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Distribution of cracks in an anchored cavern under blast load based on cohesive elements 1 

Yi Luoa,b,d, Chenhao Peia,b ,Dengxing Quc*,Xinping Lia,b,d , Ruiqiu Maa,b, Hangli Gonga,b 2 

(a School of Civil Engineering and Architecture, Wuhan University of Technology, Wuhan, 430070, China; b 3 

Hubei Key Laboratory of Road-bridge and Structure Engineering, Wuhan University of Technology, Wuhan, 4 

430070, China; cSchool of Safety Science and Emergency Management, Wuhan University of Technology, 5 

Wuhan, 430070, China; dSanya Science and Education Innovation Park of Wuhan University of 6 

Technology,Sanya,572000,China) 7 

Abstract: To explore the distribution of cracks in anchored caverns under the blast load, cohesive elements 8 

with zero thickness were employed to simulate crack propagation through numerical analysis based on a similar 9 

model test. Furthermore, the crack propagation process in anchored caverns under top explosion was analysed 10 

and the distribution and mode of propagation of cracks in anchored caverns when a fracture with different dip 11 

angles was present in the vault were discussed. With the propagation of the explosive stress waves, cracks 12 

successively occur at the boundary of the anchored zone of the vault, arch foot, and floor of the anchored 13 

caverns. Tensile cracks are preliminarily found in rocks surrounding the caverns. In the case that a pre-14 

fabricated fracture is present in the upper part of the vault, the number of cracks at the boundary of the anchored 15 

zone of the vault decreases, then increases with increasing dip angle of the pre-fabricated fracture. The fewest 16 

cracks at the boundary of the anchored zone occur if the dip angle of the pre-fabricated fracture is 45º. The 17 

wing cracks deflected to the vault are formed at the tip of the pre-fabricated fracture, around which tensile and 18 

shear cracks are synchronously present. Under top explosion, both the peak displacement and peak particle 19 

velocity in surrounding rocks of anchored caverns reach their maximum values at the vault, successively 20 

followed by the side wall and the floor. In addition, they show asymmetry with the difference of the dip angle 21 

of the pre-fabricated fracture; the vault displacement of anchored caverns is mainly attributed to the formation 22 

of tensile cracks at the boundary of the anchored zone generated due to tensile waves reflected from the free 23 

face of the vault. When a fracture is present in the vault, the peak displacement of the vault decreases while the 24 

residual displacement increases. 25 

Keywords: blast load, anchored caverns, crack propagation, cohesive elements with zero thickness, numerical 26 



 

 

simulation. 27 

1 Introduction 28 

Underground engineering works are affected by dynamic loading, such as the blast load generated during 29 

excavation of adjacent tunnels[1,2], accidental blast load[3], or missile attack[4]. In addition, some defects (i.e. 30 

faults and joints) are inevitably present in the rock surrounding an underground caverns, as shown in Fig. 1. 31 

Fractures affect the stability of underground structures under blast load; especially, when open through-going 32 

fractures (such as faults, joints, and excavation-induced cracks) appear, not only do these fractures affect crack 33 

propagation in the vicinity of anchored caverns, but primary fractures may interact and even coalesce with other 34 

cracks in anchored caverns. Thus, it is necessary to explore crack propagation around anchored caverns with 35 

pre-existing fractures under dynamic load. 36 

 37 

Fig. 1 Cave rock mass fracture 38 

At present, research into the dynamic response of underground anchored caverns has attracted 39 

much attention. Scholars have investigated the failure modes of underground anchored caverns 40 

without pre-existing fractures. Xu et al.[5]and Wang et al.[6] investigated the failure of anchored caverns 41 

under blast load through physical model testing. Sivalingam et al.[7] surveyed the stress redistribution 42 

around adjacent tunnels during blasting excavation. Xia et al.[8] conducted field tests and numerical 43 

simulations. Li et al.[9] analysed the influence of waves triggered by blast tunnelling with explosive 44 

charges on the peak particle velocity (PPV) and stress from adjacent tunnels. Scholars also have 45 

explored the damage and failure of underground anchored caverns with pre-existing fractures. Liu et 46 



 

 

al.[10] investigated the propagation of fractures around tunnels under blast load through use of a 47 

