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Abstract 

To investigate fracture properties and find analytical solutions of fracture parameters at rock-concrete 

interface, three-point bending tests were performed on the composite rock-concrete specimens with 

different degrees of interface roughness. Numerical simulations were conducted to analyse the crack 

propagation and the fracture process zone evolution at rock-concrete interface. For convenient 

applications in practice, a series of analytical solutions were derived or curve-fitted to calculate the 

fracture parameters of rock-concrete interface. The results indicate that the roughness degree has 

significant effects on the fracture properties of rock-concrete interface. With the increase of the 

roughness degree, the fracture energy, the critical crack length and the double-K fracture parameters 

exhibit obvious increasing tendencies. Meanwhile, the ratio of the unstable fracture toughness of rock-

concrete interface to concrete is much less than that of the initial fracture toughness, indicating the 

much weaker cohesive effect of rock-concrete interface compared with concrete. In addition, with the 

increase of the roughness degree, the length of the fully formed FPZ and the corresponding ratio of the 

crack propagation length to the ligament length decrease. The characteristic length of rock-concrete 

interface is proved to decrease with the increase of the roughness degree, indicating larger brittle 

behaviour with the increase of the roughness degree. Finally, a series of analytical expressions were 

curve-fitted or derived to calculate the fracture parameters of rock-concrete interface under three-point 

bending loading, including the mode-I stress intensity factor, the critical crack length and the 

characteristic length of rock-concrete interface. 

 

Key words: rock-concrete interface; fracture; stress intensity factor; fracture process zone; roughness 

degree. 
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1 Introduction 

For concrete structures built on rock foundations, e.g. concrete gravity dams, the interface 

between rock and concrete is often considered as the weakest zone due to its inadequate bond property. 

In particular, potential cracks may initiate at the interface due to inevitable original defects during 

construction process and the effects of complex external loading and environment conditions during 

normal service period. Existence of interface cracks would significantly reduce the load-carrying 

capacity of the structure and even leads to its final failure [1]. In order to ensure its safe operation, 

much attention has been paid to the fracture mechanism of rock-concrete interface, including fracture 

properties [2-4], fracture criteria [5,6], failure pattern [7-9], etc. 

As a bi-material interface, the rock-concrete bond property would vary because the interfacial 

joint types govern different bond mechanisms [10]. In the investigations on the mechanical and fracture 

properties of rock-concrete interface, the interface between rock and concrete was dealt to be smooth, 

natural or mechanical grooving. For example, to reduce the roughness effect, Tian et al. [11] adopted 

smooth interface in the investigation of shear behaviour of cement concrete-rock joints. Dong et al. 

[12] considered the natural interface as the similar smooth interface in practical engineering and 

observed the fracture process zone (FPZ) evolution under both mode I and mode I-II mixed fractures. 

Zhong et al. [8] investigated the dependency of the fracture behaviour of concrete-rock interface on 

the mode mixity ratio, where the rock blocks were grooved using a saw to increase their surface 

roughness. By specifying the interface roughness, theoretical analyses could better match the results 

under experimental conditions so that some sound conclusions in terms of interfacial fracture 

mechanism have been drawn. To comprehensively understand the effect of interface type on the 

interfacial fracture property, it is necessary to conduct a comparative study on the rock-concrete 
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interface with respect to different joint types including smooth, natural, and mechanically grooved 

interfaces. 

The rock-concrete interface is usually characterized as a typical quasi-brittle material, and there 

exists a fracture process zone (FPZ) ahead of the crack tip during the interfacial crack propagation 

[12], which features interfacial strain localization. The existence of the FPZ causes the nonlinear 

fracture behaviour of rock-concrete interface and its characteristic length is an important index of 

brittleness [13,14]. So far, the influence of the interfacial roughness on the FPZ evolution and 

brittleness property of rock-concrete interface is not clearly clarified. In addition, due to the cohesive 

effect on the FPZ, the fracture process of rock-concrete interface can be divided into three different 

stages, i.e. crack initiation, stable propagation and unstable propagation. Aiming at concrete material, 

Xu et al. [15,16] proposed the double-K fracture parameters, i.e. the initial fracture toughness and 

unstable fracture toughness, to quantitatively distinguish the three stages mentioned above. Here, the 

initial fracture toughness is the stress intensity factor (SIF) corresponding to the initial crack length 

and the initial cracking load, while the unstable fracture toughness is the SIF corresponding to the 

critical crack length and the peak load. It should be noted that the analytical solution of the SIF is 

available for homogeneous materials, e.g. concrete [17]. In case of the bi-material interface, different 

material properties on the both sides of the interface make the derivation of the SIF analytic solution 

very difficult [18], so that the numerical analyses were usually adopted to calculate the interfacial SIF. 

Accordingly, the initial fracture toughness can be obtained numerically by giving the initial cracking 

load and the initial crack length [6,9]. However, because the crack propagation length has to be 

considered in the numerical analysis, the unstable fracture toughness cannot be directly obtained, 

even the peak load and specimen geometry are known. Considering that the unstable fracture 
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toughness reflects the cracking resistance of the structure against external loading, it is significant to 

calculate the unstable fracture toughness and the critical crack length for the purpose of assessment 

on cracking stability. Particularly, it would be more convenient and practical for engineering 

application if the analytical solutions of the double-K parameters and the critical crack length can be 

derived for concrete-rock interface.  

