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Abstract

:

Deep rock engineering is in a high pre-stressed state before excavation. In this research, a method to calculate the release of strain energy caused by excavation in pre-stressed rock is proposed. The normal stress release after excavation leads to a reduction in strain energy in rock specimens. The influence of excavation height and width on strain energy release is inconsistent under vertical loading. When the height of the hole is 1 mm, the strain energy release is large, and the increase in height of hole leads to a slow increase in the strain energy release. When the width of the hole is 1 mm, the strain energy release is very small, and the increase in the width of the hole leads to an increasingly faster release of strain energy. This strain energy release exponentially increases with the increase in the lateral pressure coefficient, showing a trend in the second power of the lateral pressure coefficient. Moreover, the tunnel failure caused by excavation under high stress is obtained by a numerical calculation. The failure modes of the deep tunnel model are strain rockbursts caused by tangential stress concentrations and spalling caused by normal stress release, which is also observed in the failure mode of the actual tunnel.
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1. Introduction


With the large-scale development of deep underground projects, such as deep mines [1,2], deep buried traffic tunnels [3,4], and hydropower station chambers [5,6], many ground pressure disasters have been reported in deep projects [7,8,9]. Therefore, the study of deep ground pressure disasters has become a popular topic in the field of rock engineering [10]. Many disasters often occur in deep engineering, such as rockbursts, slabbing, large-scale collapse and large deformation [11,12,13]. Many scholars explain the mechanism of these disasters from many aspects, such as in situ stress [14,15], strength theory [16,17,18], rock fault [19,20], the energy storage of rock [21,22], engineering structure [23,24], dynamic disturbance [25,26,27,28], stress monitoring [29], and so on [30,31,32,33,34]. Among them, the high ground stress is one of the most important causes of ground pressure disasters. Many studies show that most ground pressure disasters occur in high-stress areas [18,35,36].



In the study of the influence of ground stress on ground pressure disasters, Hu and Gong et al. found that the tangential stress concentration after excavation led to spalling and rockburst through the true triaxial testing of specimens with holes [37,38,39]. Tao et al. found that the release of normal stress on the free face after excavation caused damage to rock through numerical simulation [40,41,42]. Many engineering practices show that a faster excavation speed leads to more serious surrounding rock damage [43]. This is because the faster the excavation results, the faster the release of normal stress on the excavation surface. Therefore, the normal stress release on the excavation surface of surrounding rock by excavation needs to be considered.



Su et al. found that the excavation in high-stressed rock mass led to the release of radial stress and the concentration of tangential stress [44]. Considering the initial stress state, there are some differences between the excavation after loading and the loading after excavation. For the loading after excavation, e.g., the laboratory test of a rock specimen with holes, there is no release of normal stress during the loading process, since there is no normal stress around the holes to begin with. For excavation after loading, it is more suitable to describe the complete process of deep engineering excavations. As shown in Figure 1, normal stress exists around the roadway before excavation, and excavation will lead to the release of normal stress around the roadway and the concentration of tangential stress.



It is important to calculate the released strain energy after excavation, which can provide an important basis for energy absorption support and rockburst prediction. At present, there are relatively few studies on the normal stress release caused by excavation in deep pre-stressed rock. The tests of excavation in pre-stressed rock are difficult in the laboratory. This research proposes a method to calculate the strain energy release caused by excavation. The released strain energy caused by excavation in pre-stressed rock is calculated through laboratory tests and numerical calculations. Moreover, the influence of excavation height, width and lateral pressure on the strain energy release are analyzed. Finally, the deep tunnel failure due to excavation in pre-stressed rock is reproduced by means of a numerical simulation.




2. Calculation of Strain Energy Release by Excavation in Pre-Stressed Rock


2.1. Methodology


It is difficult to measure the released strain energy directly caused by excavation, but it can be indirectly obtained by another way. As shown in Figure 2, the intact specimen and the specimen with holes are compressed by a test machine and subjected to the same deformation l0, except that the second specimen includes a hole of size w × h, the size of the two specimens is the same: W is width of specimen, H is height, T is thickness, F is external load, l is displacement of load, w is the width of hole, and h is the height of hole.



