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Abstract

:

With the decreasing of shallow resources, underground roadways of resources exploitation have reached into deep rock mass with high geostress. A series of new failure phenomena such as zonal disintegration phenomenon were discovered in deep surrounding rock, which is completely different from shallow caverns. To reveal the formation mechanism of zonal disintegration, the geomechanical model test and energy mechanism analysis of zonal disintegration were carried out respectively. Taking the deep roadway of Dingji coal mine in China’s Huainan coal mine as engineering background, a 3D geomechanical model test was carried out relying on the high stress 3D loading test system. The zonal disintegration phenomenon was observed, and the oscillation law of displacement was measured. Based on the strain gradient theory and continuum damage mechanics, the elastoplastic damage model was established. An energy failure criterion was proposed by principle of energy dissipation and release. The ODE45 function in Matlab software was used to solve the displacements and stresses of excavated model roadway. The analytical solutions the and the geomechanical model test were basically consistent. The applicability of theoretical model and energy failure criterion were confirmed to explain the mechanism of zonal disintegration and it can be used to provide theoretical support for the failure and supporting design of surrounding rock in deep underground engineering.
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1. Introduction


Zonal disintegration is a common deformation failure phenomenon in deep rock engineering under high geostress conditions. It is manifested by the phenomena of alternating fractured zones and non-fractured zones in the surrounding rock on both sides and face of the roadway (Figure 1) [1].



In recent decades, scholars have carried out a lot of research work on zonal disintegration from different perspectives. In theoretical analysis, a non-euclidean analytic model was established to determine the incompatible deformation of zonal disintegration in deep rock masses [2,3]. A strain gradient model was established to obtain the stress field in elastic and plastic zones, and the formation of zonal disintegration of rock mass near deep level tunnel was elucidated [4]. A mechanical model is proposed to investigate zonal disintegration mechanism of cross-anisotropic rock masses around a deep circular tunnel subjected to dynamic unloading under hydrostatic pressure condition [5]. In numerical simulations, the failure mechanism of zonal disintegration around deep underground excavations under tri-axial stress were studied through three-dimensional Realistic Failure Process Analysis (RFPA3D) [6,7], a numerical method based on the UMAT of ABAQUS was proposed to investigate the mechanism of zonal disintegration [8]. In the geomechanical model test, a pre-set roadway model test was implemented to confirm that roadways under a large axial pressure caused the lateral expansion of the wall around circular opening (Figure 2a) [9], a triaxial loading geomechanical model test was used to truly reproduce the zonal disintegration phenomenon and obtained the wave change of strain and displacement with a variety of test methods (Figure 2b) [10].



Zonal disintegration of deep roadway is a regular strain localization phenomenon. The strain gradient theory can reflect the strain localization of the rock mass [11,12]. Since the existing elastoplastic model [13] of continuous media neglects the influence of strain gradient, it has encountered difficulties in explaining the zonal fracture phenomenon of deep rock mass. Therefore, the effect of strain gradient should be considered in the study of the zonal disintegration phenomenon. In the field of application, the plastic strain gradient is analysed to predict the tendency of rock burst in ore pillars [14].



In the fracture mechanics analysis of materials, many scholars have explained the macroscopic fracture mechanism from different aspects and the corresponding fracture criteria are established. According to the applied parameters, there are two categories: the stress parameter criterion and the energy parameter criterion [15]. In the stress parameter criterion, a 2D [16] and full 3D [17] discrete beam lattice model with embedded discontinuities were present to simulate cracks propagating through rock mass until complete localized failure. In the energy parameter criterion, the deep rock mass is subjected to processes such as transformation, transmission, dissipation and release of energy during the process of cracks fracture. From the energy point of view, the characteristics of the deformation and failure stage of rock mass can be easily characterized [18]. Therefore, it can be achieved to understand the formation mechanism of the zonal disintegration phenomenon by studying the characteristics of energy changes of surrounding rock in deep roadway.



In this paper, taking the deep roadway of Dingji coal mine in China’s Huainan coal mine as engineering background, a 3D geomechanical model test was carried out relying on the high stress 3D loading test system. The zonal disintegration phenomenon was observed, and the oscillation law of displacement was measured.Based on the elastoplastic damage model and the energy failure criterion, the formation and development law of zonal disintegration are analyzed and it can be applied to the similar deep underground engineering.




2. Geomechanical Model Test for Zonal Disintegration in Deep Rock Mass


Geomechanical model test is a physical simulation method for scaling research on engineering problems based on a certain similarity principle. Under the condition of satisfying the similar principle, the deformation and failure characteristics of rock mass can be simulated more accurately. Some new experimental phenomena can be observed. New theory and mathematical model can be provided by the experimental results. The geomechanical model test has become an important means to study the nonlinear deformation and failure of deep rock masses with its intuitionistic and visual characteristics.



2.1. Analogical Materials of Model Test


The deep roadway of the Dingji coal mine in Huainan area is chosen as the engineering prototype of the model test. The buried depth of roadway is 910 m, the lithology of the roadway is medium sandstone which is mainly dominated by quartz and cemented by calcium. The geomechanical characteristics of the medium sandstone from the coal mine are shown in Table 1.



To simulate the mechanical properties of sandstone, a new typed cementations geotechnical similar material called iron crystal sand cementation material (IBSCM) [19,20] was proposed based on the similarity principle and the mechanical parameters of the rock. The iron powder, the barite powder and the quartz sand are selected as the aggregate of IBSCM. Among these components the iron powder and the barite powder are fine aggregates while the quartz sand is coarse aggregate. Its cementing agent is the rosin-alcohol solution (Figure 3). The mechanical parameters of the IBSCM material can be adjusted through the change of the component concentration and the cementing agent solubility.



