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Abstract 15 

In order to study fracture properties and establish a shear-softening constitutive law for rock-concrete 16 

interfaces, direct tension, three-point bending and single shear push-out tests were conducted on 17 

composite rock-concrete specimens with different degrees of interface roughness. The relationships 18 

between tensile strength ( ft ), average shear strength (τav), initial fracture toughness (Kini 
1C), mode I 19 

fracture energy (GIf) and interfacial roughness were determined based on experimental results. A 20 

shear-softening constitutive law for rock-concrete interface was developed by measuring strain 21 

variations on rock surfaces under loading stages during single shear push-out tests and defined based 22 

on shear strength (τmax) and mode II fracture energy (GIIf). For practical applications, the 23 

relationships between τmax and ft and between GIf and GIIf were determined by statistically fitting the 24 

experimental data in such a way that shear-softening constitutive law could be conveniently 25 

determined simply by measuring ft and GIf parameters of rock-concrete interface. Also, numerical 26 

simulations were carried out to investigate crack propagation in rock-concrete interfaces under mixed 27 

mode I-II fractures. Predicted load versus crack mouth opening displacement (CMOD) curves agreed 28 

well with experimental findings and verified the shear-softening constitutive law for rock-concrete 29 

interfaces obtained in this study. 30 

Keywords rock-concrete interface ∙ shear-softening ∙ constitutive law ∙ interfacial fracture property ∙31 

 interfacial crack propagation ∙ mixed mode I-II fracture 32 
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Abbreviations 34 

FPZ Fracture process zone 

FCM Fictitious crack model 

COD Crack opening displacement 

CSD Crack slip displacement 

ENF End-notched flexure 

ELS End loaded split 

SSP Single shear push-out 

DT Direct tension 

TPB Three-point bending 

CMOD Crack mouth opening displacement 
PVC Polyvinyl chloride 

SIFs Stress intensity factors 

 35 

List of Symbols 36 

w Crack opening displacement 

ws Crack slip displacement 

σ Tension stress 

τ Shear stress 

E Young’s modulus 

v Poisson’s ratio 

ft Uniaxial tensile strength 

fc Uniaxial compressive strength 

Kini 
1C Initial mode I fracture toughness 

Kini 
2C Initial mode II fracture toughness 

GIf Mode I fracture energy 

Pmax Peak load 

A Interfacial area 

τav Interfacial average shear strength 

δx Relative crack displacements along horizontal x directions 

δy Relative crack displacements along vertical y directions 

K1 Interfacial SIFs of mode I 



K2 Interfacial SIFs of mode II 

Kini 
1  Interfacial SIFs of mode I caused by the initial cracking load  

Kini 
2  Interfacial SIFs of mode II caused by the initial cracking load  

Ra Roughness degrees 
t Rock block thickness 
L Bonding length between rock and concrete 
q Linear load applied on the top of rock block 

σy Stress along y-axis 

σx Stress along x-axis 

τxy Shear stress along x-y plane 
Ф Stress function 
Fy Forcing function 
εy Strain along y-axis 
γxy Shear strain along x-y plane 
τmax Average peak shear stresses 
△L Distance between the midpoints of two adjacent strain gauges 
δs Average slip displacement 
δs1 Crack slip displacement at the intersection point of bilinear relationship 
δs0 Stress-free crack slip displacement 
δe Elastic deformation 
δp Plastic deformation 
ws Fracturing displacement 
ws0 Stress-free crack slip displacement 
ws,ini Crack opening displacement corresponding to shear stress initiation 
GIIf Mode II fracture energy 
lch Characteristic length for mode I fracture 
lch-II Characteristic length for mode II fracture 
KIC Critical fracture toughness of mode I 
KIIC Critical fracture toughness of mode II 
KP 

1 , KP 
2  SIFs of modes I and II caused by external loading 

σ,τ
1K , σ,τ

2K  SIFs of modes I and II caused by cohesive tensile stress σ and shear stress τ 
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1 Introduction 61 

In concrete structures built on rock foundations such as gravity concrete hydraulic dams, cracks tend 62 

to initiate and propagate along rock-concrete interfaces due to the weakness of these positions. Crack 63 

development under hydrostatic pressure can reduce the load-carrying capacity and threaten the 64 

integrity and stability of the whole structure. To ensure the operational safety of hydraulic dams 65 

under service loading conditions, it is essential to have a better understanding of the bonding 66 

mechanism and interfacial fracture behavior for rock-concrete interfaces.  67 

Similar to other quasi-brittle materials, when a crack propagates along rock-concrete interface, a 68 

micro-crack zone, called fracture process zone (FPZ), is created at the tip of the crack contributing to 69 

the distinct nonlinearities of the interface. Fictitious crack model (FCM) was proposed by Hillerborg 70 

et al. (1976) and has been widely employed in numerical analyses of concrete fracture (Petersson 71 

1981; Hans et al. 1986; Wittmann et al. 1988) to evaluate the cohesive effect of FPZ using a 72 

traction-separation law. In FCM, FPZ is regarded as a macroscopic crack with normal cohesive stress 73 

σ acting on crack surface. In mode I concrete fracture, the initiation and propagation of cracks are 74 

triggered by tension stress (Dong et al. 2016a) and cohesive stress in FPZ can be formulated with 75 

respect to crack opening displacement (COD), w. Accordingly, for mixed mode I-II fractures of 76 

concretes, cohesive stress in FPZ is formulated dividedly with respect to COD and crack slip 77 

displacement (CSD), ws (Gálvez et al. 2002; Shi 2004; Dong et al. 2017), because crack propagation 78 

is driven by tension stress σ and shear stress τ. Due to heterogeneity and asymmetry of different 79 

materials on the two sides of rock-concrete interfaces, mixed mode I-II interfacial fracture is 80 

dominant in these structures even under mode I loading. Therefore, for exploring the bonding 81 

mechanism of dual-phase rock-concrete interfaces, it is essential to study their tension and shear 82 

constitutive laws. 83 

Tension-softening at rock-concrete interface has been experimentally investigated and a simplified 84 

bilinear σ-w constitutive law has been proposed (Dong et al. 2016b) taking into account the effects of 85 



interfacial fracture energy and tensile strength. Due to the occurrence of brittle failure under mode II 86 

fracture, it is difficult to monitor the complete process of crack propagation and obtain the 87 

descending branches of load-displacement curves during tests. Various tests have been carried out to 88 

determine mode II fracture properties for different materials. End-notched flexure (ENF) specimens 89 

were employed to study the fracture energies of wood bonded joints under mode II loading (Silva et 90 

al. 2014). Moura and Morais (2008) conducted numerical simulations based on end loaded split (ELS) 91 

tests at the end points of carbon/epoxy unidirectional laminate samples to evaluate mode II fracture 92 

energies. In addition, Iosipescu shear tests were conducted to study mode II fracture energies of 93 

concrete samples based on size effect law (Bažant and Pfeiffer 1986). Punch-through shear 94 

specimens were used to explore the shear strengths and crack patterns of ultra-high performance 95 

concretes under mode II fracture (Lukić and Forquin 2016). These testing methods have provided 96 

effective tools to investigate the fracture properties of different materials under mode II fracture. 97 

