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Abstract: The tension cracks and joints in rock or soil slopes affect their failure stability. Prediction of rock or soil slope failure is one of the most challenging tasks in the earth sciences. The actual slopes consist of inhomogeneous materials, complex morphology, and erratic joints. Most studies concerning the failure of rock slopes primarily focused on determining Factor of Safety (FoS) and Critical Slip Surface (CSS). In this article, the effect of inclined tension crack on a rock slope failure is studied numerically with Shear Strength Reduction Factor (SRF) method. An inclined Tension Crack (TC) influences the magnitude and location of the rock slope’s Critical Shear Strength Reduction Factor (CSRF). Certainly, inclined cracks are more prone to cause the failure of the slope than the vertical TC. Yet, all tension cracks do not lead to failure of the slope mass. The effect of the crest distance of the tension crack is also investigated. The numerical results do not show any significant change in the magnitude of CSRF unless the tip of the TC is very near to the crest of the slope. A TC is also replaced with a joint, and the results differ from the corresponding TC. These results are discussed regarding shear stress and Critical Slip Surface (CSS).
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1  Introduction

Prediction of rock or soil slope failure is one of the most challenging tasks in the earth sciences. The actual slopes consist of inhomogeneous materials, complex morphology, and erratic joints [1–5]. [1] The majority of studies concerning the failure of rock slopes are primarily focused on determining Factor of Safety (FoS) and Critical Slip Surface (CSS) [6–9]. The safety factor is often defined as the ratio of failure strength of the slope material to driving stress acting along a predefined CSS of the slope [1,9]. An important issue is determining the location of failure joints or both [10]. It has been established that nucleation and propagation of a crack results in fracture of the slope mass. Tension cracks are quite common in rock and soil slopes, and they often weaken their failure stability [11–15]. In the slope stability analyses with cohesive soils, tension cracks may be observed in the upper part of the slope due to the development of tensile forces. A tension crack essentially terminates the slip surface [16,17]. [9] Tension cracks and joints also affect the stability of pit slopes which are prominent in opencast mines [18–21]. Fig. 1 shows a typical view of tension cracks near the crest of the pit slope at an opencast coal mine in Godavari Valley Coalfield, India. It is also believed these cracks are inclined in the bulk of the pit slope.
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Figure 1: A typical view of tension crack near the pit slope edge of an open cast mine of Godavari valley coalfield, India

Despite extensive theoretical and experimental studies, many issues are not yet clear. For instance, it is not known how the inclination, length of TC, and distance from the crest influence the stability of the slope. The effect of TC on slope stability has been studied using both analytical and numerical approaches [12,15]. Nevertheless, these studies have considered only a vertical TC [1]. While a slanted TC may also appear in the slope mass [15], the effect of such a crack on the stability of the rock slope is known in the literature.

In recent times, a Finite Element Method (FEM) based on Shear Strength Reduction Factor (SRF) is often used in the determination of the magnitude and location of FoS [22–26]. SRF method is quite helpful since it is based on shear strain localization at which displacement becomes non-convergent during the numerical simulations of the slope mass [22,23,25]. More significantly, it automatically chooses CSS along which failure of slope mass occurs [25]. Noting the critical value of SRF, CSRF signifies the local value of FoS [9,24]. Further, the magnitude of CSRF is less than unity, indicating the failure of the slope and location of the same is the point of crack nucleation [27]. It has been observed that further increase of SRF results in global failure of the slope mass along with CSS [27]. Studies have shown that although the magnitude of CSRF changes linearly with cohesion and angle of internal friction of slope rock mass, the location of CSRF does not depend on it [28,29]. In the present study, the effect of an inclined tension crack on CSRF is investigated numerically as a function of inclination angle and crest distance of TC [30,31]. Further, TC is replaced with a joint to examine the effect of a sloping mass on CSRF/FoS.

