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Abstract. As a common phenomenon of deep underground engineering under high 
geostress, the generation and evolution of zonal disintegration phenomenon (ZDP) are 
analyzed by means of numerical simulation. Based on the strain gradient theory and 
the deformation theory of plasticity, an elastoplastic damage softening model is put 
forward. In terms of maximum tensile stress criterion and strain energy density failure 
theory, the element failure criteria have been developed to simulate the failure 
behavior of rock mass. The zonal disintegration code has been developed by the 
FORTRAN of ABAQUS. Then it was used to determine the failure pattern of the rock 
mass around the deep cavern and the quantity and width of the fractured zones also 
have been obtained. The  numerical calculation results are in good agreement with the 
model test measurements. 

1.  Introduction 
With the rapid economic development and increasing energy demand, many engineering constructions 
such as mining engineering, traffic engineering and large-scale hydropower engineering are entered 
into high geostress and complex deep geological environments. The mechanical properties and the 
deformation failure mode of deep rock masses are different from the shallow rock mass in which the 
zonal disintegration phenomenon (ZDP) is an important feature of the deep rock mass [1]. 

The ZDP has been confirmed by physical detection methods in the excavation of deep caverns. The 
resistivity meters were used in the deep mine of Taimyrskii to detect the zonal disintegration [2]. 
Borehole televisions were adopted to monitor the ZDP in the Huainan coal mine [3]. Many model tests 
are implemented to study this phenomenon. The ZDP is going to happen under the effect of large axial 
pressure and the undulations of internal rock strain and displacement law are measured [4, 5]. 
Meanwhile, a series of numerical simulation analysis are conducted to expound the gradual formation 
of ZDP in the surrounding rock of the cavern [6, 7]. 

With the deepening of theoretical research, the zonal disintegration is a special strain localization 
phenomenon with obvious regularity and the theory of strain gradient is more reasonable and accurate 
to study the mechanism of the zonal disintegration mechanism of surrounding rock under high 
geostress. The coupled stress theory was applied to the study of jointed rock masses [8], and the effect 
of strain gradient on post-peak deformation of rock mass was considered to analyze the mechanical 
characteristics of zonal disintegration [9]. 
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In summary, the ZDP of deep rock masses has been confirmed in engineering sites and indoor 
model tests, and many theories have been proposed to explain this kind of damage phenomenon .But 
so far, most theories do not consider the role of strain gradient on deep caverns. Based on the strain 
gradient theory and the damage softening model, an elastoplastic softening model is established. In 
terms of maximum tensile stress criterion and strain energy density theory, the element failure criteria 
have been developed to simulate the failure behavior of rock. The zonal disintegration code has been 
developed by the UMAT of ABAQUS. Then it was used to determine the failure pattern of the rock 
mass around the deep cavern and the results of numerical simulation can well simulate the zonal 
disintegration that occurs in the deep rock mass. 

2.  Elastoplastic damage softening model with strain gradient 

2.1.  Nonlinear Softening Constitutive Relation of Uniaxial Compression 
With the development and utilization of underground space, the excavation depth is extended, and the 
failure of deep rock mass presents the characteristics of ductility and strain softening under the 
condition of high geostress [10]. The stress-strain curve of uniaxial compression is shown in Fig. 1. 
 

 

Figure 1. Stress-strain curve of uniaxial compression 
 

The OA stage is called as the stage of cracks compaction, and the cracks inside the rock mass are 
continuously compacted and closed under the action of external force. The AB stage is linear elastic, 
and the point B is the yield point which represents the dividing line or transition from the elastic to the 

plastic region of the curve. s  is yield stress and s is yield strain. The original cracks are pressed and 

the new cracks are produced. In general, the stress-strain curve needs to be properly simplified in 
theoretical analysis. OA and AB are collectively simplified linear elastic region, and the slope is the 
elastic modulus E . 