However, the complete process of crack propagation under mode II fracture when deriving τ-ws 98 

constitutive law has not yet been fully understood. To address this problem, pull-out tests were 99 

conducted to determine shear-softening relationships at steel-concrete (Bouazaoui and Li 2008; Yang 100 

et al. 2016) and fiber reinforced polymer-concrete (Ali-Ahmad et al. 2006; Wu and Jiang 2013; Lin 101 

and Wu 2016; Ghorbani et al. 2017) interfaces by measuring local interfacial strains during loading. 102 

Different bond stress-slip relationships such as tri-linear (Yang et al. 2016) and exponential (Lin and 103 

Wu 2016) relationships, have been developed to characterize interfacial shear-softening behaviors 104 

based on experimental results. 105 

For rock-concrete interfaces, no shear-softening constitutive equations have been reported based on 106 

experimental results. To analyze fracture process at rock-concrete interfaces, a shear-softening law of 107 

concrete has been introduced to characterize the relationship of τ-ws. For example, Zhong et al. (2014) 108 

applied concrete shear-softening laws to simulate the propagation of rock-concrete interfacial cracks. 109 

It should be noted that, even for concrete samples, τ-ws laws have been developed based on 110 



theoretical conclusions rather than experimental results. Therefore, a variety of τ-ws laws have been 111 

applied in the numerical simulations of crack propagation in concrete samples. Combining with 112 

extended fictitious crack model, Shi (2004) applied four τ-ws curves to explore the crack propagation 113 

behavior of mixed I-II mode fracture in concrete samples. The effects of different τ-ws curves on the 114 

fracture behavior of the samples were evaluated by comparing numerical and experimental results. 115 

Due to different material properties of rock and concrete on the two sides of the interface, stress field 116 

at interfacial crack tip is more complex than fracture in concrete. In addition, shear-softening 117 

relationship is usually determined based on shear strength and mode II fracture energy. At 118 

rock-concrete interfaces, fracture properties including fracture toughness (Yang et al. 2009), fracture 119 

energy (Sujatha and Kishen 2003; Kishen and Saouma 2004) and cracking pattern (Slowik et al. 120 

1998; Zhong et al. 2014) are affected by the configurations and degrees of interfacial roughness. 121 

Therefore, in the design and analysis of rock-concrete structures, it is very important to 122 

experimentally derive shear-softening constitutive laws for different interfacial roughness degrees. 123 

In line with this, a new experimental method, called single shear push-out (SSP) test, was adopted in 124 

this study to obtain a shear-softening constitutive law for rock-concrete interfaces. Firstly, direct 125 

tension (DT) and three-point bending (TPB) tests were carried out on composite rock-concrete 126 

specimens with different interfacial roughness degrees to measure their uniaxial interfacial tensile 127 

strength, fracture toughness and fracture energy. Then, a shear-softening constitutive law was derived 128 

based on experimental results obtained from SSP tests. Finally, the derived shear-softening 129 

constitutive law was employed to numerically simulate interfacial crack propagation under mixed 130 

I-II mode fracture. By comparing numerical and experimental curves of load versus crack mouth 131 

opening displacement (P-CMOD), the derived τ-ws law was validated. 132 

2 Experimental 133 

2.1 Specimen Preparation 134 



Three different types of composite specimens were used in this study: prism specimens for DT test, 135 

rock-concrete beams for TPB test and rock-concrete specimens for SSP test. The dimensions of 136 

composite prism specimens were 200 mm × 100 mm × 100 mm (length × width × depth) and 137 

composite beams had 500 mm × 100 mm × 100 mm dimensions with 400-mm span and 30-mm 138 

pre-crack length. Both beam and prism specimens were consisted of two geometrically identical 139 

concrete and rock blocks. To form the pre-crack in the TPB specimen, a polyvinyl chloride (PVC) 140 

film was pasted on one side of the rock block in advance. SSP test specimens included a 150 mm × 141 

150 mm × 150 mm concrete block and a 160 mm × 50 mm × 10 mm rock block with a bonding 142 

length of 100 mm between concrete and rock blocks. To prevent the concentration of stress at the two 143 

ends of rock blocks, two PVC films were attached onto the both ends of rock blocks with lengths of 144 

25 mm and 35 mm. Thus, the dimensions of interfacial bonding area for SSP test specimens became 145 

100 mm × 50 mm × 10 mm. Fig. 1 illustrates composite rock-concrete beam and prism specimens.  146 

 147 

Fig. 1 Geometries of composite rock-concrete specimens for various tests: (a) Beams for TPB tests; 148 

(b) Prisms for DT tests; (c) Specimens for SSP tests  149 

 150 

In order to investigate the fracture properties of rock-concrete interfaces under different bonding 151 

conditions, six interfacial roughness levels were evaluated by producing artificial groove lines on the 152 

contact surfaces of rock blocks. It should be noted that, in a real project of hydraulic dams, the bed 153 

rock will be dealt with before casting concrete. The real interface between rock and concrete is 154 

different with the artificial grooving interface used in this study. The artificial grooving provides is a 155 



simplified method to quantitative investigate the effect of interfacial roughness on the bonding 156 

characteristic. By varying the number and depth of the grooving, a wide range of interfacial 157 

roughness can be obtained. Groove lines were 3 mm deep with 45º angle between grooving lines and 158 

rock block edges. The long sides of the rock blocks were equally divided by groove lines and six 159 

interfacial roughness profiles were created as 3×3, 4×4, 5×5, 7×7, 10×10 and 12×12. In this study, 160 

sand-fill method (Dong et al. 2018) was adopted to quantify the roughness degree of rock-concrete 161 

interface. To guarantee the sample similarity of rock-concrete interfaces, for the same operating 162 

condition, the relative error of sand volume filled in the grooving should be less than 5%. Taking 163 