In line with this, the main purpose of this study was to investigate the effects of the interfacial 

toughness on the fracture properties and derive the analytical solutions of the double-K fracture 

toughnesses and the critical crack length of rock-concrete interface. Firstly, to cover the typical 

toughness of concrete-rock interface, smooth, natural and mechanically grooved interfaces were 

adopted in this study. Direct tensile (DT) tests and three-point bending (TPB) tests were conducted to 

measure the tensile strength and fracture parameters of rock-concrete interface. Then, numerical 

analyses were conducted to simulate the crack propagation process and the FPZ evolution. Based the 

experimental and numerical results, the analytical solutions to the initial and unstable fracture 

toughnesses and the critical crack length were derived. 

2 Experimental program 

To investigate the mechanical and fracture properties of rock-concrete interface, two types of 

composite specimens were tested in this study, including beam specimens for the TPB tests and prism 

specimens for the DT tests. Sizes of beam and prism composite specimens were selected as L × B × D 

= 500 mm × 100 mm × 100 mm and L × B × D = 200 mm × 100 mm × 100 mm, respectively. Each 

type of specimens was made of two geometrically identical blocks, i.e. rock and concrete blocks. The 

rock was the granite produced in Shandong Province of China, and the concrete had a normal strength 

of C30, with the mix proportions of cement: water: sand: aggregate = 1: 0.6: 1.8: 4.2 by weight and 
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the maximum aggregate size of 10 mm. For the TPB specimens, the initial crack length, a0, was 

selected as 30 mm, which was formed by pasting two layers of PVC sheets on the rock block surface 

in advance. Before casting, the rock block was firstly placed in one side of a steel mould, and then wet 

concrete mixture was filled in the remaining blank. A layer of plastic film was used to cover the surface 

of the composite specimens to avoid moisture evaporation. Two days after the sealed curing in 

laboratory environment, the specimens were demoulded and put into the water tank with the 

temperature of 23 ℃ until the age of 90 days. Basic mechanical properties of rock and concrete at the 

age of 90 days were measured Basic mechanical properties of rock and concrete at the age of 90 days 

were measured according to Chinese standard of GB/T 50081-2002 (Standard for Test Method of 

Mechanical Propertied on Ordinary Concrete). The results are listed in Table 1, where E, ν, fc and ft 

denote the Young’s modulus, Poisson’s ratio, uniaxial compressive strength and splitting tensile 

strength, respectively. 

Table 1. Basic mechanical properties of rock and concrete 

Material E (GPa) ν fc (MPa) ft (MPa) 
Concrete 33.83 0.25 48.61 4.23 

Rock 45.58 0.19 142.72 8.21 

2.1 Interfacial roughness degree 

Three typical interfaces were adopted in this study, i.e. smooth, natural and mechanically grooved 

interfaces. As for the smooth surface, it can be directly cut using a diamond saw. As for the natural 

surface, it can be obtained by conducting the TPB tests on the rock specimens with and without initial 

cracks for the TPB tests and DT tests, respectively. Once a rock specimen was broken into two parts, 

each part would have a natural surface. As for the grooving surface, it can be obtained by mechanically 

grooving the rock surface, which can quantitatively reflect the interfacial roughness by controlling the 

groove size. In this study, the depth and width of each groove line were chosen as 3 mm and the 
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perpendicular diagonal groove lines were evenly created at 45° with the specimen depth. According to 

the division number (n) on each side, the feature of the interfacial roughness was created as n × n. In 

this study, the medium roughness of n × n = 4 × 4 and relatively high roughness of n × n = 7 × 7 were 

employed. The four roughness patterns on the interfaces investigated in this study are shown in Figs. 

1 (a) - (d). 

    
(a) Smooth interface (b) Natural interface (c) 4 × 4 interface (d) 7 × 7 interface 

Fig. 1 Interfaces with different roughness patterns 

Three duplicate specimens were prepared for each experimental condition. TPB-S, TPB-N, TPB-

4×4 and TPB-7×7 denote the TPB specimens with the interface roughness patterns of smooth, nature, 

4 × 4 and 7 × 7, respectively. The DT specimens complied with the similar numbering rule, i.e. DT - 

S, DT - N, DT - 4 × 4 and DT - 7 × 7.  

2.2 DT tests and TPB tests 

The DT tests were conducted to measure the tensile strength of rock-concrete interface. The 

specimen and experimental set-up of the DT test are shown in Figs. 2 (a) and (c), respectively. Two 

100 mm squared thick steel plates were adhered on the top and bottom surfaces of the DT specimen. 

To avoid eccentricity, two spherical hinges were connected between the steel plates and testing 

machine. The DT tests were conducted under load control at a loading rate of 0.5 kN∕s and a load cell 

was used to monitor the load readings. 
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(a) DT specimen (b) TPB specimen 

  
(c) DT test (d) TPB test 

Fig. 2 Specimens and experimental set-ups of the DT test and the TPB test 

The TPB tests were conducted to determine the fracture properties of rock, concrete and rock-

concrete interface using a closed-loop servo-controlled testing machine (MTS) under displacement 

control at a loading rate of 0.05 mm/min. The specimen and experimental set-up of TPB test are shown 

in Figs. 2 (b) and (d), respectively. The ratio of the effective loading span to the specimen height, S∕D, 

was selected as 4. To determine the initial cracking load, two strain gauges were pasted horizontally 

above the pre-crack tip at a distance of 5 mm on both sides of the specimen, as shown in Fig. 2 (b). 

