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Abstract 28 

Experimental tests were conducted on the composite rock-concrete specimens with granite, 29 

sandstone, and C30/C50 concrete to study the interfacial fracture process under three-point bending 30 

and four-point shear conditions. A unified interfacial crack initiation criterion expressed by the stress 31 

intensity factors (SIFs) was fitted by the SIFs corresponding to the interfacial crack initiation based on 32 

the experimental data. By combining with the fictitious crack model, the crack initiation criterion can 33 

be transformed into the crack propagation criterion by considering the contributions of the cohesive 34 

forces in the fracture process zone. By assessing the relationships of the interfacial propagation 35 

criterion and the maximum circumferential stress criteria of the rock and concrete, the potential 36 

interfacial crack propagation paths can be predicted. Furthermore, numerical analyses were carried out 37 

by introducing these criteria to simulate the complete fracture process of the rock-concrete interface, 38 

where the predicted P-CMOD curves and crack trajectories showed good agreements with the 39 

experimental data. Finally, by taking a classic gravity dam in practical engineering as an example, the 40 

effects of the water levels, initial crack length and crack propagation length on the fracture behaviour 41 

of concrete, rock and their interface were investigated. The whole fracture processes for various 42 

fracture parameters of the rocks, concretes and their interfaces were simulated numerically. The results 43 

indicated that the employed method was effective for the safety assessment of the gravity dam and the 44 

application of these propagation criteria is convenient because only the initial fracture toughnesses of 45 

the rocks, concretes and their interfaces are required.  46 

Keywords: rock-concrete interface; stress intensity factors; initial fracture toughness; crack 47 

propagation criterion; gravity dam 48 
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1. Introduction 50 

Concrete gravity dams play very significant roles in flood control, environmental conservation 51 

and power generation. In the stability analyses of gravity dams, sliding along a compressed 52 

discontinuity [1,2], and crack initiation and propagation along the interface [3,4] are understudied 53 

topics. In practice, many factors, including construction process, curing conditions, alkali aggregate 54 

reactions, hydrostatic loading, etc., could trigger the initiation of the interfacial cracks between rock 55 

foundations and concrete dams. The interfacial cracks are generally regarded as potential safety 56 

hazards to concrete dams because these cracks could propagate along different paths under various 57 

loading situations [3,5-7] and govern the failure modes of these dams. In order to ensure safe 58 

operation of the dams in service, it is of significant importance for academic and engineering 59 

communities to investigate the interfacial fracture process and predict the failure modes of the 60 

concrete structures constructed on the rock foundations.   61 

The bonding characteristics of the rock-concrete interfacial cracks have a close correlation with 62 

crack propagation paths [8]. The interfacial uniaxial tensile strength ft, the fracture energy Gf and the 63 

fracture toughnesses KiC (i = 1, 2) are important mechanical and fracture parameters for evaluating 64 

the interfacial bonding properties. Here, K1C and K2C are the fracture toughnesses under mode-I and 65 

mode-II fractures, respectively. These parameters are influenced by the roughness degree Ra at the 66 

interface [2,9,10] and are approximately linearly correlated with Ra. Meanwhile, the mode-mixity 67 

ratio (K2/K1), which reflects the stress status at the interfacial crack tip [1,11], showed a significant 68 

effect on the potential crack propagation paths [6,11-13], i.e. (1) the interfacial crack always 69 

propagates along the interface, (2) the interfacial crack kinks into the base material after partly 70 

propagating along the interface, and (3) the interfacial crack kinks into the base material once its 71 



 

 

initiation. Case (1) usually occur at a low mode-mixity ratio [6,14], while cases (2) and (3) are more 72 

likely to occur at high mode-mixity ratios [5].  73 

In order to investigate the patterns of interfacial crack propagation, many experimental studies 74 

were carried out and several interfacial fracture criteria were proposed [11,12]. These criteria can be 75 

divided into three categories, namely stress-based [15], energy-based [16,17], and stress intensity 76 

factor (SIF)-based [3,6,10,11,14,18]. The stress-based criteria can effectively solve the 77 

stress concentration at the crack tip, and have been introduced to determine interfacial crack 78 

propagations and predict crack trajectories in the fracture analyses with respect to mode-I dominated 79 

[3,6] and mixed mode [5-7,11] fracture criteria. It should be noted that for the mode-I dominated 80 

fracture criteria, it usually assumed that the crack always propagates along the interface without 81 

branching. However, the scenario is different for the mixed mode fracture due to various potential 82 

propagation paths [5]. Therefore, based on the regression on the experimental data, Dong et al. [7] 83 

proposed a mixed mode criterion for the rock-concrete interfacial fracture by introducing the 84 

interfacial initial fracture toughness of mode-I, ini

1CK , to determine three potential crack propagation 85 

modes.  86 

However, the abovementioned mixed mode criterion was derived from the experiment, where 87 

only C30 concrete and granite were employed. In practice, the value of ini

1CK  depends on the 88 

material properties of the two sides of the interface, as well as the junction of the two materials. It is 89 

not clear whether the fitted equation is still appropriate for the interfaces with the various strengths of 90 

concretes and different types of rocks. In additon, the mixed mode criterion was only validated by 91 

taking a comparion of the predicted results with those from the small-scale samples in the laboratory. 92 

The applicability of the criterion has not been verified with respect to the large-scale structures, like 93 
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concrete gravatiy dams. In the previous research [7] , it has been verified that under mixed mode 94 

stress field, the interfacial crack between the rock and concrete would be prone to propagate along 95 

the interface with a low K2/K1 ratio, and directly kink into the concrete after its initiation under the 96 

mixed mode fracture with a high K2/K1 ratio. However, it is not clearly clarified whether the crack 97 

would kink into the rock foundation for the gravity dams under the practical loading conditions. In 98 

addition, linear elastic fracture mechanics (LEFM) has been widely employed to determine the 99 

interfacial crack propagation path [3,18,19] in the rock-concrete interfacial fracture analysis. 100 