TPB test composite beams as example, Fig. 2 illustrates six different roughness profiles.  164 

 165 

Fig. 2 Various interfacial roughness profiles on rock surface: (a) 3×3 profile; (b) 4×4 profile; (c) 5×5 166 

profile; (d) 7×7 profile; (e) 10×10 profile; (f) 12×12 profile 167 

 168 

Granite rocks, obtained from Liaoning Province of China, were used in the preparation of composite 169 

specimens. Concrete mixture ratios were 1:0.60:2.01:3.74 (cement: water: sand: aggregate) by 170 

weight with maximum coarse aggregate size of 10 mm. Before casting, the rock block was firstly 171 

placed in one side of a steel mould, and then wet concrete mixture was filled in the remaining blank. 172 

A layer of plastic film was used to cover the surface of the composite specimens to avoid moisture 173 

evaporation. Composite specimens were released from molds 24 hours after casting and were cured 174 

in standard curing room at 23°C and 95% relative humidity for 28 days.  175 

For DT and TPB tests, three specimens were prepared for each roughness profile and loading 176 



condition. However, due to the large scatter of shear test, seven specimens were prepared for each 177 

SSP test. Concrete and rock material properties are listed in Table 1, where E is Young’s modulus, v 178 

is Poisson’s ratio, ft is uniaxial tensile strength, fc is uniaxial compressive strength, Kini 
1C  is initial 179 

mode I fracture toughness, and GIf is mode I fracture energy. 180 

 181 

Table 1 Material properties of concrete and rock 182 

 183 

2.2 Direct Tension (DT) Test 184 

DT tests were conducted to measure rock-concrete interfacial tension strength for different 185 

roughness degrees. The loading rate of DT tests was 0.05 MPa/s. Interfacial tensile strength ft can 186 

be calculated from  187 

ft = Pmax / A                                 (1) 188 

where Pmax is peak load and A is interfacial area. It should be noted that, although size effect can 189 

influence the tensile strength of quasi-brittle materials during DT test, it was not considered in this 190 

study. 191 

 192 

2.3 Single Shear Push-Out (SSP) Test 193 

SSP tests were performed under a 250kN closed-loop servo-controlled testing machine with 194 

displacement rate of 0.036 mm/min. To measure rock surface strains, 8 strain gauges 5 mm away 195 

from each other were successively attached on the middle part of rock surface, as shown in Fig. 3(a). 196 

Two clip gauges were arranged at the top and end edges of bonding area to measure the relative 197 



displacements of concrete and rock blocks. A thick steel plate was attached to the base with two 198 

bolts to hold concrete cube specimens. Uniform load was applied on the top surface of rock block. 199 

SSP test setup and loading condition are shown in Figs. 3(b) and (c). Interfacial average shear 200 

strength τav can be calculated from  201 

τav = Pmax / A                                   (2) 202 

 203 

Fig. 3 Set-up of single shear push-out tests (unit: mm): (a) Strain gauges on rock; (b) Test set-up; (c) 204 

Loading condition 205 

 206 

2.4 Three-Point Bending (TPB) Test 207 

TPB tests were conducted to measure the initial fracture toughness of rock-concrete interface ini
1CK  208 

and mode I fracture energy GIf at different roughness degrees. Loading was applied at the 209 

displacement rate of 0.024 mm/min. Displacements at the loading-point and CMOD of composite 210 

beams were measured using two clip gauges. To measure initial cracking load, four strain gauges 211 

were vertically attached 5 mm away from the tip of pre-crack on both sides of composite beams. 212 

When the propagation of pre-crack along the interface was begun, a sharp drop occurred in the 213 

measured strain values due to the release of stored strain energy at the tip of pre-crack. Thus, initial 214 

cracking load was determined according to the variations of measured strain values.  215 

Stress intensity factors (SIFs) of rock-concrete interfacial cracks, K1 and K2, were calculated based 216 

on Eqs. (3) to (9), which are derived from displacement extrapolation method (Nagashima et al. 2003) 217 

with δx and δy being relative crack displacements along horizontal x and vertical y directions, 218 

respectively.  219 
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  (9) 227 

Where δx and δy in Eqs. (3) and (4) are caused by the initial cracking load, K1 and K2 can be 228 

expressed as ini
1K  and ini

2K . Under mode I fracture, Kini 
1  is equal to Kini 

1C and Kini 
2  is 0, where Kini 

1C is 229 

initial mode I fracture toughness. 230 

3 Results and Discussion 231 

3.1 Effect of Roughness on the Mechanical and Fracture Properties of Rock-Concrete 232 

Interface 233 

The mean values of experimental results obtained from DT, TPB and SSP tests at different roughness 234 



degrees Ra, are listed in Tables 2, 3 and 4, respectively. Ra was defined as the volume of sand filled in 235 

groove in the unit area of specimen cross-section (Dong et al. 2016b). Figs. 4(a), 4(b) and 5(a) show 236 

the relationships between ft, τav and ini
1CK  with Ra, respectively. It can be seen from the figures that all 237 

above-mentioned parameters increased almost linearly with Ra. The averaged maximum values of ft, 238 

τav and ini
1CK  for rock-concrete interface were 2.306 MPa, 4.206 MPa and 0.528 MPa·m1/2, 239 

corresponding to Ra values of 1.693 mm, 1.718 mm and 2.004 mm, respectively. The values of ft and 240 

ini
ICK  of the concrete samples used in this study were 2.49 MPa and 0.574 MPa·m1/2, respectively. 241 