The geometrical similarity scale of the model is taken as 1/50 and the similar weight ratio of the model is taken as 1. Based on the similar conditions and the geomechanical characteristics of the medium sandstone from the coal mine (Table 1), through a large number of material ratios and corresponding mechanical parameter tests, the physical and mechanical parameters of similar materials of the model were obtained in Table 2, the proportion of iron power, the barite powder and quartz sand is 1:1.2:0.38, the concentration of rosin alcohol solution is 9.5%, the ratio of rosin alcohol solution to the total weight is 5%.




2.2. Model Dimensions and Boundary Conditions


The shape of geomechanical model is a cube, and the size of the model is length (direction of parallel to the roadway axis, x direction) width × (direction of perpendicular to the roadway axis, z direction) × height (vertical orientation, y direction) = 0.6 m × 0.6 m × 0.6 m, the model roadway is excavated using circular holes and the diameter of the roadway is 0.1 m.



The model geostress field is mainly dominated by horizontal tectonic stress and the lateral pressure coefficient is 1.5. The vertical stress (  σ y  ) of the model roadway is calculated as the gravity stress   γ h  , where,  γ  is the unit weight of rock mass, h is the converted model depth of roadway; the horizontal geostress (  σ z  ) perpendicular to the roadway axis is calculated as 1.5 times the vertical stress; the horizontal geostress (  σ x  ) paralleled to the roadway axis is 1.2 times the compressive strength of the model similar materials. The model roadway condition and loading mode are shown in Figure 4.




2.3. Layout Scheme of Displacement Measurement


To observe zonal disintegration phenomenon effectively, grating scale multi-point displacement measuring elements are arranged around model roadway at intervals. The layout of the model monitoring section and the arrangement of the measuring element are shown in Figure 5.




2.4. Model Loading and Excavation


According to the loading method described in Section 2.2, a self-designed high-stress true three-dimensional loading model test system [21] is used to apply boundary load to the model so that the initial stress field is formed inside the model. As shown in Figure 6, the system is composed of three components listed as follows: the reaction frame system, the high pressure jack system and the high-pressure loading system. The high pressure equipment is especially designed in this test and its rated output is 5.5 MPa. There are in total 24 hydraulic jacks respectively set on the six sides of the equipment. The maximum power output of each hydraulic jack can reach 2000 KN. The whole system meticulously simulates the deformation and failure process of the model roadway in Dingji coal mine.



With the complement of the model fabrication, exert the stress at the model boundary according to the similar stress and keep a steady pressure for one day so that an initial high geostress field can be formed inside the model. Full section excavation was adopted and kept excavating the model by stages along the roadway axle until the whole model roadway was cut-through and shaped up [22]. During the process, the deformation and failure of the model roadway should be observed. The test procedure was illustrated and test data of displacement instruments was recorded (Figure 7).



After the roadway excavation was completed, the boundary stress was to be maintained for a long time. When the reading of the monitoring instrument was stabilized, the boundary stress was removed and the model test bench was disassembled, the geomechanical model was sliced and observed the following phenomena which seen in Figure 8.



There are four discontinuous fractured zones around the roadway and the shape of the fractured zone is approximately circular. The surrounding rock in the roadway surface area is seriously damaged. This area can be considered as the traditional damage zone. The remaining three damage zones and non-fractured zones appear alternately.



The range of fractured zone around roadway is measured. There are four fracture zones around roadway. The range of the first fractured zone is 0–2.5 cm, the second fracture zone is 3.6–4.5 cm, the third fracture zone is 6.9–7.5 cm, and the fourth fracture zone is 10.8–11.2 cm. The test data of radial displacement are shown in Table 3. At the same time, the radial displacement curve of model roadway monitoring points is given in Figure 9. Based on the radial strain and radial displacement curve, the following conclusions can be obtained. The radial strain and radial displacement of model roadway monitoring points show the oscillation attenuation law. In this attenuation law, the wave peak and trough values appear alternately, and the oscillation amplitude decreases gradually with the increase of the distance from wall.





3. Gradient-Dependent Elastoplastic Damage Softening Model of Deep Rock Mass


3.1. The Introduction of Strain Gradient


In traditional continuum mechanics, since the space and time variables can infinitely tend to zero, it is impossible to describe the multi-scale effects of material failure fundamentally. That is, the irreversible destruction process of materials at the micro scale has a decisive influence on the destruction at the macro scale. In considering the scale effect of materials, two methods are usually used: lattice-model [23] and strain gradient theory [24]. Different from the traditional continuum mechanics method, in Lattice-Model , the role of the second nearest neighbor of the discrete element is considered [25], so that the deformation of the material at a smaller scale is involved on the scale of the discrete element. The strain gradient theory takes into account the contribution of the strain gradient in the material constitutive relation, thus providing a way to explore the size effect of the material.



The Toupin-Mindlin strain gradient theory introduced in this paper is derived from the Cosserat couple stress theory. The introduced strain gradient is an integral term which does not distinguish between rotational strain gradient and tensile strain gradient. To describe the state of the material, the usual Eulerian strain   ε  i j    and the strain gradient   η  i j k    are required. A point in the rock mass is selected as a research object, the expression of Eulerian strain and strain gradient is as follows:


   ε  i j   =  (  u  i , j   +  u  j , i   )  / 2 ,  η  i j k   =  ∂ i   ∂ j   u k  =  u  k , i j    



(1)




where,   u i   is the macroscopic displacement of material (rock mass).