During loading, the strain energy is stored inside the two specimens. In this paper, the UInt represents the strain energy of the intact specimen, which is calculated by Equation (1); UHole represents the strain energy of the hole, which is calculated by Equation (2); UAft-ex represents the strain energy of the specimen after excavation, which is calculated by Equation (3); and USpe-ho represents the strain energy of the specimen with a hole, which is calculated by Equation (4). Due to the same deformation of the two specimens, the stress state of the intact specimen after excavating a hole will eventually be the same as that of the specimen with a hole. If the UAft-ex and USpe-ho are equal, there is no strain energy release after excavation; otherwise, there is a strain energy release after excavation. The actual released strain energy URele can be calculated by Equation (5):


   U  I n t   =    ∫ 0   l 0      F 1  d l     



(1)






   U  H o l e   =   h w   H W    U  I n t    



(2)






   U  A f t − e x   =  U  I n t   −  U  H o l e    



(3)






   U  S p e − h o   =    ∫ 0   l 0      F 2  d l       



(4)






   U  R e l e   =  U  I n t   −  U  H o l e   −  U  S p e − h o    



(5)








2.2. Strain Energy Release by Excavation in Laboratory Test


As shown in Figure 3, the specimen is marble, its size is 150 mm × 120 mm × 20 mm (H × W × T), and a rectangular hole is prefabricated in the geometric center of specimen. In order to ensure the integrity and homogeneity of specimen, a whole marble plate was selected for processing, and the surface of specimen was smooth without obvious defects visible to the naked eye. The rectangular hole was made by professional water jet cutting mechanical equipment OMAX 2626. There are two types of specimens: intact specimen (S-Intact) and specimen with rectangle hole (S-Hole). The specimen sizes are shown in Table 1. Instron-1346 hydraulic servo control testing machine was used for uniaxial compression test. The loading strain rate was 2 × 10−5, which belonged to quasi-static loading. The loading curve with deformation was selected as 0.453 mm, equivalent to 0.3% strain to ensure that all specimens were always in elastic stage. The load versus displacement curves of two specimens are shown in Figure 4. On the whole, the stress–strain curves of two specimens showed the characteristics of plastic elastic deformation.



The strain energy of each part was calculated, as shown in Figure 4 and Equations (1)–(5); the strain energy of each part is shown in Table 2. If the stored energy in the hole is subtracted, is the residual strain energy of intact specimen equal to the strain energy of specimen with hole? It can be seen from Table 2 that the residual strain energy UAft-ex of the intact specimen after excavating the hole is greater than that USpe-ho of the specimen with the hole. Since the stress state of the intact specimen after excavating the hole will eventually be same as that of the specimen with hole, this indicates that there is strain energy release around the hole after excavation. The actual released strain energy URele can be calculated by UInt-UHole-USpe-ho.



The strain energy change in the intact specimen from loading to excavation and then to stability (stress balance) is shown in Figure 5; points 1 to 2 represent the gradual increase in strain energy during loading of intact specimen. Point 2 represents stop loading. Point 3 represents the residual strain energy UAft-ex of intact specimen after excavating hole, the stress around hole is not balanced. Point 4 represents the equilibrium state after the normal stress around the hole is released and the tangential stress is concentrated. It can be seen from Figure 5 that the strain energy of intact specimen gradually decreases from point 2 to point 3 and then to point 4. This also means that the deep pre-stressed rock changes from the stable state before excavation to the unstable state after excavation, and finally to the stable state.




2.3. Strain Energy Release by Excavation in Numerical Analysis


As shown in Figure 6, two elastic material models were built in a code ELFEN. The height H of specimen is 150 mm, width W is 120 mm, thickness T is 20 mm, and the size of hole is the same as that in Section 2. In order to obtain a more obvious law of strain energy release under different states, the model was set to elastic, and no failure criterion was adopted in the model, which means that plastic deformation and failure did not occur. The model properties are shown in Table 3. The elastic modulus of the specimen was obtained from the load displacement curve of the intact specimen in Figure 4, which was about 5.01 GPa. The specimen was placed between two pressure platens. The loading rate was about 6.7 × 10−3 s−1, which could be considered as a quasi-static loading. When the displacement of the pressure platen reached 0.453 mm, the loading ended.



