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Abstract

The long-term stability of anchored anti-dip slopes in hydropower and mining projects is threatened by corrosion-induced
degradation of rock bolt systems. Existing deterministic models relying on global safety factors fail to capture localized
failure mechanisms and inherent geotechnical uncertainties. This study aims to develop a probabilistic framework for
assessing the spatiotemporal stability evolution of such slopes under progressive bolt corrosion. A novel Factor of Local
Safety (FoLS) is introduced to quantify stability at individual rock column levels, enabling spatially explicit assessment. This
metric is integrated with a time-variant mechanical model for bolt capacity loss and Monte Carlo simulation for uncertainty
propagation. Applied to a representative slope, the framework reveals complex degradation patterns: failure initiates in the
extremely active toppling zone, progresses to the moderately active zone, and ultimately extends to the passive and shear
sliding zones. Sensitivity analyses highlight the critical influence of bolt inclination, yield strength, bolt-rock bond strength,
and grout water-cement ratio. Comparative anchorage scenarios demonstrate the superior long-term effectiveness of lower-
bench reinforcement. The study provides a novel, spatially differentiated approach for the design, maintenance, and risk
management of anchored anti-dip slopes, emphasizing the necessity of dynamic stability monitoring over time.
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1. Introduction

Anchored anti-dip rock slopes are fundamental to the safe operation of major hydroelectric and mining projects
worldwide [1-3]. Characterized by rock strata dipping into the hillside, these slopes are inherently susceptible to
flexural toppling failure, a progressive deformation mechanism that poses a persistent threat to infrastructure with
design lifespans often exceeding a century [4, 5]. Rock bolting serves as the primary engineering intervention,
designed to transfer driving forces from potentially unstable surficial rock to competent bedrock beneath a deep-
seated failure surface [6-8]. Representative cases of such engineered slopes are illustrated in Figure 1. However, the
perennial challenge to this paradigm is the inevitable environmental degradation of the steel anchoring elements.
Field exhumations and inspections have consistently documented significant corrosion in rock bolts and cables after
decades of service, particularly in environments subject to water-level fluctuations and groundwater seepage [9,
10]. This corrosion-induced deterioration of the support system precipitates a gradual yet consequential decay in
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slope stability, transforming a static design problem into a dynamic, time-variant risk [11-15]. Consequently,
transitioning from a conventional deterministic assessment to a spatiotemporal probabilistic framework is
imperative for predicting the pathway from corrosion to collapse and ensuring the long-term resilience of these
critical geotechnical structures.
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Figure 1. Representative anchored anti-dip rock slopes in hydropower projects, Southwest China

Extensive research, based on field geological surveys and physical model tests, has summarized the deformation and
failure mechanisms of anti-dip slopes [16-19]. Subsequent theoretical and numerical studies have focused primarily on
three areas: (1) mechanical analysis models for various failure modes, including block toppling, flexural toppling and
flexural-block toppling [20-23]; (2) failure processes under specific conditions such as earthquake and excavation [18,
24, 25]; and (3) long-term evolutionary behaviors [26-28].

Although anti-dip slopes are generally regarded as more stable than pro-dip slopes, research on their anchorage
remains comparatively limited. Recent studies have mainly addressed anchor force calculations, optimization of bolt
layouts for stability enhancement, and failure processes during excavation or seismic events. Notable contributions
include: analytical models for anchored block toppling slopes [29] and anchored flexural toppling slopes [30];
determination of optimal bolt inclination in toppling rock masses based on laboratory experiments [31]; physical model
tests [32] and discontinuous deformation analysis (DDA) [33] of failure mechanisms in slopes reinforced with Negative
Poisson’s Ratio (NPR) bolts; discrete element analysis of cable stress states and slope deformation under varying anchor
arrangements [34]; and shaking table tests revealing seismic failure mechanisms [35]. These studies provide profound
insights into the failure mechanisms of anchored anti-dip slopes. Critically, however, they have neglected the corrosion
process of bolts/cables, leaving models for long-term stability evolution unestablished.

Despite these advancements, existing stability assessments for anchored anti-dip slopes are predominantly
characterized by three limitations: (1) Evaluations depend overwhelmingly on a global Factor of Safety (FoS), which
obscures the spatial heterogeneity of stability and fails to identify localized precursor zones of failure. (2) Most models
are deterministic, neglecting the intrinsic variability of geological and material parameters, thereby offering no
probabilistic measure of risk evolution over a slope’s operational lifetime. (3) The corrosion process of the bolts
themselves is routinely decoupled from the mechanical slope model. Studies that incorporate corrosion often apply
simplified, empirical models without integrating them into a spatially explicit mechanical framework for local stability
evolution. A comprehensive methodology that quantifies how localized corrosion propagates into spatially differentiated
stability loss and, ultimately, global failure remains conspicuously absent.
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To bridge these identified gaps, this study develops an integrated probabilistic framework for decoding the
spatiotemporal evolution of local stability in anchored anti-dip slopes under bolt corrosion. A novel metric - Factor of
Local Safety (FoLS) - is introduced to quantify stability at the scale of individual rock columns, enabling spatially
granular assessment. A coupled time-dependent mechanical model is established, integrating a limit-equilibrium
analysis of flexural toppling with the progressive degradation of bolt tensile capacity, the latter governed by empirical
corrosion kinetics. A Monte Carlo simulation-based probabilistic framework is implemented to propagate input
uncertainties, yielding full distributions of FoLS and local failure probability across the slope profile and over time.
Applied to a detailed case study, the framework elucidates the corrosion-driven failure mechanism, quantifies
spatiotemporal degradation patterns, and offers practical insights for the design, monitoring, and risk-informed
management of anchored anti-dip slopes.