TMCSC model. Zhou et al.[11] explored the propagation characteristics of radial fractures in tunnels 48 

under the effect of impact load. Based on dynamic testing, Guo et al.[12] investigated crack propagation 49 

in roadways with defects under blast load. As for failure characteristics of joint planes in rocks under 50 

dynamic load, Yang et al.[13] analysed the crack propagation path, the changes in stress intensity factor, 51 

and wing-crack mechanism of different joints. Li [14] determined certain characteristics of the 52 

interaction between stress waves and rock joints. With the aid of numerical analysis software, 53 

Deng[15]analysed the extent, severity, and modes of failure in a circular roadway with joints under 54 

dynamic blast load. 55 

Many scholars concentrate on the dynamic propagation of fractures or small-scale approximate 56 

tests[16,17,18]. The large-scale physical testing of anchored caverns under blast load is expensive and 57 

requires time. According to physical test data, the distribution and propagation of cracks in anchored 58 

caverns with a pre-existing fracture were explored through use of the numerical simulation methods. 59 

Due to the discontinuity and complexity of fractures, it is difficult to simulate crack propagation using 60 

the finite element method. In current research, cracks are approximately expressed mainly through 61 

element deletion or element damage[19,20]. Having low computational efficiency for a large-scale 62 

model, the particle flow code, discrete element and extended finite element methods are applicable 63 

for exploring test blocks at experimental scale[21,22,23]. Cohesive element has the advantages of high 64 

computational efficiency and good convergence in analyzing crack propagation[24,25]. Based on 65 

cohesion model, many scholars have studied concrete[26,27,28,29] and rock[30,31] at meso scale, and 66 

analyzed the fracture process of rock like materials. The existing research on the dynamic response of 67 

anchored caverns mainly focuses on stress, displacement and vibration velocity, and there is little 68 

research on the crack propagation of anchored caverns. By globally embedding cohesive elements 69 

with zero thickness, the crack propagation process in surrounding rocks of anchored caverns was 70 

analysed; moreover, the distribution of cracks and modes of failure of anchored caverns when a pre-71 



 

 

fabricated fracture with different dip angles was present in the vault were investigated. 72 

2 Calculation model 73 

2.1 Establishment of the model 74 

To verify the accuracy of the embedded cohesive elements with zero thickness, a calculation 75 

model was established according to the physical test model. The test equipment is shown in Fig. 2 and 76 

details are provided elsewhere [6]. For convenience of calculation, the physical test model was 77 

simplified into a plane strain problem. The calculation model is illustrated in Fig. 3. The model has 78 

dimensions of 2400 mm × 2300 mm × 40 mm (width × height × thickness), in which the cavern, 79 

appearing as a circular arch with vertical walls, presents a span of 60 cm and a height of 40 cm, 80 

showing the radius of the circular arch of 35 cm; the spacing between bolts, each with a length of 24 81 

cm, is set to 4 cm. The centre of the blast source is 83 cm from the top of the cavern. At the left and 82 

right-hand boundaries and the lower part of the model, semi-infinite bodies are simulated with an 83 

infinite element. The bolt elements and surrounding rocks are simultaneously deformed, and the bolts 84 

and the slippage effect thereof are simulated by bilinear constitutive model. 85 
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             Fig. 2 The test device       Fig. 3 Schematic representation of the calculation model (unit: cm) 87 

As we are interested in the crack distribution in the rock surrounding an anchored cavern, The 88 

air action near the explosion area is not considered, the blast pressure was measured by the test and 89 

applied to the blasting cavity at 10 cm from the centre of the explosive charge. The time history curve 90 

of pressure is shown in Fig. 4. 91 



 

 

 92 

Fig. 4 Explosion pressure time history curve 93 

2.2 Constitutive model 94 

Cohesion essentially refers to the interaction between material atoms or molecules. As a 95 

simplified phenomenological model, the cohesive zone model (CZM) visualises the crack initiation 96 

and propagation. In terms of its core concept, the non-linear constitutive model of materials is 97 

described based on the relationship between cohesion and relative displacement. The bilinear CZM is 98 

applied here, for which it is supposed that materials in the cohesive zone are linear-elastic in the initial 99 

response stage; thereafter, linear damage begins to evolve in the materials once the initial damage 100 

reaches its critical value, that is, the criterion denoting onset of the initial damage. The response of the 101 

model materials during failure is mainly reflected by using cohesive elements, therefore, quite a large 102 

stiffness is used to allow complete transmission of force from solid elements in the elastic stage. The 103 

response of model materials after reaching peak stress is simulated by utilising the descending segment 104 