When the external load P was applied on the beam specimen, strain energy accumulated around the 

initial crack tip, leading to the strain increase. Once the initial crack started to propagate, the strain 

energy accumulated near the crack tip would release suddenly and the strain ε would drop rapidly at 

the same time. Therefore, the initial cracking load Pini can be determined according to the experimental 
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load - strain (P - ε) curve, as shown in Fig. 3 (a). In addition, two clip gauges were used to measure 

the loading point displacement (δ) and the crack mouth opening displacement (CMOD). Meanwhile, 

the clip gauge method was firstly adapted to measure the crack length during the interfacial fracture 

process, where four clip gauges were set equidistantly along the ligament length at 0 mm, 20 mm, 40 

mm, and 60 mm above the initial crack tip, respectively, as shown in Fig. 2 (d). The crack tip opening 

displacement was denoted as CTOD and the one corresponding to the crack initiation was calibrated 

and labelled as CTODini. It was assumed that the crack tip could be caught when the opening 

displacement along ligament, denoted as w, reached the CTODini. It has been proved that the crack 

opening displacements were approximately linearly distributed along the crack surface and ligament 

[19]. Thus, the crack length a was determined by using the linear interpolation on the fitting curves of 

the crack opening displacements, as shown in Fig. 3 (b). 
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(a) Determination of the initial cracking load (b) Determination of the crack length 

Fig. 3 Determinations of the initial cracking load and crack length from TPB test 

In the TPB tests, the Digital Image Correlation (DIC) technique was employed to investigate the 

FPZ evolutions of rock-concrete interfaces with different roughness patterns and degrees. By 

comparing the digital images before and after deformations, the displacements of surface nodes in both 

x and y directions can be obtained by means of the DIC technique. Due to its advantages of accuracy, 
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convenience and contactless, the DIC technique has been widely used to investigate the crack 

propagation process of cementitious materials [20,21], sandstone [22] and concrete-concrete interface 

[23]. To meet the requirement of the DIC technique, one side surface of the TPB specimen was painted 

by white and black spray paints to form the speckle pattern. A digital camera with a resolution of 1024 

× 768 pixels was placed perpendicular to the rock-concrete specimen side surface at a distance of 1.5 

m. During the loading process, the digital images were captured and stored in a computer at a sampling 

frequency of 1 Hz. The experimental set-up of the DIC test is shown in Fig. 4 (a). 

A computational domain with the size of length × height = 50 mm × 70 mm was selected in data 

processing, which was just above the crack tip and covered the potential crack propagation trajectory. 

By picking up one computational node from every three pixels in both u and v directions, an analytical 

nodal system was extracted to calculate the displacement field, as shown in Fig. 4 (b). Based on the 

nodal system, a series of analytical nodal lines, i.e. MN, M1N1, M2N2, …, MnNn, were set with the same 

interval of three pixels. According to the jump point of the horizontal and vertical displacements in the 

analytical lines, the crack profile and its opening and sliding displacements can be determined. More 

details about the data processing of the DIC technique can be found in literature [12]. 

  
(a) Experimental set-up (b) Computational domain with a nodal system 

Fig. 4 The Digital Image Correlation (DIC) test 
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3 Results and discussion 

3.1 Effect of interfacial roughness on the fracture properties 

3.1.1 Fracture energy and tensile strength 

The effect of the interfacial roughness on the corresponding fracture properties was investigated 

in this section, including the fracture energy Gf, the critical crack length ac and the double-K fracture 

toughnesses ini
1K   and un

1K  . Fracture energy is an important parameter in fracture analysis and 

represents the energy required for creating the new cracking surface of unit area. The standard test 

procedure is suggested by RILEM [24] to obtain the fracture energy using TPB specimens, as shown 

in the following equation: 

( )
0 maxf

f
lig 0

gW mWG
A B D a

δ+
= =

−
                           (1) 

where Wf is the total energy absorbed during the whole TPB test, Alig is the ligament area, W0 is the 

absorbed energy from external load, which is equal to the area under load - loading point displacement 

(P - δ) curve, mg is the self-weight of rock-concrete composite beam specimen and δmax is the loading 

point displacement at failure time. The calculated values of the fracture energy are listed in Table 2 for 

the concrete-rock interfaces and concrete. The mean values of the measured fracture energy were 17.15 

N/m, 22.92 N/m, 35.19 N/m, 46.54 N/m and 130.91 N/m for the rock-concrete composite specimens 

with the smooth, nature, 4 × 4 and 7 × 7 mechanically grooved rough interfaces, and the concrete, 

respectively. The fracture energy increased with the enhanced interfacial roughness, and the fracture 

energy of the rock-concrete interface was obviously less than that of the concrete, indicating the lower 

energy-absorbing capacity of the rock-concrete interface.  

From DT tests, the tensile strengths of the rock-concrete interface, ft, were determined, as shown 

in Fig. 5. The mean values were 0.84 MPa, 1.00 MPa, 1.54 MPa and 2.26 MPa for the smooth, nature, 
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4 × 4 and 7 × 7 interfaces, respectively. It can be seen that interfacial tensile strength increases with 

the increase of roughness degree. In addition, the tensile strength of nature interface was between the 

smooth interface and 4 × 4 interface. Although the 7 × 7 interface had a high roughness degree, its 

tensile strength is still much less than that of concrete (the ratio is 53.24%). 

0.65

1.01
0.86

0.96
1.13

0.91

1.39
1.56

1.67

1.99

2.56

2.23

0.0

0.6

1.2

1.8

2.4

3.0

DT-7×7DT-4×4DT-N

f t 
(M

Pa
)

DT-S  

Fig. 5. Tensile strength of rock-concrete interface 

In addition, it is interesting to find that the ratios of Gf to ft were similar for the rock-concrete 

interfaces with different roughness degrees, as listed in Table 2. To verify universality of this 

phenomenon, the values of Gf∕ft of rock-concrete interface were summarized from the published 

references [6,25,26], which are shown in Fig. 6. In the legend, the roughness of a × a represents that 

every side of the interface is divided equally into a parts by the grooves parallel to the diagonal, the 

roughness of b - c represents that every sides of the interface is divided equally into b/2 parts by the 

grooves perpendicular to every sides (a total of b grooves) and the depth of the grooves is c mm. The 

mean value and standard derivation of Gf∕ft in Fig. 6 are calculated as 20.23 × 10-3 mm and 2.01 × 

