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Abstract. Rock disturbance caused by blasting and stress relaxation is commonly observed during excavation. As the distance
from the source of disturbance increases, the degree of disturbance decreases, and rock at a large depth does not experience
disturbance. However, in stability analyses, a single value of disturbance is often applied to the entire rock mass, which leads to
underestimated results. In this study, this modeling mistake is addressed by considering realistically varying rock disturbance.
The safety of infinite slopes in a disturbed rock mass with a strength governed by the Hoek—Brown failure criterion is
investigated based on the kinematic approach of limit analysis. The maximum disturbance is assigned to the outermost slope
face because it is directly exposed to blasting damage and dilation, and the disturbance progressively decays with distance in the
rock mass. The safety analysis results indicate that the assumption of uniform disturbance in the entire rock mass leads to
underestimation of the rock strength and safety on infinite rock slopes. A critical slip surface appears to be within the disturbed
rock layer as well as the interface between the disturbed upper rock and undisturbed lower rock.
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1. Introduction

Most rock structures, such as slopes, foundations,
tunnels, and underground cavities, are excavated using
blasting and drilling. These procedures inevitably induce
rock disturbances caused by blasting damage and stress
relaxation around the excavation, thereby weakening the
strength of the rock mass and the safety of the rock
structure (Cheng et al. 2021, Chinaei ef al. 2021, Dimitraki
et al. 2021, Zaid et al. 2020). Hoek and Karzulovic (2000)
observed that a potentially disturbed zone can expand up to
100 m behind the slope face for very large slopes that
require several tons of explosives for excavation. Dilation
of rocks caused by stress redistribution is also a major
concern. According to field observations of unconfined rock
surfaces (Chern et al. 1998, Hoek and Karzulovic 2000,
Sakurai 1984), only 1%-2% of the strain can cause a
complete loss of the cohesive strength of the rock, which
could lead to a residual state. Attempts for the quantitative
characterization of rock disturbance have been focused on
the magnitude of rock disturbance (Hoek and Brown 2019,
Hoek et al. 2002, Sonmez and Ulusay 1999); extent of the
disturbed zone (Hoek and Karzulovic 2000, Kwon et al.
2009, Yang et al. 2020), and disturbance decay patterns
with increasing distance from the source of disturbance
(Lupogo 2017, Rose et al. 2018, Yang et al. 2020).

Although these factors are important, this study focuses
on the demonstration of infinite rock slope analysis
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accounting for spatially varying rock disturbances.

The face in the vicinity of an excavation is maximally
disturbed, and the degree of disturbance progressively
decreases with increasing distance from the source.
However, many studies, including previous and recent ones,
assumed a uniform disturbance in the entire rock mass,
which resulted in a significant underestimation of the slope
stability (Dong-ping et al. 2016, Sun et al. 2016). Hoek
(2012) suggested that the same degree of blast damage
should not be applied to the entire rock mass but only to the
actual damage zone. Li et al. (2011) numerically showed
that the safety of a uniformly (fully) disturbed rock slope
can be underestimated by 50% compared to that of a rock
slope with varying disturbances. To consider the
progressively diminishing disturbance away from the slope
face, the disturbed zone behind the slope face was divided
into several layers, and decreasing disturbance values were
sequentially assigned to these layers. Later, the parallel
layer model (PLM) was proposed based on this approach
(Zheng et al. 2018). This technique has been adopted for
studies based on finite element analyses owing to its
straightforward  implementation of varying rock
disturbances in the mesh (Qian et al. 2017, Yang et al.
2020).

In this study, the influence of the decaying rock
disturbance with distance from the disturbance source on
slope safety was analyzed. Instead of a stepwise decrease in
disturbance based on the PLM, a continuous function was
employed through a semi-analytical technique. An infinite
rock slope in which a rock mass slides on the failure surface
parallel to the slope face was explored.