of the stress-strain relationship for these cohesive elements. 105 

To explore the combined cracking, the quadratic normal stress criterion is applied (Equation (1)); 106 

the CZM under bilinear combined cracking is shown in Fig. 5[32] where, “〈〉”, are Macaulay brackets, 107 

means that the function has a value of zero when the independent variable is negative; the function 108 

equals the independent variable when the independent variable is positive. Macaulay brackets 109 

indicates that the initial damage does not occur in a purely compressive state of stress. The vector τ of 110 
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the normal traction stress consists of three components, in which n   denotes the component 111 

perpendicular to a possibly cracked surface and s  and t  denote two shear components on the 112 

surface where cracks are likely to occur. 0

n , 0

s , and 0

t  represent the peak normal stresses. The 113 

onset of damage occurs at f = 1. 114 
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 116 

Fig. 5 Mixed-mode cohesive traction response 117 

The level of damage in a material is characterised by introducing damage variable D, which can 118 

be defined in terms of displacement and energy. The fracture energy, that is, the energy Gf per unit 119 

area to be absorbed in crack initiation, is used to define the damage variable. Equation (2) shows the 120 

bilinear damage variable defined in terms of energy: 121 
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 （2） 122 

where, max  , 0  , and 0T   denote the maximum displacement during loading, the displacement 123 

corresponding to the onset of damage, and the critical stress under that initial damage, respectively. 124 

The Drucker-Prager model is used for solid elements of rocks and the calculation parameters are listed 125 

in Table 1. The rate-dependence of rock is considered in solid elements and the relationship between 126 

the strength and strain rate is given by[33]: 127 
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where, d , cd , and & refer to the dynamic strength, static strength, and strain rate, respectively. 129 

Table 1 CZM model parameter 130 

Material Density 

/kg·m-3 

Young’s 

modulus /GPa 

Poisson’

s ratio 

Internal 

friction angle 

Tensile 

strength /MPa 

Shear strength 

/MPa 

Fracture 

energy 

Experimental 

material 

1800 2.03 0.16 35 / / / 

Cohesive / / / / 0.16 0.64 2 

Anchor bolt 3000 76 0.34 / / / / 

 131 

2.3 Simulation of crack propagation 132 

The solid element mesh is partitioned; thereafter, zero-thickness cohesive elements are inserted 133 

between blocks of all solid elements comprising the mesh, as shown in Fig. 6. During calculation, the 134 

elements are deleted when the damage of cohesive elements reaches 1, which means that materials 135 

are fractured to form cracks. After the crack surfaces are formed, the interaction between crack 136 

surfaces also plays an important role in the subsequent crack propagation. To prevent the interactive 137 

invasion of crack surfaces, a hard contact was automatically used on crack surfaces after cohesive 138 

elements are deleted. The Mohr-Coulomb friction model was applied as the friction criterion, with 139 

coefficient of friction = tan  . 140 



 

 

 141 

Fig. 6 Crack propagation mode 142 

2.4 Verification of model accuracy 143 

To test the rationality of the established model and the reliability of results, the accuracy of the 144 

model was validated by comparing the time history curves of radial stress on elements at the blast 145 

source and the distribution of cracking at failure in the rock surrounding a cavern according to the 146 

related test results. 147 

(1) A comparison was made by selecting time history curves of pressure at two points P1 and P2 148 

at the same positions in the model test, as shown in Fig. 7; the simulation curves obtained through 149 

CZM undergo a shorter duration of action relative to that experimentally, mainly because materials 150 

are idealised during numerical analysis; however, a certain discrepancy arises in cement mortars used 151 

experimentally, which increases the duration of action of stress waves and reduces their peak intensity. 152 

Overall, the peak stress in the simulation result approximates to that measured experimentally, and the 153 

simulated curves are of a similar shape to their experimental counterparts, suggesting that the 154 

simulated result is accurate. 155 



 

 

 156 

Fig. 7 Comparison of simulated and measured compressive stress time-history curves 157 