The load versus displacement curve of the two specimens is shown in Figure 7. On the whole, the stress–strain curves of two specimens show the characteristics of elastic deformation. The strain energy of each part was calculated, as shown in Figure 7 and Equations (1)–(5); the strain energy of each part is shown in Table 4. Because there is no initial compaction stage, a specimen of the elastic materials accumulates more strain energy than elastic–plastic materials under the same displacement. The residual strain energy of the intact specimen after excavating the hole was still greater than that of specimen with hole. This showed that the excavation in pre-stressed elastic materials also led to the release of strain energy.





3. Effect of Excavation Height and Width on Strain Energy Release


3.1. Effect of Excavation Height


Through the previous analysis, it was found that excavating holes in pre-stressed rock led to the release of the strain energy of the specimen. In this section, the influence of height h of rectangle hole on energy release is analyzed. As shown in Figure 8, if the width of 22 mm is unchanged, the height of rectangle hole gradually changes from 1 mm to 22 mm. The specimen size, loading method and material parameters are consistent with Section 2.3. The common tunnel section size in some deep mines is about 4.5 m × 4.3 m, the maximum size of the hole in the test is 22 mm × 22 mm, and the scale of the test to the real condition is 1:200.



Table 5 shows the load of specimens with holes that have different height and strain energy in each part. Figure 9 is the strain energy release caused by different heights h of holes. With the increase in height h, the load of the specimen with holes under the same displacement gradually decreases. When the height of hole is 1 mm, the strain energy release is large. In addition, the increase in height h will lead to the slow increase in strain energy release.




3.2. Effect of Excavation Width


In addition to the excavation height, the influence of excavation width w on strain energy release is analyzed. As shown in Figure 10, if the height of 22 mm remains unchanged, then the width of hole gradually changes from 1 mm to 22 mm. The specimen size, loading method and material parameters are consistent with Section 2.3.



Table 6 is the load of specimens with holes that have different height and strain energy in each part. Figure 11 is the strain energy release caused by different heights h of hole. With the increase in the width of the hole, the load of the specimen with holes under the same displacement gradually decreases. When the width of the hole is 1 mm, the released strain energy is very small, and the increase in the width of the hole will lead to an increasing release of strain energy.




3.3. Equation for Released Strain Energy Caused by Excavation


In previous studies, it is mentioned that the excavation of a hole in pre-stressed rock will lead to strain energy release. The strain energy release per unit thickness is given by Equation (6) [18]:


   U e  =   π  σ     2   A 2    4 E    



(6)







Considering the specimen thickness, the released strain energy caused by holes is calculated by Equation (7). The maximum principal stress of the intact model in Table 6 is 16.9 MPa, T is 20 mm, E is 5.01 GPa. When the width w of hole is 22 mm, the theoretical value of strain energy release can be calculated as 0.433 J according to Equation (8), which is very close to 0.435 J in Table 6, indicating that Equation (7) is reliable:


   U  R e l e   =   π  σ     2   w 2  T   4 E    



(7)






   U  R e l e   =   π ×   16.9  2  ×   10   12   ×   22  2  × 20 ×   10   − 9     4 × 5.01 ×   10  9    = 0.433   J  



(8)







Combined with Figure 9 and Figure 11, the strain energy releases caused by different height and width of holes are shown in Figure 12. When the size of height or width is less than 16 mm, the strain energy release caused by height and width is very different. When the height and width reach 22 mm, the shapes of the two holes are square with the same side length, and the released strain energy is the same.