In geotechnical engineering, the safety assessment of
infinite slopes is an important task (Rankine 1857). Most
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Fig. 1 Development of a slip surface within weathered
rock (after Lambe and Whitman (1969))

textbooks cover this topic (Das 2021, Duncan et al. 2014,
Lambe and Whitman 1969) owing to the simplicity of the
analysis and insights into slope stability. However, the
literature regarding rock masses with strength governed by
nonlinear failure criteria is rare, and the spatial distribution
of rock properties, such as disturbance, has not been
considered (Michalowski 2018, Serrano ef al. 2005). A
common example of infinite rock slope failure was
demonstrated by Lambe and Whitman (1969), as illustrated
in Fig. 1. Intact and unweathered rocks underlie the upper
weathered rock masses. The shear strength of the upper
rock layer is reduced by the weathering process (or
disturbance), resulting in unequal strength parameters as the
depth increases. In such a case, a critical slip surface
associated with the most adverse conditions must be
searched, probably within the weathered rock mass. Infinite
slope failure at the interface between a weak upper rock and
strong lower bedrock is also a common occurrence. The
novelty of this study lies in the stability analysis of infinite
slopes in disturbed rocks and the search for a potential slip
surface located within the upper disturbed layer.

The kinematic approach of limit analysis was used as a
stability assessment method for infinite rock slopes with
strength governed by the Hoek—Brown failure criterion. The
criterion accounts for rock disturbance using a descriptor
depending on the blasting control and excavation methods.
A brief explanation of the Hoek—Brown criterion and rock
disturbance is provided in Sections 2 and 3, respectively. In
Section 4, a kinematically admissible failure mechanism for
infinite slopes is postulated, and a safety analysis is
performed. The computational results and discussion are
presented in Section 5, followed by the conclusions in
Section 6.

2. Hoek—Brown failure criterion

The peak strength of rock exhibits a nonlinear
dependency on pressure, and nonlinear failure criteria are

Fig. 2 Hoek—Brown failure criterion

preferred in stability analysis in rock engineering. Among
them, the Hoek—Brown failure criterion (Hoek and Brown
1980, Hoek ef al. 2002) is most widely accepted based on
extensive experience gained from diverse engineering
projects around the world over 40 years. The Hoek—Brown
failure criterion for the principal stress plane (expressed as
total stress terms) is expressed as an empirical relationship
between o7 and o3 as follows

a

o
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where o,; is the uniaxial compressive strength of intact rock,

and mp, a, and s are constants (curve fitting parameters)

calculated as follows
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where m;, GSI, and D are the rock-type-dependent
parameter, geological strength index, and disturbance factor,
respectively. In this study, the disturbance factor D is
represented by a spatially varied function with coordinate y
defined in Section 3; therefore, constants mj, and s are also
functions of y. The most recent discussion on the Hoek—
Brown criterion, including its applications, case histories,
selection guidelines of the parameters, and limitations, is
found in the paper by Hoek and Brown (2019).

Fig. 2 illustrates the Hoek—Brown criterion defined in
o1 — 03 space. o. and g, are the uniaxial compressive strength
and isotropic tensile strength, respectively. It is
recommended that these strengths be directly measured by
proper laboratory testing; however, they are often
determined (predicted) from the failure envelope without
Jjustification.

Based on the geometric relations in Fig. 2, . and o; are
calculated by substituting o1 = 0. and 03=0, and o0, =
o3 = —o; into Eq. (1), respectively
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where mp, a, and s are expressed in Egs. (2)-(4),
respectively. For intact rock with a GSI of 100, the uniaxial
compressive strength of the rock mass in Eq. (5) is equal to
o.i, and the isotropic tensile strength in Eq. (6) is reduced to
ac,-/m,-.

The utilization of the kinematic limit analysis requires
the Mohr envelope defined in 7—o0, space. Although a
closed-form expression is unavailable thus far, Eq. (1) can
be alternatively expressed in parametric form with respect
to the tangent angle 6 (Balmer 1952, Kumar 1998)
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This parametric Hoek—Brown equation was used in this
study rather than the original failure criterion in Eq. (1),
which has no closed-form expression for the shear strength
envelope; both convey the same information.

3. Rock disturbance

The first version of the Hoek—Brown criterion (Hoek
and Brown 1980) did not consider rock disturbance; an
updated Hoek—Brown criterion in 1988 (Hoek and Brown
1988) introduced the concept of disturbed rocks to consider
stress relaxation and blasting using a different set of
equations for calculating the Hoek—Brown constants. In
1994, the equation for disturbed rock was removed; instead,
rock disturbance was indirectly considered from a reduced
geological strength index (GSI), which is a newly
introduced parameter of the version (Hoek 1994). However,
one of the practical problems in the version was the
estimation of the GSI in the field where the rock has
experienced blast damage, as indicated by Hoek and Brown
(1997). By 2002 (Hoek et al. 2002), the influence of
disturbances became increasingly important in rock
engineering projects owing to widespread heavy blasting,
and a new parameter D was explicitly introduced to the
criterion and embedded in parameters m; and s, as shown in
Egs. (2) and (4). respectively. More details on the
disturbance factor and a series of modifications to the
Hoek—Brown criterion are provided in the reports by Hoek
(2012) and Hoek and Marinos (2007), respectively.