2  Methodology

The computational slope model is prepared precisely referring to the field situation in one of the opencast coal mines of Godavari Valley Coalfields. Fig. 2. shows a typical two-dimensional rock slope model of fixed width and height with slope angle β = 55°. A Tension Crack (TC) of finite length d, and inclination angle α, is created at a distance b from the crest of the rock slope. The material of the rock slope is assumed to be homogenous and isotropic with elastic modulus, and density is 0.15 GPa, and 22.0 kN-m−3, respectively. It is also believed that surfaces of the TC are not interacting at all, and gravitational force is acting uniformly in a downward direction on the rock slope [1]. The hydrostatic stress field (ratio of in-plane & out of plane horizontal to vertical stress = 1) is also considered. The model’s left, right, and bottom boundaries are restrained in both X and Y directions, whereas the slope’s top, bottom, and face are kept unrestrained. The domain of the slope model is discretized with 6-noded Triangular elements (T6) of uniform meshing. The total number of factors and nodes in the slope model are 2591 and 5372, respectively.
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Figure 2: A typical rock slope model developed with assumed fixed width = 100 m, height = 45 m. The height of the slope is 30 m, and the slope angle = 55°. A TC of length and inclination angle which is located at a distance b from the crest of the slope

The Mohr-Coulomb (MC) failure criterion is used in the numerical simulations of the slope mass [1]. According to this criterion, shear strength T depends on cohesion c, normal stress σn, and the angle of internal friction φ as T = c + σn· tanΦ [1]. In the present analysis, cohesion, c = 85.0 kPa, and angle of internal friction, φ = 20° are considered in the numerical simulations of the weathered rock. FEM-based SRF method numerical modelling software, i.e., RS2, is used to determine CSRF and CSS of the bench slopes for varying inclination angle α, crack length d, and crest distance b of TC.

3  Effect of Tension Crack Dip Angle on Critical SRF

The results in Fig. 3a show that the crack’s inclination angle α is insignificant for small crack lengths. For instance, a TC of length d = 6.0 m, located at a crest distance b = 10.0 m, the magnitude of CSRF is 1.25. This is slightly lower than CSRF = 1.26, when there is no TC in the rock slope, as shown in Fig. 4a. It is also seen in Fig. 3a. that at the fixed crack of lengths d = 7.5 & 9.0 m, CSRF increases first with α, after that remains constant with α = (60°, 90° & 120°) and then CSRF decreases as α increases further. An important conclusion from Fig. 3a. is that certainly inclined cracks, for example, α = (30°, 45°, 135°, and 150°), are more to cause instability in the slope than the vertical TC (α = 90°) or the TC with α = 60° and 120°.
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Figure 3: (a) Effect of the inclination angle 
α
of TC on CSRF, (b) Corresponding variation of shear stress 
τxy
at tip of TC for fixed initial crack lengths 
d
= 6.0, 7.5, and 9.0 m at a fixed crest distance 
b
= 10.0 m
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Figure 4: Location of CSRF and CSS (a) no TC (b) 
α
= 30°, (c) 
α
= 60°, (d) 
α
= 90°, (e) 
α
= 120°, (f) 
α
= 150°, of the TC at a fixed crack length 
d=
9.0 m and crest distance 
b
= 10.0 m

Variation of shear stress τxy at the crack tip is also studied in Fig. 3b. It is observed that it shows the opposite trend compared with CSRF vs. α in Fig. 3a. For instance, it decreases initially but remains almost constant before increasing again with α (Fig. 3b). A possible reason is that since the rock mass’s shear strength is constant, the CSRF value decreases upon the increase of shear stress at the location of CSRF.