Since the strain energy release is discontinuous when the height of the hole is from 0 to 1 mm, the part from 1 mm to 22 mm is considered, which can represent holes with various height width ratio. Considering the influence of hole height, Equation (9) is obtained by modifying Equation (7). As shown in Figure 13, the fitting accuracy is high. The theoretical value of strain energy release caused by height and width of holes can be calculated by Equation (9):


   U  R e l e   =   π  σ     2   w 2  T   4 E   ( 0.78 + 0.22  h w  )  



(9)









4. Effect of Lateral Pressure on Strain Energy Release


4.1. Model Construction and Results


Due to the influence of the Earth structure motion, the horizontal stress in most areas is higher than the vertical stress. The influence of lateral pressure on strain energy release should be analyzed, and the ratio of horizontal stress    σ x    to vertical stress    σ y    is defined as the lateral pressure coefficient   λ  . As shown in Figure 14, in addition to two pressure platens arranged at the upper and lower ends of specimen, another two pressure platens are arranged on the left and right sides of specimen. The load in the vertical direction is Fy, and the load in the horizontal direction is Fx. A positive displacement indicates that the specimen is compressed in this direction, and a negative displacement indicates that the specimen expands in this direction. The size and material parameters of the specimen are consistent with Section 2.3. The rectangle hole of specimen with holes is 22 mm  ×  22 mm.



The lateral pressure coefficient is for the intact specimen. The vertical stress should be maintained at 16.9 MPa, then the corresponding horizontal stress is calculated according to the lateral pressure coefficient. Different lateral pressures of intact specimens are achieved by changing the displacement of the pressure platen in the horizontal and vertical directions. Firstly, the intact specimen is loaded, and then the specimen with holes is loaded with the same displacement. The displacement of the specimen with hole is the same as that of the intact specimen in the Y and X directions. The lateral pressure coefficient increases from 0.1 to 1.35.



The displacement and load corresponding to different lateral pressure coefficients are shown in Table 7. As can be seen from Table 7, when the lateral pressure coefficient is 0.1 to 0.4, the displacement Dx in the horizontal direction is negative, which is caused by the expansion in the X direction of the specimen under compression in Y direction. With the increase in lateral pressure coefficient, the displacement in the X direction gradually increases, and the displacement in Y direction gradually decreases. This is because the increase in horizontal stress will lead to an increase in vertical stress caused by the Poisson effect. Therefore, in order to reach the same vertical stress      σ   y   , it is necessary to reduce the displacement in Y direction. In addition, under the same displacement, the load in the Y direction of the specimen with holes decreases slowly with the increase in the lateral pressure.




4.2. Effect of Lateral Pressure


The strain energy of each part is calculated by Table 7 and Equations (1)–(5), as shown in Table 8 and Figure 15. As shown in Table 8, the strain energy of intact specimens and specimens with holes first decreases and then increases with the increase in lateral pressure coefficient, and the minimum value appears when the lateral pressure coefficient is 0.4–0.6. This is because under the same vertical load, the increase in lateral displacement reduces the displacement in vertical direction, resulting in the decrease in vertical strain energy. When the lateral pressure coefficient is greater than 0.6, the strain energy in the horizontal direction increases exponentially.



As shown in Figure 15, the strain energy release increases exponentially with the increase in lateral pressure, showing a trend of the second power of lateral pressure coefficient. This shows that the vertical stress remains unchanged, and the increase in horizontal stress will lead to the increase in strain energy release. Similar to the second power shown in Figure 12, this is because the release of strain energy in the horizontal direction is the second power of the horizontal stress, which can be calculated according to Equation (9).





5. Rock Failure Caused by Excavation


5.1. Numerical Method and Model


It is difficult to simulate the excavation in rock mass under high stress through indoor physical experiments, especially the failure process caused by excavation. Fortunately, the numerical analysis method can reproduce the excavation and failure process in rock mass under high stress. The coupled finite and discrete element method (FDEM) is used for the research, and the simulation is carried out by the code ELFEN. The method can realize the real simulation of the brittle failure process of materials by mixing finite and discrete elements and introducing the principle of fracture mechanics [19].



The Mohr–Coulomb criterion with a tension cut-off yield criterion was chosen as the failure criterion of the rock material in this study. Compared with the traditional Mohr-Coulomb criterion, the modified criterion can better describe both the shear and tensile failure of rock material, as shown in Figure 16.