2. Corrosion-Induced Failure of Rock-Bolt System
2.1. Corrosion Process of Rock Bolts

Flexural toppling failure in anti-dip slopes typically involves a deep-seated potential failure surface within the rock
masses. From this failure surface towards the slope face, the bending deformation of the rock strata progressively
intensifies, inducing interlayer dislocation. The stabilizing process for anti-dip slopes commonly involves excavating
and removing the shallow, fractured rock mass down to fresh bedrock. Rock bolts/cables are subsequently installed deep
into the slope, with their bonded lengths securely anchored in the stable bedrock beneath the potential failure surface
(Figure 2). The slope face is typically excavated into a stepped configuration and sprayed with shotcrete to prevent
surface erosion.
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Figure 2. (a) Schematic of an anchored anti-dip; (b) Failure modes of the rock-bolt system

Exposure to environmental factors such as reservoir water fluctuations, rainfall infiltration, and groundwater leads
to corrosion on various components of the anchorage structure. Field investigations involving the excavation of anchors
after years of service [9, 10] have confirmed the occurrence of this corrosion. Morphological observations indicate that
corrosion at the anchor head and within the free length of the bolt is generally more severe than within the bonded length
(Figure 3).

Transition between
two sections

h

Anchor head Free section
~T——

o

Figure 3. Morphology of anchor corrosion at the Shaping-II excavation site (after [9])
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Failure of the rock-bolt system manifests primarily in four modes [36]: tensile yield failure of the rock bolt, shear
failure at the bolt-grout interface, shear failure at the grout-rock interface, and failure of the surrounding rock mass.
These failure modes have been validated or recognized in numerous subsequent studies [37, 38]. In anti-dip rock slopes,
the strength of the intact rock typically far exceeds the bond strength at the interfaces between the bolt, grout, and rock.
Consequently, this study focuses primarily on the first three failure modes (Figure 2-b). Furthermore, when analyzing
the impact of environmental corrosion on the slope-anchorage system, the emphasis is placed on the corrosion process
of the bolts themselves, disregarding potential deterioration of the rock masses or grout materials.

Although numerous experimental studies exist on rock bolt corrosion, a theoretical model capable of accurately
predicting bolt corrosion rates remains elusive. Some studies [39-41] have adopted a modified corrosion rate model for
steel reinforcement in concrete structures, originally proposed by Vu & Stewart [42], to describe the corrosion-induced
degradation process of rock bolts. This model accounts for the influence of grout cover thickness and the water-cement
ratio of the grout, assumed to be the primary factors governing the corrosion rate. Assuming uniform corrosion under
typical environmental conditions (75% relative humidity, 20°C), the radial corrosion rate of the bolt (i, in m/year) is
expressed as:

[ o (1=Thy) " 164029
icorr(t) = 3.727 X 10 7 rwc)d t .

c
where, d, is the grout cover thickness, 7, is the mass ratio of water to cement in the grout, and ¢ is the exposure time

with the unit in years. Unless otherwise specified, all parameters in this paper utilize fundamental SI units.

The radial corrosion depth of the bolt (Ad) over time period ¢ can be obtained by integration:

t. -7 (A=W ™% 971
Ad(t) = [ lcore(t)dt =5.249 x 10 — ¢ )

It is acknowledged that the Vu-Stewart model was originally developed for steel reinforcement in concrete. Its
transfer to grouted rock bolts involves environmental differences, such as potentially distinct oxygen availability,
moisture transport mechanisms, and cracking patterns in the grout column compared to concrete. While these factors
may influence the absolute corrosion rate, the model's functional form, which links rate to grout cover and water-cement
ratio, captures the primary protective effect of the grout. Its adoption in this study follows precedent in rock slope
anchorage literature [39, 43], where it has been used as a validated engineering approximation for long-term degradation
assessment when site-specific data is limited.

2.2. Tensile Capacity Prediction of Rock-Bolt System Undergoing Corrosion

The tensile forces corresponding to the three failure modes must first be calculated. The tensile capacity of the rock-
bolt system is then determined by comparing these forces. Considering corrosion effects, the tensile capacity of the bolt
under each failure mode throughout its service life is presented below.

(i) Tensile yield failure of rock bolt

Bolts subjected to prolonged exposure in humid environments experience radial corrosion progressing inward from
the outer surface. This corrosion reduces the bolt's effective cross-sectional area and concurrently degrades the yield
strength of the steel material. Tensile yield failure occurs when the tensile stress in the bolt exceeds its residual yield
strength. The time-dependent ultimate tensile capacity of the corroding bolt (T,) is given by [39, 40]:

Ta(t) = Zd3[1 = ns(D)]frats(8) 3)

where d, is the initial bolt diameter, f; is the initial yield strength of the bolt steel, 7, is the loss rate of the bolt's cross-
sectional area due to corrosion, and «; is the strength reduction coefficient of the bolt steel, defined as the ratio of the
yield strength at time ¢ to the initial yield strength. The expressions for 15 and g are as follows [44]:

do?—[do—24d(t)]?
o(1) = e Or :
0
and
1 for ns(t) < 5%
as(t) = 10985-1.028n5(t) for ns(t) > 5% ;