According to the size effect law [20-23], the fracture behaviours in large size structures can be 101 

analysed using the LEFM theory because the size for the fracture process zone (FPZ) can be negligible 102 

compared to the dimensions of the structures. However, due to the effect of the cohesive force acting 103 

on the FPZ, the stress field at the interfacial crack tip will change, leading to the variations of the 104 

fracture path even for a large structure with a short FPZ length. Therefore, it is significant to clarify 105 

the effect of the cohesive force on the interfacial fracture behaviour, and a comparison of interfacial 106 

crack propagation process with/without considering cohesive force should be conducted in further 107 

study.  108 

In addition, the study on the interfacial crack propagation can be also extended to the failure 109 

analysis of concrete at mesoscopic level, where the concrete can be subdivided into mortar, 110 

aggregate and their interface. Crack usually occurs at mesoscopic level around those weakest regions, 111 

i.e. the interfacial transition zones between aggregates and the surrounding cement paste or matrix 112 

[24-26]. The distinct material properties of these randomly distributed mesoscopic phases will 113 

significantly affect the crack initiation location, propagation path, failure mode and macroscopic 114 

response. For an in-depth insight into the failure mechanism of concrete at mesoscopic level, it is 115 



 

 

essential to investigate the crack initiation and propagation at interface and discover the effects of 116 

different phases and interfacial properties on the cracking patterns.     117 

 In line with this, following the previous study [7], the main aim of this study was to establish 118 

the crack propagation criterion for the rock-concrete interfaces formed by various types of concrete 119 

and rock. By using the derived criterion from the experiment, the numerical method was used to 120 

simulate the interfacial crack propagation process and predict the potential crack propagation paths. 121 

Meanwhile, taking a practical gravity dam as an example, the whole fracture behaviour was analysed 122 

by introducing the proposed criterion and the effects of materials properties, initial crack length, 123 

loading conditions and different criteria on the failure modes were discussed.  124 

2. Experimental program 125 

2.1. Specimen preparation 126 

Two types of composite specimens were tested in this study, including rock-concrete composite 127 

prisms and beams, respectively. The dimensions of the composite prisms for the direct tension were 128 

200 mm × 100 mm × 100 mm, where the sizes of both concrete and rock blocks were 100 mm × 100 129 

mm × 100 mm. The beam specimens were prepared for three-point bending (TPB) and four-point 130 

shearing (FPS) tests, and had sizes of 500 mm × 100 mm × 100 mm. In the TPB tests, the lengths of 131 

the concrete and rock blocks were identical at 250 mm for each block. In order to cover a wide range 132 

of mode mixity ratios in the FPS tests, the pre-crack was expected to sustain different combined 133 

tension-shear stresses by changing the length of the rock blocks. The lengths of the rock block (Lrock) 134 

were selected as 225 mm, 235 mm, 240 mm, 245 mm and 250 mm, respectively, in this study. 135 

Accordingly, the lengths of the concrete block varied as 275 mm, 265 mm, 260 mm, 255 mm and 136 

250 mm to keep the total lengths of the composite specimens being constant at 500 mm.    137 



 

 

The geometries of the composite specimens under the TPB and FPS tests are illustrated in Figs. 138 

1(a) and (b), respectively. 139 
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(a) TPB test 141 
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(b) FPS test 143 

Fig. 1. Geometries of the specimens for the TPB and FPS tests (unit: mm). 144 

In order to reduce the dispersion of experimental results and promote the bond strength of the 145 

interface, rough interfaces were prepared using artificial groove lines on the contact surfaces of the 146 

rock sections. The groove lines were parallel to the diagonal lines of the interfacial cross-section with a 147 

depth of 3 mm (see Fig. 2(a)). For each composite beam, the length of the pre-crack, a0, was 30 mm. To 148 

obtain the pre-crack, two layers of polyvinyl chloride (PVC) film were put at the location of the 149 

pre-crack on the rock, where one PVC film was pasted on the surface of the rock using glue and the 150 

other one was fixed at the same position using cello tape (see Fig. 2(b)). Before testing, the cello tape 151 

was pulled out to eliminate the bonding effect between the two layers of the PVC film. 152 



 

 

         153 

                (a) Groove lines                 (b) Pre-crack preparation 154 

Fig. 2. Preparation of rock-concrete interface. 155 

2.2. Material properties 156 

In this experimental study, the granite and sandstone employed were produced in Dalian, 157 

Liaoning Province of China. The mixture proportions of C30 and C50 concretes are listed in Table 1. 158 

The maximum aggregate sizes for the C30 and C50 concretes were 10 mm and 20 mm, respectively. 159 

In addition, 42.5 N and 52.5 N ordinary Portland cements were used for manufacturing the C30 and 160 

C50 concretes. The interfaces of the composite specimens were divided into three categories: C50- 161 

granite, C30-sandstone and C50-sandstone, denoted as C50-G, C30-S and C50-S. The test specimens 162 

were demoulded 2 days after casting and moved into a standard curing room with 23°C and 95% 163 

relative humidity (RH) until the age of 28 days. 164 

Table 1 The mix proportions of the concretes (Unit: kg/m
3
). 165 

Concrete Cement Water Sand Aggregate 

C30 327 (42.5 N) 195 657 1204 (dmax = 10mm) 

1102 (dmax = 20mm) C50 466 (52.5 N) 214 593 

Note: dmax = maximum size of the aggregate. 166 

The measured mechanical properties of the concretes, rocks and rock-concrete interfaces are 167 

summarised in Table 2, where E is the elastic modulus,  is the density, v is the Poisson’s ratio, ft is the 168 

uniaxial tensile strength, fc is the uniaxial compressive strength, Pini is the initial cracking load, Pmax is 169 



 

 

the peak load, ini

1CK  is the initial fracture toughness of mode I, and GIf is the fracture energy. 170 

Table 2 Material properties of the concretes and rocks. 171 

Materials 
E 

(GPa) 

ρ 

(kg/m
3
) 

v 

 

ft 

(MPa) 

fc 

(MPa) 

Pini 

(kN) 

Pmax 

(kN) 

ini

1CK  

(MPa·m
1/2

)
 

GIf 

(N/m) 

