 

RE / MPa 
Rf  

/MPa 
Rf ′  

/MPa 

Poisson’s 
ratio 

Rμ  

Internal 
friction angle

/(º) 

3 000 67.41 158.5 187.1 0.207 53 

Note: Rf and Rf ′  are the uniaxial compressive strength of cylindrical 
specimens with a diameter of 50 mm, a height of 100 mm, and a diameter of 
100 mm, and a height of 50 mm, respectively. 

 
When preparing the rock-steel fiber reinforced concrete 

(R-SFRC) composite layer specimen, the concrete mixture 
is poured into a cylindrical mould first with a diameter 
of 100 mm and a height of 50 mm, and then the surface 
wetted rock specimens is affixed onto the surface of the 
cylindrical concrete specimen after vibrating, the mortar 
on the upper part of the concrete specimen tightly bonds 
the interface between the rock and concrete. The rock 
is placed onto the upper part of the concrete specimen. 
After 24 hours, the concrete mould is removed and 
specimen is then placed in a standard curing room for 

28 d curing. There are in total 12 types of composite layer 
specimens bonded between rock and different types of 
concrete, and the numbers are shown in Table 2. The 
R-SFRC composite layer test specimen is shown in 
Fig. 1. 

 

Fig. 1  Composite layer specimen 

3  Test results and discussion 

3.1 Test results of steel fiber reinforced concrete 
The variation of cubic concrete compressive strength 

with steel fiber content is shown in Fig. 2. The cubic 
compressive strengths of C30S0, C40S0 and C50S0 are 
32.8, 38.5 and 53.5 MPa, respectively. The cubic com- 
pressive strengths of C30S4, C30S4, and C30S6 increase 
by 1.8%, 3.6%, and 6.1% relative to C30S0, respectively. 
The cubic compressive strengths of C40S4, C40S6, and 
C40S8 increase by 2.3%, 4.9%, and 7.7%, respectively, 
relative to C40S0. Compared with C50S0, the cubic 
compressive strengths of C50S4, C50S6 and C50S8 grow 
by 3.6%, 6.2% and 10.0%, respectively. The cubic com- 
pressive strength of specimens with the same strength 
grade increases with increasing steel fiber content. And 
when the steel fiber content is constant, the cubic com- 
pressive strength increases with increasing matrix strength. 
The reason is that there are internal cracks in the concrete 

Rock 

Concrete
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under compression, and the steel fiber interacts with the 
concrete matrix to play a "bridging" role in the expansion 
of the crack. The higher the concrete matrix strength, the 
greater the bonding and anchoring force between the steel 
fiber and the matrix, and the greater the increase of concrete 
cubic compressive strength. 

 

Fig. 2  Compressive strength of cubic steel fiber 
reinforced concrete 

 
The elastic modulus, Poisson's ratio and direct shear 

test results of different types of concrete are shown in 
Table 2. When the strength of concrete matrix is constant, 
the elastic modulus increases with increasing steel fiber 
content, and the Poisson's ratio decreases. The reason is 
that the steel fiber with high elastic modulus restrains 
the lateral expansion and reduce the transverse strain of 
the specimen[25]. The internal friction angle of concrete 
increases with increase of compressive strength and steel 
fiber content, and the steel fiber content has a greater 
influence on the internal friction angle. The internal friction 
angle of different concrete types ranges from 35.5º to 
39.2º. Previous literatures[26−27] reported a calculation 
formula for the change of internal friction angle with 
uniaxial compressive strength as 

Cϕ = 36º+1º C

35
f

≤45º                      （1） 

where ϕC is the internal friction angle of concrete. 
Equation (1) shows that the internal friction angle 

of concrete increases with increasing concrete uniaxial 
compressive strength. Literature [28] shows that the internal 
friction angle of concrete with different strengths does 
not change much, and the range of concrete internal friction 
angle is 30º−35º. Literature [29] reported the internal 
friction angle of concrete with cubic compressive strength 
of 14.4−47.0 MPa is between 29.8º and 38.6º through 
experiments. It can be seen that there are many factors 
influencing the internal friction angle of concrete, but 

the range of change is relatively small. 
3.2 Compressive strength of R-SFRC composite layer 