1-ns(t)

Equations 4 and 5 indicate that when the cross-sectional area loss rate is below 5%, the tensile capacity reduction is
governed primarily by the area loss. However, when the loss rate exceeds 5%, the tensile capacity is significantly
influenced by both the area loss and the inherent degradation of the steel's yield strength.
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(ii) Shear failure at bolt-grout interface

Under axial tension, the force in the bolt is transferred to the grout as shear stress through the bond at the bolt-grout
interface. Bolt corrosion degrades the shear strength of this interface bond. If the bond's shear capacity drops below the
tensile force in the bolt, shear failure occurs at the bolt-grout interface. According to the strength criterion, the ultimate
tensile force (T}) that the bolt-grout bond can sustain without failure is:

Tb (t) = T[dOngTbgrbg(t) (6)

where, Ly, is the effective bond length between the bolt and the grout, 7,4 is the initial shear strength of the bolt-grout
bond, and r, is the reduction coefficient of the bolt-grout bond strength, defined as the ratio of the bond strength at time
t to the initial bond strength.

Numerous experimental and theoretical studies have investigated the degradation of steel-concrete bond strength
under corrosion [45, 46]. Existing literature primarily utilizes two indicators for real-time bond strength assessment:
steel mass loss and concrete surface crack width. This study adopts the empirical model proposed by Bhargava et al.
[47] for bond strength prediction, which was derived from fitting extensive steel pull-out test results and has been applied
to rock bolt corrosion studies. Assuming the density of the uncorroded core remains unchanged, the reduction coefficient
Tpg satisfies:

for ns(t) <1.5%

Tog(8) = {1.192 x e 11700 for n(t) > 1.5% "

Equation 7 shows that the bolt-grout bond strength remains constant when the bolt's cross-sectional area loss is less
than 1.5%. However, once the loss rate exceeds 1.5%, the bond strength decreases exponentially. The applicability of
the Bhargava model for rock bolt systems has been confirmed in relevant studies [48-50].

(iii) Shear failure at rock-grout interface

The tensile force in the bolt is ultimately transferred to the bedrock of the slope through shear action at the grout-
rock interface. If this force exceeds the bond strength at the grout-rock interface, the rock-bolt system fails in shear along
this interface. According to the strength criterion, the ultimate tensile force (T,) that the grout-rock bond interface can
sustain is [41]:

T, = mDoLg g, (8)

where, D, is the borehole diameter (representing the interface diameter), Lg, is the effective bond length of the grout-
rock interface, and 7, is the corresponding interface shear strength. As stated in Section 2.1, this study considers only
bolt corrosion, neglecting deterioration of the rock or grout. Therefore, T, is assumed constant relative to time.

The analysis above establishes the time-dependent ultimate tensile capacities of the rock-bolt system under the three
primary failure modes. Under actual working conditions, the system's overall tensile capacity follows the "weakest-link"
principle. That is, the tensile capacity (7) of the integrated rock-bolt system is governed by the minimum value among
the capacities under the three failure modes. System failure occurs once the actual tensile force exceeds T:

T(t) = min{T,, T,, T.} )

Substituting Equations 1 to 8 into Equation 9 reveals that 7 depends primarily on three categories of parameters,
those are material parameters (f;, Thg, Tgr Twc), ge0metric parameters (dg, Do, d¢, Lyg, Lgr), and the duration of corrosion
exposure (#). This model for calculating the bolt system's tensile capacity under corrosion will be utilized for the
subsequent evaluation of slope flexural toppling stability.

3. Local Stability Analysis of Anchored Anti-Dip Slope

Toppling failure in anti-dip slopes manifests primarily in three distinct modes: flexural toppling, block toppling, and
flexural-block toppling [20-23]. Anchored anti-dip slopes in large-scale hydropower projects are predominantly
susceptible to flexural toppling. Notably, even when encountering naturally occurring blocky slopes, unstable shallow
blocks are typically excavated and removed prior to anchorage installation. Consequently, the mechanical model
developed herein specifically addresses the stability of anchored slopes undergoing flexural toppling.

Conventional stability evaluations for flexural toppling slopes, whether deterministic or probabilistic, predominantly
rely on the concept of global stability, quantified by the Factor of Safety (FoS), with scant attention to localized stability
assessment [51]. To address this gap, this study establishes a novel mechanical analysis framework specifically designed
for evaluating the local stability of anchored flexural toppling slopes. This framework facilitates the effective
identification of stability states at discrete locations along the slope profile, enabling targeted reinforcement strategies.
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3.1. Mechanical Analysis

Results from laboratory model tests and numerical simulations [32-35] indicate that while anchored anti-dip slopes
exhibit significantly enhanced stability compared to their unanchored counterparts, their fundamental failure modes
remain analogous with differences in fracturing confined to localized regions. A critical feature of flexural toppling
slopes is the existence of a deep-seated potential failure surface, whose dip angle is slightly greater than the inclination
of the normal to the rock columns. The rock masses above this potential surface are subdivided into three distinct zones
from slope toe to crest: the shear sliding zone, the flexural toppling zone, and the stable zone (Figure 4-a) [30]. Crucially,
the potential failure surface differs from the actual fracture surfaces of the individual rock columns. The actual fracture
surface of a column is oriented perpendicular to its edges, collectively forming a stepped failure profile, whereas the
potential failure surface represents a conceptual plane connecting the midpoints of these actual fracture surfaces (Figure
4-b). The bonded length of each rock bolt is securely anchored within the stable bedrock beneath the potential failure
surface, while the bolt head is fixed on the slope face. This configuration enables the transfer of driving forces from the
upper rock mass to the stable bedrock via the restraining action between the bolt head and the bonded length [32, 35].