Tensile strength ft and initial fracture toughness ini
1CK  of the roughest interfaces studied here were 242 

close to those obtained for concrete. Therefore, it was concluded that the enhancement of interface 243 

roughness effectively increased its bonding and therefore prevented crack initiation. However, this is 244 

not the case for GIf. Fig. 5(b) illustrates the relationship of GIf and Ra, where GIf was first linearly 245 

increased with Ra and then remained constant with further increase of Ra above 1.673 mm. Fracture 246 

energy for roughest interface was 44.24 N/m, which was much smaller than that obtained for 247 

concrete (103.4 N/m). Thus, the contribution to the enhancement of interfacial roughness was limited 248 

by increasing interfacial crack propagation resistance.  249 

 250 

Table 2 Results from DT tests 251 

 252 

Table 3 Results from TPB tests 253 

 254 

Table 4 Results from SSP tests 255 



 256 

Fig. 4 Effects of Ra on uniaxial tensile strength ft and average shear strength τav: (a) ft versus Ra; (b) 257 

τav versus Ra 258 

 259 

Fig. 5 Effects of Ra on initial fracture toughness ini
1CK  and fracture energy GIf: (a) ini

1CK  versus Ra; 260 

(b) GIf versus Ra 261 

 262 

3.2 Shear-Softening Constitutive Law of Rock-Concrete Interface  263 

To derive shear-softening constitutive law for rock-concrete interfaces, interfacial strains were 264 

monitored using strain gauges according to Fig. 3(a). Therefore, the evaluation of the effect of rock 265 

block thickness is necessary. Fig. 6 illustrates the schematic diagram of middle section along width 266 

direction, where t is rock block thickness, L is bonding length between rock and concrete, and q is a 267 

linear load applied on the top of rock block. A solid joint was assumed between rock and concrete.  268 

 269 

Fig. 6 Sketch for rock block 270 

 271 

The boundary conditions were given as 272 

 y at  
2
Lq yσ = − = −                            (10) 273 



 y 0 at  
2
Lyσ = =  (11) 274 

where y ( )f yσ =  is stress along y-axis and could be expressed by the stress function Ф as   275 

2

2y y
Φ y F
x

σ ∂
= −

∂
                 (12) 276 

Here Φ could be written as  277 
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1 2
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2

Φ x f y x f y f y= + +   (13) 278 

where Fy is forcing function, ( )1f y  and ( )2f y  are first-order and second-order derivatives of f(y), 279 

respectively. Substitution of Eq. (13) into compatibility equation 2 2 0Φ∇ ∇ =  gave  280 
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Because Eq. (14) was applied for arbitrary x, the following equations were obtained   282 
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             (16) 285 

where A, B, C, D, E, F, G, H, K, L and M are the coefficients to be determined. Substitution of Eq. 286 

(16) into Eq. (13) yielded 287 

( ) ( )2 3 2 3 2 5 4 3 21
2 10 6

A B
Φ x Ay By Cy D x Ey Fy Gy y y Hy Ky Ly M= + + + + + + + − − + + + + 

 
 

 (17) 288 



Thus, σx, σy and τxy were obtained as  289 
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 293 

Equations for boundary conditions at 
2
tx = −  and 

2
tx =  were given as   294 
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Also, equations for boundary conditions at
2
Ly = −  and 

2
Ly =  were given as  297 

 y qσ = −  and xy 0τ =  at 
2
Ly = −                      (23) 298 

 y 0σ =  and xy 0τ =  at 
2
Ly =                      (24) 299 

According to Eqs. (21) to (24), the coefficients A to K were found as 300 
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  (25) 301 

By the substitution of these coefficients into Eqs. (18) to (20), σx, σy and τxy could be obtained as 302 
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                 (26) 303 

 3
y 3

2 3
2 2
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LL
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L
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                           (28) 305 

Strain along y-axis εy, and shear strain γxy, were determined as  306 

 ( )y y x / Eε σ µσ= −                               (29) 307 

 ( )xy xy2 1 / Eγ µ τ= +                               (30) 308 

Rock block strains were determined by the substitution of Eqs. (29) and (30) into Eqs. (26) to (28). 309 

Taking points 1 to 6 of Fig. 6 as examples, εy at these positions were determined to be: y1
96

100
q
E

ε = − , 310 

y2
50

100
q
E

ε = − , y3
4

100
q
E

ε = − , y4
98.4
100

q
E

ε = − ,  y5
61

100
q
E

ε = −  and y6
1.6
100

q
E

ε = − . By comparing 311 

the values of εy at points with the same x value, i.e. points 1 and 4, points 2 and 5, and points 3 and 6, 312 

it was found that rock block thickness had insignificant effect on εy. Particularly, this effect was small 313 

when the slip between rock and concrete was considered. Therefore, in this study, it was assumed 314 

that strains along rock thickness were approximately equal and those measured by strain gauges on 315 

rock surface could be used to approximate strain values at rock-concrete interface.  316 

Figs. 7(a) to (f) illustrate strain distributions of typical SSP specimens with six different interface 317 

roughness degrees and loading levels. It can be seen from the figures that strains near the loading end 318 

increased more rapidly than those near the free end during initial loading stage. By increasing load, 319 

strains along the interface showed obvious nonlinear distributions which indicated the development 320 



of interfacial cracks. For a given specimen, the strain value obtained from the strain gauge located 321 

nearest to the loading point began to decrease after reaching a maximum value. The maximum strain 322 

point moved from loading end towards free end. When crack propagated to the middle point of 323 

interface, strain reached its maximum value and the applied load approached the ultimate interfacial 324 

bearing capacity. Subsequently, an abrupt failure occurred on composite specimen because residual 325 

interfacial cohesive force could no longer resist the applied load. Meanwhile, with the increase of Ra, 326 

the maximum strain values of the tested points were gradually increased under the same load level, 327 

which indicated that interfacial cohesive effect was stronger on rougher interfaces. Experimental 328 

average peak shear stresses for different Ra values are listed in Table 4. The cracking patterns of 329 

specimens SSP 5×5, SSP 10×10 and SSP 12×12 at failure are presented in Fig. 8 indicating that 330 

treatment by artificial grooving improved the bond between concrete and rock. For these specimens, 331 

failure in the artificial grooving interface was due to concrete shearing, while failure on the smooth 332 

interfacial surface between concrete and rock was due to weak bond. 333 

 334 

Fig. 7 Strain distribution curves for typical SSP specimens with various roughness degrees: (a) 335 

Specimen SSP 3×3-1; (b) Specimen SSP 4×4-1; (c) Specimen SSP 5×5-1; (d) Specimen SSP 7×7-1; 336 

(e) Specimen SSP 10×10-1; (f) Specimen SSP 12×12-1 337 

 338 

Fig. 8 Cracking patterns of rock-concrete interface: (a) Specimen SSP 5×5; (b) Specimen SSP 339 

