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Zonal disintegration phenomenon in rock mass surrounding deep tunnels WU Hao, FANG Qin, GUO Zhi-kun Engineering Institute of Engineering Corps, PLA University of Science and Technology, Nanjing, Jiangsu 210007, China Abstract: Zonal disintegration is a typical static phenomenon of deep rock masses. It has been defined as alternating regions of fractured and relatively intact rock mass that appear around or in front of the working stope during excavation of a deep tunnel. Zonal disintegration phenomenon was successfully demonstrated in the laboratory with 3D tests on analogous gypsum models, two circular cracked zones were observed in the test. The linear Mohr-Coulomb yield criterion was used with a constitutive model that showed linear softening and ideal residual plastic to analyze the elasto-plastic field of the enclosing rock mass around a deep tunnel. The results show that tunneling causes a maximum stress zone to appear between an elastic and plastic zone in the surrounding rock. The zonal disintegration phenomenon is analyzed by considering the stress-strain state of the rock mass in the vicinity of the maximum stress zone. Creep instability failure of the rock due to the development of the plastic zone, and transfer of the maximum stress zone into the rock mass, are the cause of zonal disintegration. An analytical criterion for the critical depth at which zonal disintegration can occur is derived. This depth depends mainly on the character and stress concentration coefficient of the rock mass. Key words: block-hierarchical structure; zonal disintegration phenomenon; enclosing rock mass around deep tunnel; equivalent material; stress concentration coefficient



1



Introduction



The rapid development of the global economy and national defense construction have spurred ever deeper underground engineering and exploration. Examples include mines with a depth of several thousands meters (i.e., the Tongling copper mines in China at 1100 m and the gold mines in West Driefovten at 600 m to 6000 m), deep diversion tunnels constructed in hydro-power engineering (the Jingpin electricity station at 2600 m) and deep underground protective engineering (the air defense headquarter in northern America at 700 m). Deep rock has a unique incompatible and discontinuous self-stressed blockhierarchical structure[1–3], which exists in a complex geologic environment that includes high in-situ stresses, high temperatures and high hydrostatic pressure. Furthermore, there are static and dynamic geo-mechanical responses of the deep rock mass occur during deep engineering activities that are clearly different from the shallow engineering case. These responses include the zonal disintegration phenomenon, the anomalous low friction phenomenon, the low-velocity reversal pendulum wave phenomenon,



the low frequency quasi-resonance phenomenon and so on. The zonal disintegration phenomenon is typical of a deep rock mass, which is different from rock burst or rock spalling. Qian defined the zonal disintegration phenomenon as follows: “during the excavation of a tunnel in the deep rock mass, alternate regions of fractured and relatively intact rock mass appear around or in front of the working stope, which is called the zonal disintegration phenomenon.” The occurrence of such a zonal periodic structure can not be adequately interpreted with classical continuum models used in traditional rock mechanics. These models divide the rock mass surrounding a deep tunnel into fissured zone, plastic zone and undisturbed, or elastic, zone proceeding from the periphery of the tunnel toward infinity. The classification is based on the stress-field of the rock mass at each particular location. Investigations of the zonal disintegration phenomenon have become a heated topic in recent years and have drawn much attention of many experts in the rock mechanics field. Two Russian academicians, Shemyakin and Kurlenya first observed the concentric, quasi-cylindrical alternating structure in several mines in Russia (i.e., the Talnakh-Oktyarbskii
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surrounding deep tunnels of the Taimyrskii and Oktyarbskii mines in Russia. Adams and Jager observed that fissured and intact rock in zones about 1 m wide propagated alternatively into the rock bed as far as 12 m ahead of the long stope faces of a Witwatersrand, a deep-level gold mine in South Africa by making in-situ observations with a periscope inserted into long (minimum 10 m) bore holes[4].
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mines and the Taimyrskii mines). These zones of fissured rock displaced with zones of intact material were observed in the 1980s at depths as great as 1050 m by using underground electric soundings (UES), ultrasound probes, nuclear-physical logging by gamma ray emission (GGK-p) or the well periscope (REP-451). Fig. 1 illustrates the composite profile of fissured zones (the hatched areas) of the rock mass
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(b) Oktyarbskii mines, –957 m



Composite profile of fissured zones of enclosing rock mass around a deep tunnel[5]