Stable zone

+ Toppling zone

A Potential failure
surface

”

! Actual fracture surface i
| i

Shear zone

J

Figure 4. (a) Schematic profile of an anchored anti-dip slope depicting deformation zones; (b) Relationship between the
potential failure surface and actual fracture surfaces of rock columns; (¢) Geometry and force system acting on a
representative rock column i

Rock columns are sequentially numbered from 1 at the slope toe to # at the slope crest. Consider the force equilibrium
of the i-th column, as illustrated in Figure 4-c. The acting forces comprise: gravitational force (G;), thrust forces from
adjacent upper and lower columns (P;, 4, P;), frictional shear forces along column interfaces (S;,4, S;), normal and shear
reactions from the underlying bedrock (N;, E;), and the tensile force in the installed rock bolt (T;). “/ is equal to zero if
no bolt is present at the top of column .

(i) For column i in the shear sliding zone
Force equilibrium must be satisfied in directions parallel and perpendicular to the column interfaces:
G;sina+T;cos(a—8)/w;—N;—S;+S5;,:,=0 (10)
Pi.y — P+ Gicosa—T;sin(a —8)/w;—R; =0 (1D

where, a is the angle of the column interface to the horizontal, ¢ is the inclination of the bolt, and w is the horizontal bolt
spacing. R and § satisfy the Coulomb criterion: R; = N; tan ¢; and S; = P; tan ¢ ';, where ¢; and ¢'; are the friction
angles of the rock base and the column interface, respectively. Combining Equations 10 and 11 yields the inter-column
thrust relationship:

APy — K P+ &G — puiT; = 0 (12)
The coefficients Af, k}, € and y; are defined as:

Al =1—tan@ ' tan @; (13)

ki =1—tang ' tang; (14)
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& =cosa—sinatang; (15)

i = [sin(a — &) + cos(a — 6) tan ;] /w; (16)

(i) For column i/ in the flexural toppling or stable zone:

A cantilever beam model is typically employed, assuming the column remains intact prior to failure. Failure occurs
when the induced bending moment exceeds the column's flexural capacity, governed by the tensile strength criterion:

Mibi _Ni_ e
21; b i (17)

where, M is the net bending moment acting on the column base, N is the net axial force (positive in compression), b is
the column width, /is the moment of inertia of the column cross-section (I; = b3 /12 for a square column in 2-dimension),
and ot is the tensile strength of the rock. Based on the force analysis in Figure 4-c, the bending moment M; at the base
is:

1 T ' 1 ' 1 7 T,
M; = EGihi cosa +nP h'y —nPh; — ;Pi+1bi tang ;41 — ;Pibi tang'; — T;hisin(a — 6) (18)
Substituting Equation 17 and simplifying leads to:
AiPiy1 — k(P + &[G, — pT; — biaf =0 19)

The coefficients Af, kf, &f and uf are defined as:

A =6nh'; —4btan e’ iy, (20)
kf = 6nh; + 2b; tan¢’; (21)
ef =3h;cosa —b;sina (22)
put = [6h; sin(a — &) + b; cos(a — 8)]/w; (23)

Equations 12 and 19 establish the fundamental relationships between the thrust forces (P;, 1, P;) on the boundaries
of a single rock column. While G; is directly calculable and T; is derived from the model in Section 2, stability analysis
requires iterative computations of thrust forces across all columns. Critically, the boundaries between the shear sliding
zone, flexural toppling zone, and stable zone must be identified prior to initiating the thrust force iteration.

3.2. Identification of Zone Boundaries

The boundary between the flexural toppling zone and the stable zone can be readily determined. Utilizing Equation
19, iterate downwards starting from the topmost column (n). The interface between column j and j+1 where the
calculated thrust P; > 0 first occurs defines this boundary.

Identification of the boundary between the shear sliding zone and the flexural toppling zone requires a more complex
approach:

(1) Assume the boundary lies at the interface between column 4-1 and column £ (i.e., columns 1 to £-1 belong to the
shear sliding zone).

(2) Calculate the maximum sustainable thrust P; at the upper boundary of column k-1 by iterating upwards from
column 1 to k-1 using the shear sliding zone equation, assuming P; = 0 (toe condition):

Py = %(Kfpis — &G+ T + c;by) (24)

(3) Calculate the maximum sustainable thrust at the upper boundary of column & under two competing failure mode
assumptions: (a) shear sliding assumption for column £:

1
Pgyy = A_i('clipk — &G + Ty + cibi) (25)
and (b) flexural toppling assumption for column £:
Pl = 37 (KEPE — ££Gye + Hi Ty + bEaf (26)
k

(4) The actual failure mode of column £ is determined by comparing the required thrust needed for stability against the
maximum it can sustain under each mode. Column k will undergo flexural toppling if:
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t
Piyy < Piyq 27)

(5) Boundary identification: if condition (27) is true, columns 1 to k-1 constitute the shear sliding zone, and columns &
to n belong to the flexural toppling and stable zones; if false, the assumed boundary £« is too low; increment & and
repeat steps 2-4 until condition (27) is satisfied.