The uniaxial compressive strength values e
CRf of 

R-SFRC composite layer specimens are summarized in 
Table 4. When the strength of concrete matrix is constant, 
the compressive strength of R-SFRC composite layer 
increases with increasing steel fiber content. When the 
fiber content increases from 40 kg/m3 to 80 kg/m3, the 
R-SFRC composite layer uniaxial compressive strength 
of the specimen is increased by 1.96%−11.33% compared 
with the plain concrete composite layer specimen. When 
the steel fiber content is constant, the uniaxial compressive 
strength of composite layer specimen increases with the 
increase of the concrete matrix strength, with R-C50S0 
being 45.50% and 27.55% larger than R-C30S0 and 
R-C40S0, respectively; R-C50S4 being 45.10% and 
24.18% larger than R-C30S4 and R-C40S4, respectively; 
R-C50S6 being larger than R-C30S6 and R-C40S6 by 
46.71% and 26.32%, respectively; and R-C50S8 increasing 
45.33% and 24.36% from R-C30S8 and R-C40S8, res- 
pectively. The uniaxial compressive strength of composite 
layer is between the compressive strength of concrete 
and rock. This result is contributed to the fact that the 
composite layer specimen experiences compression defor- 
mation under the action of axial loading, the elastic modulus 
of concrete is smaller than that of rock and the Poisson's 
ratios of the two layers are close, the axial and circum- 
ferential deformations of the concrete layer are larger than 
those of the rock layer. The two-layer interface maintains 
close contact during compression, and the concrete and 
 
Table 4  Uniaxial compressive strength of composite layer 
specimens 

Sample No. e
CRf /MPa a

CRf /MPa t
CRf /MPa 

ax /% tx /% 
R-C30S0 61.1 58.6 55.8 −4.16 −8.67 
R-C30S4 62.3 60.8 58.2 −2.36 −6.58 

R-C30S6 63.8 61.9 58.6 −2.99 −8.15 

R-C30S8 66.4 63.5 62.8 −4.37 −5.42 

R-C40S0 69.7 66.5 65.8 −4.58 −5.60 

R-C40S4 72.8 70.8 69.0 −2.76 −5.22 

R-C40S6 74.1 71.2 73.2 −3.97 −1.21 

R-C40S8 77.6 73.4 75.7 −5.41 −2.45 

R-C50S0 88.9 87.3 85.8 −1.80 −3.49 

R-C50S4 90.4 89.8 86.5 −0.69 −4.31 

R-C50S6 93.6 92.3 90.2 −1.35 −3.63 

R-C50S8 96.5 95.8 93.2 −0.77 −3.42 

Note: ax and tx are the deviations of the simulated value a
CRf and calculated 

value t
CRf to the tested uniaxial compressive strength value of the composite 

layer specimens, respectively, 
a e

CR CR
a e

CR

100%f fx
f
−= ×  and 

t e
CR CR

t e
CR

f fx
f
−= ×  

100%. 
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rock are mutually restrained at the interface, causing the 
concrete and rock near the interface to be subjected to 
lateral compression and tension, respectively. According 
to the Mohr strength theory, the strength of rock under 
lateral tension decreases, and the strength of concrete 
under lateral compression increases. 

4  Numerical simulation of failure process 

4.1 Numerical simulation model 
RFPA2D is utilized to build a rock-concrete composite 

layer model. The Weibull distribution is used to describe 
the distribution characteristics of uniaxial compressive 
strength and elastic modulus of the meso-elements. The 
calculation formulas for the micro-strength value and 
the micro-elastic modulus value are as follows: 

cs

cs0

s

s0

0.260 2ln 0.023 3

0.141 2ln 0.647 6

f m
f
E m
E





= +

= + 


                （2） 

where cs0f and s0E are the mean values of micro-strength 
and the micro-elastic modulus when the Weibull dis- 
tribution is assigned; csf and sE are the macro-strength 
and the micro-elastic modulus of the specimen, respectively, 
and m is the degree of homogeneity. 