C30 concrete 29.05 2450 0.236 1.82 47.11 2.327 3.858 0.448 103.61 

C50 concrete 32.44 2450 0.175 2.71 57.14 2.825 4.663 0.543 131.67 

Sandstone 9.13 2500 0.284 1.65 48.12 1.758 2.123 0.338 120.30 

Granite 34.58 2750 0.160 6.59 164.72 9.308 10.233 1.835 219.24 

2.3. The TPB and FPS tests 172 

A closed loop servo-controlled MTS (Mechanical Testing and Simulation) testing machine with 173 

a capacity of 250 kN was employed for the TPB and FPS tests, as shown in Fig. 3. The tests adopted 174 

the displacement-control mode at a displacement rate of 0.024 mm/min. The loading point 175 

displacement δ, and the crack mouth opening and sliding displacements, CMOD and CMSD, were 176 

measured by using clip gauges. To measure the initial cracking load, two strain gauges were 177 

symmetrically put on both sides of the specimen, 5 mm away from the tip of the pre-crack in the 178 

ligament. The strain readings would drop rapidly due to the sudden release of the stored strain energy 179 

once the pre-crack initiates. Thus, Pini can be obtained by monitoring the variations of the strains. 180 

The experimental results of the TPB and FPS tests are listed in Tables 3 and 4, respectively.  181 

    182 

            (a) TPB test                   (b) FPS test 183 

Fig. 3. Set-ups for the TPB and FPS tests. 184 



 

 

 185 

Table 3 Experimental results for the TPB tests. 186 

Specimen Pini (kN) Pmax (kN) ft (MPa) ini

1CK  (MPa·m
1/2

) GIf (N/m) 

TPB-C50-G 1.588 2.044 1.588 0.395 31.448 

TPB-C30-S 1.152 1.522 1.152 0.297 20.513 

TPB-C50-S 1.415 1.796 1.415 0.350 33.205 

 187 

Table 4 Experimental results for the FPS tests. 188 

Specimen 
Lrock Pini Pmax 

ini

1K  ini

2K  | ini

2K / ini

1K | 

 

Failure 

mode (mm) (kN) (kN) (MPa·m
1/2

) (MPa·m
1/2

) 

C50-G-225 225 12.245 14.050 0.394 0.140 0.355 I 

C50-G-235 235 16.107 20.891 0.343 0.243 0.708 I 

C50-G-240 240 20.431 31.782 0.314 0.351 1.118 I 

C50-G-245 245 26.162 35.334 0.231 0.505 2.186 I 

C50-G-250 250 29.689 40.153 0.049 0.645 13.163 I 

C30-S-225 225 8.657 10.825 0.277 0.103 0.372 I 

C30-S-235 235 10.816 13.007 0.251 0.173 0.689 K 

C30-S-240 240 12.063 16.372 0.211 0.211 1.000 K 

C30-S-245 245 13.182 18.457 0.145 0.249 1.717 K 

C30-S-250 250 15.897 21.543 0.063 0.317 5.032 K 

C50-S-225 225 8.746 11.503 0.287 0.106 0.369 K 

C50-S-235 235 9.604 13.374 0.226 0.153 0.683 K 

C50-S-240 240 10.308 14.351 0.181 0.180 0.996 K 

C50-S-245 245 12.777 15.823 0.143 0.240 1.678 K 

C50-S-250 250 13.935 16.622 0.058 0.277 4.776 K 

Note: Failure mode I: the interfacial crack always propagates along interface; Failure mode K: the 189 

interfacial crack kinks into rock once its initiation. 190 

In Table 3, Specimen TPB-C50-G denotes the TPB specimen with the interface between the 191 

C50 concrete and granite. In Table 4, Specimen C30-S-225 denotes the FPS specimen with the 192 

interface between C30 concrete and sandstone, and the rock block length Lrock = 225 mm. There were 193 

two failure modes observed in the tests, i.e. the interfacial crack always propagates along the 194 

interface (denoted as mode I), and the interfacial crack kinks into the rock after its initiation (denoted 195 

as mode K). 196 

The SIFs, K1 and K2, of bi-material interface crack were calculated using the displacement 197 



 

 

extrapolation method [27], and the calculation details can be referred to literature [7]. K1 and K2 can 198 

be written as ini

1K  and ini

2K  corresponding to Pini. According to the results for the interface 199 

between concrete and sandstone in Table 3, the interfacial bond properties, e.g. ft, 
ini

1K  and GIf, 200 

increased with the increasing concrete strength. This indicates that the cement mortar with higher 201 

strength can provide better bonding at the interface. Meanwhile, if the same strength concrete was 202 

selected, the bond surface of the granite can increase the bonding effect compared with that of the 203 

sandstone. In addition, only failure mode I was observed for the interfaces between the concrete and 204 

granite, i.e. the crack propagated throughout the interface (see Table 4). For the interface between the 205 

concrete and sandstone, however, the other failure mode K, where the crack kinked into the 206 

sandstone, was also observed (see Table 4). The mechanism for the various interfacial crack 207 

propagation paths are to be discussed in the following section. 208 

3. SIF-based crack propagation criterion for rock-concrete interface 209 

3.1. Introduction of the criterion 210 

According to the previous experimental investigations by Dong et al. [7], the interfacial crack 211 

initiation under the mixed mode fracture can be determined from  212 

 

2 2

1 2

ini ini

1C 1C

1
1.6

K K

K K

   
    

   
                             (1) 213 

The complete fracture process can be considered as the new interfacial crack initiates 214 

continually, so that the crack initiation criterion can be employed to determine the interfacial crack 215 

propagation by combining with the fictitious crack model [28]. In this manner, Eq. (1) can be written 216 

as follows by considering the cohesive force acting on the FPZ. 217 



 

 

 

2 2
P σ,τ P σ,τ

* ini1 1 2 2
1,2 1C

1 1.6

K K K K
K K

    
     

   
                     (2) 218 

where P

1K  and P

2K  are the SIFs of modes I and II caused by the external load, while σ,τ

1K  and σ,τ

2K  219 

are the SIFs of modes I and II caused by the cohesive tensile and shear stresses on the FPZ, σ and τ.                        220 

Meanwhile, the maximum circumferential stress criterion [3,29] was introduced to determine the 221 

kinking of the interfacial crack as follows  222 

P σ,τ 2 P σ,τ 2

1 1 2 2* ini0 0
I,II j 0 0 0 j

j

( ) ( ) 1 3
2cos (cos 2 sin )cos cos

2cosh( π) 2 2 2

K K K K
K W K
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223 

  (3) 224 

where 
ini

jK  is the initial mode I fracture toughness of material j, j denotes rock or concrete, and 
0  

is 225 

the kinking angle [7]. The parameters γ, Wj and ε in Eq. (3) are given as 226 

P σ,τ

2 2
1P σ,τ

2 2

P σ,τ

2 2
1P σ,τ

2 2

arctan 0

π arctan 0

K K
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with shear modulus 
i

i

i2(1 )