In the Toupin-Mindlin strain gradient theory,   σ  i j    is two order Cauchy stress tensor conjugate to the Eulerian strain tensor   ε  i j   , which are satisfied by the traditional elastoplastic stress-strain relationship.   τ  i j k    is set as the three order stress tensor which is conjugate to strain gradient tensor   η  i j k   , the specific expression can be written as [26]:


   τ  i j k   =  1 4  G  l 2         7  η  i j k   +  η  k j i   +  η  k i j     +   2  η  k p p   + 4  η  p p k      δ  i j         +   2  η  i p p   +  η  p p i      δ  j k   +   2  η  j p p   +  η  p p j      δ  i k         



(2)




where,   δ  i j    is the Kronecker symbol, G is the lame constant, l is the internal length parameter, which is generally valued as diameter of aggregate particles [27].



After introducing the higher order stress, the previous equation in the continuum mechanics should be changed accordingly. Equivalent stress and equivalent strain, equilibrium equations and boundary conditions are different from the classical continuum theory.



The equivalent stress   σ ˜   and equivalent strain   ε ˜   considering the strain gradient can be written as [28]:


   ε ˜  =    2 3   e  i j    e  i j   +  l 2   η  i j k    η  i j k     ,  σ ˜  =    3 2   S  i j    S  i j   +  l  − 2    τ  i j k    τ  i j k      



(3)




where,   e  i j    is the deviator strain,   S  i j    is the deviator stress, the expressions can be detailed as   e  i j    =   ε  i j    −    ε m   δ  i j    ,    ε m  =  ε  i i   / 3  ;    S  i j   =  σ  i j   −  σ m   δ  i j    ,    σ m  =  σ  i i   / 3  .



If the static process is considered only, the static equilibrium equation including high order stress is:


   σ  i j , j   −  τ  i j k , j k   +  f i  = 0  



(4)







The boundary conditions including high order stress are:


      T k  =  n i     σ  i k   −  ∂ j   τ  i j k     −  D j     n i   τ  i j k     +  n i   n j     D l   n l     τ  i j k        R k  =  n i   n j   τ  i j k       



(5)




where,   T k  ,  R k   are the normal surface force boundary condition and the high order surface force boundary condition;   n i   is the surface normal vector;   D i   is the surface gradient operator, which can be indicated as:    D j  =  (  δ  j k   −  n j   n k   ∂ k  )    .




3.2. The Establishment of Elastoplastic Damage Model


With the increasing depth of underground engineering, the failure of deep rock mass presents the characteristics of ductility and strain softening under the condition of high geostress [29,30]. The equivalent stress-strain curve of uniaxial compression is shown in Figure 10. According to the obvious mechanical properties of post-peak strain softening of rock under deep high geostress condition, the stress-strain relationship is appropriately simplified.



The OA stage is called as the stage of cracks compaction, 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.   σ s   is the yield stress and   ε s   is the yield strain, 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,   σ f   is the peak stress, and   ε f   is the peak strain.



The CD stage is the stage of plastic softening, and the point of D is the intersection of the softening stage and the flow stage, which   s i g m  a o    is the residual stress and   ε o   is the residual strain.



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   ε u  , the rock mass is completely destroyed.



The equivalent stress-strain relationship can be written as follows:


   σ ˜  =      E  ε ˜   (  ε ˜  <  ε s  )      ( a )        ( 1 − κ D )  ϖ   ε ˜  e x p  ( α  ε ˜  )  − β /  ε ˜    (  ε ˜  ≥  ε s  )      ( b )       



(6)




where,  α ,  β ,  κ  and  ϖ  are the pending parameters. Among them,  α  and  β  are the small parameter perturbation terms, which is a smooth connection between the plastic hardening stage and the elastic stage,  κ  is the modification parameter of damage variable [31] to represent the influence of the residual strength.



To describe the strain softening of deep rock under high stress, the damage evolution of rock is determined [32]. It is considered that no damage occurs in the rock mass at the elastic stage until the rock mass yields into the plastic stage [33]. The damage evolution equation is written as follows:


  D = D  (  ε ˜  )  =      0 ,           ε ˜  <  ε s          ε u   ε ˜      ε ˜  −  ε s     ε u  −  ε s         ε s  ≤  ε ˜  <  ε u        1           ε ˜  ≥  ε u        



(7)







Through lots of rock compression tests, the equivalent stress-strain curve of the rock shown in Figure 10 was fitted and the parameters determined in the relational equation were solved.





4. Deformation and Stress Analytical Solution in Deep Roadway


4.1. Theoretical Equations Based on Strain Gradient


Taking the deep roadway excavated with full section as the research object, the calculation model based on strain gradient is established. The column coordinate system   ( r , θ , z )   is established: the Z axis is parallel to the axis of the roadway, the plane polar coordinate system   ( r , θ )   is perpendicular to the axis of the roadway. Because the excavation of roadway is a three-dimensional spatial problem, and thus the deep roadway is abstracted into a thick walled cylinder model with infinite length (Figure 11). a is the excavating radius and the inner radium of plastic zone,   r p   is the outer radius of plastic zone, b is the outer radius of elastic zone.



It is assumed that   ε  z 0    is the initial axis strain parallel to the direction of the unexcavated roadway, and the increment of the axial strain after the tunnel excavation is negligible compared with the initial strain. Therefore, the above issue can be considered as a quasi-plane strain issue [3] in which the axial strain is a non-zero constant, namely   ε  z 0   . The force   P z   is parallel to the direction of the roadway and can be expressed as    P z  = 2 υ  P 0  + E  ε  z 0    . where,  υ  is Poisson ratio, E is elastic modulus.