The calculation model mesh is divided by the structured 
generation method, the model size is 100 mm×100 mm, 
the cell size is 1 mm×1 mm, and 120 mm×10 mm loading 
platens are set above and below (loading platen homogeneity 
is set to 100), as shown in Fig. 3. The rock homogeneity 
is set as 1.5, the concrete homogeneity as 2, the maximum 
compressive strain coefficient as 200, the maximum tensile 
strain coefficient as 1.5, the residual strength percentage 
as 0.1, and the residual Poisson percentage as 0.1. The 
numerical calculation model parameters are shown in 
Table 5. The simplified model is a plane stress model, 
and the failure criterion utilizes the Mohr-Coulomb yield 
criterion. The loading process is vertical displacement 
loading, and the loading amount per step is 0.002 mm. 

 
Fig. 3  Model schematic of composite layer specimen 

Table 5  Mechanical parameter assignment and calculation 
results 

Material cs0f / MPa s0E / MPa compressive- 
tensile ratio 

Reduction 
factor k  

Loading platens 10 000.0 200 000 1.0 － 
Granite 1 452.3 95 637 10.0 － 
C30S0 195.8 41 987 10.0 0.637 

C30S4 200.4 42 523 9.6 0.680 

C30S6 204.5 42 792 9.4 0.647 

C30S8 209.0 43 462 9.2 0.737 

C40S0 230.8 43 865 11.0 0.686 

C40S4 237.0 44 401 10.6 0.729 

C40S6 241.8 45 340 10.4 0.793 

C40S8 249.2 45 877 10.2 0.815 

C50S0 313.9 47 353 12.0 0.695 

C50S4 324.5 47 621 11.6 0.653 

C50S6 335.2 48 426 11.4 0.679 

C50S8 350.2 49 365 11.2 0.690 

 
4.2 Analysis of numerical results 

The stress−strain simulation curves of composite layer 
specimen under uniaxial compression are shown in Fig. 4, 
and the compressive strength simulation values are listed 
in Table 4. In the initial stage, the stress increases linearly 
with strain. After entering the elastoplastic stage, the stress 
drops slightly and then rises. The reason for this is that 
the edge of concrete layer is damaged, and the central 
area strength keeps growing due to the interface constraints, 
so can continue to bear the load. After reaching the ultimate 
strength, stress steeply descends in a "multi-step" manner. 
In this progress, the internal cracks in the concrete layer 
gradually coalesce and extend to the rock layer through 
the interface. As a result, the composite layer specimen 
is completely destroyed. 

 

Fig. 4  Stress−strain curves of composite layer specimens  
 
The simulated uniaxial compressive strength of the 

composite layer specimen is less than the tested value. 
The differences between the simulated and the tested 
values of compressive strength of R-SFRC(C30, C40 and 
C50) composite layers are −4.37% to −2.36%, −5.41% 

St
re

ss
 /M

Pa
 

Strain /10−3 

Rock

Loading platen 

Concrete 
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to −2.76% and −1.80% to −0.69%, respectively. The 
reason is that the unit body will undergo stiffness degra- 
dation treatment in the later stage of numerical simulation 
failure process[18], but in the actual test, the material micro- 
element does not completely withdraw from work after 
the failure and can still bear part of the stress. 
4.3 Failure mode of composite layer specimens 

Figures 5 and 6 show the failure diagrams of specimens 
from numerical calculation and uniaxial compression 
test (taking C40 concrete as an example), respectively. 
Numerical calculations show that there are oblique cracks 
inside the concrete of composite layer specimens. Affected 
by the interface constraints, vertical cracks appear at the 
edges of the concrete, and finally spalling failure occurs 
and the concrete cracks extend through the interface to 
the rock layer. Figure 6(a) presents the failure mode of 
the composite layer specimen without steel fiber. The rock 
layer has almost no damage but the concrete layer is broken 
along circumference, which is characterized by brittle 
failure. As seen in Figs.6(b)−(d), the multiple vertical 
and longitudinal cracks occur in rock layer of R-SFRC; 
cracking and flaking appear at the edges of the steel 
fiber reinforced concrete layer, showing the ductile failure 
characteristics of the overall collaborative deformation. 
The number of cracks in the concrete layer declines as 
the amount of steel fiber increases 