(2) The accuracy of crack propagation simulated through the model was verified by comparing 158 

the distribution of cracks. Additionally, the physical test was assessed using the continuum damage 159 

model and the calculated result is shown in Fig. 8(c), in which the red zone corresponds to the damage 160 

zone, approximating to areas suffering formation of cracks. Figs 8(a) and (b) separately show the 161 

result obtained through the physical test and that calculated using the CZM. As shown in the figures, 162 

black parts represent the main cracks formed after blasting. By comparing the distributions of cracking 163 

across the three results, it can be found that both the damage model and CZM reflect that the most 164 

damaged zones around the anchored cavern are mainly found at the boundary and middle part of the 165 

anchored zone of the vault as well as the floor. The damage model can reveal those zones where 166 

fractures probably appear while it fails to describe the position and path of propagation of such 167 

fractures. The CZM can show the distribution and propagation of cracks, which are consistent with 168 

distributions obtained through physical testing. A broken zone is formed near the blast source, at the 169 

outer surface of which, radial cracks appear. Radial cracks generated due to blasting are deflected to 170 

the free faces and the cavern due to the presence of free faces of the top of the cavern. Vertical cracks 171 

extending to the blast source are generated at the top of the anchored zone of the cavern and cracks 172 

are formed at the boundary of the anchored zone; in addition, some fine cracks appear in the anchored 173 

zone and vertical cracks are found at the top of the cavern, arch springings, and the floor. 174 

Above all, the reliability of the calculation model and its superiority relative to the damage model 175 
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are validated by comparing the time history curves of compressive stress and the distribution of cracks 176 

obtained through numerical analysis and model testing. 177 

 178 

(a) Experimental result             (b) CZM model                   (c) Damage model 179 

Fig. 8 Comparison of simulated damage, simulated crack and test crack 180 

3 Analysis of crack propagation 181 

3.1 Crack propagation process in an anchored cavern with no pre-fabricated fractures 182 

The propagation of cracks in the rock surrounding an anchored cavern without pre-fabricated 183 

fractures was analysed: Fig. 9 shows the crack propagation pattern under top explosion. Broken zones 184 

are formed around the blast source under the huge compressive stress generated by shock waves. The 185 

energy generated due to blasting is largely consumed in this stage. On this condition, the peak stress 186 

drops to below the compressive strength of the rock while it remains above the tensile strength of the 187 

rock, thus generating radial tensile cracks. The stress waves are reflected as tensile waves when 188 

propagating to the free face in the top, thus inducing spalling. As stress waves propagate to the 189 

anchored zone, fine vertical cracks occur at the ends of the bolts at the vault. In the case that stress 190 

waves are reflected as tensile waves on the free face of the vault after passing though the anchored 191 

zone, only uncoalesced fine cracks are formed in the anchored zone due to the reinforcement effect of 192 

bolts. After the reflected tensile waves propagate beyond the anchored zone, the tensile strength of 193 

rock decreases without the confining effect of the bolts beyond the anchored zone, therefore, the 194 

coalesced tensile cracks occur at the boundary between the anchored zone and the unanchored zone. 195 

The reflected tensile waves at the free faces on the top of the model and in the cavern are mutually 196 



 

 

superimposed on the stress field at the tip of the radial fractures and therefore the radial fractures 197 

separately extend to the free faces forming the top and the cavern. As stress waves pass through the 198 

cavern, vertical tensile cracks are generated at the arch springings and the middle part of the floor. 199 

 200 

(a) t = 0.4 ms                      (b) t = 0.8 ms                      (c) t = 1.2 ms 201 

 202 

(d) t = 1.5 ms                 (e) t = 2.3 ms                  (f) t = 3.0 ms 203 

Fig. 9 Crack propagation process of anchorage cavity 204 

3.2 Crack propagation in an anchored cavern with pre-fabricated fractures 205 

Only a single fracture was established to analyse its influence on the distribution of cracks in the 206 

rock surrounding this anchored cavern. The pre-fabricated fracture, appearing as a long, narrow ellipse, 207 

was classified as an open fracture, with a short-axis length of 0.5 mm. This corresponds to an open 208 

fracture with a spacing of 5 mm in the actual cavern, showing the length of 30 cm and a skin friction 209 

coefficient of the fracture of = tan  . The fracture is set beyond the anchored zone, being 39 cm 210 

from the surface of vault, with the dip angles   of 0º, 30º, 45º, 60º, and 90º, as shown in Fig. 10. 211 



 

 

 212 

Fig. 10 Fracture setting diagram (unit: cm) 213 

Under blast load, two forces are found at the tip of the fracture: the shear stress formed by stress 214 

waves after passing through the tip of the fracture and the tensile stress formed at the tip of the fracture. 215 