10-3 mm, respectively. According to the relatively small standard derivation (within 10% of the mean 

value), it can be concluded that this phenomenon also exists for the rock-concrete interface with a 

wider range of interfacial roughness degrees [6,25], and different properties of bilateral materials [26], 

which provides an approximate approach to estimate the fracture energy from the tensile strength. 
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Fig. 6 Comparisons of Gf∕ft for the rock-concrete interfaces quoted from different references 

3.1.2 Critical crack length 

The critical crack length ac is defined as the effective crack length at unstable propagation status, 

which is a necessary parameter to calculate the unstable fracture toughness. In this study, the critical 

crack length of the rock-concrete interface was measured using both the clip gauge method and the 

DIC technique. By comparing the two methods, the accuracy of the clip gauge method can be verified. 

As for the clip gauge method, ac can be determined by using linear interpolation (see Fig. 3 (b)) and 

the obtained results of ac are listed in Table 2. As for the DIC method, ac can be determined by 

considering the crack propagation profiles at unstable propagation status, as shown in Figs. 7 (a) - (d), 

where the crack opening displacements, u, are shown on right side of a crack. 

For a comparison, the values of ac measured by the two methods are listed in Table 2. It can be 

seen from the table that the mean values of ac measured by the two methods showed good agreements, 

indicating that clip gauge method is an effective approach to measure the critical crack length ac of the 

rock-concrete interface, which is more convenient and cost-effective. Moreover, the ac value of the 

rock-concrete interface increased with the increase of the interfacial roughness. 
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(c) TPB-4×4-DIC (d) TPB-7×7-DIC 

Fig. 7. Crack profiles at unstable propagation status measured by using the DIC method 

3.1.3 Double-K fracture parameters 

In the double-K fracture theory, the initial fracture toughness, denoted as ini
IK  , reflects the 

resistance of the material against crack initiation, which can be calculated as the SIF corresponding to 

the initial crack length a0 and the initial cracking load Pini. The unstable fracture toughness, denoted 

as un
IK , reflects the resistance of the structure against the ultimate load, which can be calculated as the 

SIF corresponding to the critical crack length ac and the peak load Pmax. In addition, the cohesive 

toughness, denoted as c
1K , reflects the cohesive effect of the FPZ at the unstable fracture status and 

can be calculated as the difference between un
1K  and ini

1K . In this study, the interfacial SIFs of the 
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mode I and II, i.e. K1 and K2, were calculated by the displacement extrapolation method [27] based on 

the numerical analysis, as shown below: 

1 y x0

2lim (cos 2 sin ) (sin 2 cos )
r

K C Q Q Q Q
r
π δ ε δ ε

→
 = + + −            (2) 

2 y x0

2lim (cos 2 sin ) (sin 2 cos )
r

K C Q Q Q Q
r
π δ ε δ ε

→
 = + − −            (3) 

1 1 2 2

2cosh( )
( 1) / ( 1) /

C επ
κ µ κ µ

=
+ + +                                    

(4) 

ln( )Q rε=                                                  (5) 

1 1 2

2 2 1

11 ln
2 1

κ µ µε
π κ µ µ

 +
=  + 

                                      

(6) 

( )2 1
i

i
i

Eµ
ν

=
+                                                

(7) 

( ) ( )3 1i i iκ ν ν= − +                                           (8) 

where δx and δy represent the crack sliding and opening displacements, Ei and νi represent the Young’s 

modulus and Poisson’s ratio, and i = 1 and 2 represent the concrete and rock materials. 

By substituting δx and δy at crack initiation status and unstable propagation status into Eq. (2), the 

mode-I initial fracture toughness ini
1K  and the unstable fracture toughness un

1K  of the rock-concrete 

interface were calculated, which are listed in Table 2 and shown in Fig. 8 (a). In addition, considering 

the effect of the concrete properties on the interface bond, the ratios of the double-K fracture parameters 

of the rock-concrete interface to the concrete, denoted as RK, were calculated and shown in Fig. 8 (b). 

It can be seen from the figures that, with the increase of the interfacial roughness, the values of ini
1K , 

un
1K , and c

1K  exhibit increasing tendencies. Furthermore, the ratios of the un
1K  values of the rock-

concrete interface to the concrete were significantly smaller than that of the ini
1K  values for all the 

rock-concrete composite specimens investigated in this study. Taking the smooth interface as an 
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example, the ratio of ini
1K  was 0.47, while the ratio of un

1K  was only 0.22. This phenomenon results 

from the significantly weak cohesive effect in the FPZ for the rock-concrete interface. Meanwhile, 

comparing with the concrete, the cracking resistance of the rock-concrete interface is much weaker 

after crack initiation, which should be paid more attention to when evaluating the safety of concrete 

gravity dams.  
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Fig. 8. Comparison of the double-K fracture parameters for the rock-concrete interfaces with 

different surface roughness patterns   
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Table 2. Experimental results of the TPB tests 1 

Specimen 
number 

Pini 
(kN) 

Pmax 
(kN) 

Gf Gf∕ft 
(10-3mm) 

ac (mm)  Kini 
1  (MPa∙mm1/2)  Kun 

1  (MPa∙mm1/2) Kc 
1  Lch 

(N/m) Exp. Eq.(24) R.E. (%)  Num. Eq.(14) R.E. (%)  Num. Eq.(14) R.E. (%) Num. (mm) 
TPB-S-1 1.84 2.04 17.50 20.83 33.56 35.81 6.70  11.36 11.21 1.38  13.80 13.62 1.30 2.44 963.19 
TPB-S-2 1.51 1.57 13.80 16.43 35.27 36.15 2.50  9.38 9.20 2.00  11.18 10.96 1.97 1.80 759.54 
TPB-S-3 1.63 1.76 22.30 26.55 34.25 35.01 2.22  10.10 9.93 1.75  12.17 11.96 1.73 2.07 1227.38 