In the cylindrical coordinates, the displacement of the polar coordinate plane is only a function of the radius, expressed in   u r   or abbreviated as u,   u z   is the displacement of axis of roadway. There are three nonzero terms in the strain tensor:   ε  r r   ,   ε  θ θ    and   ε  z z   , and four nonzero terms in the strain gradient tensor:   η  r r r   ,   η  θ θ r   ,   η  r θ θ    and   η  θ r θ   . The geometric equation [27] can be simplified as:


       ε  r r   =   d u   d r   ,   ε  θ θ   =  u r  ,   ε  z z   =   d  u z    d z   =  ε  z 0          η  r r r   =    d 2  u   d  r 2    ,   η  θ θ r   =  1  r 2     r   d u   d r   − u          η  r θ θ   =  η  θ r θ   =  1 r      d u   d r   −  u  2 r          



(8)




where,   ε  r r   ,   ε  θ θ    and   ε  z z    are radial, tangential and axial strains without the high order strains.   η  r r r   ,   η  θ θ r   ,   η  r θ θ    and   η  θ r θ    are high order strains expressed in polar coordinates.



After substituting Equation (8) into Equation (2), the constitutive relation of high order stress is obtained as follows:


      τ  r r r      = G  l 2    5    d 2  u   d  r 2    +  4 r    d u   d r   −  13  4  r 2    u         τ  θ θ r      = G  l 2     3 2     d 2  u   d  r 2    +  7  2 r     d u   d r   −  11  4  r 2    u         τ  r θ θ      = G  l 2     3 4     d 2  u   d  r 2    +  11  4 r     d u   d r   −  7  4  r 2    u         τ  θ r θ      = G  l 2     3 4     d 2  u   d  r 2    +  11  4 r     d u   d r   −  7  4  r 2    u         τ  z r z      = G  l 2     3 4     d 2  u   d  r 2    +  3  4 r     d u   d r   −  1  2  r 2    u        



(9)







Only the axial strain   ε  z z    is considered before the roadway is excavated, and it does not change during the excavation.



Considering the effect of strain gradient on the stress-strain relationship of surrounding rock and substituting Equation (8) into Equation (3), the equivalent strain can be expressed as:


     ε ˜     =    2 3   e  i j    e  i j   +  l 2   η  i j k    η  i j k            =       2 9   [   (  ε  r r   −  ε  θ θ   )  2  +   (  ε  r r   −  ε  z z   )  2  +   (  ε  r r   −  ε  z z   )  2  ]        +  l 2     η  r r r  2  +  η  θ θ r  2  +  η  r θ θ  2  +  η  θ r θ  2                =       2 9          ε  r r  2  − 2  ε  r r    ε  z z   +  ε  z z  2    + 4  ε  r r  2        +    ε  θ θ  2  − 2  ε  θ θ    ε  z z   +  ε  z z  2               +  l 2       u ″   2  + 3     u ′   2   r 2   +  3 2    u 2   r 4   − 4    u ′  u   r 3                 =    4 3     u ′   2  +  4 9   ε 0 2  +  l 2       u ″   2  + 3     u ′   2   r 2   +  3 2    u 2   r 4   − 4    u ′  u   r 3              =  ε ˜   u      



(10)







The deep roadway with axial pressure   P z   is simplified as a quasi-plane strain problem with initial axial strain   ε  z 0   . Thus, the axial stress   σ  z z    of the roadway without considering the high order stress is written as:


   σ  z z   = E  ε  z 0   + υ  (  σ  r r   +  σ  θ θ   )   



(11)




where, the   σ  r r    and   σ  θ θ    are radial and tangential stresses without the high order stress.



After substituting Equations (9) and (11) into Equation (3), the equivalent stress can be expressed in the following form:


     σ ˜     =    3 2   S  i j    S  i j   +  l  − 2    τ  i j k    τ  i j k            =       1 2           σ  r r   −  σ  θ θ     2  +    E  ε 0  + υ  (  σ  r r    +  σ  θ θ    )  −  σ  θ θ     2        +    E  ε 0  + υ  (  σ  r r    +  σ  θ θ    )  −  σ  r r     2             +  l  − 2      τ  r r r  2  +  τ  θ θ r  2  +  τ  r θ θ  2  +  τ  θ r θ  2                =           E 2   ε 0 2  +    σ  r r  2  +  σ  θ θ  2       υ 2  − υ + 1         +    σ  r r    +  σ  θ θ      E  ε 0     2 υ − 1         +  σ  r r     σ  θ θ      2  υ 2  − 2 υ − 1             +  G 2   l 2        227 8     u ″   2  +  347 8      u ′   2   r 2   +  171 8    u 2   r 4         +  235 4     u ″   u ′   r  − 46    u ″  u   r 2   −  129 2     u ′  u   r 3                    =  σ ˜     σ  r r    ,  σ  θ θ    , u       



(12)







Defining the following parameters   σ  r r  *  ,   σ  θ θ  *   and   σ  z z  *   as the generalized radial stress, tangent stress and axial stress of the surrounding rock containing the high order stress term, the detailed expression can be obtained by Cauchy stress tensor and three order stress tensor.