E

v
 


  (i = 1, 2)                          (7) 228 

 elastic constant 
i i

i

i

(3 ) / (1 ) (plane stress)

(3 ) (plane strain)


 
 



v v

v
               (8) 229 

where Ei is the elastic modulus for material i, and νi is the Poisson’s ratio for material i. 230 

By combining Eq. (2) with Eq. (3), the potential propagation of an interfacial crack could be 231 



 

 

judged as follows: 232 

(i) If 
* ini

I,II jK K  and 
* ini

1,2 1CK K , the crack does not propagate; 233 

(ii) If 
* ini

I,II jK K  and 
* ini

1,2 1CK K , the crack propagates along the interface;  234 

(iii) If 
* ini

I,II jK K  and 
* ini

1,2 1CK K , the crack propagates into the material j with a kinking angle θ0. 235 

3.2. Experimental and numerical verifications 236 

It should be noted that Eq. (1) was derived based on the regression on the experimental results 237 

[7], where the composite specimens consisted of C30 concrete and granite. However, it is not clearly 238 

clarified whether Eq. (1) would be available for the interfaces with different concrete strengths and 239 

rocks. Therefore, three series of composite beams were prepared in this study, where two concrete 240 

strengths (C30 and C50), sandstone and granite were selected. According to the experimental results, 241 

two failure modes were observed, i.e. the failure mode I with the crack always propagating along the 242 

interface and the failure mode K with the interfacial crack kinking into rock after its initiation. The 243 

failure modes for all specimens are listed in Table 4. It can be seen that all C50-G series specimens 244 

failed under the mode I, while all C30-S and C50-S series specimens failed under the mode K except 245 

C30-S-225 series specimens. Fig. 4 illustrates the failure modes of all composite specimens in the 246 

experimental study.  247 

         248 

(a) C50-G series specimens  (b) C30-S series specimens  (c) C50-S series specimens 249 



 

 

Fig. 4. Failure modes of the composite rock-concrete specimens. 250 

Since Eq. (1) represents the criterion for determining the interfacial crack initiation, the points 251 

of the normalised terms ini ini

1 1C/K K  and ini ini

2 1C/K K  for the C50-G and C30-S-225 series specimens 252 

could be employed to fit the initiation equation of the interfacial crack. Accordingly, the points with 253 

coordinates of ini ini

2 1C/K K  and ini ini

1 1C/K K  for various interfaces are shown in Fig. 5, indicating good 254 

agreements with Eq. (1), though only two groups of points were provided for the C30-S series 255 

specimens. Therefore, it seems that the rock-concrete interfacial initiation criterion was not affected 256 

by the concrete strength and types of rock, i.e. Eq. (1) can be used to determine the rock-concrete 257 

interfacial initiation for a wide application.  258 

0.0 0.4 0.8 1.2 1.6 2.0
0.0

0.3

0.6

0.9

1.2

1.5

K
1
/K

in
i

1

K
2
/K

ini

1

 Literature[9]

 C50-G series

 C30-S series

 Curve fitting

i 

1 1 

 259 

Fig. 5. Fitting curve with the experimental data 260 

Fig. 6 shows the K1 – K2 relationships of the criteria with * ini

I,II jK K  for the rocks and * ini

1,2 1CK K  261 

for the interface, where the curves of * ini

I,II jK K  for granite and sandstone can be determined using 262 

Eq. (3) and the curves of * ini

1,2 1CK K  for the interfaces can be determined by Eq. (2). It should be 263 

noted that according to the experimental design in this study, the interfacial cracks under the FPS 264 

loading shown in Fig. 3(b) cannot propagate into the concrete. Therefore, only the relationships 265 

between the rocks and interfaces were discussed here. It can be seen from Fig. 6 that the curve of 266 



 

 

* ini

I,II jK K  = 1.835 MPa·m
1/2

 for the granite was always outside those of * ini

1,2 1CK K  = 0.297 267 

MPa·m
1/2

, 0.350 MPa·m
1/2

 and 0.395 MPa·m
1/2

 for the rock-concrete interfaces. This indicates that for 268 

the C50-G series specimens under any loading conditions, the crack would not propagate into the 269 

granite from the interfaces. This has also been validated by the experimental failure modes of the 270 

C50-G series specimens as shown in Fig. 4(a).  271 
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Fig. 6. Relationships between * ini

1,2 1CK K  and * ini

I,II jK K  for different interfaces. 274 

Similarly, the curve at * ini

1,2 1CK K  = 0.350 MPa·m
1/2

 for the interface of the C50-S series 275 

specimens was always outside the curve at * ini

I,II jK K  = 0.338 MPa·m
1/2

 for the sandstone (see Fig. 276 

6). This indicates that for the C50-S series specimens under any loading conditions, the interfacial 277 

crack could propagate into the sandstone after its initiation. This has also been validated by the 278 

experimental failure modes of the C50-S series specimens as shown in Fig. 4(c).  279 

In contrast, there was an intersection point between the curve at * ini

I,II jK K  = 0.338 MPa·m
1/2

 280 

for the sandstone and the curve at * ini

1,2 1CK K = 0.297 MPa·m
1/2

 for the C30-S series specimens, 281 

corresponding to the K2/K1 ratio of 0.565 (see Point A in Fig. 6). Therefore, the interfacial crack could 282 

directly initiate and propagate into the sandstone when ini ini

2 1/ 0.565K K  , but would initiate and 283 



 

 

propagate along the interface when ini ini

2 1/ 0.565K K  . According to the calculated results listed in 284 

Table 4, the ratio ini ini

2 1/ 0.376 0.565K K    for the C30-S-225 series specimens, indicating that for 285 

those specimens, the interfacial crack would initiate and propagate along the interface. For the others 286 

C30-S series specimens, the interfacial crack would propagate into the sandstone after its initiation. 287 

This has been validated by the experimental failure modes of the C30-S series specimens as shown in 288 