TPB-S-DIC 1.80 1.82 14.99 17.85 34.69 35.47 2.25  11.12 10.96 1.44  12.72 12.51 1.65 1.60 825.04 
Mean 1.70 1.80 17.15 20.41 34.44 35.61 3.42  10.49 10.29 1.64  12.47 12.29 1.44 1.98 943.92 

TPB-N-1 2.21 2.32 25.48 25.48 36.05 37.19 3.16  13.56 13.46 0.75  16.69 16.53 0.96 3.13 989.53 
TPB-N-2 1.99 2.10 18.30 18.30 36.58 37.28 1.91  12.28 12.12 1.33  15.32 15.18 0.91 3.04 710.69 
TPB-N-3 1.34 1.70 21.51 21.51 37.31 39.37 5.52  8.37 8.16 2.57  12.71 12.53 1.42 4.34 835.36 

TPB-N-DIC 2.20 2.31 26.37 26.37 36.02 37.66 4.55  13.49 13.40 0.69  16.61 16.45 0.96 3.12 1024.10 
Mean 1.94 2.11 22.92 22.92 36.49 37.87 3.79  11.92 11.75 1.34  15.22 15.21 0.07 3.41 890.11 

TPB-4×4-1 1.94 2.27 34.56 22.44 41.24 41.16 0.19  11.95 11.81 1.15  18.75 18.63 0.64 6.80 565.93 
TPB-4×4-2 2.54 3.00 42.32 27.48 38.77 40.89 5.47  15.58 15.47 0.72  22.99 23.00 0.04 7.41 693.00 
TPB-4×4-3 2.54 2.87 29.38 19.08 39.23 38.07 2.96  15.58 15.47 0.72  22.34 22.28 0.27 6.76 481.11 

TPB-4×4-DIC 2.50 2.66 34.49 22.40 39.95 40.02 0.18  15.32 15.22 0.63  21.18 21.06 0.57 5.86 564.78 
Mean 2.38 2.70 35.19 22.85 39.80 40.03 2.20  14.61 14.49 0.81  21.31 21.29 0.09 6.70 576.25 

TPB-7×7-1 2.93 3.54 46.54 20.59 43.41 41.34 4.77  17.88 17.84 0.21  30.90 30.91 0.03 13.02 353.87 
TPB-7×7-2 2.71 3.15 42.04 18.60 44.66 45.06 0.90  16.61 16.50 0.64  28.53 28.52 0.04 11.92 319.65 
TPB-7×7-3 2.98 3.46 53.89 23.85 41.59 41.97 0.91  18.20 18.15 0.29  28.68 28.68 0.00 10.48 409.75 

TPB-7×7-DIC 2.61 3.01 43.69 19.33 44.85 45.74 1.98  15.97 15.89 0.47  27.43 27.40 0.11 11.46 332.20 
Mean 2.81 3.29 46.54 20.59 43.70 43.53 2.14  17.16 17.11 0.40  28.88 28.96 0.28 11.72 353.87 

TPB-Con-1 3.46 4.99 134.93 31.90 50.91 47.37 6.95  21.06 21.07 0.05  58.38 54.72 6.27 37.32 339.28 
TPB-Con-2 3.68 5.35 134.82 31.87 47.97 45.36 5.44  22.36 22.41 0.22  52.78 53.48 1.33 30.42 339.00 
TPB-Con-3 3.94 5.49 122.99 29.08 49.98 46.48 7.00  23.94 23.99 0.21  58.15 58.44 0.50 34.21 309.25 

Mean 3.69 5.28 130.91 30.95 49.62 46.41 6.47  22.45 22.49 0.16  56.44 55.55 1.58 33.98 329.17 

2 
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3.2 Effect of the interfacial roughness on the FPZ evolution 3 

3.2.1 Numerical simulations on the crack propagation process 4 

Different with the fracture process of concrete, there was no perfect post-peak stage to be recorded 5 

in the experiment for the rock-concrete interface. Thus, the whole FPZ evolution during the crack 6 

propagation process was not directly obtained by the DIC method. In this study, numerical simulations 7 

using the commercial finite element software ANSYS were conducted to investigate the FPZ 8 

characterization for the rock-concrete interface. The numerical simulation method is briefly described 9 

as follows. 10 

As for the rock-concrete interface under TPB loading, the initial crack propagates along the pre-11 

existing interface [4,28] because of small ratio of K2 to K1 and weak cracking resistance of the interface. 12 

Therefore, the interfacial crack propagation can be appropriately regarded as the mode-I dominated 13 

fracture process. Based on this assumption, an initial fracture toughness-based fracture criterion was 14 

proposed by Dong et al. [29,30] and applied to analyse the crack propagation process of the rock-15 

concrete interface. The fracture criterion implies that the interfacial crack starts to propagate when the 16 

difference between the SIFs caused by the external load ( P
1K ) and the cohesive fore acting on the FPZ 17 

( 1Kσ ) reaches the interfacial initial fracture toughness ( ini
1K ). This fracture criterion can be described 18 

as follows: 19 

P ini
1 1 1K K Kσ− < , the interface crack does not propagate;  (9) 20 

P ini
1 1 1K K Kσ− = , the interface crack is in critical state;  (10) 21 

P ini
1 1 1K K Kσ− > , the interface crack propagates. (11) 22 

Moreover, the fictitious crack model proposed by Hillerborg [13] was introduced to characterize 23 

the nonlinear property of the FPZ by utilising the relationship between the cohesive stress (σ) and the 24 
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crack opening displacement (w). As for the rock-concrete interface, Dong et al. [6] derived a bilinear 25 

tension-softening constitutive relationship based on the modified J-integral method, which is shown in 26 