In China, academician Qian first initiated an investigation into the characteristics of deep block rock mass at the beginning of this century. After 2004 Pan, et al have studied model tests to explore the mechanism of the zonal disintegration phenomenon[6–8]. Li has studied the support structure of deep tunnels by using a strain-softened constitutive model with FLAC3D modeling software, which indicated that the viscous-force softened, plastic regions in the surrounding deep rock mass were wider than those in a shallow rock mass[9]. The modeling also showed that alternate regions of strengthening and softening viscous forces occurred in the rocks surrounding deep tunnels. Knowing the mechanism of the zonal disintegration phenomenon at great depths could substantially improve working and support methods, increase the security and efficiency of the excavation of deep tunnels and reduce the potential for rock bursts due to fracturing of the rock mass at considerable distances from the work periphery. Therefore, this research has important theoretical and practical meaning for the establishment of non-linear geo-mechanics and for exploration of spaces deep underground. However, research on deep rock masses is still in the initial, qualitatively analytical stage in China. There are few relevant in-situ, or model experiments or theoretical investigations. In this paper the zonal disintegration phenomenon in rock surrounding a deep tunnel was simulated successfully in the laboratory by 3D tests using gypsum models. Two circular cracked zones were measured in these tests. The mechanism of the zonal disintegration phenomenon is revealed by analysis of the stress-strain state of the rock mass surrounding the deep tunnel excavation. Furthermore, an analytical critical-depth-condition for the occur-



rence of zonal disintegration phenomena is obtained.
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Analogous model tests



The modeling scale of the laboratory three-dimensional model was 1:50. The analogous material substituted for the deep rock was gypsum mixed with water (weight ratio of 1:1). The cylindrical test model consisted of four gypsum layers. The dimensions of each layer were 500 mm in radius and 200 mm in height. The total height of the model was 800 mm: Four gypsum layers were stuck together with epoxy resin (1:1 resin to hardener). The test equipment consisted of a loading device (a high pressure, flexible air chamber with a thickness of 5 mm), a reaction device formed by bolting together circular steel plates II and III along with the cylindrical steel shell I (Fig. 2) and a computer operated data acquisition system (including an IMP signal amplifier and an AD switcher).



Fig. 2



Load chamber for analogous model tests of the zonal disintegration phenomenon



The “high-pressure air chamber loading method” was used in the model tests. The air chamber was
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charged by an air compressor to exert a uniform surrounding pressure (1 MPa) on the model. This simulates the complex 3D in-situ earth pressure. The loading was done in steps, keeping the model at each loading level until stabilization had occurred. Simulation of the excavation was done thusly: The model was first loaded, after reaching the maximum load (1 MPa) the model was carefully taken apart. A hole was bored in the center of the model starting from the bottom and vertically proceeding up to the middle



(400 mm) at a rate of 0.50 mm/s. The radius of the drilled hole was r=50 mm. The variation in the strain around this hole was recorded by several radial strain gauges previously embedded in the model. Two sets of strain gauges were embedded in the notches with 200 mm and 400 mm in height, respectively. Fig. 3 depicts the dependence curves of radial strain at the measured points on the excavation time. Note how strain fluctuates with the distance from the tunnel periphery. 400
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Fig. 3
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Curves of equivalent strain versus distance from the tunnel contour in the gypsum model



From the graphs we see that with the unloading of the model, the local strain in the vicinity of the formed contour change abruptly: the compression strain changes into tensile strain and an alternation of compressive and tensile strain occurs near the tunnel periphery. Beyond a certain distance from the tunnel (>3–4r) the curves nearly superpose and the variation in strain is small. Since the tensile strength of gypsum is 0.047 MPa and the modulus of elasticity is 0.42 GPa, the ultimate tensile strain can be calculated to be 112 PH . From the graphs, the peak tensile strain exceeds the ultimate tensile strain of the gypsum material. Thus the gypsum fissured in the area of maximum tensile stress, two separate cracked zones were measured in the tests. The model tests indicate that the alternation of fissured and intact zones occurs in a finite area within the rock mass instantaneously as excavation proceeds, while the rock mass is nearly undisturbed at greater distances.



Fig. 4 Trilinear stress-strain model of deep rock



The rock surrounding the tunnel may be classified into three zones. As illustrated in Fig. 5 these are: a residual plastic zone (I); a softened plastic zone (II); and an elastic zone (III). In Fig. 5, a is the radius of the tunnel (m), V 0 J 0 H is the earth pressure (MPa), J 0 is the specific weight of the rock (N/m3) and H is the excavation depth (m).