The tip of the fracture constantly advances under the effect of the two forces. The fracture can be 216 

classified as exhibiting three modes: open cracks (mode I), sliding mode crack (mode II), and tearing 217 

mode cracks (mode III). The last two fracture modes are driven by shear force, so they are also 218 

indicative of shear failure. When exploring the mechanism of formation of cracks, many scholars infer 219 

the fracture mode of materials according to the stress state in various elements. The calculation model 220 

which analyses the causes of cracks based on the proportions of different fracture energies during the 221 

failure of cohesive elements can more provide better assessments of the mode of propagation of cracks, 222 

to provide better guidance for reinforcing the rock. Ra is defined as the proportion of the shear fracture 223 

energy in the total fracture energy when cohesive elements start to be fractured: 224 

 n
a

T

R =1
G

G
  （4） 225 

where, nG  denotes the tensile fracture energy; T s t=G G G , in which sG  and tG  separately refer 226 

to the shear fracture energy along two conjugate directions perpendicular to the tensile stress. 227 

The mode of propagation of cracks in surrounding rocks of the anchored cavern with a pre-228 

fabricated fracture with a dip angle of 45º was analysed. Fig. 11 shows the crack formation and 229 



 

 

propagation process in surrounding rocks of the anchored cavern and Fig. 12 shows the fracture mode. 230 

Cracks are closed under the effect of compression, and the vertical compressive shear crack 1 is first 231 

formed from the upper part of the fracture; moreover, the tensile cracks parallel to the fracture surface 232 

are formed due to reflected tensile waves on the upper surface of the fracture, and shear cracks parallel 233 

to the direction of propagation of stress waves are formed due to closure of the fracture under 234 

compression. At the upper tip of the fracture, there are not only cracks coalescing to the fracture zone 235 

formed due to blasting but wing crack 2 extends away from the blast source, with a propagation angle 236 

of 90º. The wing crack formed at the upper tip of the fracture mainly appears as a tensile fracture; 237 

moreover, some elements with Ra > 0.5 are subjected to tensile-shear fracture. This indicates that the 238 

tensile stress and shear stress synchronously influence the propagation of the crack tip and the both 239 

interact (nevertheless, tensile stress is taken as the main driving force). Crack 6 formed at the lower 240 

tip of the fracture is mainly manifest as a shear crack. When stress waves are applied to the fracture, 241 

it is dislocated, therefore, the vicinity of the lower tip of the fracture is subjected to shear failure to 242 

form short sliding-mode cracks. The tensile waves reflected from the free face of the vault are applied 243 

at the tip of the wing cracks to form a tensile fracture, which propagates towards the vault. In addition, 244 

the reflected tensile waves continue to propagate to form tensile crack 3 at the end of the wing crack 245 

at the upper tip. Cracks 4 and 5 formed under the interaction of tensile and shear failures are formed 246 

between the pre-fabricated fracture and the vault after stress waves pass through the fracture. Tensile 247 

cracks 7 and 8 are formed in the middle and right-hand side of the anchored zone of the vault. 248 

According to Fig. 11, the cracks around the anchored zone in the anchored cavern with a pre-249 

fabricated fracture mainly appear as tensile cracks under blast load, therefore, measures for preventing 250 

tensile failure are mainly taken in the vicinity of the anchored zone during its reinforcement. The 251 

cracks propagating from the middle and lower tip of the pre-fabricated fracture are shown as shear 252 

cracks and therefore reinforcement measures for their prevention should also be taken for the pre-253 

existing fracture in the cavern. 254 



 

 

 255 

(a) t = 0.4 ms                   (b) t = 0.5 ms                 (c) t = 0.9 ms 256 

 257 

(d) t = 1.2 ms              (e) t = 1.5 ms              (f) t = 1.9 ms 258 

Fig. 11 Crack propagation process 259 

 260 

Fig. 12 Shear fracture energy ratio 261 

Figure 13 shows the distribution of cracks in surrounding rocks of the anchored cavern when a 262 

fracture with different dip angles was pre-fabricated in the top of the cavern. When the dip angle of 263 

the pre-fabricated fracture is 0º, the wing cracks coalesce with the tensile cracks at the boundary of 264 

the anchored zone and vertical cracks are generated along the line connecting the centre of the cracks 265 

and the centre of the vault. Moreover, the presence of the fracture changes the direction of propagation 266 
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of stress waves and attenuates the energy generated by stress waves. Therefore, no reflected tensile 267 

cracks are formed in the middle part of the boundary of the anchored zone of the vault while cracks 268 

are found only in the two sides. Within the anchored zone of the vault, vertical cracks are generated 269 

only at the top while compressive shear cracks appear in corners of the two side walls. As the dip 270 

angle of the pre-fabricated fracture increases, the cracks at the boundary of the anchored zone in the 271 

left-hand end far from the fracture are gradually reduced and deflected away from the cavern; however, 272 

the opposite trend is seen in the right-hand end of the anchored zone. At a dip angle of the pre-273 

fabricated fracture of 45º, the wing cracks at the left-hand end of the fracture do not coalesce to the 274 

boundary of the anchored zone while cracks occur in the right half of the anchored zone of the vault. 275 