Fig. 9. Different from concrete materials, the cohesive force σs and the crack opening displacement ws 27 

at the turning point of the bilinear curve were determined as 0.2ft and 0.8Gf∕ft, and the stress-free crack 28 

opening displacement w0 was determined as 6Gf∕ft. Here, Gf and ft were the interfacial fracture energy 29 

and the tensile strength, respectively.  30 

 31 

Fig. 9. Bilinear tensile softening constitutive relationship 32 

In the numerical analysis, the initial crack started to propagate when Eq. (11) was satisfied. After 33 

that, an increment of 2 mm in the crack length was applied and the corresponding external force was 34 

adjusted until a new equilibrium of Eq. (11). Accordingly, the whole fracture process can be simulated 35 

by the iteration process. More details of the numerical method and the program flow chart can be found 36 

in references [29,30]. To verify the numerical method, the numerical results of the load − crack mouth 37 

opening displacement (P - CMOD) curves are compared with the experimental results, as shown in 38 

Fig. 10. It can be seen from the figure that the experimental and numerical results show reasonably 39 

good agreements, indicating that the simulation method is able to reveal the fracture process of the 40 

rock-concrete interface. 41 
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(a) TPB-S specimens (b) TPB-N specimens 

  
(c) TPB-4×4 specimens (d) TPB-7×7 specimens 

Fig. 10. Comparison of the P - CMOD curves between experimental and numerical results 42 

3.2.2 FPZ evolution during the crack propagation process 43 

In the crack propagation process, the FPZ length is determined as the distance between the 44 

fictitious crack tip and the end of the FPZ, which can be defined by the stress-free crack opening 45 

displacement w0 in the tensile softening curve. By extracting the crack opening displacements from 46 

the numerical results, the fictitious crack tip and the end of the FPZ, further the FPZ length, can be 47 

determined. It should be noted that, by taking a comparison of the FPZ evolutions between the 48 

numerical simulations and the DIC technique, this simulation method has been proved to be accurate 49 

for analysing the FPZ evolution of the rock-concrete interface [31]. Based on the numerical method, 50 
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the FPZ length of the rock-concrete interface was derived in each incremental crack propagation length 51 

and its evolution regulation in the crack propagation process is shown in Fig. 11, where D, Δa and a0 52 

denote the specimen height, the crack propagation length and the initial crack length, respectively. In 53 

addition, the FPZ evolution of the concrete used in this study was also simulated by the above-54 

mentioned procedure. The bilinear tensile softening curve proposed by Petersson [32] was adopted in 55 

the fracture analysis on the concrete, where σs = 1∕3ft, ws = 0.8Gf∕ft and w0 = 3.6Gf∕ft.  56 
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 57 

Fig. 11. FPZ evolutions during the crack propagation process 58 

As shown in Fig. 11, the FPZ evolutions were similar for both concrete and rock-concrete 59 

interfaces. After the linear increase with the crack propagation length, the FPZ length reached its 60 

maximum value. At this moment, the cracking tip opening displacement (CTOD) is exactly equal to 61 

w0. After that, the CTOD value is greater than w0 and the macro-crack starts to occur, leading to the 62 

forward-moving of the FPZ’s tail. If the ligament length is long enough, the length of the newly 63 

generated macro-crack is approximately the same as that of the crack tip propagation. Hence, the FPZ 64 

length will be constant. However, for the small size specimens used in this study, the crack tip 65 

approached to the top boundary of the ligament when the full FPZ formed, leading to the rapid decrease 66 

in the FPZ length. It has been accepted that the FPZ evolution can be reasonably interpreted by the 67 
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boundary effect theory [33-35]. In addition, it can be seen from the figure that the length of the fully 68 

generated FPZ length lFPZ and the corresponding ratio of the crack propagation length to the ligament 69 

length, Δa∕(D−a0), decrease with the increase of the interfacial roughness degree. This is also tenable 70 

when considering concrete has a better bond property than the 7 × 7 mechanically grooved interface. 71 

The mean values of lFPZ and Δa∕(D−a0) are listed in Table 3.  72 

Table 3. Characteristic parameters of the FPZ 73 

Specimen lFPZ (mm) Δa/(D−a0) 
TPB-S 63.20 0.91 
TPB-N 62.50 0.91 

TPB-4×4 61.20 0.89 
TPB-7×7 58.00 0.83 
TPB-Con 54.00 0.77 

 74 

4 Analytical solutions of the rock-concrete interfacial fracture parameters 75 

4.1 Analytical solution of the SIF 76 

For homogeneous materials, the analytical solution of the SIF under TPB loading is illustrated in 77 

Eq. (12) below [36]: 78 

I 12

3
2

PS aK aF
D B D

 =  
             

(12) 79 

with  

2

1 3 2

1.99 1 2.15 3.93 2.7

1 2 1

a a a a
D D D DaF

D a a
D D

     − − − +     
        = 

    + −  
    

(13) 80 

where P represents the external load, S represents the bearing span, a represents the effective crack 81 

length, and D and B represent the height and width of the specimen, respectively. The geometry factor 82 

F1(a∕D) depends on the ratio of the specimen height to the bearing span of the specimen (S∕D). For 83 