The BC stage is a stage of plastic hardening. The point C is the point of peak strength, f is the 

peak stress, and f is the peak strain. In general, the stage is short. The stress-strain curves show 

obvious nonlinearity with the convergence and penetration of the crack accelerating expansion. The 
CD stage is the stage of plastic softening, and the point of D is the intersection of the softening stage 

and the fluid stage, which 0 is the residual stress and 0 is the residual strain. At this stage, numerous 

cracks are generated, which tend to coalesce into macro - main cracks. The BC and CD can be 
collectively regarded as plastic bearing region [11]. 
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The DE stage is the residual stage, the strength of the rock mass declines with the increase of 

deformation. Until the deformation reaches the ultimate strain u , the rock mass is completely 

destroyed. 
In the elastic stage, the constitutive equation can be expressed as the following form:  
 

   1 1 1 1  sE                                                                        (1) 

 

Where, 1 is the first principal stress, 1 is the first principal strain. E is the elastic modulus. 
In the plastic stage, the constitutive equation of undamaged rock mass is in the following 

exponential form [12, 13]: 
 

      1 1 0 1 1 1 2 1 1=(1 ) exp   sD E k k                                                      (2) 

 

where, 1k and 2k are the small parameter perturbation terms, which is a smooth connection between 

the plastic hardening stage and the elastic stage, 0E is the undetermined parameters, D is the damage 

variable and the evolution function can be described with the following damage evolution law [14]: 
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2.2.  Deformation Theory of Plasticity 
In plastic mechanics, the representation of the Hencky deformation theory [15] can be written as: 
 

3H                                                                           (4) 
 

Where,  and   are the equivalent stress and strain. In particular, the expressions 1
~   and 1

~    
are established under uniaxial compression [16].  H H  

 
is a function relation that represents 

about  , which is irrelevant to simple or complex stress state. 
After substituting Eq. (4) into Eq. (2), the following function relation can be given: 
 

    2
0 1 23 (1 ) 3 expH D E k k                                                         (5) 

 
According to Eq. (5), the constitutive equation can be represented as the following form: 
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In order to unify the constitutive equation in form, the relation between equivalent stress and strain 

in elastic area is obtained as follows: 
 

3   ( )sG                                                                      (7) 
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Where,   2 1G E   ,G  is Lame constants, E  is elastic modulus,   is Poisson ratio. 

Therefore, the elastoplastic damage softening constitutive model of rock mass is established as 
follows: 
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2.3.  Strain Gradient and the Generalized Equivalent Stress and Strain 
The ZDP in deep rock is a kind strain localization phenomenon with obvious regularity, and the strain 
gradient theory maintains advantage in the study of the localization of the strain, so the analysis of 
ZDP should consider the influence of strain gradient. 

In the Toupin-Mindlin strain gradient theory [17, 18], the total strain consists of two parts: the 
conventional Eulerian strain tensor

 ij and the high order strain tensor
 ijk . The specific formulae of 

ij and ijk are deduced as: 

 

 , , ,2     ij i j j i ijk i j k k iju u u u ，                                                 (9) 

 
Where, iu is the macroscopic displacement of material. 

The constitutive equation of Toupin-Mindlin strain gradient theory can be written as:  
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Where, ij is two order Cauchy stress tensor, which is conjugate to the Eulerian strain tensor ij , 

ijk is set as the three order stress tensor which is conjugate to strain gradient tensor ijk . ij is the 

Kronecker symbol, andG are the lame constant, l is the internal length parameter, which is generally 
valued as diameter of aggregate particles [19]. 

The expressions of the generalized equivalent stress and strain containing the strain gradient [20] 
are represented as:  
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(11) 

 

Where, ij ij m ije      ,  11 22 33 3m      , ij ij m ijS     ,  11 22 33 3m      . 

3.  Failure Criterion of ZDP 

3.1.  Tensile failure 
When the maximum tensile stress i of the surrounding rock reaches the tensile strength t , the base 

elements of rock mass occur tensile failure. The elastic modulus is reduced to a small residual value *
CE , 

which is EEC 05.0*  . 
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3.2.  Strain energy density failure theory 
According to the strain energy density theory [21] and the effect of strain gradient, the strain energy 
density of each element can be expressed by the following equation under isothermal conditions. 
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The above equation shows that the strain energy density is determined by the deformation history 

of stress ij  , strain increment ij  and strain gradient tensor ijk . 