The Mohr–Coulomb criterion with a tension cut-off yield criterion combines the Mohr-Coulomb yield criterion and the Rankine tensile yield criterion. The Mohr-Coulomb yield criterion is used to judge shear failure and is described by Equation (10):


  τ = c −  σ n  tan φ  



(10)




where  τ  is the shear stress,  c  is the cohesion,    σ n    is the normal pressure, and  φ  is the friction angle.



The Rankine tensile yield criterion is used to judge tensile failure and is described by Equation (11):


   σ i  −  σ t  = 0       i = 1 ,   2 ,   3  



(11)




where    σ i    is each principal stress,    σ t    is the tensile strength.



The cohesion of material decreases after plastic strain occurs, and the tensile strength is softened by the decrease in cohesion, as shown in Equation (12). This ensures that there is always normal stress on the failure shear surface:


   σ t  ≤ c ( 1 − sin φ ) / cos φ  



(12)







The fracture energy Gf is an important parameter for fracture development. For a material, the more energy that is released, the greater the generated crack area. This can be calculated by uniaxial tensile test, and refers to the energy required to generate continuous cracks per unit area. The unit is J/m2, also written as N/m. It is defined as:


   G f  =   ∫  σ d u =      ∫  σ ε ( s ) d s     



(13)




where  σ  is the tensile stress, and u is the tensile displacement.



As shown in Figure 17, a model with side length of 20 m is first established. Then, according to the principal stress value of the −720 m buried depth in a mine [14], the maximum horizontal principal stress 33 MPa and vertical principal stress 20 MPa are applied at the boundary of the model, as shown in Equation (14). Finally, a tunnel with a side length of 4 m is excavated in the model center. The material properties are shown in Table 9.


   {     σ H  = 0.043 h + 1.433      σ v  = 0.027 h + 0.838      



(14)








5.2. Rock Failure Caused by Excavation


As shown in Figure 18, the surrounding rock of the tunnel suffered failure after excavation. The excavation caused tangential stress concentration and normal stress release. It is known that the maximum tangential stress appears at the roof and bottom, which is the reason for the V-shaped rockburst failure of the roof and bottom. In addition, normal stress release caused the tensile spalling failure of the sidewall. Similar damage was also observed in a deep tunnel of a gold mine, as shown in Figure 19.



Figure 19 shows the tunnel failure with a buried depth −830 m in a gold mine. The principal stresses in three directions are marked in the figure, and the maximum horizontal principal stress is perpendicular to the sidewall. It can be seen that the roof and sidewall are damaged, similar to the failure mode in Figure 18. The rockburst failure in the roof is caused by the concentration of tangential stress, while the spalling failure in the sidewall is caused by the release of normal stress.





6. Conclusions


The main conclusions of this article are listed as follows:




	(1)

	
Excavation in pre-stressed rock leads to a change in the original stress field, which is manifested in the release of normal stress on the free surface and the concentration of tangential stress. In this research, a method is proposed to calculate the strain energy release caused by the excavation by loading an intact specimen and a specimen with holes. The energy change in the intact specimen from loading to excavation, and then to stability (stress balance) causes a gradual increase in strain energy during loading, a reduction in strain energy after excavation, and strain energy release after excavation. Both the excavation and normal stress release after excavation lead to a reduction in strain energy in the rock specimen.




	(2)

	
The influence of excavation height and width on strain energy release is inconsistent under vertical loading. When the height of hole is 1 mm, the strain energy release is large, and the increase in the height of the hole will lead to a slow increase in strain energy release. When the width of hole is 1 mm, the strain energy release is very small, and the increase in width of hole will lead to an exponential release of strain energy. Through equation fitting, the theoretical Equation (9) of strain energy release caused by holes with different height and width is obtained, and the fitting accuracy is high.




	(3)

	
The strain energy release increases exponentially with the increase in the lateral pressure coefficient, showing a trend of the second power of lateral pressure coefficient. This shows that the vertical stress remains unchanged, and the increase in horizontal stress will lead to the increase in strain energy release.