      σ  r r  *     =  σ  r r   −     ∂  τ  r r r     ∂ r   +  1 r     τ  r r r   −  τ  θ θ r   −  τ  r θ θ             σ  θ θ  *     =  σ  θ θ   −     ∂  τ  θ r θ     ∂ r   +  1 r     τ  θ r θ   +  τ  r θ θ   +  τ  θ θ r             σ  z z  *     =  σ  z z   −     ∂  τ  z r z     ∂ r   +  1 r   τ  z r z          



(13)







Under excavation condition, the equilibrium equation for axisymmetric plane strain problem can be expressed as the following form:


    ∂  σ  r r  *    ∂ r   +  1 r     σ  r r  *  −  σ  θ θ  *    = 0  



(14)







After substituting Equation (13) into Equation (14), the equation of motion containing the strain gradient term is written as:


       ∂  σ  r r     ∂ r   +    σ  r r   −  σ  θ θ    r  −    ∂ 2   τ  r r r     ∂  r 2    +    τ  r θ θ   +  τ  θ r θ   +  τ  θ θ r     r 2         +  1 r    ∂    τ  r θ θ   +  τ  θ r θ   +  τ  θ θ r   − 2  τ  r r r       ∂ r   = 0     



(15)







The initial condition and boundary conditions of the internal (r = a) and external (r = b) boundary of the deep circular roadway (Figure 11) are shown as:


   lim  r → ∞    u  = 0  



(16)






       T r   a      =     σ  r r  *   r     r = a          =     σ  r r   −     ∂  τ  r r r     ∂ r   +  1 r     τ  r r r   −  τ  θ θ r   −  τ  r θ θ          r = a          = 0        R r   a      =     τ  r r r    r     r = a   = 0      



(17)






       T r   b      =     σ  r r  *   r     r = b          =     σ  r r   −     ∂  τ  r r r     ∂ r   +  1 r     τ  r r r   −  τ  θ θ r   −  τ  r θ θ          r = b          =  P 0         R r   b      =     τ  r r r    r     r = b   = 0      



(18)







The elastic state equation and plastic state equation are both satisfied at the junction (  r =  r p   ) of elastic zone and plastic zone and the which the equivalent strain   ε ˜   are satisfied the relational expression:    ε ˜  =  ε s   .



Based on the strain gradient theory and the deformation theory of plasticity, a corresponding elastoplastic damage softening model (Equation (6)) is established. The equivalent equation (Equation (15)) with strain gradient terms is obtained, and the initial and boundary conditions for solving the motion equation (Equations (16)–(18)) are derived.




4.2. The Process of Solving Theoretical Equations


Because of the axial symmetry of the mechanical state of the surrounding rock in the deep roadway, it is known that the displacement   u r   caused by the excavation is a function of radius r. Then substituting Equation (9) into Equation (15), the equation of motion is obtained as:


      m 1     ∂ 4   u r    ∂  r 4    +  m 2     ∂ 3   u r    ∂  r 3    +  m 3     ∂ 2   u r    ∂  r 2    +  m 4    ∂  u r    ∂ r   +  m 5   u r  = f  ( σ , r )      



(19)




where,   ρ 0   is the density of rock mass;    m 1  =   5 G  l 2    ρ 0    ,    m 2  =   − 11 G  l 2    r  ρ 0     ,    m 3  =   61 G  l 2    4  r 2   ρ 0     ,    m 4  =   − 51 G  l 2    4  r 3   ρ 0     ,    m 5  =   51 G  l 2    4  r 3   ρ 0     ;   f  ( σ , r )  =  1  ρ 0     ∂  σ  r r     ∂ r   +  1  r  ρ 0       σ  r r   −  σ  θ θ      .



To find the numerical solution of the above problem, the ODE45 function in Matlab software can be applied. Firstly, the initial value condition and boundary range should be provided. It is assumed that a is the radius of the tunnel excavation, b is the radius of stress disturbance area in the surrounding rock. Therefore, the range of r in the spatial domain is   r ∈ [ a , b ]  .



The initial displacement solution of the classical elastic theory [34] can be calculated as:


  u =   1 − υ  E     p a   a 2  −  p b   b 2     b 2  −  a 2    r +   1 + υ  E       p a  −  p b     a 2   b 2     b 2  −  a 2     1 r   



(20)







Therefore, the initial displacement   u r   of the outer boundary in the deep circular roadway at the initial time is written as:


  u ( r = b ) = 0  



(21)







The outer boundary conditions can be obtained by Equation (22).


       T r   r = b      =    σ  r r  *    r = b          =     σ  r r   −   G  l 2        5  u ‴  +  27  4 r    u ″         −  19  2  r 2     u ′  +  31  4  r 3    u           r = b   = 0        R r   r = b      =    τ  r r r     r = b          =     5  u ″  +  4 r   u 1 ′  −  13  4  r 2    u     r = b   = 0      



(22)







Then substituting the initial value    u 1    |   r = b     into Equation (20), the following solutions can be obtained such as    u   ′     |   r = b    ,    u   ″     |   r = b    ,    u   ‴     |   r = b     and    σ  r r     |   r = b    . According to the above solutions and constitutive equation of elastic zone (Equation (6a)), the motion equation can be solved by the ODE45 function, and the displacement and stress value of each time point in the space range can be obtained, then substituting the results into Equation (13), the generalized stresses   σ  r r  *   ,   σ  θ θ  *   can be solved.



The radius   r p   that scarified Equation (6) can be found by substituting the values of stresses   σ  r r  *   and   σ  θ θ  *   into the expression, and the radius   r p   defined as the junction of elastic zone and plastic zone.