Although it is apparent that the disturbance factor ranges
from O (undisturbed rock) to 1 (fully disturbed rock), its
exact value in the field is a matter of judgment. A practical
guideline for selection has been provided since its inception
(Hoek et al. 2002). In the most recent version, Hoek and

Brown (2019) suggested that D = 0 can be used for
excellent quality-controlled blasting or excavation by
machines (mechanical excavation), and D = 0.5, which is
appropriate for controlled presplit or small-scale blasting; D
= 0.7 for mechanical excavation effects of stress reduction
damage (ripping and dozing); and D = 1 for heavy
production blasting (or poor blasting) and stress relief from
overburden removal. While typical rock properties follow
random field models (Hsu and Nelson 2006, Rafiei Renani
et al. 2019, Song et al. 2011), it is expected that the rock
disturbance decays with the distance away from the
disturbance source. Consequently, the influential depth
owing to the disturbance and its spatial variation are also of
critical importance. Based on experience in open-pit mine
slopes (Hoek and Karzulovic 2000), the thickness of the
blast damage zone can be related to the slope height (H);
the influential thickness by blasting is within the range of
0.3 to 2.5H, depending on the blast control and free surface.
In another study (Yang et al. 2020), field measurements of
damage zones in rock slopes after blasting presented 1.5 —
4 m of disturbed thickness. Regarding a tunnel with 10 m
span, rock disturbance can affect the surrounding rock to a
depth of 2 — 3 m (Kwon et al. 2009, Yang et al. 2020). Most
studies have assumed a simple linear decrease in the
disturbance factor away from the maximally disturbed
surface within the disturbed zone (Li ef al. 2011, Zheng et
al. 2018). Recently, acoustic tests performed by Yang et al.
(2020) on rock slopes presented a linear reduction in the
disturbance factor; however, a different decaying pattern
was also supported by other studies, for example,
exponentially decreasing rock disturbance in rock mass
(Lupogo 2017, Rose et al. 2018). The spatial variation of
the disturbance factor is still not clear as experimental
evidence is insufficient; thus, a general function capable of
various distributions of the disturbance factor was utilized
in this study.

The Hoek—Brown failure envelopes with different
disturbance factors D = 0, 0.5, and 1 are illustrated in Fig.
3(a). As expected, the disturbance factor had a significant
impact on the rock strength. Both the shear and tensile
strengths of the undisturbed rock mass were consistently
higher than those of the disturbed rock in all stress ranges.
The substantial strength drop caused by the rock
disturbance indicates that the overall behavior of the rock
mass is strongly dependent on the disturbance quantified by
the disturbance factor D.

The Hoek—Brown constants m; and s are functions of
GSI as well as D. Because of the form in Egs. (2) and (4),
the influence of factor D on these parameters can be large or
small depending on the GSI. This is demonstrated in Fig.
3(b), where the Hoek—Brown strength criteria for
undisturbed and “fully” disturbed rocks are presented for
different GSI values of 10, 50, and 90. The relative strength
difference between rocks with D = 0 and D = 1 decreases
with an increase in the GSI; the forms of coefficients m; and
s in Egs. (2) and (4) were chosen such that factor D had no
influence on the rock strength when GSI = 100. The
disturbance factor is particularly important in weak rock
masses characterized by low GSI values. Table 1 lists the
uniaxial compressive strengths of the rocks with different
disturbance factors and GSI values. In the case of a “fully”
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Fig. 3 Hoek—Brown strength envelopes with different disturbance factors D: (a) strength envelopes for D =0, 0.5, and 1
on 7 — g, plane and (b) comparison of strength envelopes for undisturbed and fully disturbed rock with GSI= 10, 50, and

90

Table 1 Normalized uniaxial compressive strength ¢./o.; of
disturbed rock mass (m; = 15)

GSI
b 10 40 70 00
0 0.00287 0.03307 0.18802 1"
0.5 0.00089 0.01672 0.13460 r
1 0.00015 0.00601 0.08153 1

“0. = 0.; for intact rock (GSI = 100)

disturbed rock mass (D = 1) with GSI = 10, the strength was
reduced by 94.6% relative to that of the undisturbed rock
mass (D = 0).