3.3. Local Stability Assessment of Rock Columns

Accurate evaluation of local stability is paramount for implementing targeted and cost-effective slope protection
measures. Engineers can optimize reinforcement design (e.g., bolt density, length, or localized grouting) based on spatial
variations in stability revealed by this assessment. Traditional models for flexural toppling slope stability predominantly
utilize the global FoS, which, while providing an intuitive measure of overall stability, fails to capture the inherent
spatial heterogeneity and localized failure characteristic of anti-dip slope. To overcome this limitation, this study
introduces a significant methodological advancement.

A novel Factor of Local Safety (FoLS) metric is introduced for quantifying the stability of individual rock columns
within anchored anti-dip slopes. FoLS for column j is defined as the ratio of its total resisting force (R;) to its total
driving force (D;):

R .
FoLS; = D—; (28)
For FoLS; = 1.0, column j is stable, and higher values indicate greater stability margins; for 0 < FolLS; < 1.0,

column j is unstable (failed). Computing FoLS for all columns requires zonal calculation of R; and D; based on the
identified boundaries.

(i) Column j in the shear sliding zone (1 <j < k)

Based on the force equilibrium conditions (Equations 10 and 11), the resisting and driving forces are:
R; =P} tang;tang .1 + de + Gjsinatan@; + T}/Wj[sin(a —08)+cos(a—6)tan (pj] (29)
D; = Py + G;cosa + P/ tan ¢ '; tan ¢; (30)

where de (thrust from column j-1 on /) and P}, (thrust from column j+1 on /) must be obtained iteratively.

(a) de Calculation: iterate upwards from i=2 to i=j using the shear sliding zone thrust Equation:
1
P = —— - (11 PEy = 71 Giq + i1 Tiq + ¢ioabiq) €2y
i

Note that if calculated P# < 0, set P = 0 (no tensile capacity at interfaces). This applies to all thrust calculations.

(b) P}; Calculation: iterate downwards using appropriate equations above and below k. Firstly, iterate i from n-1
down to & using the toppling zone thrust equation, to find Py

1
Pi, = Kg_ﬂ(/1$+1pi1-t+2 + &41Gipr — U1 Tier — bi10f4) (32)
L
Secondly, iterate i from k-1 down to j using the shear sliding zone thrust equation to find P ;:
1
P, = KS_H(AfHPiliz + &41Giv1r — U1 Tivr — Civrbire) (33)
L
(ii) Column j in the toppling or stable zone (k <j < n)
Based on the moment equilibrium criterion (Equation 17), the resisting and driving forces are defined as:
R; = 4P} bjtan@';,1 + P (6nh; + 3b; tan @ ;) + G;b; sina + Tj[6h; sin( @ — 8) + bj cos(a — 8)] + bfaf (34)
D; = 6P} nh'; + 3G;h; cos a + PPb; tan ¢ (35)

Similarly, the thrust forces de and P/}, are obtained iteratively.

(a) de Calculation: firstly, iterate i from 1 to k-1 using shear sliding thrust equation to find P¢:

1
Pl = P (ki yPEy — &8 1Gig + ptf 4 Timq + Cioqbiog) (36)
g
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Secondly, iterate i from £+1 to j using the toppling zone thrust equation to find P]-d:
a__1 d
P = Y (ki1 PEy = €f1Giy + ufyTioy + b7 01 ;) (37)
(b) Pjy, Calculation: iterate downwards from i=n-1 to i=j using the toppling zone thrust Equation:
1
Pf, = KF—H(A;:HP;‘” + &f41Givr — tix1Tivr — b10fr) (38)
L

This section develops an advanced mechanical framework for local stability assessment of anchored anti-dip slopes,
introducing the novel FoLS metric. By integrating zonal partitioning, thrust force iteration algorithms, and failure mode-
specific stability criteria, the model quantifies stability heterogeneity across slope profiles. This approach overcomes
limitations of conventional global safety factors, enabling granular spatial assessment to optimize targeted reinforcement
strategies for flexural toppling slopes.

4. Probabilistic Analysis of Spatiotemporal Stability Evolution
4.1. Monte Carlo Simulation-based Probabilistic Framework

While various methods exist for probabilistic slope stability analysis, Monte Carlo simulation (MCS) is particularly
suited for this study due to its flexibility in handling complex functional relationships and diverse input parameter
distributions [52, 53]. The MCS framework for evaluating the slope stability comprises four core stages: (a) define
conditions - construct the slope stability state function and identify random variables with their probability distributions;
(b) generate samples - generate a large number of possible parameter combination samples according to the distributions
of the random variables; (c) deterministic calculation - for each sample parameter combination, perform a deterministic
slope stability calculation to obtain the factor of safety; and (d) probabilistic stability evaluation - statistically analyze
the probability density and distribution of the factor of safety and compute the failure probability.

For an anchored anti-dip slope comprising # rock columns, the FoLS at column /, time ¢, and for sample r is expressed
as:
m
R ()

)

= g;/[x" 1,2 ] (39)

() —

FoLS;"’(t) =

where, g(x) is the state function for FoLS, and y is the vector of physical property parameters for the slope-anchorage
system, i.e., y = [yi(r), o, fs(ir)...].