No cracks are formed in the arch foot and floor, which implies that the presence of the pre-fabricated 276 

fracture attenuates stress waves and the generation of numerous cracks above the fracture absorbs 277 

some of the energy generated by stress waves. When the dip angle of the fracture exceeds 45º, the 278 

cracks formed at the left-hand end of the fracture coalesce with those at the boundary of the anchored 279 

zone. Owing to the right-hand end of the fracture being close to the anchored zone of the cavern, wing 280 

cracks coalesce with the reflected cracks at the boundary of the anchored zone and vertical cracks are 281 

also present in the middle of the floor. When the pre-fabricated fracture is vertical, vertical cracks 282 

parallel to the fracture are formed from the upper end of the cracks. The distribution of cracks around 283 

the cavern is similar to that in the anchored cavern with no pre-fabricated fracture. This is because the 284 

fracture is parallel to the direction of propagation of the stress waves and exerts no significant 285 

influence on the propagation of stress waves. 286 

 287 



 

 

 288 

(a) 0                       (b) 30                      (c) 45    289 

 290 

(d) 60                  (e) 90    291 

Fig. 13 The crack distribution around an anchored cavity with cracks at different dip angles 292 

4 Analysis of the dynamic response of an anchored cavern 293 

4.1 Analysis of the vault displacement in an anchored cavern 294 

Figure 14 shows the distribution of peak displacements in the rock surrounding an anchored 295 

cavern, in which 0º and 180º separately correspond to the centres of the vault and floor while 90º and 296 

270º separately correspond to the arch springings. The peak displacement of the vault facing the blast 297 

effect is the largest, successively followed by that of the side walls and floor. When no fracture or a 298 

fracture is pre-fabricated vertically in the vault, the displacement of the floor exceeds that of the side 299 

walls while the former is lower than the latter on condition that the pre-fabricated fracture is inclined; 300 

moreover, the displacements of the arch springing and side wall in the right-hand side closer to the 301 

pre-fabricated fracture are slightly larger than those on the left. The distributions of the peak 302 

displacement are smooth and continuous and the zone of abruptly changing displacement corresponds 303 



 

 

to the surrounding rocks within which cracks are generated. When the surrounding rocks are exfoliated, 304 

the displacement in the corresponding areas increases significantly, for example, the zone with 305 

abruptly changing displacement on the vault of the cavern having a pre-fabricated fracture with the 306 

dip angle of 0º. On condition that many cracks are present at the boundary and the interior of the 307 

anchored zone, the displacement of the corresponding surrounding rocks also increases slightly, 308 

indicating that the displacement of the surrounding rocks is somewhat related to the displacement of 309 

the cracks. 310 

  311 

(a) No crack                                (b) 0    312 

  313 

(c) 30                              (d) 45    314 



 

 

  315 

(e) 60                               (f) 90    316 

Fig. 14 Cavern peak displacement distribution 317 

Figures 15 and 16 separately show the displacements of the vault of an anchored cavern without 318 

a fracture and with a pre-fabricated fracture at a dip angle of 45º. A negative represents a downwards 319 

displacement. The results obtained experimentally and by numerical calculation reveal that the 320 

dynamic response of the anchored cavern ends 3 ms after blasting and thus the displacement at 3 ms 321 

is selected as the residual displacement. The vault displacement is divided into four phases: in phase 322 

I, the vault is deformed under the effect of stress waves and no cracks occur in the anchored zone of 323 

the vault. The deformation is manifest as elasto-plastic deformation of the upper part of the cavern. 324 

The deformation is insignificant in this phase. In phase II, cracks are found in the anchored zone; 325 

however, there are only a small number of cracks therein and the vault displacement is low. In phase 326 