4. Failure mechanism and stability analysis
4.1 Failure mechanism

Fig. 4 shows a schematic of an infinite slope in a
disturbed rock mass. As the name indicates, the slope has an
infinite extent, with a slip surface parallel to the slope face.
The depth of the sliding rock mass is very small compared
with the lateral length of the slope. The scaling parameter of
slope Ty is the thickness of the disturbed zone (or distance
to the undisturbed rock from the slope face). The failure
surface with thickness 7 can be located inside the disturbed
rock (0 <7 < Tp) and is not determined a priori. This is the
outcome of the analysis.

Rock strength is governed by the Hoek—Brown failure
criterion (Eq. (1)). The rock is maximally disturbed at the
slope face owing to blasting and stress relief, and the degree
of disturbance decreases with depth y away from the
maximum disturbance. In this study, the following general
function of the disturbance decay rate was adopted to
examine the influence of rock disturbance

k
- |y
D(y) - Dmax 1 (T J (9)

0

where D, 1s the maximum disturbance, y is the distance
from the slope face, k is the power of different disturbance-
decaying functions, and 7 is the thickness of the disturbed
rock. The linear decaying function of rock disturbance,
frequently assumed in the literature (Li e al. 2011, Zheng et
al. 2018), is a special case of Eq. (9) when k= 1.

For uniform slopes with homogeneous rock properties,
the thickness of the moving mass T can be considered equal
to Tp. For rock masses with varying disturbances with
depth, it is not necessarily identical; the slip surface can be
formed at any depth in the rock associated with the most
adverse condition. The disturbance factor D (7) is used in
the analysis because the slip surface is at a distance 7 from
the slope face.

The postulated failure mechanism is constructed by a
continuum-based analysis, where Eq. (1) is applicable: the
rock mass is assumed to be continuous and isotropic
without weak discontinuities. As a result, the slope failure is
not structurally controlled but governed by the most
unfavorable (critical) failure mechanism giving the best
bounds to the safety measures. No hydraulic influence was
accounted for, but the procedure proposed in this study can
be applied to infinite rock slopes with seepage flow.

4.2 Stability analysis

The kinematic approach of limit analysis, commonly
referred to as the upper-bound theorem, is used as a stability
assessment method for infinite slopes. The fundamental
assumptions are perfect plasticity, convex yield conditions,
and the normality flow rule. The method provides an upper
bound to the true failure load, as the failure is either
imminent or occurs in the kinematically admissible failure
mechanism. The application of limit analysis to rock
structures has been reported in recent studies (Michalowski
and Park 2020, Park and Michalowski 2019, 2020, 2021,
2022).

By taking the work balance between the rates of
dissipated work Dy and external work done by self-weight
W,, as shown below, one can arrive at a rigorous bound to
the true solution.
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Fig. 4 Schematic of the failure mechanism for an infinite
rock slope

Dy, =W (10)

4.2.1 Stability factor

The safety of slopes can be routinely characterized by
the stability number, which presents the results in a
dimensionless manner (Taylor 1937). Its reciprocal
(although it contains the same information) is referred to as
the stability factor, also known as the dimensionless critical
height. The stability factor is defined as the geomaterial’s
properties and problem dimension under consideration, and

is defined by
m
(Uci jcrit (11)

where y is the unit weight of the rock, o.; is the uniaxial
compressive strength of the intact rock, and 7 is the layer
thickness. In Eq. (11) the classically employed slope height
H is not adopted, and it is replaced by thickness T because
in infinite slopes, the original expression associated with
slope height yields a counter-intuitive outcome
(Michalowski 2018).