The junction   r p   is determined and each order derivative of displacement   u  r = p   ,   u  r = p    ′   ,   u  r = p    ″    and   u  r = p    ‴    can be calculated. The above derivatives are considered as the initial values of outer boundary of plastic zone. According to the constitutive equation of plastic zone (Equation (6b)), the motion equation can be solved by the ODE45 function, and the numerical solution u,   u   ′   ,   u   ″    and   u   ‴    in the space range of   a ≤ r ≤  r p    can be obtained.


      f T 0     =  T r   a  − 0       f R 0     =  R r   a  − 0       F 0     =       f T 0    2  +     f R 0    2         



(23)







Substituting the all-order derivatives of displacement   u  r = a   ,   u  r = a    ′   ,   u  r = a    ″   ,   u  r = a    ‴    and the radial stress    σ  r r     |   r = a     into Equation (23) , the calculation error   F 0   can be checked. If the calculation error meet the tolerance   T O L  , the whole calculation processes are completed and the numerical solutions of the whole calculation range are obtained, or the error does not guarantee the required accuracy, the initial space step   Δ r   was adjusted to recalculated, until meet the requirements.





5. Overall Energy Failure Criteria for Rock Unit


5.1. Energy Conversion Relationship in Deep Rock Mass


Figure 12 shows the energy conversion curve of surrounding rock under high stress conditions, the OA stage is a stage of crack compaction, W is the work done by the external forces, the input energy is converted into rock elastic strain energy   U e  . If unloaded, this part of energy will be released. There are   W =  U e    at this stage.



The AB stage is linearly elastic. The original cracks are compacted and new cracks are continuously generated. The rock continues to absorb external energy and store it, so that the elastic strain energy   U e   increases continuously. If unloaded, the energy will be released without causing damage to the rock. There are   W =  U e    at this stage.



The BC stage is a plastic hardening stage, which is generally shorter in this case. The work done by external force continues to be transformed into elastic strain energy   U e  , and some of it begin to be dissipated by the nonlinear internal mechanism of rock mass and form dissipative energy   W =  U d   , therefore, there are   W =  U e  +  U d    at this stage. with the cracks accelerating the convergence, penetration, the curve of stress and strain shows the apparent nonlinearity that the proportion of stored elastic strain energy   U e   is continuously decreasing while the proportion of dissipative energy   U d   is increasing.



The CD stage is a plastic softening stage, in which a large number of cracks are generated, and the bearing capacity of the rock mass drops sharply with the increase of deformation. Cracks begin to penetrate until a macroscopic main crack is formed and a block slip along the macroscopic fracture surface occurs. The elastic strain energy   U e   stored in the rock is converted into the cracking surface energy   U θ   and the frictional energy   U f   between the lone piece of rock. there are   W =  U e  +  U d  =  U θ  +  U f  +  U d    at this stage.



The DE stage is a residual stage. As the deformation increases, the strength of the rock mass gradually decreases and the deformation gradually increases until the rock mass is completely destroyed when the deformation reaches the ultimate strain   ε u  . At this time, the elastic strain energy   U e   not only largely transforms into frictional energy   U f   and surface energy   U θ  , a part of the energy is converted to kinetic energy   U v   and released, so this stage has the following energy relationship:   W =  U e  +  U d  =  U θ  +  U f  +  U v  +  U d   .




5.2. Energy Failure Criterion Analyzed by Principle of Energy Dissipation and Release


It can be seen from Figure 12 that the work dong on the rock exerted by external force is partially dissipated by the nonlinear internal mechanism of the rock and formed dissipative energy   U d  , and the other part is transformed into the elastic strain energy   U e   and stored in the rock. After the plastic softening stage, the peak strength is exceeded. A large number of cracks are generated and the cracks begin to penetrate until a macroscopic main crack is formed. The rock deformation mainly manifests as a block slip along the macroscopic fracture surface. When the critical point of failure is reached, the elastic strain energy   U e   stored in the rock releases energy in a direction that is easy to release, that is, the direction of the minimum principal stress. When the amount of energy released in this direction reaches the energy required for the rupture of the unit body, the rock unit is totally destroyed. The surrounding rock in the deep cavern is in an elastoplastic state under high geostress conditions. Near the cavern wall, a plastic zone is formed due to plastic yield under high stress, and the elasticity is still deep in the surrounding rock. Both the plastic zone and the elastic zone of the surrounding rock store some of the elastic strain energy   U e  .



Based on the deformation failure mode of the rock unit, it can be considered that the energy release is the intrinsic driving force for the sudden destruction of the rock unit. Therefore, the overall failure criterion of the rock unit is established by the releasable strain energy in the rock unit [35].



5.2.1. Pressure Condition


According to Section 3, the generalized stresses   σ  r r  *  ,   σ  θ θ  *   and   σ  z z  *   can be solved. Then assumed that the maximum stress is   σ 1  , the minimum stress is   σ 3   and the medium stress is   σ 2  . When the rock mass under the condition of three-direction compressive stress state (    σ 1  >  σ 2  >  σ 3   ), the energy release rate   G i   of the rock unit in the principal stress   σ i   direction is:


   G i  =  k i   (  σ 1  −  σ i  )   U e   



(24)




where,   k i   is the constant of material.



The maximum energy release rate occurs in the direction of the minimum compressive stress, i.e.,    G 3  =  k 3   (  σ 1  −  σ 3  )   U e   .



When the rock unit undergoes total destruction, it is satisfied the following expression:


   G 3  =  k 3   (  σ 1  −  σ 3  )   U e  ≥  G c   



(25)




where,   G c   is the critical strain energy release rate of whole destroyed rock unit under the state of compression , it can be determined by uniaxial compression test and the value is    G 3  =  k 3   σ  c  3  / 2 E  ,   σ c   is the uniaxial compressive strength.