	(4)

	
The tunnel failure mode caused by excavation under high stress is obtained by numerical calculation. The failure modes of the tunnel are strain rockbursts caused by tangential stress concentration and spalling caused by normal stress release, which are also observed in the failure mode of the actual tunnel. For an underground mine exposed to high horizontal stresses, the single excavation height should be reduced to reduce the rate of horizontal strain energy release. In addition, it is recommended that energy-absorbing materials are used to absorb the strain energy release caused by excavation. The support design can be based on the strain energy release of surrounding rock and the amount of energy absorption by the support structure.
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Figure 1. The stress field evolution caused by excavation in deep engineering. (a) Stress state before excavation. (b) Release of normal stress and concentration of tangential stress after excavation. 
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Figure 2. The intact specimen and specimen with a hole under the same compression deformation l0. (a). Excavation of hole after a certain deformation l0. (b). A certain deformation l0 after excavation of hole. 
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Figure 3. Intact specimen and specimen with rectangle hole. 
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Figure 4. Load versus displacement curve of four specimens. 
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Figure 5. Strain energy change in specimen at different stages. 
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Figure 6. Two models of intact specimen and specimen with rectangle hole. 
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Figure 7. Load versus displacement curve of two models. 
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Figure 8. The height h of hole increases from 1 mm to 22 mm. 
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Figure 9. Strain energy release caused by different heights h of excavation holes. 
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Figure 10. The width of hole w increases from 1 mm to 22 mm. 
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Figure 11. Strain energy release caused by different width w of excavation hole. 
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Figure 12. Strain energy release caused by different height and width of excavation holes. 
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Figure 13. The fitting curve of Equation (9). If the width or height of 22 mm are maintained, then another size changes from 1 mm to 22 mm. 
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Figure 14. The lateral pressure coefficient λ increases from 0.1 to 1.35 under biaxial loading. 
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Figure 15. Strain energy release caused by different lateral pressure coefficient λ. 
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Figure 16. Mohr–Coulomb with tension cut-off yield surface. 
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Figure 17. Loading schematic of model. 
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Figure 18. Tunnel failure caused by excavation under pre-stressed state. 
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Figure 19. Tunnel failure at buried depth −830 m of a gold mine. (a) rockburst and rock bolts falling in roof; (b) spalling in sidewall. 
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Table 1. The size of specimen and hole.
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	Specimens
	High/mm
	Width/mm
	Thick/mm
	Hole Size/mm





	S-Intact
	149.7
	119.1
	21.0
	0



	S-Hole
	149.3
	119.2
	21.6
	22 × 22
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Table 2. The strain energy of each part.
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Specimen

	
UInt/J

	
UHole/J

	
UAft-ex/J

	
USpe-ho/J

	
URele/J






	
S-Intact

	
6.848

	
0.184

	
6.664

	
---

	
0.703




	
S-Hole

	
---

	
---

	
---

	
5.961
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Table 3. Material properties adopted in model.






Table 3. Material properties adopted in model.





	Mechanical Parameters
	Specimen
	Loading Platen





	Young’s modulus (E, GPa)
	5.01
	211



	Poisson’s ratio (ν)
	0.33
	0.29



	Density (ρ, kg/m3)
	2700
	7840



	Normal penalty (Pn, N/mm2)
	5010
	211,000



	Tangential penalty (Pt, N/mm2)
	501
	21,100



	Friction (γ)
	0
	0



	Mesh element size (mm)
	2
	2



	Contact type
	Node edge
	Node edge
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Table 4. The strain energy of each part.
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Specimen

	
Displacement/mm

	
Load/kN

	
UInt/J

	
UHole/J

	
UAft-ex/J

	
USpe-ho/J

	
URele/J






	
S-Intact

	
0.453

	
40.56

	
9.186

	
0.247

	
8.939

	
---

	
0.434




	
S-Hole

	
37.55

	
---

	
---

	
---

	
8.505
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Table 5. The load of specimens with holes that have different height and strain energy in each part.
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h/mm