The stability factors defined in Eq. (11) are associated
with the incipient failure (limit state); thus, it can be
calculated from the kinematic approach of limit analysis by
calculating the minimum value of unsafe loads. The internal
dissipated work rate Dg;s along the unit length / on any slip
surface can be determined by

Dys =V(zcoss—o,sin o)l (12)

where o, and 7 are functions of J, as defined in Egs. (7) and
(8), respectively, where v is the magnitude of the velocity
discontinuity vector v on the slip surface. The external work
rate of the rock unit weight is derived as

W, = yTvsin(B o)l (13)

By substituting Egs. (12) and (13) into the work-balance
equation in Eq. (10), one can determine the dimensionless
group yT/o.;
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Fig. 5 Hoek—Brown strength envelope and the shear
strength reduced by factor of safety F'

Lcos&—@sin o
T oy O (14)

oy sin(B-0)

The kinematic approach of the limit analysis yields an
upper bound to the true failure load, and the minimum value
of Eq. (14) is the stability factor. Finding the critical case
associated with the verge of failure involves two variables
of optimization, 0 and 7. The thickness T determines the
degree of disturbance on the failure surface, D(y = 7) in Eq.
(9), and it is embedded in both g, and 7 terms.

4.2.2 Factor of safety

In addition to the stability factor corresponding to the
verge of failure, the factor of safety was also estimated to
analyze a given (existing) slope. The factor of safety F is
classically defined by the shear strength

F=" (15)
T4
where 7 is the rock shear strength and z, is the demand on
the shear strength required for limit equilibrium.

Fig. 5 illustrates the reduced H-B criterion by F (lower
curve), as well as its original envelope (upper curve). Based
on the geometric relation, angle J can be expressed by the
corresponding d, on the reduced envelope, or vice versa.

S=tan*(Ftand,) (16)

This indicates that for a given angle Js one can
calculate the reduced shear strength z; from 7 (using the
calculated angle 6 from Eq. (16)) divided by ¥ (Eq. (15)).
The computation of the factor of safety involves analysis
with a failure mechanism obtained from the envelope
reduced by F' (lower curve in Fig. 5).

Incorporating the reduced envelope into the analysis, the
internal work rate in Eq. (12) can be rewritten as

Dy =v(%cos5d -0, sin§djl (17)
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where 0, and 7 are consistent with those in Eq. (12), where
is calculated by angle J, using Eq. (16). By equating Eq.
(17) to the external work rate, Eq. (13), estimated from the
reduced failure mechanism (with angle d4), the following
equation is obtained

ﬁ{iicos@j—ﬁsinad}=sin(,8—5d) (18)
Y T|F O-ci ci

This is an implicit equation with respect to F. When a
given rock slope is characterized by a dimensionless
number o./yT, the factor of safety for the slope is computed
by solving the implicit equation. The minimum factor of
safety among kinematically admissible failure mechanisms
must be determined by varying d and T.

5. Results and discussion

Fig. 6 shows the stability factors calculated using Eq.
(14), along with the optimization procedure. For clarity, the
computational results are plotted in two figures using the
same axis scales: undisturbed rock (blue) and rock with
linearly decreasing disturbance factor with depth from
D=1 at the face and D=0 at Ty (black) in Fig. 6(a), and
fully disturbed rock with D =1 (red) in Fig. 6(b). For weak
rocks characterized by a low GSI value, the stability factors
decrease with an introduced disturbance near the slope face.
The influence of the disturbance factor became more
substantial with decreasing GSI, which is consistent with
Fig. 3. It is interesting to note that in Fig. 6(a), the
differences in stability factors between undisturbed and
disturbed rock with linearly decaying disturbance become
negligible when GSI > 50.
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Table 2 Stability factor (yT/o.)erit (x107%) for infinite rock
slopes with g = 30°

GSI Case” il
15 25 35

10 A 35.77 166.07 341.28 548.68
B 8.96 38.91 79.61 127.86
C 0.46 1.81 3.67 5.88

20 A 90.79 332.54 610.79 911.89
B 47.57 171.68 315.01 470.17
C 3.19 11.11 20.33 30.32

30 A 162.91 535.27 934.97 1,350.51
B 125.31 409.33 714.66 1,032.15
C 10.96 3491 60.82 87.79

40 A 256.38 797.28 1,359.15 1,932.21
B 243.32 755.26 1,287.30 1,830.00
C 28.04 84.95 144.49 205.30

50 A 382.99 1,154.16 1,943.23 2,740.57
B 382.99 1,154.16 1,943.23 2,740.57
C 63.41 186.31 312.99 441.16

“Case A: uniform D = 0 (undisturbed); Case B: Dpa = 1 and k = 1 (linear);
Case C: uniform D = 1 (fully disturbed)