The location of CSRF in the slope mass is also investigated with different α as shown in Fig. 4. The result in Fig. 4a. shows that in the absence of TC in the slope, the location of CSRF is at the toe of the slope. However, in the presence of TC with α = 30°, the location of CSRF shifts near to the TC as shown in Fig. 4b. Further, increase in α = 60° & 90° of the TC as shown in Figs. 4c and 4d, the location of CSRF remains near the TC. At the same time, the shear failure zone is also observed at the toe of the slope. Figs. 4e and 4f confirm that in the case of α = 120° & 150° of the TC, the location of CSRF is seen again near the TC. Another important conclusion from Fig. 4 is that size of the failure zone due to shear strain localization is directly related to the magnitude of CSRF. For instance, the size of the failure zone is smaller for CSRF = 0.69, as shown in Fig. 4b than CSRF = 1.26, as shown in Fig. 4a. After that, the failure zone increases to an approximately constant size as CSRF increases up to constant CSRF = 1.16, as shown in Figs. 4c–4e. However, it reduces again to 0.72, as shown in Fig. 4f.

4  Effect of Distance of A TC From Crest On CSRF

The effect of crest distance 
b
of a TC is also investigated on CSRF for different 
α
= 30°, 60°, and 90°, as shown in Fig. 5a. It is observed that the magnitude of CSRF does not change with 
b
, except when a TC is near the crest of the slope. For example, a TC with 
α
= 30° results in CSRF~0 and corresponding 
τxy
~750 kPa, as shown in Fig. 5b is relatively high to cause the immediate failure of the slope. After that, CSRF becomes nearly constant with 
b
, and corresponding shear stress also remains constant. Similar observations are seen for 
α
= 60° and 90° as well.
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Figure 5: (a) Variation of CSRF vs. crest distance 
b
; (b) Corresponding 
τxy
vs. 
b
, for 
α
= 30°, 60° & 90° of fixed crack length 
d
= 9.0 m

Fig. 6 shows the Critical Slip Surface’s behaviour (CSS) function 
b
of the TC with 
d
= 9.0 m and 
α
= 30°. At the same time, Fig. 6a presents the CSS without a TC, as discussed in Fig. 4a. Fig. 6b shows the CSS when the TC is near the slope’s face. In this case, the shear strain zone is highly localized, and the magnitude of CSRF is almost zero. Further, the shear strain zone slightly increases 
b
, yet it is still localized near the tip of the TC. This may be the reason behind the observation as shown in Fig. 6b that 
b
does not have any significant effect on CSRF unless TC is very close to the face of the slope. Moreover, the size of the failure zone is initially quite localized in Fig. 6a yet increases slightly 
b
to reach a nearly constant value, as shown in Figs. 6b–6f. Hence, in all the cases, the shear strain zone is localized near the tip of the TC, and there is no interaction with the toe of the slope.
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Figure 6: Location of CSRF with crest distance 
b
(a) no TC, (b) 
b
= 5.0 m, (c) 
b
= 10.0 m, (d) 
b
= 15.0 m, (e) 
b
= 20.0 m and (f) 
b
= 25.0 m, at a fixed crack length 
d=
9 m and 
α
= 30° of the TC

The effect of critical crack length dc vs b of a vertical crack (
α
= 90°) is also studied, as shown in Fig. 7a. This 
dc
signifies a TC with CSRF <1, an unstable crack. It is observed that 
dc
it decreases with an increase 
b
to a minimum value 
dc
= 19.0 m. After that, 
dc
it increases with increasing 
b
. The corresponding shear stress 
τxy
b
is also presented in Fig. 7b. It is observed that 
τxy
it follows a similar trend as dc vs. 
b
as shown in Fig. 7a.
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Figure 7: (a) Variation of critical crack length 
dc
vs. crest distance 
b
, (b) Corresponding variation of shear stress 
τxy
with crest distance 
b
, for a vertical crack (
α
= 90°)

5  Effect of Inclination Angle of a Joint on CSRF

We have also studied the joint’s effect on the rock slope’s stability. In the numerical simulations, a TC is replaced with a joint in which free surfaces now interact with each other via shear and normal forces [6]. The slope model is shown in Fig. 2 and is also used to investigate the effect of the inclination angle 
α
of the joint on CSRF. Frictional properties of the joint are cohesion 
c
= 5.0 kPa, friction angle 
ϕ
= 5°, while average and shear stiffnesses are considered equal to 10.0 MPa-m−1 and 1.0 MPa-m−1, respectively. Moreover, the tensile strength of the joint is assumed to be zero. It is also believed that the strike of the joint is parallel to the slope face. The Mohr-Coulomb failure criterion is also used in the case of failure of the joint.