    
(a) R-C40S0     (b) R-C40S4     (c) R-C40S6      (d) R-C40S8 

Fig. 5  Failure of specimen in numerical calculation 

    
(a) R-C40S0    (b) R-C40S4     (c) R-C40S6    (d) R-C40S8 

Fig. 6  Failure of specimen under test 

5  Prediction model 

5.1 Stress analysis of the unit body at the interface 
of the R-SFRC composite layer 

Because the elastic modulus and Poisson's ratio of 
the two materials in the composite layer are different, the 
axial and circumferential deformations produced in the 
two layers under the action of axial loading are different. 
From the analysis in section 3.2, it can be seen that the 

bonding interface of composite layer is mutually restraint, 
which incurs compressive and tensile stresses in the lateral 
direction, respectively in concrete and the rock. Take the 
unit body at the interface for analysis, which is shown 
in Fig. 7. 

 
Fig. 7  Stress analysis diagram of unit body at composite 

layer specimen interface 
 

Assuming that the interface of composite layer remains 
in close contact during compression and the compressive 
stress and tensile strain are specified to be positive values. 
The relationship between the continuous deformation and 
static equilibrium conditions of the three-dimensional 
unit body of the variable elastic modulus in Fig. 7 is[30] 

2C 3C 2R 3Rε ε ε ε= = =                        （3） 

2C 3C 2R 3Rσ σ σ σ= = − = −                    （4） 

where 2Cε and 3Cε  are the strains of concrete in the 2 
and 3 directions, respectively; 2Rε and 3Rε are the strains 
of rock in the 2 and 3 directions, respectively. 2Cσ  
and 3Cσ  are the stresses of concrete in the 2 and 3 
directions, respectively and 2Rσ  and 3Rσ  are the stresses 
of rock in the 2 and 3 directions, respectively. 

According to the generalized Hooke's law, it is known 
that: 

( )
( )

3R 3R R 1 2R R

3C 3C C 1 2C C

/

/

E

E

ε σ μ σ σ

ε σ μ σ σ

= − +  
 = − + 





            （5） 

Combining Eqs. (3)−(5), we have 

( )
( ) ( )

R C C R
3C 3R 1

C R R C1 1
E E

E E
μ μ

σ σ σ
μ μ

−
= − =

 − + − 
     （6） 

let 
( )

( ) ( )
R C C R

C R R C1 1
E E

a
E E

μ μ
μ μ

−
=
 − + − 

               （7） 

such that 

3C 3R 1aσ σ σ= − = ⋅                          （8） 

5.2 R-SFRC composite layer compressive strength 
modeling 

The normal stressσ and shear stress τ in any plane 

Rock

Concrete
Rock 

Concrete 
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I−I in a material element body (see Fig. 8) are: 

( ) ( ) ( )1 3 1 3
1 1+ + cos 2
2 2

σ σ σ σ σ α= −           （9） 

( ) ( )1 3
1 sin 2
2

τ σ σ α= −                     （10） 

where 1σ and 3σ  are the maximum principal stress and 
the minimum principal stress of the element body, res- 
pectively; α is the angle between the direction of the 
maximum principal stress and the I−I shear plane. 

 

Fig. 8  Plane stress analysis diagram of material unit 
 

The Mohr-Coulomb yield criterion is[31] 
tancτ σ ϕ= + ⋅                            （11） 

where τ is the shear strength; c is the cohesive force, 
andϕ is the internal friction angle. 

σ , τ, 1σ and 3σ  in Eqs. (9), (10), and c and ϕ in 
Eq. (11) can be represented by the Mohr circle shown 
in Fig. 9, then: 
2α = 90º+ϕ                              （12） 

 

Fig. 9  Mohr envelope 
 

Combining Eqs. (9)−(12) yields the equilibrium state 
equation of ultimate stress under two-dimensional stress[32]: 

1 3
1 sin 2 cos
1 sin 1 sin

cϕ ϕσ σ
ϕ ϕ

+= +
− −

                 （13） 

When the material is under uniaxial compression 

3 0σ = , the uniaxial compressive strength f of the 

material is obtained: 