Based on the MCS results, statistical analysis can be performed on the calculated FoLS values for each column. The
probability density function (PDF) for column  is:

f0) =—={zm fy+ 2y - ;" xS xS gt} = 2y = g x gt} (40)

m-Ay
where, J(x) is the indicator function, defined as:

0 for x<0O

J) = {1 for x>0 @1
The corresponding cumulative distribution function (CDF) is:
1 ,
B =S {y = gl a el (42)

Local failure probability (P') for column j at time ¢ is defined as the probability that F oLS; < 1, derived directly
from the CDF:

Pl = F() == {1 — 9,0 42, - xa (1} (43)

4.2. Computational Procedure for Spatiotemporal Evolution

The probabilistic framework described above is implemented computationally through a sequential, algorithmic
procedure that integrates the deterministic mechanical model with stochastic inputs and MCS. The detailed logic and
data flow of this procedure are illustrated in the algorithm flowchart presented in Figure 5. The core computational
sequence is as follows:

(1) Initialization and sampling: define the geometric configuration of the anti-dip slope; for each random physical
parameter, generate m % n sample realizations consistent with their assigned probability distributions.

(2) Corrosion modeling and bolt capacity degradation: For each bolt and sample », compute corrosion depth Ad at time
t using Equation 2; calculate degradation parameters ag, 15, and 7y, via Equations 4, 5, and 7; determine time-
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dependent bolt tensile capacities Ty, Tj,, and T, under yield, bolt-grout bond, and grout-rock bond failure modes
using Equations 3, 6, and 8; compute the system tensile capacity T'as minimum among T,, T}, and T, (Equation 9).

(3) Stability parameter calculation: calculate coefficients A7, k7, &, and g for the shear sliding zone using Equations
13 to 16; calculate coefficients A%, kf, &f, and ! for the flexural toppling zone using Equations 20 to 23.

(4) Zone boundary identification: employ the iterative procedure (Equations 24 to 27) to identify the sliding-toppling
boundary (Column k) for each sample .

(5) Inter-column thrust calculation: for each column j and sample r, compute thrust forces de and P, : using Equations
31 to 33 for 1 <j <k and Equations 36 to 38 for 1 <j <n.

(6) Local safety factor (FoLS) computation: for each column j and sample r, calculate resisting force Rj(r) and driving
force Dj(r): using Equations 29 to 30 for 1 <j < k and Equations 34 to 35 for 1 <j < n; compute F oLSj(r) = Rj(r) /Dj(r).

(7) Probabilistic post-processing: for each column j and time ¢, construct PDF (Equation 40) and CDF (Equation 42)

from the m sets of FoLS; values; compute local failure probabilities F}f (Equation 43); analyze the evolution of
CDF, PDF and 13.f across the slope profile and over bolt service time to characterize spatiotemporal stability

degradation.
Bolt capacity degradation
— - ¢ Compute corrosion depth via Eq. (2); Stability parameter calculation
Initialization a'fd sampllng ¢ Calculate degradation parameters via Egs. (4), (5) and (7); o Calculate coefficients for the shear Zone boundary identification
e Define the geometric configuration; | — /e Determine bolt tensile capacities under yield, bolt-grout [ sliding zone using Egs. (13)-(16); o Employ the iterative procedure (Eqs. (24)-27)) to
e Generate m x n sample realizations bond, and grout-rock bond failure modes using Egs. (3), e Calculate coefficients for the flexural identify the sliding-toppling boundary (Column k)
(6) and (8); toppling zone using Egs. (20)-(23).
* Compute the system tensile capacity Using Eq(9).
Probabilistic post-processing ¥
* :;0" eacht col;.lmrlj ar.md (i i, G LA D (023 (1)) e e (i (EE2)) Local safety factor (FoLS) computation Inter-column thrust calculation
. Ce " se Slo \IK; l.'les’ babiliti 43)): r4——e Calculate resisting force and driving force : using Eqs. (29)-(30) [ e compute thrust forces: using Eqs. (31)-(33) for
ompute local failure probabilities (Eq. (43); for 1<j<k and Eqs. (34)-(35) for 1</<n; compute FoLS 1<j<k and Egs. (36)-(38) for 1</<n.
® Analyze the evolution of CDF, PDF and across the slope profile and over bolt 2
service time to characterize spatiotemporal stability degradation

Figure 5. Flowchart of the computational procedure

5. Results
5.1. Ilustrative Case

A representative anchored anti-dip slope with a height of 40.8 m serves to validate the proposed spatiotemporal
probabilistic model. The slope exhibits rock strata dipping at 60°, and the slope face comprises three benches with a
crest inclination of 3° and bench-face inclinations of 69°. The potential failure surface dips at 38°, intersecting bedrock
where six rows of bolts per bench are installed with vertical and horizontal spacings of 2.4 m and 3.0 m respectively,
inclined at 15°, and fully bonded in stable strata (Figure 6). Stochastic parameters governing the slope-anchorage system,
detailed in Table 1, assign probability distributions—normal for dimensional parameters (dy, Dy, Lj, L.) and lognormal
for strength parameters (y, ¢, ¢', a*, f;, Thg» Tgrs Twe)—With specified means, standard deviations, and coefficients of
variation (COV). Implementing the Monte Carlo framework in MATLAB, 100,000 stochastic realizations were
generated for each of the 113 columns to compute the Factor of Local Safety (FoLS) across a 200-year service horizon,
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Figure 6. Geometry and anchorage configuration of the case study slope
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Table 1. Physical parameters for slope-anchorage system of the study case