Fig. 4(b).  289 

The numerical analyses based on the fictitious crack model [30] were carried out to verify the 290 

applicability of this criterion. In this study, ANSYS FE code was employed to simulate the complete 291 

process of crack propagation under the TPB and FPS loading conditions, with the flow chart shown 292 

in Fig. 7. In the fracture analysis, a singular element was used to calculate the SIF at the crack tip. 293 

Because high-stress gradients exist in the region around the crack tip, special attention should be paid 294 

to that region. Therefore, a circle was set at the tip of the crack, where the crack tip is the centre of 295 

the circle and the radius of the circle was 1 mm for the beam specimens. Meanwhile, the first row of 296 

elements around the crack tip had a radius of 1/6 mm, and their mid-side nodes were placed at the 297 

quarter points, with a radius of 1/24 mm. A re-meshing method [31] was used in the simulation when 298 

a new crack path with a propagated length was developed. Taking Specimen C30-S-245 under FPS 299 

as an example, different fracture stages under loading are shown in Fig. 8.  300 



 

 

 301 

Fig. 7. Simulation flow chart for crack propagation at interface. 302 

 303 

 

(a) Crack initiation 

 
(b) Unstable propagation 



 

 

 

(c) Failure 

Fig. 8. Deformed meshes of Specimen C30-S-245 at different fracture stages.  304 

The numerical simulation process is summarised as follows. 305 

1. Establish the FE model with an initial crack length a0 and apply the load P(i) (i = 1, 2, …) 306 

until * ini

1,2 1CK K  or * ini

I,II jK K  where i represents the increment of the crack length during iterations. 307 

2. If * ini

I,II jK K , follow Procedures 2(a) to 2(d), otherwise follow Procedure 3. 308 

2(a) Indicate the crack kinks into the sandstone in the direction θ with the increment of ∆a, and 309 

re-establish model i = i + 1 and set P(i) = P(i–1).   310 

2(b) Apply the load P(i) and calculate the cohesive stresses σ(i) and τ(i) according to the cohesive 311 

tensile/shear traction – displacement relationships. 312 

2(c) Calculate P

1K , σ,τ

1K , P

2K  and σ,τ

2K  by adjusting the load P(i+1) = P(i)  n·ΔP (n = 1, 2, …) 313 

until Eq. (3) is satisfied. 314 

2(d) Repeat Procedures 2(a) to 2(c), until P(i) ≤ 0 or the specimen failed. 315 

3. If * ini

1,2 1CK K , follow Procedures 3(a) to 3(d).  316 

3(a) Indicate the crack propagates along the interface with the increment of ∆a, and re-establish 317 

mode i = i + 1 and set P (i) = P (i–1). 318 

3(b) Apply the load P(i) and calculate the cohesive stresses σ(i) and τ(i) according to the cohesive 319 

tensile/shear traction – displacement relationships. 320 

3(c) Calculate P

1K , σ,τ

1K , P

2K  and σ,τ

2K  by adjusting load P(i+1) = P(i)  n·ΔP (n = 1, 2, …) until 321 

Eq. (2) or Eq. (3) is satisfied. If Eq. (3) is satisfied, go to 2(a), while if Eq. (2) is satisfied, go to 3(d). 322 



 

 

3(d) Repeat Procedures 3(a) to 3(c), until P(i) ≤ 0 or specimens failed. Finish. 323 

The interface elements targe168 and conta172 were employed in the simulations. The cohesive 324 

forces acting on the FPZ were applied based on the cohesive traction-displacement relationships. The 325 

cohesive traction-displacement relationships including tension softening (w  σ) and shear softening 326 

(ws  τ) are shown in Figs. 9(a) and (b), where w and ws denote the crack opening and sliding 327 

displacements, and σ and τ denote the tension and shear stresses acting on the FPZ. GIIf is the fracture 328 

energy for the mode II fracture, which is equal to 2GIf. If the cracking opening/sliding displacements, 329 

w and ws, are larger than the corresponding critical values, w0 and ws0, the opening/sliding stress-free 330 

zones would be formed. 331 
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 (a) Tension-softening [10]    (b) Shear-softening [6] 333 

Fig. 9. Cohesive tension traction and shear stress versus displacement relationships. 334 

By performing the iteration process shown in Fig. 7, the complete interfacial crack propagation 335 

can be obtained numerically. Taking Specimens TPB-C30-S, C30-S-225, C50-S-240, C50-G-240 as 336 

examples, Fig. 10 illustrates the comparisons of the experimental P-CMOD curves with the numerical 337 

results.  338 
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 (c) Specimen C50-S-240               (d) Specimen C50-G-240 342 

Fig. 10. Comparisons of the P-CMOD curves on typical TPB and FPS series specimens. 343 

For the interfacial crack kinking into the sandstone, Figs. 11(a) and (b) show the comparisons of 344 

the crack propagation trajectories between the numerical predictions and experimental measurements 345 

for Specimens C30-S-235 and C50-S-250, respectively. By comparing the results in these figures, 346 

fairly good agreements can be observed, which verifies the numerical method together with the 347 

criterion.         348 
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 (a) Specimen C30-S-235  (b) Specimen C50-S-250 350 

Fig. 11. Comparisons of the crack propagation trajectories. 351 

It is worthwhile to assess whether the interfacial crack for the C30-S-225 series specimens would 352 

kink into the sandstone after propagating along the interface. Based on the previous investigations [7], 353 

there was a critical value for the ratio ini ini

2 1/K K  on the curve at * ini

1,2 1CK K  for the rock-concrete 354 

interfaces. When the ratio ini ini

2 1/K K  was less than the corresponding critical value, the ratio K2/K1 355 

would always decrease as the crack propagated so that the fracture became mode I dominated. In 356 

contrast, when the ratio ini ini

2 1/K K  was greater than the corresponding critical value, the ratio K2/K1 357 

would always increase as the crack propagated and the fracture became mode II dominated. According 358 

to the numerical results, the critical values of the ratio ini ini

2 1/K K  for the C50-G, C30-S and C50-S 359 

interfaces were determined as 1.22, 1.34 and 1.45, respectively. It should be noted that although the 360 

critical ratios were different, they all corresponded to the same geometry with the rock block length 361 

of 242 mm. In other words, the critical value of the ratio ini ini

2 1/K K  was determined by the stress 362 

field at the interfacial crack tip. For the composite beams with the same geometry, the same stress 363 

field could be obtained under the same loading condition. However, due to the varied properties of 364 

the materilas on the two sides of the interfaces, the calculated values of ini ini