1
2 cos
1 sin

cf ϕσ
ϕ

= =
−

                         （14） 

The interface of the composite layer is mutually 
constrained, and the rock and the concrete layers are in 
a three-way stress state, thus, Eq. (13) can be converted 
into 

1 3
1 sin
1 sin

fϕσ σ
ϕ

+= +
−

                      （15） 

Let R
R

R

1 sin
1 sin

k ϕ
ϕ

+
=

−
, where Rϕ is the friction angle 

of the rock, and substitute Eq. (8) into Eq. (15), the 
compressive strength of the rock in the composite layer 
specimen can be obtained: 

R
CR R 1

R1
ff
a k

σ−
′

= =
+ ⋅

                     （16） 

In the same way, the compressive strength of concrete 
in the composite layer specimen is 

C
CR C 1

C1
ff
a k

σ−

′
= =

− ⋅
                     （17） 

Obviously, CR R Rf f− ′<  and CR C Cf f− ′> , therefore, 
the compressive strength of the composite layer specimen 

t
CRf  is 

{ }t
CR CR R CR Cminf f f− −= ,                   （18） 

5.3 Modification of the compressive strength prediction 
model of R-SFRC composite layer 

In the uniaxial compression test, the interface between 
rock and concrete layers is mutually constrained, and the 
confinement effect of the center and edge area are different, 
so the stress at different positions of the interface is different. 
In the numerical results, the ratio of minimum principal 
stress to maximum principal stress of the unit body at 
the interface a′ is counted. The result shows that there is 
a difference between a′ and test obtained a, so the reduction 
factor k (ratio of a′ to a) is introduced. The value of k 
is shown in Table 5. Equation (8) can be expressed as 

3C 3C 1= = k aσ σ σ′ ′− ⋅ ⋅                       （19） 

The revised theoretical calculation value of composite 
layer compressive strength t

CRf  is listed in Table 4. The 
calculated compressive strength of rock in composite 
layer specimen is 94.0−107.6 MPa, which is 59.32%− 
67.91% less than the uniaxial compressive strength of 
the single-layer rock specimen. The calculated value of 
concrete compressive strength in the composite layer 
specimen is 58.6−95.8 MPa. The uniaxial compressive 

Mohr envelope 
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strength is increased by 30.65%−49.21% compared with 
single-layer concrete specimens. It can be seen from 

CR R CR Cf f− −>  and the damage pattern of specimen that 
the damage of the composite layer specimen is caused 
by the concrete reaching the ultimate compressive strength 
first, and the theoretical calculation value of composite 
layer strength is the compressive strength of concrete 
in the composite layer specimen. The error of theoretical 
calculation value of the composite layer's uniaxial com- 
pressive strength relative to the experimental value is 
between −8.67% and −1.21%, which indicates that the 
theoretical calculation formula can predict the uniaxial 
compressive strength of the composite layer specimen 
more accurately. 

6  Conclusion 

(1) The uniaxial compressive strength of the composite 
layer formed by bonding different types of steel fiber 
reinforced concrete to rock is between those of rock and 
concrete, and is closer to the strength of concrete. The 
compressive strength of composite layer increases with 
increasing concrete strength and amount of steel fiber. 

(2) Numerical simulation results show that there are 
oblique cracks inside the concrete in the composite layer. 
Affected by the interface constraints, vertical cracks appear 
at the edges of the concrete, and finally spalling failure 
occurs. The spalling damage of concrete in the composite 
layer specimen decreases with increasing strength grade. 
The numerical result of the composite layer's uniaxial 
compressive strength is less than the experimental value, 
with an error of −5.41% to −0.69%. 

(3) Based on the Mohr-Coulomb yield criterion, the 
compressive strength prediction model of R-SFRC com- 
posite layer under axial load is developed. The results 
show that the rock strength in the composite layer is lower 
than the uniaxial compressive strength in the test, and 
the concrete strength is higher than that in the test. The 
theoretical calculation value of the composite layer's uniaxial 
compressive strength is less than the experimental value, 
and the error is −8.67% to −1.21%. This model can be 
used to predict the compressive strength of the rock- 
concrete composite layer. 
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