The overall energy failure criteria for rock units is arranged as:


   F c  =   2 E  (  σ 1  −  σ 3  )   U e   3  ≥  G c   



(26)








5.2.2. Tension Condition


When the tensile stress are occurred in the rock mass (   σ 3  < 0  ), the energy release rate   G i   of the rock unit in the principal stress   σ i   direction is:


   G i  =  k i   σ i   U e   



(27)







The maximum energy release rate occurs in the direction of the maximin tensile stress, i.e.,   G 3   =    k 3   σ 3   U e   .



When the rock unit undergoes total destruction, it is satisfied the following expression:


   G 3  =  k 3   σ 3   U e  ≥  G t   



(28)




where,   G t   is the critical strain energy release rate of whole destroyed rock unit under under the state of tension, it can be determined by uniaxial tensile test and the value is    G 3  =  k 3   σ  t  3  / 2 E  ,   σ t   is the uniaxial tensile strength.



The overall energy failure criteria for rock units is arranged as:


   F t  =   2 E  σ 3   U e   3  ≥  G t   



(29)




where, Stress   σ 1  ,   σ 2   and   σ 3   is positive with compressive stress.






6. Analytical Results and Comparative Analysis with Model Test Results


6.1. Selection of Calculation Parameters


The above mentioned three dimensional geomechanical model test is the background of analytical solution of zonal disintegration in deep rock mass. According to the similar conditions, the model test parameters are converted to prototype parameters. Finally, the analytical results and model test results are comparatively analyzed. The calculation parameters of surrounding rock are as follows: The radius of circular roadway is 2.5 m, the radius of calculation zone is 12 m. Elastic modulus of surrounding rock E = 77.82 GPa, poisson ratio  υ  = 0.268, peak strain    ε f  = 1 . 538 ×  10  − 3    , ultimate strain    ε u  = 5 . 689 ×  10  − 3    , gradient elastic parameters c = G = 30.7 GPa, internal length parameter of surrounding rock l = 0.01 m. The external loads applied to the calculation models are as follows: the Y-directional pressure is 23.84 MPa, the X-directional pressure is 35.76 MPa, the Z-directional pressure is 177.1 MPa.




6.2. Comparative Analysis


After substituting the above parameters into the elastoplastic damage softening constitutive equation (Equation (6)), equilibrium equation (Equation (15)) and the initial and boundary conditions for solving the motion equation (Equations (16)–(18)), the analytical solutions of radial displacement and stresses was obtained by the ODE45 function in Matlab software. Then the failure mechanism of roadway can be analysed by the energy failure criterion (Equations (26) and (29)). The comparative analysis is done with the model test data in Table 4. At the same time, the contrastive curves of radial displacement is shown in Figure 13.



According to the radial displacement curve (Figure 13), the radial displacement of surrounding rock shows the oscillation attenuation law. In this attenuation law, the wave peak and trough values appear alternately, and the oscillation amplitude decreases gradually with the increase of the distance from wall. This variation law is consistent with the radial displacement obtained by the model test. In addition, the analytical solution is basically consistent with the model test results.



Based on Equations (26) and (29), the fractured zone distribution can be obtained by the energy failure criterion. To verify the analytical solution, the range of fractured zone obtained from model test and analytical solution are all presented in Table 5.



As shown in Table 5, there are four discontinuous fractured zones in the surrounding rock mass. The first fractured zone near roadway wall is tension fractured zone, the remaining three are damage fractured zone. The depth of fractured zone obtained by model test is 8.10 m, and the depth of fractured zone obtained by analytical solution is 8.30 m. Four discontinuous fractured zones are obtained by means of analytical solution and model test results, and the range and average radius of fracture zone are basically the same.



In summary, the radial displacement and fractured zone distribution of surrounding rock obtained by analytical solution are basically consistent with the experimental results obtained by 3D geomechanical model test. By means of parse, the oscillation law of radial displacement is obtained, and the discontinuous fractured zones of surrounding rock are obtained. The reliability of zonal disintegration elastoplastic damage model is verified effectively.





7. Zonal Disintegration Energy Mechanism Analysis


Figure 14 shows that the surrounding rock near the roadway wall is changed from the three-direction stress state to the two-direction stress state after excavation. The appearance of the free surface causes the surrounding rock to expand in this direction, the displacement increases and the radial tensile stress generates, the aggregated energy of surrounding rock is in the most unstable state. When    F t  ≥  σ t   , the elastic strain energy stored in the surrounding rock is released and converted into the surface energy needed to form the crack, the surrounding rock will be destroyed in the direction of the maximum tensile stress (radial tensile stress) and generated the circular fractured zone, meanwhile, the analytical solution of radial displacement. The destruction of the surrounding rock caused secondary unloading of the internal rock mass, and the elastic strain energy continued to be formed and stored in the completed surrounding rock area. It can be seen from Figure 8 that at the radius of   r = 3 . 55   m, the radial stress of the surrounding rock is turned into pressure stress and the surrounding rock is under three-dimension compression, the elastic strain energy in the surrounding rock continues to accumulate. When    F c  ≥  σ c   , that is, the accumulated energy satisfies the energy failure criterion, the energy will be released along the direction of the minimum principal stress (radial compress stress), and created a new fractured zone. Between the two fractured zones, the elastic strain energy stored in the surrounding rock cannot reach the destruction conditions of the rock mass and form a relatively complete area. This process is followed circularly and progressively, and the zonal disintegration phenomenon occurs finally (Figure 15). In the tensile range, the   F t   and displacement shows the monotonic change, in this compress range, the   F c   and displacement of surrounding rock show the oscillation law, in which the wave peak and wave trough appear alternately. It is precisely because of the oscillation law, the discontinuous localization failure zones appear in the surrounding rock. In the fractured zone of surrounding rock, the radial displacement is wave peak value. However, in the middle of the two adjacent fractured zones, the radial displacement of surrounding rock is wave trough value. The oscillation law of   F c   and displacement in deep surrounding rock is the key reason of zonal disintegration.