3 Elasto-plastic analysis of the stress field in the rock mass surrounding a deep tunnel A round, horizontal tunnel advancing through rock mass in initial hydrostatic state may be treated simply as a case of plane-deformation in cylindrical coordinates. Since softening and plastic deformation is obvious in deep rock, thus a linear softening and ideal residual plastic model, as shown in Fig. 4, is appropriate to use as the constitutive model in our analysis of the stress around the tunnel.



Fig. 5



Theoretical model of the elasto-plastic field of the surrounding rock mass



The linear Mohr-Coulomb yield criterion is:



190



Journal of China University of Mining & Technology



V1 V 3



1  sin T 2C * cosT  1  sin T 1  sin T



(1)



It is assumed that the friction angle T does not change in the elastic, softening and residual stages. The viscous forces C * are expressed as ɋ e , ɋ p and ɋ re in the three respective zones. The linear softening function is assumed to be p e b ɋ  ɋ  m0  H1  H1 , where the linear softening modulus is given by m0 tan D and H1b is the maximum principal strain located in the boundary between elastic and plastic zones. Under conditions
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of cylindrical symmetry and a volumetric strain of zero, the displacements in the residual plastic area, the softened plastic area and the elastic area are equal[10]. They are given by: u



Rp2 2Gr



V



0



sin T  C e cos T 



(2)



Based on the continuity of the displacements and strains in the enclosing rock mass, the radial stress V r and shear stresses V T in each zone can be calculated using elasto-plastic theory. In this way the radius of the softened plastic area around the unsupported, round tunnel is calculated as: 1 sin ș



§ 2sin ș · 2sin ș a ¨ t 1sin ș (ı 0  m0 B0 cot ș  C e cot ș )  cot ș (C e  C re  m0 B0 ) (3) Rp 1  sin ș ¸¸ re ¨ t¨ C cot ș ¸ © ¹ ery, causes a large deformation of the surrounding e re where t Rre Rp 澵 m0 B0  C  C  m0 B0 and rock. This difference continues to increase with depth e H, so at some depth tensile failure occurs and a B0澵V 0 sin T  C cos T 2G . The calculations have cracked zone forms near the tunnel. been performed using the data given in Reference [11]: E=60 GPa, a=2 m, J 0 25 kN/m3, T 30q , Ȟ澵0.25 , H˙1000 m and C e =1.5 MPa. The radius of the softened plastic area is Rp=7.34 m. The equivalent stress V i V T  V r curve of each zone in the rock is depicted in Fig. 6.



Fig. 7



Stress distribution curve of a rock mass surrounding an unsupported round tunnel



As the excavation depth increases, the plastic zone within the rock mass moves further into the rock due to the increasing stress gradient. This leads to a maximum stress zone located between a plastic and an elastic zone as explained above (r=Rp in Fig. 8). Fig. 6



Equivalent stress curve in a rock mass surrounding a deep tunnel



The equivalent stress reaches a peak value at the radius r=Rp. In sum, the above analyses indicates that the maximum stress zone occurs between elastic and plastic zones in the rock mass surrounding the excavated deep tunnel.



4



Mechanism of zonal disintegration



As excavation proceeds, stresses are redistributed near the periphery of the tunnel. The maximum principal stress becomes oriented in a direction tangential to the tunnel and the local stresses are shown in Fig. 7. Following Mohr-Coulomb and Griffith failure principles, the difference between principal stresses, which reaches a maximum, (2 J 0 H ), near the tunnel periph-



Fig. 8 Transfer of the maximum stress zone within the enclosing rock mass around deep round tunnel[12]



Near the maximum stress zone the tangential stress is greater than the radial stress ( V T !! V r ). The maximum tangential stress, V Tmax , is several-fold greater than the hydrostatic tangential stress ı ș0 Ȗ0 H . The rock mass near the maximum stress zone is thus under an approximately uni-axial load (greater tangential stress and smaller radial stress).