The results of numerical simulations are shown in Fig. 8a shows CSRF vs. 
α
for different 
d
= 6, 7.5 & 9.0 m, but at a fixed 
b
= 10.0 m. It is observed that CSRF first decreases to a minimum value between 
α
= 60°–80° for all three joints. After that, CSRF increases with up to 
α
= 110°, and then CSRF becomes constant upon a further increase 
α
. The literature also reported a similar result [6,29].
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Figure 8: (a) Effect of the inclination angle of the joint on CSRF; (b) The corresponding variation of shear stress near the joint’s tip, at varying initial joint lengths = 6.0, 7.5 and 9.0 m and at a fixed crest distance = 10.0 m

We have also studied the corresponding shear stress 
τxy
at the location of CSRF. The results are shown in Fig. 8b and concluded that it also decreases with 
α
and reaches a minimum value of about 
α
= 90°. It is followed by an increase with a maximum value at 
α=
120° and then decreases to a minimum value at 
α=
150°, as shown in Fig. 8b. An important conclusion from Figs. 8a and 8b is that, unlike Figs. 3a and 3b. 
τxy
it is not proportional to CSRF.

The effect of CSS has also been noticed in Fig. 9. For example, a joint α = 30°, as shown in Fig. 9b. indicates that the shear failure zone is still localized at the toe of the slope, and CSS does not interact with the joint. Hence, there is no reduction in CSRF as compared to Fig. 9a without a joint. However, for the joint with 
α
= 60°, as shown in Fig. 9c, the failure shear zone shifts near the joint’s tip and propagates towards the toe of the slope, and the corresponding CSRF =1.17. Fig. 9d also illustrates the maximum shear strain zone near the joint’s tip with 
α
= 90° (vertical joint) and CSRF = 1.19. A similar observation is also seen in the joint case of α = 120° and 150°, but at slightly increased CSRF = 1.22, as shown in Figs. 9e and 9f. In addition, the failure zone size also varies with the magnitude of CSRF (Fig. 9).
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Figure 9: Location of CSRF with (a) no joint (b) 
α
= 30° (c) 
α
= 60°, (d) 
α
= 90°, (e) 
α
= 120° and (f) 
α
= 150° of the TC at a fixed crack length 
d=
9.0 m and crest distance 
b
= 10 m

Although present numerical results are discussed in view of the magnitude and location of CSRF and the size of the failure zone, further study will be interesting to correlate them. Finally, it would also be interesting to carry out a three-dimensional analysis of a rock slope in the presence of both tension cracks and joints [23,29–31].

6  Conclusions

The present numerical study establishes that failure of the rock slope in the presence of an inclined TC results in a change of both magnitude and location of the Critical Strength Reduction Factor. In some instances, inclined tension cracks are more prone to failure than vertical TC. Nevertheless, all TCs are not sensitive to CSRF unless they exceed their critical length. A few cases have observed that a TC’s distance from the slope’s crest does not significantly affect CSRF and its location. It is also observed that the length of a TC is more sensitive to CSRF than its crest distance. The results indicate that regardless of the critical slip surface shape and magnitude, a smaller CSRF/FoS will be expected when TC dominates the failure surface.

Further, when a TC is replaced with a joint in the slope, the magnitude of CSRF and shear stress are quite different from the corresponding TC. Finally, it is believed that the present study will be very useful in analyzing the slope stability of jointed rock mass of the benches in opencast mines in the presence of tension crack. The above study will be useful in deciding the ultimate limit of pit slopes for safer working in opencast mines.
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