S∕D = 4 adopted in this study, the expression of F1(a∕D) is given in Eq. (13). In fact, homogeneous 84 
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materials can be regarded as a particular case of bi-material interface, where the material properties of 85 

bilateral parts are identical. Thus, the analytical solution of the SIF for the rock-concrete interface can 86 

be established by introducing a correction function F2 in Eq. (12) to consider the influences of the 87 

bilateral material properties (E1, E2) and specimen sizes (a∕D, D).  88 

Firstly, numerical calculations were conducted to analyse the influence of the bilateral material 89 

properties (E1, E2) on the correction function F2. The numerical results indicated that, for any specific 90 

specimen size, the correction function F2 was only related to the ratio of E2∕E1, rather than any other 91 

specific values. Here, E2 and E1 represent the large and small elastic moduli, respectively. Then, 92 

numerical calculations were conducted to analyse the influence of the specimen sizes (a∕D, D) on the 93 

correction function F2. The numerical results indicated that, for certain ratios of E2∕E1, the correction 94 

function F2 was also related to a∕D. In this way, the correction function F2 can be simplified as 95 

F2(E2∕E1, a∕D). Afterwards, to fit the expression of F2(E2∕E1, a∕D) comprehensively, numerous 96 

calculations were employed to obtain sufficient data of F2 with respect to E2∕E1 ranging from 1.5 to 97 

10, and a∕D ranging from 0.05 to 0.9. To analyse the influence of E2∕E1 and a∕D on the values of F2, 98 

the calculated results of F2 with respect to different E2∕E1 and a∕D values are shown in Figs. 12 (a) 99 

and (b), respectively.  100 

It can be seen from Fig. 12 that the values of F2 are greater than 1.0 for all the configurations, 101 

indicating that the SIF of the interface is greater than that of homogeneous materials with E1 or E2 102 

under the same external load. In addition, the value of F2 increases with the increase of E2∕E1 but 103 

decreases with the increase of a∕D. By conducting polynomial fitting, the expression of F2(E2∕E1, 104 

a∕D) was derived and the analytical solution of the SIF for the interface crack is presented in Eq. (14). 105 
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Fig. 12. Calculated results of F2 with respect to different E2∕E1 and a∕D values 106 

2
1 1 22

1

3 ,
2

EPS a aK aF F
D B D E D

  =   
   

       (14) 107 

with   
2

2 2 2
2 1 2 3

1 1 1

,E E EaF Q Q Q
E D E E

   
= + +   

     
(15) 108 

2

1 0.975 0.074 0.062a aQ
D D

 = + −  
         

(16) 109 

2

2 0.023 0.067 0.056a aQ
D D

 = − +  
         

(17) 110 

2

3 0.001 0.003 0.002a aQ
D D

 = − + −  
         

(18) 111 

where F1(a∕D) is the geometry factor for homogeneous materials, as expressed in Eq. (13), and 112 

F2(E2∕E1, a∕D) is the correction function for the interface, as expressed in Eqs. (15) - (18). It should 113 

be noted that the analytical expression of correction function F2 is only suitable in the case of S∕D = 114 

4. 115 

4.2 Analytical solution of the crack length 116 

Xu et al. [17] proposed a simplified equation to calculate the effective crack length for TPB 117 

concrete specimens expressed in Eq. (19) as: 118 
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( )0 0
2 arctan 0.1135

32.6
BECa D H H

π
= + − −                     (19) 119 

where H0 represented the thickness of the knife edges to fix the clip gauge, determined as 3 mm in this 120 

study, E is the elastic modulus of concrete, and C is the compliance, denoted as CMOD∕P. It has been 121 

proved that the effective crack length calculated by using Eq. (19) shows good agreements with the 122 

one measured in the experiment [37]. Nevertheless, this equation cannot be directly applied to the 123 

rock-concrete interface because the elastic modulus of concrete-rock interface cannot be directly 124 

obtained. 125 

Recently, the concept of the effective elastic modulus Eeff was proposed for the composite 126 

specimens [38,39], and the derivation process of Eeff is briefly described as follows. For a composite 127 

beam made of two different types of materials, as shown in Fig. 13, the loading point displacement δ1 128 

can be computed using the moment-area theorem with the derived expression illustrated in Eq. (20). 129 

Then, assuming that the composite beam was made of a homogeneous material with an effective elastic 130 

modulus Eeff, the load point displacement under the same load and size in Fig. 13, δ2, was determined 131 

by using Eq. (21). By equating the load point displacements of two conditions, the effective elastic 132 

modulus Eeff can be obtained, as shown in Eq. (22). For the TPB specimens with symmetrical geometry, 133 

i.e. S1 = S2, Eq. (22) can be simplified as Eq. (23). 134 

 135 

Fig. 13. Diagram of a composite beam 136 
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PS S S S S SS
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δ
  = + + −  

  
       (20) 137 

2 2
1 2 2 2 1 2

2 1
eff

2
2 3 3 3
PS S S S S SS
SE I S S

δ
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       (21) 138 

2
1 1 1 2

2

eff 2
1 1 1 2

2
1 1 2

2
3 3 3

2
3 3 3

S S S SS
S SE
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        (22) 139 

1 2
eff 1 2

1 2

2         for  = E EE S S
E E

=
+

          (23) 140 

By substituting Eq. (23) into Eq. (19), the analytical solution of the effective crack length for the 141 

rock-concrete interface can be derived, as expressed in Eq. (24) below. 142 

( ) 1 2
0 0

1 2

22 arctan 0.1135
32.6( )