2 1/K K  would be 365 

different. Therefore, the stress state at the interfacial crack tip, rather than the critical value of the 366 

ratio ini ini

2 1/K K , can be employed as a constant to determine the interfacial crack propagation path 367 

for a wide application.  368 



 

 

4. Application of the SIF-based crack propagation criterion to the gravity dam  369 

In order to investigate the applicability of the criterion to practical structures, a classic example 370 

of the Greyrock gravity dam in USA [3] was analysed in this study. The cross-sectional geometry of 371 

the dam is shown in Fig. 12. Considering the large size for this dam example, the circle mesh at the 372 

tip of the crack had a radius of 100 mm. The first row of the elements around the crack tip had a 373 

radius of 50/3 mm, and their mid-side nodes were placed at the quarter points, with a radius of 25/6 374 

mm. Three types of loading were applied on the dam, including hydrostatic load, body forces of the 375 

dam and uplift pressure inside the crack. 376 

 377 

Fig. 12. Finite element model of the Greyrock gravity dam and foundation (unit: m). 378 

 379 

The material properties used for the fracture analysis of the dam are listed in Table 5. It should 380 

be noted that the values of the parameters E, ρ and v for the concrete and rock, and un

1CK  for the 381 

concrete, rock and their interface were quoted from literature [3]. However, the values of the initial 382 

fracture toughness ini

1CK  for the concrete, rock and interface would be necessary for the numerical 383 

method used in this study. Based on the experimental investigations by Dong et al. [7], the values of 384 



 

 

the ratio ini

1CK / un

1CK  for the concrete, rock and rock-concrete interface approximately ranged from 385 

0.66 to 0.74. Therefore, the ratio of 0.7 was adopted here for the values of ini

1CK  for the concrete, 386 

rock and rock-concrete interface based on the values of un

1CK . As a result, 0.726 MPa·m
1/2

, 0.557 387 

MPa·m
1/2

 and 0.189 MPa·m
1/2

 were estimated for the initial fracture toughnesses of the concrete, 388 

rock and rock-concrete interface. Meanwhile, ft = 0.656 MPa and GIf = 15.12 N/m were also obtained 389 

for the rock-concrete interface using the linear interpolation on the experimental data [7]. 390 

Table 5 Material parameters used in the fracture analysis of the Greyrock gravity dam. 391 

Material 
E 

(GPa) 

ρ 

(kg/m
3
) 

v 

 

ft 

(MPa) 

ini

1CK  

(MPa·m
1/2

)
 

un

1CK  

(MPa·m
1/2

) 

GІf 

(N/m) 

Concrete 33.56 2404 0.255 - 0.726 1.044 - 

Rock 27.25 0 0.165 - 0.577 0.802 - 

Interface - - - 0.656 0.189 0.273 15.12 

 392 

4.1. Interface failure mode 393 

According to the practical loading conditions for the gravity dam in service, the interfacial crack 394 

could not propagation into the concrete. Therefore, only the criteria curves for the rock, i.e. 395 

* ini

I,II jK K  (j = rock), and for the interface, i.e. * ini

1,2 1CK K , were compared as shown in Fig. 13. It 396 

can be seen that the curve for * ini

1,2 1CK K  was outside the curve for * ini

I,II jK K  (j = rock), so that the 397 

interfacial crack would always propagate along the interface.  398 
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Fig. 13. The criteria relationship between * ini

1,2 1CK K  and * ini

I,II jK K . 400 

Figs. 14(a) and (b) illustrate the variations of K1 and K2 under various individual loading 401 

conditions, i.e. hydrostatic load (Hydro), body forces (Body) and uplifting pressures (Uplift). The 402 

SIFs caused by the combined loading conditions, i.e. the net K1 and K2, were shown in these figures. 403 

As expected, K1 caused by the Body had a tendency to hinder the interfacial crack opening, which 404 

decreased significantly with the increase the crack length as shown in Fig. 14(a). In addition, the 405 

change rate of K1 caused by the Body was significantly greater than those caused by the Hydro and 406 

Uplift, indicating that the effect of the Body became more prominent during the interfacial fracture 407 

process. The results agreed well with those by Kishen and Singh [3] based on the LEFM theory. In 408 

contrast, K2 caused by the varied loads did not show obvious variation trends with the increase of the 409 

crack length, as shown in Fig. 14(b). 410 
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 (a) K1 versus crack length                   (b) K2 versus crack length 412 

Fig. 14. Variations of the SIFs for individual load conditions (water level of 53.289 m). 413 

In order to intuitively display the change of K2/K1, the variations of K2/K1 with the increase of the 414 

crack length for different water levels, i.e. 53.289 m, 54.289 m, 54.789 m and 55.289 m, are shown 415 

in Fig. 15. It can be seen that, the ratio K2/K1 at the low water level of 53.289 m presented an 416 



 

 

obviously increasing tendency, which indicated that K2 became gradually predominant as the 417 

interfacial crack propagated. However, when the water level increased from 53.289 m to 55.289 m, 418 

the upward tendency of K2/K1 changed to the downward trend, indicating that K1 became more 419 

prominent with the increase of the water level.  420 
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Fig. 15. Variations of K2/K1 with crack length.  422 

In order to investigate the effects of the initial crack length and water level on the interfacial 423 

fracture behaviour, the curves of the SIFs and K2/K1 versus the water level under various initial crack 424 

lengths, i.e. 2.7 m, 3.5 m, 4.6 m and 6.4 m, are illustrated in Figs. 16(a) and (b). It can be seen from 425 

Fig. 16(a) that both K1 and K2 increased with the increase of the water level. However, the increase of 426 

K1 was more significant than that of K2, indicating that the interfacial fracture tended to be mode I 427 

dominated with the increase of the water level. A similar tendency can be observed in Fig. 16(b), and 428 

the ratio K2/K1 approximately kept decreasing with the increase of the water level. Although the 429 

values of K1 and K2 increased with the increase of the initial crack length, the increments were not 430 

prominent. In particular, the values of the ratio K2/K1 were hardly affected by the initial crack length, 431 

as shown in Fig. 16(b).  432 

In summary, the ratio K2/K1 was significantly affected by the water level. At the low water level, 433 