 

 

Figure 2. The curve of strain energy density 
 

As shown in Fig. 2, the damage and failure criterion of rock based on strain energy density is 
expressed as follows: 

(1) When    
0

s

ij ijB
dW dV dW dV d


    ( s is the yield strain in the stress process),  B

dW dV  is 

the yield strain energy density, the rock elements are in the elastic state without damage; 
(2) When    B

dW dV dW dV , the rock elements begin to damage and the internal cracks begin to 
form, the damage destruction status is represented by damage variable D ;  

(3) When    
0

o

ij ijD
dW dV dW dV d


    ( o is the residual strain in the stress process),  D

dW dV  

is the residual strain energy density, the macro crack coalescence is emerged and the rock mass enters 
into the plastic bearing region; 

(4) When    
0

u

ij ijE
dW dV dW dV d


    ( u is the ultimate strain in the stress process),  E

dW dV  

is the ultimate strain energy density, the rock mass is in the plastic flow stage. In the numerical 
calculation, in order to maintain the integrity of the entire calculation and the continuity of the rock 
element, a small residual modulus is given to the completely fractured rock element according to the 
results of the laboratory test, which is EEC 05.0*  . 

4.  Numerical analysis of zonal disintegration 

4.1.  Numerical Simulation process of zonal disintegration 
In the ABAQUS calculation process, the generalized equivalent stress and strain containing the strain 
gradient of the elastoplastic stress state are calculated. If the stress state meets the tensile strength, the 
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rock element enters the tensile damage state, if the stress is less than the ultimate tensile strength, the 
strain energy density failure criterion is used to calculate the failure mode of the rock mass. The 
calculation process of the above idea in ABAQUS is shown in Fig. 3. 
 

 

Figure 3. Flow chart of numerical implementation in ABAQUS 

4.2.  Comparison between model test results and numerical simulation results 
Taking the geomechanical model test [22] as an example, numerical simulation size is 30m×30m×30m, 
the cavern section is circular and the radius of cavern is 2.5m, 17340 elements are divided, the specific 
calculation model is shown in Fig.4. 
 

 

Figure 4. Three dimensional computational mesh of rock mass in ABAQUS 
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According to the model test, the initial elastic modulus is E =77.82GPa, the poisson's ratio is   

=0.268, the density rock is  =2620kg/m3, the compressive strength is c =88.55MPa, the tensile 

strength is t =14.01MPa. The depth of carven is -910m, the lithology is sandy mudstone and the 

initial stress is 23.36MPa, the side pressure coefficient is k =1.5, the stress parallel to the carven axis 
is 2 times the compressive strength. 

After calculation, the calculation results shown in Fig. 5 can be obtained.  
 

 

Figure 5. Failure states near the cavern 
 

As can be seen from Fig.5, there are four fractured zones at the periphery of the cavern. The first 
fractured zone is the most severely damaged, and the fourth fractured zone has a smaller and 
dispersive range of damage zones, and it is more practical with the model test results. The first 
fractured zone ranged from 2.50m to 3.60m, the second fractured zone ranged from 4.20m to 4.50m, 
the third fractured zone ranged from 6.40m to 6.60m, and the fourth fractured zone ranged from 8.50m 
to 8.93m. 

Tab.1 shows the comparison between numerical calculation and model test results [22]. Through 
the comparison of the data in the table, it is found that the average range and width of the fractured 
zone obtained by numerical calculation are basically consistent with the model test results, indicating 
that the calculation method is correct and feasible. 

 
Table 1. Ranges of zonal disintegration obtained by numerical calculation and model test result 

Number of 
fractured zones 

Average radius/m Average width/m 
Model test

results 
Numerical calculation

Model test
results 

Numerical 
calculation 

1 3.15 3.05 1.30 1.10 
2 4.48 4.35 0.25 0.30 
3 6.13 6.50 0.15 0.20 
4 8.35 8.57 0.10 0.15 

5.  Conclusion 
(1) Comparison between numerical simulation results and model test results, it can be seen that 

they are in good agreement. The elastoplastic damage softening model and calculation method are 
proved correctly and feasibly to simulate the zonal disintegration of deep rock mass. 
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(2) The numerical methods and failure criteria of rock mass are established to determine the 
evolution of the zonal disintegration during the excavation of the deep rock mass, and the width and 
number of fractured zones can be obtained. 

(3) Since this numerical method is based on the FORTRAN language in ABAQUS, the numerical 
calculation has a wider application than the analytical method, which can be directly used to solve 
various complex engineering problems. 
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