10×10; (c) Specimen SSP 12×12 340 

 341 



After obtaining strain distribution along the interface, average shear stress τi between two adjacent 342 

strain gauges i and i+1 was 343 

( )y,i+1 y,i
i

E t
L

ε ε
τ

−
=

∆
                                  (31) 344 

where E is Young’s modulus of rock, t is rock block thickness, △L is the distance between the 345 

midpoints of two adjacent strain gauges, and ε i and ε i+1 are the strains of strain gauges i and i+1 (i = 346 

1, 2…7), respectively. Thus, the average slip displacement s,iδ  between two adjacent strain gauges 347 

was calculated from 348 

 y,i+1 y,i
s,i s,i-12

L
ε ε

δ δ
+

= ∆ +                             (32)                         349 

Therefore, the relationships between τ and δs was determined by the substitution of the strain values 350 

measured for all SSP specimens into Eqs. (31) and (32) according to Figs. 9(a) to (f). In Eq. (32), 351 

length scale △L was assumed as the distance between the midpoints of two adjacent strain gauges. It 352 

is well accepted that the lengths of strain gauges should be three times larger than granite grain size 353 

to ensure that the measured values represented real strains on granite surface. In this study, average 354 

granite grain size was 1 mm; therefore, strain gauges with 5 mm active gauge length and 8.5 mm 355 

gauge length were selected. To determine comprehensive strain distribution in the bonding zone at 356 

rock-concrete interface, 8 strain gauges 5 mm from each other were successively attached on the 357 

middle part of rock surface (Fig. 3(a)) and the whole length of bonding zone was 100 mm (Fig. 3(b)). 358 

As can be seen in Fig. 7, nearly smooth curves were obtained for strain distributions indicating that 359 

length scale △L was selected appropriately. The width of interfacial FPZ due to shear stress was not 360 

investigated in this study because interfacial fracture was considered as a plane problem. In this way, 361 



interfacial FPZ along width direction was assumed to be constant and only strains in the middle part 362 

of bonding zone were measured and analyzed. 363 

 364 

Fig. 9 Relationships between shear stress and slip displacement for SSP series: (a) SSP 3×3 series; 365 

(b) SSP 4×4 series; (c) SSP 5×5 series; (d) SSP 7×7 series; (e) SSP 10×10 Series; (f) SSP 12×12 366 

Series 367 

 368 

Fig. 10 shows the bond-slip relationship derived through the linear fitting of experimental results 369 

shown in Fig. 9. Here, δs1 is crack slip displacement corresponding to the intersection point of 370 

bilinear relationship, and δs0 is stress-free crack slip displacement which is δs0 = 1.5δs1. The area 371 

under bilinear curve is mode II fracture energy GIIf, which can be expressed as follows, with the 372 

average values of GIIf corresponding to different Ra values listed in Table 3  373 

IIf max s0
1
2

G τ δ=                             (33) 374 

 375 

Fig. 10 Bond-slip relationship for rock-concrete interface 376 

 377 

For practical applications, τmax was replaced by ft, and GIIf was replaced by GIf by curve fitting based 378 

on their relationships. The relationships between ft and τmax, and between GIf and GIIf are illustrated in 379 

Figs. 11(a) and (b), respectively. To ensure the same interfacial roughness for curve fitting data, 380 

javascript:;


regression results of ft and GIf were applied which corresponded to the same roughness for the 381 

measured τmax and GIIf values, respectively. Curve fitting on GIIf and τmax gave  382 

 GIIf = 1.5 GIf                                 (34) 383 

  τmax = 3.5 ft                                  (35) 384 

Thus, bond-slip relationship could be expressed as  385 

 t
s

2

If

(3.5 )
2

f
G

τ δ=             for s s10 δ δ≤ <                        (36) 386 
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t
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s1

t
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7
G
f

δ =                                                   (40) 390 

Therefore, bond-slip relationship could be determined by measuring ft and GIf values of 391 

rock-concrete interface. Since the effect of interfacial roughness was reflected in ft and GIf, the 392 

proposed constitutive law was appropriate for different interfacial roughness degrees.  393 

 394 

Fig. 11 Relationships between GIIf and GIf and between τmax and ft: (a) GIIf versus GIf; (b) τmax versus 395 

ft 396 

 397 



Fig. 10 illustrates the bond-slip relationship, rather than shear-softening constitutive law, of 398 

rock-concrete interface. Shear-softening constitutive law, i.e., cohesive law, typically represents a 399 

traction-separation relationship and is assumed to characterize the cohesive effect of rock-concrete 400 

interface. The separation in the law is defined as fracturing displacement, i.e. the slip displacement of 401 

crack surface. Interfacial crack surface is formed after interfacial shear strength is reached and 402 

fracturing displacement becomes nonzero only in the post peak region of τ-δs relationship. Taking a 403 

typical τ-δs curve, as shown in Fig. 12, as an example, total displacement δs in the descending region 404 

of the curve included elastic deformation δe, plastic deformation δp and fracturing displacement ws. 405 

Therefore, fracturing displacement ws could be obtained by Eq. (40) as 406 

ws = δs - δe - δp                                 (40) 407 

 408 

Fig. 12 Relationship of ws, δs, δe and δp 409 

 410 

For the bilinear τ-δs relationship derived in this study (Fig. 10), the displacements of δs and δe were 411 

obtained from curve of Fig. 10. However, plastic deformation δp could not be obtained because no 412 

cyclic loading was applied in the tests. Since the value of δp was very small and did not have 413 

significant effect on softening constitutive law, fracturing displacement ws was approximated based 414 

on the difference of δs and δe. Accordingly, the shear-softening constitutive law of rock-concrete 415 

interface, i.e. τ-ws relationship, was derived, as shown in Fig. 13 where, ws0 is stress-free crack slip 416 

displacement and is equal to the value of δs0.   417 

 418 



Fig. 13 Shear-softening constitutive law for rock-concrete interface 419 

         420 

FPZ ahead of interfacial crack, showed strain softening and strain localization behaviors. Both 421 

cohesive stress and corresponding crack slip displacement in FPZ are key parameters in determining 422 

the nonlinear behavior of rock-concrete interfaces. Based on the studied conducted on 423 

shear-softening constitutive laws (τ-ws relationships) of cementitious materials, a linear relationship 424 

could be assumed between these two parameters. Therefore, it was concluded that cohesive shear 425 

stresses were decreased with the increase of slip displacements until stress-free zone, i.e. 426 

macro-crack, was formed.   427 

Similar tests were conducted to determine τ-δs relationships for steel-concrete (Bouazaoui and Li 428 