 

 

e.g. 53.289 m in this study, the ratio K2/K1 increased as the interfacial crack propagated. However, it 434 

did not vary obviously when the water level was above 54.289 m. Meanwhile, the initial crack length 435 

had little impact on the ratio K2/K1. Thus, it could be confirmed that the interfacial crack propagation 436 

path would be different under the low water level if different concrete, rock and their interface are 437 

adopted in practical engineering.  438 
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 (a) SIF versus water level    (b) K2/K1 versus water height 440 

Fig. 16. Variations of the SIFs with water level and initial crack length. 441 

4.2. Kinking failure mode 442 

According to the experimental study [7], the initial fracture toughness of the rock-concrete 443 

interface changed approximately linearly with the roughness degree of the interface. In order to 444 

simulate different bonding conditions between the rock and concrete in practical engineering, the 445 

values of ini

1CK  were assumed as 0.125 MPa∙m
1/2

, 0.187 MPa∙m
1/2

 and 0.350 MPa∙m
1/2

, respectively. 446 

Meanwhile, sandstone and C30 concrete were selected in this analysis, with the corresponding 447 

material properties listed in Table 2. The fracture process was investigated for the water level of 448 

53.289 m, and the initial crack length was set as 2.7 m.  449 

Fig. 17 illustrates the K1K2 relationships for different criteria. Accordingly, there are three 450 



 

 

potential crack propagation paths corresponding to different values of ini

1CK . When = = 451 

0.125 MPa∙m
1/2

, the criterion curve for the interface would be inside the curve for the rock 452 

foundation, so that the crack would always propagate along the interface until failure. In contrast, 453 

when = = 0.350 MPa∙m
1/2

, the criterion curve for the interface would be outside the curve 454 

for the rock foundation, so that the interfacial crack could kink into the rock foundation after its 455 

initiation. Finally, when = = 0.187 MPa∙m
1/2

, there was an intersection point B between the 456 

criterion curves for the rock and interface, which corresponded to K2/K1 = 1.962. The value of K2/K1 457 

corresponding to the crack initiation was 1.370, which was less than 1.962. However, according to 458 

the results shown in Fig. 17, the ratio K2/K1 would keep increasing as the interfacial crack propagated 459 

at the water level of 53.289 m. Therefore, the interfacial crack would first propagate along the 460 

interface until the ratio K2/K1 reached 1.962. Thereafter, the interfacial crack would kink into the 461 

rock foundation, where the predicted crack propagation length along the interface was 13.5 m. Figs. 462 

18(a) to (c) illustrate these three potential interfacial crack propagation paths.   463 
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Fig. 17. Determination of the kinking failure modes of the Greyrock gravity dam. 465 

To clarify the effect of the cohesive force on the interfacial fracture behaviour, a comparison of 466 

interfacial crack propagation processes with/without considering cohesive force was conducted in this 467 

*

1,2K
ini

1CK

*

1,2K
ini

1CK

*

1,2K
ini

1CK



 

 

study.  468 

 469 

(a) Crack always propagating along the interface 470 

                                     471 

(b) Crack directly kinking into the rock foundation 472 

 473 

(c) Crack partly propagating along the interface and then kinking into the rock foundation 474 

Fig. 18. Failure modes of the Greyrock gravity dam. 475 

4.3. Effect of the FPZ on the interfacial crack propagation of the gravity dam 476 

In addition, LEFM has been widely employed to determine the interfacial crack propagation path 477 

[3,19] in the rock-concrete interfacial fracture analysis. According to the size effect law [20-23], the 478 



 

 

fracture behaviors in a large size structure can be analyzed using the LEFM theory because the FPZ 479 

size can be negligible compared to the structure dimension. However, due to the effect of the cohesive 480 

force acting on the FPZ, the stress field at the interfacial crack tip will change, leading to the variations 481 

of the fracture path even for a large structure with a short FPZ length. To clarify the effect of the 482 

cohesive force on the interfacial fracture behavior, a comparison of interfacial crack propagation 483 

processes with/without considering cohesive force was conducted in this study.  484 

Fig. 19 illustrates the variations of K2/K1 with and without considering the cohesive force on the 485 

FPZ at the water level of 53.289 m for the Greyrock gravity dam. It can be seen that for the same 486 

crack length, the values of K2/K1 considering the cohesive force were larger than those without 487 

considering the cohesive force. Therefore, the values of K2/K1 with/without considering the cohesive 488 

force would reach 1.962 with respective to the different crack propagation lengths. As a result, the 489 

interfacial crack could kind into the rock foundation for the different crack propagation lengths. 490 

Based on the numerical results with and without considering the cohesive force, the crack lengths 491 

corresponding to kinking into the rock foundation were determined as 13.5 m and 15.7 m, 492 

respectively. Therefore, the interfacial crack propagation path would be predicted inaccurately if the 493 

effect of the cohesive force is neglected and the LEFM method is adopted in the interfacial fracture 494 

analysis.  495 
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Fig. 19. Variations of K2/K1 with crack length 497 

 498 

4.4 Applications of different SIF-based crack propagation criteria to the gravity dam 499 

For the SIF-based criteria, there existed different viewpoints on the assessment of the difference 500 

between the SIFs caused by the applied load and cohesive stress. One is the mode I dominated SIF 501 

criterion, which considers that the interfacial crack would propagate when K1 = ini

1C
K  [3] 502 

(Criterion-I). The second one is the nil SIF criterion, which considers that the interfacial crack would 503 

propagate when K1 = 0 [4,32] (Criterion II). The final one is the mixed mode SIF criterion, i.e. the 504 

criterion proposed in this paper (Criterion III). In summary, the expressions of these three SIF-based 505 

criteria are listed in Table 6. It should be noted that only the crack propagation along the interface 506 

was considered in this discussion.  507 

Table 6. Expressions of various SIF-based criteria 508 

Interfacial criterion Propagation condition 

I 
P σ, ini

1 1C
=K = K K K1 1

 