	
Displacement/mm

	
Load/kN

	
UInt/J

	
UHole/J

	
UAft-ex/J

	
USpe-ho/J

	
URele/J






	
0

	
0.453

	
40.56

	
9.186

	
---

	
---

	
---

	
0




	
1

	
39.10

	
0.011

	
9.175

	
8.856

	
0.319




	
4

	
38.81

	
0.045

	
9.141

	
8.791

	
0.350




	
8

	
38.46

	
0.090

	
9.096

	
8.712

	
0.384




	
12

	
38.18

	
0.135

	
9.051

	
8.648

	
0.403




	
16

	
37.92

	
0.180

	
9.007

	
8.590

	
0.417




	
22

	
37.55

	
0.247

	
8.939

	
8.504

	
0.435
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Table 6. The strain energy of each part.






Table 6. The strain energy of each part.





	
w/mm

	
Displacement/mm

	
Load/kN

	
UInt/J

	
UHole/J

	
UAft-ex/J

	
USpe-ho/J

	
URele/J






	
0

	
0.453

	
40.56

	
9.186

	
---

	
---

	
---

	
0




	
1

	
40.49

	
0.011

	
9.175

	
9.172

	
0.003




	
4

	
40.31

	
0.045

	
9.141

	
9.129

	
0.012




	
8

	
39.90

	
0.090

	
9.096

	
9.038

	
0.058




	
12

	
39.37

	
0.135

	
9.051

	
8.918

	
0.133




	
16

	
38.73

	
0.180

	
9.007

	
8.772

	
0.234




	
22

	
37.55

	
0.247

	
8.939

	
8.504

	
0.435
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Table 7. Displacement and load in vertical and horizontal directions under different lateral pressure coefficients.
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    λ    

	
Displacment/mm

	
Intact Specimen

	
Specimen with Hole




	
Dy

	
Dx

	
Fy/kN

	
Fx/kN

	
      σ  y  / MPa    

	
      σ  x  / MPa    

	
Fy/kN

	
Fx/kN






	
0.10

	
0.431

	
−0.142

	
40.56

	
5.07

	
16.90

	
1.69

	
37.06

	
3.27




	
0.25

	
0.398

	
−0.088

	
12.67

	
4.22

	
36.93

	
10.26




	
0.40

	
0.365

	
−0.033

	
20.28

	
6.76

	
36.80

	
17.26




	
0.60

	
0.322

	
0.039

	
30.42

	
10.14

	
36.66

	
26.44




	
0.80

	
0.277

	
0.112

	
40.56

	
13.52

	
36.42

	
35.84




	
1.00

	
0.232

	
0.186

	
50.70

	
16.90

	
36.19

	
45.24




	
1.20

	
0.189

	
0.257

	
60.84

	
20.28

	
36.05

	
54.43




	
1.35

	
0.156

	
0.312

	
68.44

	
22.82

	
35.97

	
61.52
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Table 8. The strain energy of each part under different lateral pressure coefficients λ.
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	    λ    
	UInt/J
	UHole/J
	UAft-ex/J
	USpe-ho/J
	URele/J





	0.10
	8.38
	0.23
	8.15
	7.76
	0.40



	0.25
	7.51
	0.20
	7.31
	6.90
	0.41



	0.40
	7.07
	0.19
	6.88
	6.43
	0.45



	0.60
	7.12
	0.19
	6.93
	6.42
	0.51



	0.80
	7.89
	0.21
	7.68
	7.05
	0.63



	1.00
	9.42
	0.25
	9.17
	8.41
	0.76



	1.20
	11.65
	0.31
	11.34
	10.40
	0.94



	1.35
	13.84
	0.37
	13.47
	12.40
	1.07
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Table 9. Material properties adopted in model.






Table 9. Material properties adopted in model.





	Mechanical Parameters
	Model





	Young’s modulus (E, GPa)
	20.7



	Poisson’s ratio (ν)
	0.23



	Density (ρ, kg/m3)
	2790



	Friction angle (φ)
	30°



	Cohesion (c, MPa)
	10



	Tensile strength (σt, MPa)
	2



	Fracture energy (Gf, N/m)
	4
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