2008; Yang et al. 2016) and fiber reinforced polymer-concrete (Ali-Ahmad et al. 2006; Wu and Jiang 429 

2013; Lin and Wu 2016; Ghorbani et al. 2017) interfaces by measuring local interfacial strains during 430 

loading. As indicated in Eqs. (31) and (32), τ-δs relationship was obtained by measuring strains 431 

within the length △L. It was found that shear-softening constitutive law based on τ-δs relationship 432 

had to be unique if material properties on both sides of interface and interfacial bonding conditions 433 

were known. Thus, τ-δs relationships for rock-concrete interfaces could be uniquely determined by 434 

ensuring accurate distributions of strains. Hence, selecting small △L values in tests seemed to be 435 

more appropriate. However, under practical operation conditions in the laboratory, the lengths of 436 

strain gauges and their distances from each other had to have certain values. Therefore, to 437 

comprehensively explore the variations of cohesive shear stress and crack slip displacement, 438 

selecting a reasonable △L length in the tests was essential.  439 



Since the aim of this experimental work was to determine the cohesive characteristics of FPZ, it was 440 

necessary to relate △L with the characteristic size of FPZ. However, FPZ evolution depended on the 441 

magnitude of load, i.e. FPZ length was increased from zero to full length during the loading stage. 442 

Meanwhile, the full length of FPZ was affected by specimen size and shear-softening constitutive 443 

law, which could be calculated using numerical methods (Dong et al. 2013). In this study, the length 444 

△L was associated with characteristic length lch proposed by Hillerborg (1976). Xu (2011) showed 445 

that there was a scaling relationship between the full length of PFZ and lch, which was appropriately 446 

0.3 to 0.5. Characteristic length lch could be used to qualitatively determine the brittleness of a 447 

material as 448 

                
2
ICIf

ch 2 2
t t

KEGl =
f f

=                                (41) 449 

where KIC is stress intensity factor or critical fracture toughness of mode I. Smaller characteristic 450 

lengths indicate that the material is more brittle. The characteristic length proposed by Hillerborg 451 

was appropriate for mode I fractures. Therefore, these parameters were adopted to reflect the tensile 452 

characteristics of materials. To the best of our knowledge, no characteristic length has been proposed 453 

for mode II fractures. Therefore, following the definition of characteristic length lch under mode I 454 

fractures, the characteristic length of mode II fractures was also proposed and employed in this study 455 

as 456 

2
IICIIF

ch II 2 2
av av

-
KEGl =

τ τ
=                             (42) 457 

where lch-II is characteristic length for mode II fracture, and IICK is critical stress intensity factor or 458 

fracture toughness of mode II. It should be noted that, for rock-concrete interface, the parameters KIC 459 



and KIIC had to be replaced with K1C and K2C. In a previous experimental study (Dong et al. 2016b), 460 

the ratio of ini ini
2C 1C/K K  was found to be about 1.6 for rock-concrete interfaces. Meanwhile, based on 461 

the experimental study conducted by Xu and Reinhardt (1999), the ratio of initial fracture toughness 462 

to unstable fracture toughness was obtained to be about 0.5. Therefore, K2C could be approximated 463 

from corresponding relationship for ini
1CK , i.e. ini ini

2C 2C 1C2 3.2K K K= = . The values of mode II 464 

characteristic length lch-II for six interfaces with different roughness degrees investigated in this study 465 

were 232, 140, 107, 112, 112 and 161 mm, giving an average value of 144 mm. In contrast, the value 466 

of △L was obtained to be 13.5 mm, which was approximately 10% of the corresponding value under 467 

mode II fracture. According to the experimental results illustrated in Fig. 7, strain variation 468 

distributions during loading stage can be reasonably represented based on length △L. 469 

3.3 Crack Propagation of Rock-Concrete Interface under Mixed Mode I-II Fracture 470 

The obtained shear-softening constitutive laws were validated using numerical analyses conducted 471 

on crack propagation at rock-concrete interface under mixed mode I-II fractures using commercial 472 

finite element software ANSYS. A crack propagation criterion was introduced to determine the 473 

initiation and propagation of interfacial crack (Dong et al. 2018) as follows 474 

2 2P σ,τ P σ,τ
ini1 1 2 2
1C1 1.6

K K K K K
   − −

+ =   
   

                        (43) 475 

where P
1K  and P

2K  are SIFs of modes I and II caused by external loading and σ,τ
1K  and σ,τ

2K  are 476 

SIFs of modes I and II caused by cohesive tensile stress σ and shear stress τ in FPZ. A verified 477 

bilinear σ-w relationship was utilized to describe cohesive tensile stress in FPZ (Dong et al. 2016b) 478 

where breaking point coordinates on bilinear curve were set as (0.8GIf / ft , 0.2ft ), and stress-free 479 



displacement was set as 6GIf / ft . In addition, to compare different τ-ws relationships, three 480 

shear-softening curves, including those reported by Zhong et al. (2014), Shi (2004) and our findings, 481 

were adopted to characterize cohesive shear stress in FPZ. Zhong used a bilinear τ-ws relationship 482 

including ascending and descending stages where τmax and ws0 were set as 7ft /4 and 4GIf /ft, 483 

respectively, and breaking point coordinates on bilinear curve were set as (0.001 mm , 7ft /4 ). Shi 484 

assumed that shear stress was related with crack opening displacement where τmax and ws0 were set as 485 

ft /2 and 5GIf /ft , respectively, and breaking point coordinates on bilinear curve were set as (GIf /ft , ft/2 ). 486 

Meanwhile, there was another parameter ws,ini in Shi’s model, which denoted crack opening 487 

displacement corresponding to shear stress initiation and was set as GIf /2ft .  488 

In numerical simulation on crack propagation of rock-concrete interface, the un-crack zone was 489 

assumed as perfectly bond and the fracture process zone was modeled as the discrete crack acting on 490 

cohesive stress. The rock-concrete interface under different conditions can be reflected by 491 

corresponding interfacial mechanics and fracture parameter, including tensile strength, shearing 492 

strength, fracture energy and fracture toughness. The flowchart of numerical simulation for the 493 

complete interfacial crack propagation is shown in Fig. 15, which can be summarized as follows: 494 