The much smaller stability factors in Fig. 6(b) compared
with those in Fig. 6(a) indicate that assuming a fully
disturbed rock without considering naturally diminishing
disturbance factors significantly underestimates the safety
of infinite rock slopes. The maximum difference in the
stability factor between the linearly decreasing disturbance
factor and uniform disturbance factor in the entire rock
mass can be as high as 20 times. For a quantitative
comparison, numerical numbers for the three different
disturbance cases are given in Table 2; the results with the
blue, black, and red colors in Fig. 6 correspond to Cases A,
B, and C in Table 2, respectively. As expected, the stability
factors for Case B, rock with a linearly decreasing
disturbance factor with depth, were bounded by two
extreme cases: Case A (undisturbed rock) and Case C (fully
disturbed rock).

Regarding rock masses with varying strength parameters
with depth, a slip surface can be located within the upper
rock mass in addition to the interface, as illustrated in Fig.
1. Assuming that the upper rock is disturbed by a spatially
varying disturbance factor, the depth of the slip surfaces
was determined, and the normalized thickness (7/7,) is
presented in Fig. 7(a) as a function of GSI. The infinite
slope is assumed to be maximally disturbed at the slope face
(Dmax=1), and the disturbance factor decreases linearly
with depth (k= 1), ultimately reducing to zero at depth Tj.
The result of 7/Tp=1 indicates that the moving block
includes the entire disturbed upper rock and slides on the
lower undisturbed bedrock. When GSI> 50, this type of
failure occurs irrespective of other parameters such as the
slope inclination angle and m;. Because the slip surface is
on the interface (undisturbed rock) in such a case, the
stability factor of rock with varying disturbances is identical
to that of undisturbed rock, which is consistent with Fig.
6(a). For rocks with GSI<50 and linearly decaying

(a) 0.6 T T T | I— T T T
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k=1 (linear, Q.
(inear) ¢ O
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1
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N 06

y
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Fig. 8 Influence of spatial distribution of the disturbance
factor on stability factor: (a) stability factor, and (b)-(f)
failure mechanisms with different disturbance patterns

disturbances, the failure depth decreases with decreasing
GSI. This is because the adverse effect of rock disturbance
increases with a decrease in the GSI; thus, a slope can fail
even at a shallow depth with a small rock weight (small
driving force). For gentle slopes with f=30° (marked by
the blue color in Fig. 7(a)), the corresponding failure
mechanisms with GSI = 10, 30, 40, and 50 are illustrated in
Figs. 7(b)-7(e), respectively. The associated disturbance
factors on the slip surface were 0.85, 0.68, 0.49, and 0
(T/Ty=0.15, 0.32, 0.51, and 1, respectively). Disturbed
rock slopes with different GSI values exhibit distinctly
different failure patterns. A rock with a smaller GS/
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Table 3 Factor of safety F for infinite rock slopes with
B =30° mi =15, o./yT = 50

. GSI
Case
10 20 30 40 50
A 1.81 2.33 2.79 3.23 3.74
B 1.22 1.95 2.59 3.19 3.74
C 0.45 0.82 1.21 1.64 2.14

“Case A: uniform D = 0 (undisturbed); Case B: Dys = 1 and k = 1 (linear);
Case C: uniform D =1 (fully disturbed)

corresponds to an infinite slope failure at a shallower depth
where the rock is highly disturbed.

While a common assumption of the spatial distribution
of the disturbance factor is a linear decaying function away
from the source of disturbance, a different distribution of D
was examined to investigate its influence on slope stability,
as presented in Fig. 8. Fig. 8(a) shows the stability factors
with different spatial variations of the disturbance factor
calculated using Eq. (9) and the corresponding failure
mechanisms are shown in Figs. 8(b)-8(f). The depth of the
slip surface appears to be dependent on the spatial
disturbance distribution; however, the interpretation is not
straightforward. Among the cases considered, the linear
decay function presents the smallest sliding rock mass
(shallowest failure depth), as shown in Fig. 8(d). The failure
depths of the nonlinear distributions of D characterized by
k=0.5 and 2 are deeper (Figs. 8(e)-8(e)) than that of the
linear decrease. When uniform disturbance factors D=0
or D =1 are assumed, the thickness of the disturbed zone Ty
is not defined, and the critical depth T is directly obtained
from the corresponding stability factor, (y7/oci)crir.