II 
P σ,

1
= 0K K K  1 1  

III 

2 2
P σ,τ P σ,τ

* ini1 1 2 2
1,2 1C

1 1.6

K K K K
K K

    
     

   
 

  509 



 

 

Fig. 20 illustrates the variations of the K1 with the crack length under the loading condition at 510 

53.289 m water level, where ini

1CK  was adopted as 0.189 MPa·m
1/2

. Meanwhile, the variations of K1 511 

for three criteria with respect to the crack propagation length are also illustrated in the figure. It 512 

should be noted that in the case of Criterion III, the crack propagation was dominated by the 513 

combination of K1 and K2, so that K1 decreased as the crack propagation. The interfacial crack would 514 

not propagation when the variation curve of K1 intersected with the criteria. Accordingly, the crack 515 

propagation lengths based on the three criteria were 24.381 m, 25.564 m and 25.811 m (see Points A, 516 

B and C in Fig. 20), respectively. Because K1 decreased to 0.0324 MPa·m
1/2

 for Criterion III, 517 

therefore, the predicted crack propagation lengths using Criteria II and III were very close.     518 
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 519 

Fig. 20. Variations of K1 with crack length at water level of 53.289 m 520 

Fig. 21 illustrates the relationships between the SIFs for different criteria, which can 521 

qualitatively explain the predicted results shown in Fig. 20. Points A, B and C denote the SIFS 522 

corresponding to the crack propagation under Criteria I, II and III, respectively. In the case of 523 

Criterion III, the crack propagation is dominated by the combination of mode 1 and 2 fractures. 524 

Therefore, the crack would propagate under the SIFs ini

1K  and ini

2K , i.e. Point C in Fig. 21. At that 525 



 

 

moment, due to ini ini

1C 1K K , the crack would not propagate if Criterion I is employed. As a result, 526 

the interfacial cracking resistance would be overestimated under Criterion I. Particularly, the larger 527 

difference between ini

1CK  and ini

1K , the lager error would be caused. In other words, the error would 528 

increase with the increase of the ratio ini

2K / ini

1K . On the contrary, due to ini

1 0K , the crack has 529 

propagated if Criterion II is used. As a result, the interfacial cracking resistance would be 530 

underestimated under Criterion I. Accordingly, the error would increase with the decrease of the ratio 531 

ini

2K / ini

1K .  532 
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Fig. 21. Relationships of SIFs under different criteria 534 

5. Conclusions 535 

Experimental investigations were first carried out to verify the applicability of the interfacial 536 

crack propagation criterion for various categories of concrete strength and rock. The FPS tests with a 537 

wide range of mode mixity ratios were conducted on three series of rock-concrete composite beams. 538 

Thereafter, numerical analyses were accomplished to simulate the interfacial crack propagation 539 

process and predict the potential fracture paths, and validated by comparing the P-CMOD curves and 540 

cracking trajectories between the experimental and numerical results. Finally, the fracture analyses 541 

on a practical gravity dam were performed numerically by applying the interfacial crack propagation 542 



 

 

criterion. According to the comprehensive experimental and numerical investigations, the following 543 

conclusions can be drawn: 544 

1. The interfacial crack initiation criterion derived from the experimental studies was widely 545 

applicable to the interfaces constituted of different categories of rock and concrete with various 546 

strength grades. By combing the fictitious crack model, the crack initial criterion can be 547 

transformed into the crack propagation criterion by considering the contributions of cohesive 548 

forces on the fracture, which can be used to determine the crack propagation along the interface. 549 

2. By assessing the relationships between the interfacial crack propagation and the maximum 550 

circumferential stress criteria for the rock and concrete, the potential interfacial crack 551 

propagation paths could be predicted. It is convenient to apply the crack propagation criterion in 552 

practical engineering because only the initial fracture toughnesses of the rock, concrete and their 553 

interface are required. Also, numerical analyses were carried out to simulate the complete 554 

interfacial fracture process by introducing these criteria, and the numerical simulations showed 555 

good agreements with the experimental results.   556 

3. By taking a practical gravity dam as an example, the complete fracture process of the dam was 557 

analysed numerically under the actual loading conditions. Based on the relationships between 558 

these criteria, three potential propagation paths existed for the interfacial crack. The stress field 559 

at the interfacial crack tip and the initial fracture toughnesses of rock, concrete and their interface 560 

had significant effects on the interfacial crack propagation paths. If the initial fracture toughness 561 

of the rock was significantly larger than that of the interface, the interfacial crack would always 562 

propagate along the interface. If the initial fracture toughness of the rock was significantly smaller 563 

than that of the interface, the interfacial crack would kink into the rock foundation after its 564 



 

 

initiation. If the initial fracture toughnesses of the rock and interface were similar, the interfacial 565 

crack might first propagate along the interface and then kink into the rock foundation, which also 566 

depended on the stress field at the interfacial crack tip. In addition, the mode mixity ratio K2/K1 567 

increased significantly as the interfacial crack propagated at the low water level, e.g. 53.289 m. 568 

In contrast, the ratio K2/K1 did not show obvious variations as the interfacial crack propagated if 569 

the water level was above 53.289 m. Meanwhile, the initial crack length had little impact on the 570 

variations of the ratio K2/K1.  571 

4. For the extended study, different values of the initial fracture toughnesses for the rock, concrete 572 

and their interface were selected to match the actual case in practice. Three typical interfacial 573 

crack propagation paths can be observed, depending on the relationships between these criteria. 574 

In addition, the effect of FPZ on the interfacial crack propagation of a gravity dam was explored 575 

by comparing the numerical results with and without considering the cohesive force. The 576 

introduced cohesive forces increased the ratio K2/K1 and led the interfacial crack to kink into the 577 

rock foundation with a short propagation length along the interface. 578 

5. Different criteria were employed to predict the interfacial crack propagation length under a 579 

constant water level. Compared with the criterion proposed in this study, i.e. Criterion III, the 580 

mode 1 dominated criterion, i.e. Criterion I, would overestimate the cracking resistance, and the 581 

error would increase with the increase of the ratio ini

2K / ini

1K . Accordingly, the nil SIF criterion, 582 

i.e. Criterion II, would underestimate the cracking resistance, and the error would increase with 583 

the decrease of the ratio ini

2K / ini

1K .      584 
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