Parameter Distribution Mean St. Dev. cov
7y (KN/m*) Normal 26.5 5.3 0.2
0 (°) Lognormal 40 8.0 0.2
o' (°) Lognormal 28 11.2 0.4
d' (kPa) Lognormal 1000 400 0.4
doy (mm) Normal 36 0.36 0.01
Dy (mm) Normal 120 12 0.1
L, (m) Normal 5 0.5 0.1
L. (m) Normal 5 0.5 0.1
fo (MPa) Lognormal 500 5.0 0.01
7, (kPa) Lognormal 1000 150 0.15
7. (kPa) Lognormal 500 200 0.4
Fwe Lognormal 0.5 0.05 0.1

5.2. Statistical Characterization of FoLS Distributions

Probability density functions (PDFs) for 10 representative columns reveal position-dependent morphologies that
evolve over time (Figure 7). Spatially, lower columns (excluding the very bottom) exhibit unimodal distributions with
steep ascending and descending limbs. Mid-slope columns show broader unimodal distributions featuring flattened pre-
peak slopes. Upper columns develop pronounced bimodality after 50 years of service: a primary peak at FoLS~2.0
(indicating partial bolt degradation) and a secondary peak at FoLS~40-80 (reflecting intact anchorage), arising from
nonlinear interactions between parameter variability and corrosion-induced strength reduction. Temporally, the
probability density curves shift leftward with increasing bolt service time. Additionally, for lower and mid-slope
columns, the PDF peaks become higher and sharper through a smooth evolutionary process. For upper columns, the
right peak (higher FoLS values) diminishes while the left peak (lower FoLS values) increases, indicating a sudden failure
transition from high FoLS to low FoLS regimes.
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Figure 7. Spatiotemporal evolution of FoLS probability density

Cumulative distribution functions (CDFs, Figure 8) exhibit corresponding complexity: lower-column CDFs follow
three-phase growth (gradual—steep—gradual), whereas mid/upper columns progress through five distinct phases. The
latter initiates with gradual increase, accelerates steeply through the first PDF peak, moderates across the PDF valley,
surges steeply through the second PDF peak, and finally plateaus . This five-stage progression, particularly the abrupt
transition spanning FoLS from above 10 to below 1.0 in columns 67-110, signifies order-of-magnitude stability
deterioration where local failure probability increases 3—5-fold within a single decade.
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Figure 8. Spatiotemporal evolution of FoLS cumulative probability distributions

3. Spatiotemporal Evolution of FoLS Degradation

Figure 9 illustrates the three-dimensional spatiotemporal variation of the log-normalized mean FoLS, calculated

using a logarithmic average over 100,000 simulations. Results for the unreinforced slope are provided as a baseline
reference for comparative purposes. The main findings can be summarized as follows: (a) The anchored slope displays
a spatial distribution of FoLS marked by elevated stability at the slope toe and crest, and reduced values across the mid-
slope region. While this pattern is consistent with that observed in unanchored slopes, the mid-slope rock columns in
the anchored system exhibit substantially enhanced stability compared to the unreinforced case. (b) The FoLS exhibits
a gradual decline with increasing bolt service time,
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Figure 9. Spatiotemporal evolution of log-normalized mean FoLS

though the rate of reduction slows progressively. Notably, the upper-middle section of the slope (columns 67-110)

experiences a rapid decrease in FOLS during the initial service period, followed by a more subdued reduction in later
stages. This implies that failure initiates within this region and progressively extends toward the central and lower
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portions of the slope as service time advances. (c) Pronounced serrated patterns are visible along the FoLS curves,
aligning with the positions of rock columns where bolts are installed. These irregular features become increasingly
conspicuous over extended service durations, highlighting the localized influence of corrosion on the performance of
the anchorage system.

To visualize evolutionary trends and variability in the FoLS, Figure 10 displays log-normalized mean values
and quantile distributions. As bolt service time increases, both the mean and quantile curves exhibit a gradual
downward shift, revealing the following patterns: (a) During the initial service period, the curves display an upward
convexity, which progressively evolves into a catenary form. This transition indicates that columns in the upper-
middle slope region (67—110) undergo faster FoLS degradation compared to those in lower regions over time. (b)
Initially, FoLS values show low dispersion, with the median curve closely aligning with the mean—suggesting a
symmetric distribution. As service time advances, dispersion increases markedly, particularly in upper slope areas.
Values below the 50th percentile exhibit substantially greater variability than those above, resulting in the mean
curve falling below the median. (c) With prolonged service, both mean and quantile curves gradually converge
toward the FoLS profiles characteristic of unanchored slopes, demonstrating asymptotic behavior under corrosion-
induced degradation.
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Figure 10. Temporal evolution of FoLS quantiles across column positions

5.4. Local Failure Probability Dynamics

Figure 11 presents the temporal evolution of the local failure probability across the slope profile. The key
observations are summarized as follows: (a) The uppermost rock columns remain intact throughout the service period,
showing no evidence of failure. The failure probabilities are significantly lower in the bottom columns than in the mid-
slope regions. These probabilities increase sharply with elevation in the lower section, but eventually rise more
moderately on the upper slope segments. (b) The failure probability progresses non-linearly over time, exhibiting three
distinct phases: an initial stage of gradual increase, followed by a period of rapid acceleration, and a final phase marked
by reduced growth rate. (c) While mid-slope columns (11-100) display consistent temporal trends in failure probability,
notable positional differences are observed in both the bottom (1-10) and top (101-113) regions. Specifically, within
the bottom region, columns situated at higher elevations (closer to the mid-slope) exhibit a more rapid increase in failure
probability. Conversely, in the top region, columns located nearer to the slope crest demonstrate a slower progression
of failure. (d) Rock columns restrained by anchor heads show markedly reduced failure probabilities compared to
adjacent columns, leading to serrated profiles along the failure probability curves. These jagged features are particularly
prominent in the lower anchor zones, mirroring the serration patterns observed in the logarithmically normalized mean
FoLS curves.
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Figure 11. Spatiotemporal characteristics of local failure probability: (a) Spatial distribution; (b) Time-series evolution for
critical columns