The factors of safety for infinite rock slopes in a
disturbed rock mass can be determined by minimizing F in
Eq. (18), and the results with f = 15°-90° at intervals of 15°
are presented in Figs. 9(a)-9(f). The factor of safety for an
existing slope characterized by o./yT can be determined by
reading the charts. The reciprocal of the dimensionless
number o./yT at F'=1 (x-axis) is equivalent to the stability
factor, indicating a state of limit equilibrium. For o./yT = 50
and S =30° (Fig. 9(b)), the numerical values of the factors
of safety are listed in Table 3. It also includes the results for
the fully disturbed slopes (D =1, Case C), which are not
presented in Fig. 9(b). Unsurprisingly, the analysis with a
uniformly disturbed rock slope yielded a substantial
decrease in the factor of safety. For example, when
GSI=10, the factor of safety based on the realistic
distribution of the disturbance factor (linear decrease) was
1.22. By assuming a fully disturbed rock mass with a single
disturbance factor value (D = 1), it decreased to 0.45. The
relative difference between Cases B and C decreased from
63% (GSI=10) to 43% (GSI=50) with increasing rock
quality characterized by the GSI. This reduces to zero for
intact rock with GSI= 100, where the disturbance factor
does not affect the rock strength envelope.

A direct application of the proposed method to a specific
engineering problem would be hindered without reliable
field data used for calibrating the disturbance function in
Eq. (9). However, it can be still fruitfully applicable to a

safety assessment of the problem giving an immediate
picture of the disturbance impact on the slope stability,
along with charts and tables provided in this study. The
focus of this study is on the analytical procedure for taking
the spatially varying disturbance into the stability analysis
for infinite slopes, and less on practical applications.

6. Conclusions

The rock mass is inevitably disturbed during excavation.

In slope stability analyses, rock disturbance is considered
using a uniform disturbance or parallel layer model, where a
decreasing disturbance is assigned to a series of discrete
layers. This study adopted a continuously decreasing
disturbance factor with depth away from the source of
disturbance and was devoted to the safety evaluation of
infinite rock slopes. The following conclusions were drawn
from this study.

1. The failure of infinite rock slopes is widespread; for
example, weak rock is underlain by strong rock. When
the upper rock layer is disturbed by blasting or stress
relaxation, a potential slip surface is not necessarily at
the interface between the disturbed rock and
undisturbed bedrock but is located within the upper
disturbed layer associated with the most susceptible
condition.

2. In rocks with strength governed by the Hoek—-Brown
failure criterion, a low-quality rock characterized by a
low GSI is more susceptible to the disturbance factor.
When a very weak rock (GSI=10) is maximally
disturbed, both the tensile and compressive strengths of
the rocks can be reduced by up to 83% from those of
undisturbed strengths, whereas the strength of intact
rock (GSI =100) is not affected by the disturbance
factor.

3. The computational results showed that assigning one
value of D to the entire rock mass significantly
underestimates the rock strength and, consequently, the
safety of the rock slope. It can reduce the critical height
by up to 95% compared to that of the linearly
decreasing disturbance factor with depth, which is a
realistic assumption. Analysis with uniform disturbance
gives rise to excessive design at the expense of simple
computation.

4. For infinite rock slopes with varying disturbance
factors, a slip surface can form within the disturbed
upper rock mass. This is a likely outcome of the
decrease in the disturbance factor with depth, providing
greater strength against slope failure.

5. It is interesting to note that when GSI > 50, the rock
slope with a decreasing disturbance factor is equally
stable to the undisturbed slope. This is because in
medium to strong rock, the slip surface is in
undisturbed rock at deep depths, and thus the
disturbance near the slope face has no influence on
slope safety. Consequently, the computation result is
independent of the magnitude of the maximum
disturbance factor at the slope face.

6. The most widely accepted safety measure that is the
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factors of safety were calculated for infinite rock slopes
by employing the parametric form of the Hoek—Brown
failure criterion. The factor of safety is also
significantly affected by rock disturbance and its spatial
variation.

7. The slope stability analysis of disturbed rock slopes
may not be difficult; however, quantitative
characterization of the degree of disturbance, its extent,
and decay rate is difficult. It is recommended that these
parameters be adjusted based on field data and further
verifications.
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