WU Hao et al



Zonal disintegration phenomenon in rock mass surrounding deep tunnels



Creep theory suggests that the uni-axially loaded rock would undergo accelerated creep instability failure if the loading stresses were greater than the longtime strength of the rock. Thus rock in the maximum stress zone will begin to show splitting failure analogous to uni-axially loaded rock below certain depths. Fracturing can develop on a surface tangential to the surface of a cylinder of r=Rp; the first cylindrical fissure concentric to the tunnel forms due to the emergence and spread of cracks parallel to the tangential stress. As the rock mass in the maximum stress zone moves to both sides along the radial direction (under the larger tangential load) the neighboring rocks are compressed and the quasi-cylindrical intact zone forms. The fracturing of the rock give surfaces concentric to the working surface results in stress relaxation in the region where a d r d Rp . The surface r=Rp (or a certain area adjacent to it) becomes a new surface free of radial stresses. This radius, r=Rp, becomes a cylindrical surface that has the same function as the periphery of the tunnel; the maximum pressure zone moves into the deeper rock mass, as illustrated in Fig. 8, and a second maximum stress zone and another concentric fissured zone form in the region r>Rp following the same rule. The transfer of the maximum stress zone causes the alternating fissured and relatively undisturbed zones. At the same time the peak value of the stress decreases due to the passive resistance of the fractured rock, until at a certain distance the rock mass can no longer be destroyed by the stress, the rock mass remains in its intact state. Therefore, we can draw the conclusion that the essence of the zonal disintegration phenomenon lies in the creep instability failure of the rock mass caused by plastic deformation and movement of the maximum stress zone within the rock mass. It should be noted that the time factor has been omitted from the above analysis. The process by which V r declines to 0 at r Rp and by which
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zonal disintegration phenomenon occurs when the crit in-situ stress condition J 0 H ! V com holds[13–14]. This was based on in-situ observations of many deep mining engineering structures. They further noted that the number of fissured zones is proportional to the value crit crit of J 0 H V com , where V com is the ultimate compressive strength of the rock under uni-axial loading. Whether or not the zonal disintegration phenomenon occurs actually depends on not only on the excavation depth but also on the character of the rock mass. Fig. 9 shows the relationship between both volume strain, H v , and shear stress, T , to shear strain, J [15]. Referring to Fig. 9, in the ODE phase volume strains in the rock mass change linearly until the recovery of compressive strains, and elastic recovery, are no longer possible. In the OD phase the joint action of larger tangential stress and smaller radial stress causes the rock mass in the vicinity of the maximum stress zone to be compressed parallel to the tangential direction. In this case, the material moves from the zone of maximum stress to both sides as shown in Fig. 10 and the volume strain increases.



Fig. 9



Relationship of volume strain and shear stress to shear strain



relaxation occurs in the region where a d r d Rp is time dependent. Zonal disintegration has a time effect related to creep characteristics of the rock mass; large deformation occurs over long creep times, rock burst occurs over short creep times. As the maximum stress zone moves the maximum stress magnitude decreases steadily and the creep time is continually prolonged.
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5.1



Theoretical analysis of the parameters affecting the zonal disintegration phenomenon Critical depth for zonal disintegration



Russian experts consider the occurrence of zonal disintegration to be the criterion indicating “Great Depth”. ɇɢɤɢɮɪɨɜɫɤɢɣ and ɀɭɪɤɨɜ concluded that the



Fig. 10



Schematic of stress distribution near the working contour[16]



The compressive strain for plane deformation can be obtained by a generalized Hook's principle:



Hɫ where V m



V m 1  2Q Ec



V r  V T 



(4)



2 is the average stress, Q is



Poisson’s ratio and Ec is the compression modulus of elasticity. The material moves to both sides until the stresses decline to V 0 . Thus the radial tensile strain (the compressive stress is negative) is:
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H ec



2³



V0



Vm



1  2Q dV i Ee
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1  2Q V m  V 0 Ee



(5)



where Ee is the tensile modulus of elasticity. At the point D, shear failure occurs on the surface of the material and the volume strains reach their peak values. The DE phase is the elastic recovery stage; the stresses in the zone of maximum stress decrease since the material has “escaped” under the tangential load and the volume strain drops to zero at point E. Here the shear force has reached its peak value. Thus the elastic recovery strain is:
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(7)



Then the tension in the material located in the zone of maximum stress begins to play the main role. The magnitude of the tensile strain is:



Ht



2³



Vm
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2



1  2Q V m  V v0 Et



(8)



where Et is the tensile modulus. Since the stress concentration coefficient is defined as k V Tmax V T0 , given V m V r  V T 2 and V T !! V r in the zone of maximum stress, the average stress is:



Vm



kJ 0 H 2



(9)



Substituting (7) and (9) into (8), we can obtain:



Ht



1  2Q J 0 H § kEe 2 Et



·  k  2¸ ¨ © Ec ¹



(10)



Rock mass fissures and the zonal disintegration phenomenon occurs when H t t H ut holds, where H ut is the ultimate tensile strain of the rock corresponding to point B in Fig. 9. Therefore, an analytical critical depth condition for the occurrence of the zonal disintegration phenomenon is given by: Ht



2 Et H ut § kE · J 0 1  2Q ¨ e  k  2 ¸ E © c ¹



(11)



Parameters obtained from tests on rock prisms under the conditions of the Oktyabrskii mine (of the
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Norilskii mining and metallurgical plant in Russia) provide the following data[17]: Et 1.5 u 105 MPa, 6 u 104 , Eɫ Ee 0.25 , J 0 0.03 MN/m3 , k 1.9 and Q 0.2 . Using these data the critical depth is calculated as H˙1038.9 m, which agrees well with the actual depth of 1200 m observed both in-situ and for model tests[5,16]. Thus we conclude that the critical depth at which zonal disintegration occurs is not a certain value but depends on the characteristics and stress concentration coefficient of the rock mass. Zonal disintegration phenomenon can occur at different depths depending on the mechanical indices of the rock mass.



H ut



5.2



where V Ȟ0 is the stress when the volume strain is zero (point E). This stress can be obtained by equaling the sum of the compressive strain, the lateral “escape” strain and the elastic recovery strain to zero:



Vol.18



Distance of the most remote fissured zone and the distance between fissured zones



Alternating fractured and intact zones of rock appear during the excavation of deep tunnels. Thus, the technology of driving at great depths can be improved. Initially we drive a smaller cross section tunnel where the radius of the fissured zone equals to the desired design section. The rock in the fissured zone can then be removed easily. This method can reduce the dynamic effect on the enclosing rock mass and the potential for rock burst. The initial working radius can be modified by[17]: r1



0.75r2 crit ln(J 0 H V com )  1.347



(12)



where r2 is the radius of the desired design section. An empirical formula for the distance from the periphery of the work zone to the most remote zone of disintegration, l, for an unsupported structure can be obtained from Eq.(12) as: l



ª §J H a «1.4 u ln ¨ 0crit © V com ¬«



º · ¸  1.8» ¹ ¼»



(13)



From Eq.(13) we can see that this maximum distance decreases with an increase in the ultimate compressive strength of the rock mass but increases at greater excavation depths. The rate of increase with depth declines the deeper the tunnel. The distance between individual disintegration zones is determined by the time for the main cracks to form and develop as well as the crack wave to propagate from the working contour into the fissured zones. In-situ observations and model tests indicate that such distances vary within a relatively small range and have a tendency to increase away from the working stope.



6 Conclusions 1) The zonal disintegration phenomenon in rock mass surrounding a deep tunnel was successfully



WU Hao et al



Zonal disintegration phenomenon in rock mass surrounding deep tunnels



simulated in the laboratory by 3D tests on gypsum models. Two separated, annular cracked zones were measured in the tests. 2) The linear Mohr-Coulomb strength criterion and a linear softening and ideal residual plastic constitutive model were used to analyze the elastoplastic field in the rock mass surrounding a deep tunnel. The radius of softening plastic zone and the curve of equivalent stress in the enclosing rock mass were obtained. These indicate that the maximum stress zone occurs between an elastic and plastic zone in the rock mass. The rock mass near the maximum stress zone is in an approximately uni-axial load state. 3) The essence of the zonal disintegration phenomenon is the creep instability failure of rock due to the development of a plastic zone and transfer of the maximum stress zone into the rock mass. This was shown by analyzing the stress-strain state of the rock mass near the maximum stress zone. 4) An analytical critical depth condition for the occurrence of the zonal disintegration phenomenon was derived. The critical depth depends on the character and the stress concentration coefficient of the rock mass. An empirical formula for the distance of the fissured zone most remote from the tunnel periphery is also proposed. 5) Future emphasis should be focused on the investigation of time effects. These are relevant to creep failure and hence to the zonal disintegration phenomenon itself. The influence of excavation velocity on the zonal disintegration phenomenon is also of interest.
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