1. Finite element model was established with crack length ai,j = a0 + (j - 1)⋅Δa (i = 1, 2…; j = 2, 495 

3…), where a0 is initial crack length, Δa is a specified increment of crack length, i represents 496 

load increment during iteration process with a fixed crack length, and j represents the 497 

increment of crack length during iterations.  498 

2. Load Pi,j was applied and cohesive stresses σi,j and τi,j were calculated according to cohesive 499 

tension/shear traction - displacement relationships.  500 

3. P
1K , σ,τ

1K , P
2K  and σ,τ

2K  were calculated by adjusting load Pi,j = Pi-1,j ± ΔP until Eq. (43) 501 



was satisfied, and Pi,j, ai,j, CMOD (j) and CMSD(j) were saved. 502 

4. Steps 1 and 3 were repeated for the next step of crack propagation.  503 

5. Iterative process was terminated when ai,j was equal to specimen height or Pi,j ≤ 0.  504 

By the implementation of the abovementioned iterations, complete interface fracture process was 505 

numerically achieved. The details of the iteration process for numerical analysis of crack propagation 506 

can be found in the work of Dong et al. (2018).  507 

 508 

Fig. 14 Geometry of the C-R specimen for FPS test 509 

 510 

Table 5 Calculated parameters used in the numerical simulations 511 

 512 

Fig. 15 Flowchart of numerical simulation for the complete interfacial crack propagation 513 

 514 

Figs. 16(a) to (c) illustrate finite element mesh at different key fracture stages for specimen C-R-235. 515 

Meanwhile, P-CMOD curves obtained from experimental tests and numerical simulations are shown 516 

in Figs. 17(a) to (d). It can be seen that the predicted peak loads using different τ-ws relationships 517 

were different with the increase of the mode II components, i.e. Kini 
2 /Kini 

1  ratios. For specimens 518 

C-R-225 and C-R-235 with Kini 
2 /Kini 

1  ratios of 0.357 and 0.721, respectively, mode I fractures were 519 

dominant. Due to insignificant effect of shear action on model I interfacial crack propagation, the 520 



predicated P-CMOD curves for different τ-ws relationships were close to each other, as shown in Figs. 521 

17(a) and (b). For specimen C-R-240 with Kini 
2 /Kini 

1  ratio of 1.137, crack propagation pattern was a 522 

typical mixed mode I-II fracture. Both the opening and shear actions had significant effects on 523 

interfacial crack propagation. In this case, the predicted peak load and critical CMOD using τ-ws 524 

relationship derived in this study were slightly higher than those obtained using τ-ws relationship 525 

reported by Zhong et al. (2014), as shown in Fig. 17(c). For specimen C-R-250 with Kini 
2 /Kini 

1  ratio of 526 

16.238, the dominant crack propagation pattern was fairly mode II fracture. Due to the significant 527 

effect of shear action on interfacial crack propagation, the predicated peak load using τ-ws 528 

relationship obtained in this study was obviously higher than those obtained using τ-ws relationship 529 

reported by Zhong et al. (2014), as shown in Fig. 17(d). In addition, the predicted peak loads 530 

obtained using τ-ws relationship reported by Shi (2004) obviously underestimated numerical and 531 

experimental results. Therefore, τ-ws relationships obtained from concrete, including non-zero shear 532 

stress initiation, was not appropriate for fracture analysis on rock-concrete interfaces. In general, 533 

numerical results obtained from derived shear-softening constitutive law proposed in this study agree 534 

well with experiment results, confirming that the derived τ-ws relationship could be used in the 535 

simulation of mixed mode I-II fracture process at rock-concrete interfaces. 536 

 537 

Fig. 16 Mesh and deformation of different fracture stages for Specimen C-R-235: (a) Crack 538 

initiation; (b) Critical crack propagation; (c) Failure of specimen 539 

 540 

Fig. 17 Comparison of predicted P-CMOD curves with experimental results: (a) Specimen C-R-225; 541 



(b) Specimen C-R-235; (c) Specimen C-R-240; (d) Specimen C-R-250 542 

 543 

4 Conclusions 544 

Direct tension (DT), three-point bending (TPB) and single shear push-out (SSP) tests were conducted 545 

to study the fracture properties of rock-concrete interfaces with different roughness degrees. Based 546 

on the experimental results obtained from SSP tests, a shear-softening constitutive law was 547 

developed and used in the numerical simulations of interfacial crack propagation under mixed mode 548 

I-II fractures. By comparing experimental results with those obtained from shear-softening 549 

constitutive laws, a new τ-ws relationship was derived and validated. According to the experimental 550 

tests and numerical simulations, the following conclusions were drawn: 551 

 Uniaxial tensile strength ft , average shear strength τav and initial fracture toughness ini
1CK  of 552 

rock-concrete interfaces were linearly increased with the increase of interfacial roughness Ra, 553 

when Ra was increased from 0.723 mm to 2.004 mm. Interfacial fracture properties, ft and ini
1K , 554 

were close to those of concrete at roughest interfaces indicating that the increase of interfacial 555 

roughness effectively prevented early crack initiation. However, the fracture energy Gf of 556 

rock-concrete interfaces was linearly increased until a peak value was reached at Ra equal to 557 

1.673 mm. Maximum interfacial fracture energy Gf for the roughest interfaces became much 558 

smaller than the fracture energy of concrete, indicating that the contribution of increased 559 

interfacial roughness in increasing crack propagation resistance could be limited.  560 

 A novel SSP testing method was proposed to experimentally develop shear-softening 561 

constitutive laws for rock-concrete interfaces. Linear τ-ws relationship was derived based on 562 



experimental results which could be determined by measuring mode I interfacial fracture energy 563 

and tensile strength, regardless of the properties and the bonding conditions of concrete and rock. 564 

Accordingly, mode II interfacial fracture energy was obtained by calculating the area under 565 

complete shear-softening curve, which was approximately 1.5 times larger than mode I fracture 566 

energy. Compared with shear-softening constitutive law for concrete, the peak shear stress 567 

determined based on the softening relationship developed in this study was higher, along with 568 

lower stress-free displacements, indicating larger brittleness for mode II interfacial fractures.    569 