III, cracks occur outside the anchored zone. After the reflected waves from the free face of the vault 327 

pass out of the anchored zone, numerous cracks are formed at the boundary of the anchored zone. The 328 

vault displacement occurs mainly in this phase. In phase IV, the elastic displacement recovers. The 329 

elastic deformation in rocks and that of bolts for the anchored zone gradually recover and therefore 330 

the vault will be displaced upwards to some extent. As shown in Figs 14 and 15, the vault displacement 331 

of the anchored cavern with a pre-fabricated fracture starts to change later because the presence of the 332 

fracture hinders the propagation of stress waves. Therefore, the vault displacement begins to vary later; 333 

moreover, the presence of the fracture attenuates stress waves and thus the displacement of the 334 



 

 

anchored cavern with a pre-fabricated fracture is lower than that without a fracture in phase I. As for 335 

the anchored cavern with a pre-fabricated fracture, the cracks around the fracture continue to 336 

propagate under the effect of reflected waves in phase III; in addition, the recovered displacement is 337 

lower than that of the anchored cavern without the fracture in phase IV. The reason for this is that the 338 

presence of many cracks around the pre-fabricated fracture in the vault weakens the rock in the upper 339 

part, leading to a large residual displacement. It can be seen from Table 2 that the peak displacements 340 

all decrease slightly when a fracture is pre-fabricated in the vault compared with those of the anchored 341 

cavern without a fracture, in which the peak displacement is the lowest when the dip angle of the pre-342 

fabricated fracture is 45º; the residual displacements of the anchored cavern with a pre-fabricated 343 

fracture are all larger than those without a fracture, except when the dip angle of the fracture is 0º, in 344 

which the residual displacement reaches its maximum at a dip angle of 90º. 345 

    346 

Fig. 15 Displacement of the vault of an unfractured cavern         Fig. 16 Displacement of the vault of a cavern with a 347 

crack 348 

Table 2 Vault displacement 349 

Dip angle No crack 0º 30º 45º 60º 90º 

Peak displacement 0.347 0.233 0.207 0.195 0.260 0.295 

Residual displacement 0.149 0.137 0.156 0.157 0.151 0.235 



 

 

4.2 Analysis of the particle velocity in an anchored cavern 350 

Figure 17 shows the distribution of PPVs around an anchored cavern, in which 0º and 180º 351 

separately correspond to the centres of the vault and floor while 90º and 270º separately correspond 352 

to arch springings. The distribution of the PPV appears serrated, positions with a low PPV correspond 353 

to those reinforced by bolts while the zones of lower reinforcement effect between adjacent bolts have 354 

a larger PPV, indicating that bolts reduce the PPV around parts of the cavern. For an anchored cavern 355 

without a pre-fabricated fracture, the PPVs are quasi-symmetrically distributed, in which the PPV is 356 

largest in the vault, successively followed by that in the side walls and floor: however, due to the 357 

differences in the distribution of cracks in surrounding rocks, the PPV abruptly changes in local zones 358 

where cracks appear. For example, spalling or radial cracks are formed in the left-hand arch springing 359 

and the centre of the floor, where the PPV increases the most. The PPV decreases significantly when 360 

a pre-fabricated fracture is present in the upper part of the vault. With increasing dip angle of the pre-361 

fabricated fracture, the PPV distribution in the surrounding rocks becomes asymmetric: the PPV in 362 

the anchored zone in the right-hand end closer to the pre-fabricated fracture is larger owing to more 363 

cracks being generated in this zone. Above all, the PPV in surrounding rocks is the lowest when a 364 

horizontal fracture is pre-fabricated in the vault; the PPV in surrounding rocks for a dip angle of the 365 

pre-fabricated fracture of 90º approximates to that of the anchored cavern without such a fracture; 366 

however, the PPV is also slightly lower than that of the anchored cavern without the fracture due to 367 

energy absorption along the pre-fabricated fracture. 368 

  369 



 

 

(a) No crack                                (b) 0    370 

  371 

(c) 30                              (d) 45    372 

  373 

(e) 60                               (f) 90    374 

Fig. 17 PPV distribution in caverns 375 

5 Discussion 376 

According to analyses of the crack propagation and dynamic response of the anchored cavern, it 377 

can be found that the CZM can integrate analysis of crack propagation at the mesoscopic scale with 378 

the dynamic response at the macroscopic scale. Under blast load, when joint planes such as fractures 379 

are present on the top of the cavern, they give rise to two effects on the stability of the cavern: on the 380 

one hand, the fractures block the propagation of stress waves, especially open fractures. Numerous 381 

propagating fractures are present in the vicinity of pre-existing fractures, absorbing much of the energy 382 

associated with the input stress waves; on the other hand, fractures weaken the rock in the upper part, 383 

resulting in increasing residual displacement of the vault. 384 



 