8. Conclusions


	
Taking the deep roadway of Dingji coal mine in China’s Huainan coal mine as engineering background, a 3D geomechanical model test is carried out relying on the analogical materials and high stress loading test system. The zonal disintegration phenomenon is observed, and the oscillation law of displacements are measured.



	
The zonal disintegration in deep rock mass is a special and regular strain localization phenomenon. The influence of strain gradient should be considered. Based on the strain gradient theory and continuum damage mechanics, the zonal disintegration elastoplastic damage model is established. Based on the principle of energy dissipation and release, the energy failure criteria for zonal disintegration of surrounding rock in deep roadway are established, and the mechanical mechanism and energy evolution law for the occurrence of zonal disintegration are accurately described.



	
The analytical solution for zonal disintegration is proposed and consistent with the 3D geomechanical model test. The reliability of zonal disintegration elastoplastic damage moddel and zonal disintegration energy failure criterion are verified effectively.
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Figure 1. The Oktyabrskil Mine with a depth of 957 m. 
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Figure 2. The zonal disintegration phenomenon of model test. (a) Zonal disintegration phenomenon of pre-set model roadway; (b) Zonal disintegration phenomenon of triaxial loading geomechanical model roadway. 
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Figure 3. Component diagram of similar material. 
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Figure 4. Model roadway condition and loading mode. 
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Figure 5. Layout scheme of displacement measurement. (a) Layout of the model monitoring section; (b) Arrangement of the measuring element. 
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Figure 6. High-stress true three-dimensional loading model test system. 
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Figure 7. Test procedure of the model. 
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Figure 8. The zonal disintegration phenomenon of geomechanical model test. (a) Perpendicular to the roadway axis; (b) Along the direction of the roadway axis. 
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Figure 9. Radial displacement curve of roadway monitoring points. 
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Figure 10. Relation curve of stress and strain relationship of deep rock mass. 
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Figure 11. The calculation model of the deep roadway considering the axial stress. 
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Figure 12. Energy conversion relationship in deep rock mass. 
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Figure 13. The contrastive curve of radial displacement. 
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Figure 14. Relation curve of   F  c / t    and radial displacement of deep rock mass. 
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Figure 15. The energy mechanism of zonal disintegration of rock mass. 
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Table 1. Physical and mechanical parameters of medium sandstone from the coal mine.
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Unit Weight

	
Deformation Modulus

	
Cohension

	
Friction Angle

	
Compression Strength

	
Poisson Ratio




	
(KN·m     − 3    )

	
(MPa)

	
(MPa)

	
(    ∘   )

	
(MPa)






	
26.2

	
12,970

	
10.00

	
43

	
88.55

	
0.268
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Table 2. Physical and mechanical parameters of model material.
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Unit Weight

	
Deformation Modulus

	
Cohension

	
Friction Angle

	
Compression Strength

	
Poisson Ratio




	
(KN·m     − 3    )

	
(MPa)

	
(MPa)

	
(    ∘   )

	
(MPa)






	
25.9–26.5

	
251–270

	
0.18–0.22

	
40–45

	
1.70–1.90

	
0.24–0.28
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Table 3. Radial displacements of model roadway.
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Test Sections

	
1

	
2

	
3

	
4

	
5

	
6






	
Top (mm)

	
I

	
60.45

	
29.50

	
42.55

	
27.25

	
31.75

	
7.75




	
II

	
58.05

	
30.65

	
41.25

	
27.50

	
33.95

	
8.35




	
III

	
56.20

	
29.75

	
39.95

	
24.50

	
31.15

	
7.95




	
Left wall (mm)

	
I

	
65.25

	
30.75

	
51.45

	
24.50

	
33.75

	
8.25




	
II

	
63.25

	
31.35

	
54.05

	
25.20

	
37.10

	
7.60




	
III

	
68.50

	
30.15

	
56.05

	
24.05

	
35.10

	
7.65




	
Right wall (mm)

	
I

	
57.25

	
25.75

	
37.75

	
27.75

	
32.25

	
13.05




	
II

	
60.65

	
28.05

	
41.55

	
29.40

	
34.50

	
13.15




	
III

	
59.55

	
27.30

	
38.85

	
25.25

	
31.60

	
13.20
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Table 4. The comparison of radial displacement.
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Value Type

	
The Measuring Point




	
1

	
2

	
3

	
4

	
5

	
6






	
Model test results

	
61.02

	
29.25

	
44.83

	
26.15

	
33.46

	
9.69




	
Analytical solution

	
55.23

	
33.72

	
37.76

	
21.73

	
28.27

	
14.35
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Table 5. The comparison of radial displacement.
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Number of Fractured Zone

	
Model Test Results

	
Analytical Solution




	
Range of Fractured

	
Average

	
Range of Fractured

	
Average




	
Zone (m)

	
Radius (m)

	
Zone (m)

	
Radius (m)






	
1

	
2.50–3.75

	
3.13

	
2.50–3.06

	
2.78




	
2

	
4.30–4.75

	
4.52

	
4.72–5.16

	
4.94




	
3

	
5.95–6.25

	
6.10

	
6.16–6.44

	
6.30




	
4

	
7.90–8.10

	
8.00

	
8.14–8.30

	
8.22
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