BE E Ca D H H
E Eπ

= + − −
+

     (24) 143 

4.3 Comparison of the fracture parameters between the analytical and numerical methods 144 

To verify the analytical solutions derived in this study, the double-K fracture parameters of the 145 

rock-concrete interface were calculated and compared with the numerical results. Firstly, the critical 146 

crack length of the rock-concrete interface, ac, was calculated by substituting the effective elastic 147 

modulus Eeff, calculated as 38.84 GPa, and the compliance C at the crack unstable propagation status 148 

into Eq. (24). The obtained results of ac for comparisons are listed in Table 2 and their mean values are 149 

shown in Fig. 14 together with that measured by DIC method and clip gauge method. It can be seen 150 

from the figure that the analytical results of ac have relatively high accuracy compared with the 151 

experimental ones, with the relative errors (REs) below 7%. 152 
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 153 

Fig. 14. Critical crack length measured by the DIC method and the clip gauge method and calculated 154 

by using Eq. (24) 155 

In addition, by substituting the corresponding load and crack length into Eq. (14), the initial 156 

fracture toughness ini
1K  and the unstable fracture toughness un

1K  of the rock-concrete interface were 157 

calculated using both experimental and numerical methods and the obtained results are listed in Table 158 

2. The comparisons of ini
1K  and un

1K  from the analytical and numerical methods are shown in Fig. 159 

15. It can be seen from the figures that the results showed good agreements, verifying the accuracy of 160 

Eq. (14) for calculating the double-K fracture toughnesses of the rock-concrete interface. 161 
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Fig. 15 Comparisons of the calculated ini
1K  and un

1K  results using both the analytical and 162 

numerical methods  163 

 164 
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4.4 Effect of the interfacial roughness on the characteristic length 165 

The concept of the characteristic length, Lch, was proposed by Hillerborg [13] to quantify the 166 

brittleness of homogeneous materials, which is expressed in Eq. (25). In this study, this parameter was 167 

introduced to quantify the brittleness of the rock-concrete interface by replacing the elastic modulus 168 

of homogeneous materials, E, by the effective elastic modulus of the rock-concrete interface, Eeff. In 169 

this way, the characteristic length for the rock-concrete interface can be expressed in Eq. (26). 170 

f
ch 2

t

EGL
f

=
     

for homogeneous materials  
 

(25) 171 

( )
eff f 1 2 f

ch 2 2
t 1 2 t

2E G E E GL
f E E f

= =
+  

for rock-concrete interfaces   (26) 172 

The characteristic lengths for the concrete and rock-concrete interface were calculated using Eqs. 173 

(25) and (26), respectively. The obtained results are listed in Table 2. It can be seen from Table 2 that 174 

Lch decreased with the increase of the interfacial roughness. In details, the means values of Lch for the 175 

rock-concrete composite specimens with the smooth, natural, 4 × 4, 7 × 7 interfaces and the concrete 176 

were 943.92 mm, 890.11 mm, 576.25 mm, 353.87 mm and 329.17 mm, respectively. It is generally 177 

accepted that a small characteristic length indicates a larger material brittleness. Thus, it can be 178 

concluded that the brittleness of the rock-concrete interface increases with the increase of the 179 

interfacial roughness. It is worthy to point out that the ratios of Gf to ft were similar for the rock-180 

concrete interfaces with different roughness degrees, as shown in Fig. 6. From the expression of Eq. 181 

(26), it can be seen that characteristic length of rock-concrete interface is inversely proportional to the 182 

interfacial tensile strength. Therefore, as listed in Table 2, with the increase of the interfacial roughness, 183 

the brittleness of materials becomes larger. 184 

 185 
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5 Conclusions 186 

To investigate the fracture properties of the rock-concrete interface, TPB tests were performed on 187 

the rock-concrete interface with different roughness degrees. Based on the experimental results, the 188 

effects of the interfacial roughness on the fracture energy, the critical crack length and the double-K 189 

fracture parameters were analysed. In addition, a numerical procedure was employed to simulate the 190 

fracture process and investigate the FPZ evolution of the rock-concrete interface. Finally, the analytical 191 

solutions for the concrete-rock interfacial fracture parameters were derived. According to the results 192 

of this study, the following conclusions can be drawn: 193 

1. With the increase of the interfacial roughness degree, the fracture energy, the critical crack length 194 

and the double-K fracture parameters of the rock-concrete composite specimens all exhibited 195 

obvious increasing tendencies. Meanwhile, the ratio of the unstable fracture toughness of the rock-196 

concrete interface to the concrete is much less than that of the initial fracture toughness, indicating 197 

the much weaker cohesive effect for the rock-concrete interface. By comparing with the DIC 198 

method, the clip gauge method is verified to accurately determine the critical crack length of the 199 

rock-concrete interface. In addition, the ratios of Gf to ft were found to be similar for the rock-200 

concrete interfaces with different roughness degrees. 201 

2. In the crack propagation process, the FPZ evolution processes were similar for both concrete and 202 

rock-concrete interfaces, i.e. the FPZ length increased linearly with the crack propagation length 203 

until it reached the maximum value, and then decreased rapidly due to the boundary effect. With 204 

the increase of the interfacial roughness, the length of the fully developed FPZ and the 205 

corresponding ratio of the crack propagation length to the ligament length decreased. In addition, 206 

the FPZ characteristic length of the rock-concrete interface is proved to be inversely proportional 207 
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to the interfacial tensile strength and decrease with the increase of the interfacial roughness, 208 

indicating a larger brittleness for the rock-concrete interface. 209 

3. Based on the analytical solution of the SIF for concrete, a correction function was introduced to 210 

represent the influence of inequable material properties of bilateral materials. By using curve 211 

fitting on the experimental data, the correction function was derived and then the analytical 212 

solution of the SIF for the rock-concrete interface was determined. In addition, the analytical 213 

solution of the critical crack length and the characteristic length for the concrete-rock interface 214 

were derived by introducing the effective elastic modulus of the bi-material interface. These 215 

equations were verified by comparing with the experimental results. 216 
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