 

According to the distribution of PPV in surrounding rocks of the cavern, it can be found that bolts 385 

decrease the PPV and act to restrain crack propagation. The existing safety criterion applied during 386 

blasting vibration is mainly discussed in relation to unsupported caverns. According to Fig. 15, cracks 387 

have been formed in the floor of the cavern that is unreinforced by bolts at a low PPV; by contrast, a 388 

larger PPV is required to form cracks in the anchored zone. The model shows a similarity ratio of 0.3. 389 

By transforming the vibration velocity into that during practical engineering operations, cracks occur 390 

in the unanchored zone at a PPV of 60 cm/s, which is similar to those found elsewhere [34,35,36,37] 391 

However, the PPV must reach about 120 cm/s (about three times that in the unanchored zone) so that 392 

cracks can be generated in the reinforced (anchored) zone, therefore, it is necessary to explore the safe 393 

vibration velocity during blasting in an anchored cavern. 394 

 395 

6 Conclusion 396 

Based on a CZM, the crack distribution and propagation in an anchored cavern without and with 397 

a pre-fabricated fracture at different dip angles under blast load were simulated by globally embedding 398 

cohesive elements with zero thickness. In this way, the feasibility of using the CZM to simulate the 399 

fracture and failure of caverns was validated; moreover, a comparison was undertaken between the 400 

influences of the dip angles of the pre-fabricated fracture in the vault on the crack propagation and 401 

dynamic response. The following conclusions are drawn: 402 

(1) The CZM can simulate the cracking and propagation of cracks by embedding cohesive 403 

elements with zero thickness between solid elements. By comparing with the physical test, the CZM 404 

simulates the distribution of cracks in an anchored cavern without a pre-fabricated fracture. 405 

Additionally, the feasibility of the model when used to simulate crack propagation in an anchored 406 

cavern is verified. 407 

(2) Under top explosion, cracks around the anchored cavern without a pre-fabricated fracture 408 



 

 

mainly occur at the boundary of the anchored zone of the vault, arch springing, and the middle of the 409 

floor. When a pre-fabricated fracture is present in the vault, numerous reflected tensile cracks and 410 

vertical shear cracks are formed above the fracture due to the blocking effect of the fracture on stress 411 

waves. In addition, wing cracks are formed at the tip of the fracture; the number and extent of reflected 412 

tensile cracks at the boundary of the anchored zone of the vault decrease significantly, decreasing at 413 

first, then increasing with increasing dip angle of the pre-fabricated fracture. There are fewest cracks 414 

at the boundary of the anchored zone at a dip angle of 45º. Tensile cracks are mainly found around the 415 

anchored zone while shear cracks also appear in the vicinity of the pre-fabricated fracture. When 416 

reinforcing surrounding rocks, measures should be taken in the vicinity of the anchored zone to 417 

prevent tensile failure; by contrast, the reinforcement measures used for preventing shear failure 418 

should be also taken as for pre-existing fractures in the cavern. 419 

(3) Under blast load, the vault displacement of the anchored cavern is mainly attributed to tensile 420 

cracks formed in the anchored zone due to the reflected tensile waves on the free face of the vault. 421 

When a fracture is pre-fabricated in the upper part of the vault, the blocking effect of the fracture on 422 

stress waves leads to the reduction of the peak displacement of the vault; moreover, the presence of 423 

the fracture weakens the rock in the upper part, resulting in greater residual displacement. 424 

(4) The distribution of PPV in the anchored cavern is serrated: the vibration velocity in the 425 

anchored zone is lower than that in the unanchored zone. In terms of the overall distribution of PVV, 426 

the vault shows the largest PVV, successively followed by the side walls and the floor. In addition, the 427 

PVV increases abruptly in positions subjected to spalling and cracking. When a pre-fabricated fracture 428 

is present in the upper part of the vault, the PVV decreases significantly; the PVV in the right half of 429 

the anchored zone closer to the pre-fabricated fracture is larger than that on the left. The lowest PVV 430 

in surrounding rocks occurs when a pre-fabricated fracture is established in the horizontal direction. 431 

The PVV enabling formation of cracks in the anchored zone is about three times larger than that in 432 

the unanchored zone. 433 
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