 By introducing derived shear-softening constitutive law in a verified numerical method, 570 

interfacial crack propagation under mixed mode I-II fractures was simulated. The difference 571 

between the peak loads predicted using τ-ws relationship developed in this study and that 572 

obtained for concrete (Shi 2004; Zhong et al. 2014) was gradually increased with the increase of 573 

mode II SIF components. In general, the predicated P-CMOD curves agreed well with 574 

experimental findings, indicating that the τ-ws relationship developed in this study can be applied 575 

to determine the shear-softening characteristics of rock-concrete interfaces.                 576 
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Appendix 641 

Table 1 Material properties of concrete and rock  642 

Material 
Density 
(kg/m3) 

E 
(GPa) 

v 
ft 

(MPa) 
fc 

(MPa) 

ini
ICK

(MPa·m1/2) 
GIf 

(N/m) 

Concrete 2450 34.31 0.256 2.49 42.6 0.574 103.4 
Rock 2750 41.17 0.173 - 142.00 1.241 157.4 

 643 

Table 2 Results from DT tests 644 

Specimen Ra (mm) ft (MPa) 

DT 3×3 0.767 1.148 
DT 4×4 0.952 1.407 
DT 5×5 1.123 1.603 
DT 7×7 1.427 2.078 

DT 10×10 1.519 2.181 
DT 12×12 1.693 2.306 

 645 

Table 3 Results from TPB tests 646 

Specimen Ra (mm) ini
1CK  (MPa⋅m1/2) ini

2K  (MPa⋅m1/2) GIf (N/m) 

TPB 3×3 0.723 0.311 -0.005 19.53 
TPB 4×4 0.850 0.313 -0.005 22.68 
TPB 5×5 1.064 0.335 -0.005 28.70 
TPB 7×7 1.315 0.386 -0.006 39.94 

TPB 10×10 1.673 0.433 -0.007 44.64 
TPB 12×12 2.004 0.528 -0.008 44.24 

 647 

 648 

 649 



Table 4 Results from SSP tests 650 

Specimen Ra (mm) τav (MPa) τmax (MPa) GIIf (N/m) 

SSP 3×3 0.762 2.066 4.607 20.73 
SSP 4×4 0.976 2.680 5.869 33.75 
SSP 5×5 1.138 3.281 6.317 39.48 
SSP 7×7 1.530 3.698 6.857 58.28 

SSP 10×10 1.614 4.141 7.759 69.83 
SSP 12×12 1.718 4.206 7.822 70.40 

 651 

Table 5 Calculated parameters used in the numerical simulations 652 

Specimen 
LR 

(mm) 
Kini 

1  
(MPa·m1/2) 

Kini 
2  

(MPa·m1/2) 
Kini 

2 /Kini 
1  

Ra 
(mm) 

ft 

(MPa) 
Kini 

1C 
(MPa·m1/2) 

GIf 

(N/m) 

C-R-225 225 0.521 0.186 0.357 

1.183 1.659 0.450 22.72 
C-R-235 235 0.332 0.240 0.721 
C-R-240 240 0.346 0.394 1.137 
C-R-250 250 0.041 0.671 16.238 
 653 
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      (b)                                (c) 658 

Fig. 1 Geometries of composite rock-concrete specimens for various tests: (a) Beams for TPB tests; 659 

(b) Prisms for DT tests; (c) Specimens for SSP tests  660 
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                662 

(a)                       (b)                      (c)  663 

             664 

 (d)                        (e)                     (f)  665 

Fig. 2 Various interfacial roughness profiles on rock surface: (a) 3×3 profile; (b) 4×4 profile; (c) 5×5 666 



profile; (d) 7×7 profile; (e) 10×10 profile; (f) 12×12 profile 667 
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Fig. 3 Set-up of single shear push-out tests (unit: mm): (a) Strain gauges on rock; (b) Test set-up; (c) 672 
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Fig. 4 Effects of Ra on uniaxial tensile strength ft and average shear strength τav: (a) ft versus Ra; (b) 676 

τav versus Ra 677 
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Fig. 5 Effects of Ra on initial fracture toughness ini
1CK  and fracture energy GIf: (a) ini

1CK  versus Ra; 682 

(b) GIf versus Ra 683 
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Fig. 6 Sketch for rock block 685 
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(c)                               (d)  691 
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 (e)            (f)  693 

Fig. 7 Strain distribution curves for typical SSP specimens with various roughness degrees: (a) 694 

Specimen SSP 3×3-1; (b) Specimen SSP 4×4-1; (c) Specimen SSP 5×5-1; (d) Specimen SSP 7×7-1; 695 



(e) Specimen SSP 10×10-1; (f) Specimen SSP 12×12-1 696 
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     698 

(a)                       (b)                         (c)  699 

Fig. 8 Cracking patterns of rock-concrete interface: (a) Specimen SSP 5×5; (b) Specimen SSP 700 

10×10; (c) Specimen SSP 12×12 701 
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(b)       (d)  707 
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  (e)                (f)  709 

Fig. 9 Relationships between shear stress and slip displacement for SSP series: (a) SSP 3×3 series; 710 

(b) SSP 4×4 series; (c) SSP 5×5 series; (d) SSP 7×7 series; (e) SSP 10×10 Series; (f) SSP 12×12 711 

Series 712 

 713 



 714 

Fig. 10 Bond-slip relationship for rock-concrete interface 715 
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Fig. 11 Relationships between GIIf and GIf and between τmax and ft: (a) GIIf versus GIf; (b) τmax versus 719 

ft 720 
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Fig. 12 Relationship of ws, δs, δe and δp 727 
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 733 

Fig. 13 Shear-softening constitutive law for rock-concrete interface 734 
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Fig. 14 Geometry of the C-R specimen for FPS test 737 
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 739 

Fig. 15 Flowchart of numerical simulation for the complete interfacial crack propagation 740 
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 746 

(c)  747 

Fig. 16 Mesh and deformation of different fracture stages for Specimen C-R-235: (a) Crack 748 

initiation; (b) Critical crack propagation; (c) Failure of specimen 749 
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 755 

Fig. 17 Comparison of predicted P-CMOD curves with experimental results: (a) Specimen C-R-225; 756 



(b) Specimen C-R-235; (c) Specimen C-R-240; (d) Specimen C-R-250 757 