6. Discussion
6.1. Comparative Analysis with Global Factor of Safety

To explicitly address the limitations of conventional approaches and underscore the advantage of the proposed local
stability metric, a comparative analysis was conducted. Using identical parameters and the same Monte Carlo simulation
framework, the time-dependent global Factor of Safety (FoS) for the entire slope was computed alongside the mean
FoLS for five representative columns (Columns 2, 17, 65, 90, and 105) over the 200-year service period. The
comparative results are presented in Figure 12.
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Figure 12. Comparison between the global Factor of Safety (FoS) and the Factor of Local Safety (FoLS) for representative
columns over time
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The mean global FoS exhibits a gradual monotonic decline with increasing bolt service time, quantitatively reflecting
the overall degradation of slope stability due to progressive corrosion. This trend aligns with engineering intuition and
prior studies focusing on system-level reliability [20, 42]. However, the global FoS, as a single aggregated metric, fails
to reveal the critical spatial heterogeneity of stability loss. It provides no insight into where within the slope the stability
is deteriorating most rapidly or which zones are becoming vulnerable first.

In contrast, the local FoLS profiles unveil a more complex and informative picture. While the FoLS for all selected
columns also decreases over time, the rate and pattern of degradation vary significantly with column location. Notably,
the FoLS for columns in the upper-middle slope region (e.g., Columns 65 and 90) decays at a markedly faster rate than
the global FoS, especially during the first 0-100 years. This indicates that these specific columns enter a state of
significantly reduced stability margin long before the global FoS suggests a critical condition. Conversely, columns near
the toe (Column 2) show a degradation rate more aligned with the global FoS. This spatial discrimination is precisely
what the FoLS metric is designed to capture.

The comparison yields two key conclusions that affirm the advancement of the proposed framework. First, the
traditional FoS approach has an inherent limitation in diagnosing localized, progressive failure mechanisms, as it
averages stability across both stable and deteriorating zones. Second, the FoLS is a more sensitive and spatially resolved
indicator. This granular insight is essential for the lifecycle management of extensive slope systems where failure
initiates locally.

6.2. Parameter Sensitivity Analysis

We examined the effects of four critical parameters on the log-normalized mean FoLS and the failure probability of
the anchored anti-dip slope: bolt inclination angle, bolt yield strength, bolt-rock interface bond strength, and grout
water—cement ratio. All analyses assumed a bolt service life of 50 years, with other parameters held constant when
assessing the influence of each individual variable. Results are presented for representative rock columns across the
slope profile. Key observations from Figure 13 are summarized as follows:

(a) Bolt inclination angle: FoLS values decrease throughout the slope as the bolt inclination angle increases.
Concurrently, local failure probabilities rise with larger angles.

(b) Bolt yield strength: When the bolt strength is below 300 MPa, FoLS increases with higher strength but stabilizes
beyond 300 MPa. Failure probability declines with increasing strength up to 300 MPa and remains nearly
constant thereafter.

(c) Bolt-rock bond strength: FoLS exhibits a strong positive correlation with bond strength, showing rapid
improvement at higher values. Local failure probability decreases accordingly.

(d) Water—cement ratio: FoLS is highly sensitive to the water—cement ratio, decreasing at a progressively increasing
rate as the ratio rises. Failure probability shows a marked increase with higher water—cement ratios.

Additionally, Column 90 demonstrates greater sensitivity to parameter variations compared to other locations. This
heightened sensitivity may be attributed to its position near the sub-critical boundary of the active toppling zone: stability
improves progressively above this column, whereas it deteriorates gradually below it.

(a) 100 0.20
T Column 2
o P Column 17
3 0.16 ™ Column 65 1
e P Column 90
% 2 ™ Column 105
) 3 012} 1
€ g
° [
-g o 0.08 -
E 1k @ Column 2 E ’
s —&— Column 17 E
< —@&— Column 65 0.04 - ]
g! —&— Column 90 .
3 —— Column 105 _" n | l
04 ] X : h ; 000‘.,'h'1'ﬂ' o
"0 5 10 15 20 25 30 - 20
6(°) 6( )
(b) 100 ] 0.20
E X . ! Column 2
o — P Column 17
- 0.16 == Column 65
u? ™ Column 90
g > ™ Column 105
3 012t 1
g 3
T E
N a
= 0.08 -
g 1 @— Column 2 4 E
5 —&— Column 17 L:LT:
= —&— Column 65 0.04
8) —&— Column 80 :
— —&— Column 105
01 . . . . . 0.00 FHHH "'"H'”"'H
‘200 300 400 500 600 700 800 i 400 500 600
f (MPa) f. (MPa)

447



Civil Engineering Journal Vol. 12, No. 02, February, 2026

(€)

-
o
=]

o

N

=]

[ Column 2

» [ Column 17
i3 0.16 [ Column 65
£ I Column 90
< 10 > [ Column 105
g E 0.12
3 2
& o 008} 1
£ 1 —&—Column2 5
S —&— Column 17 E
< —&— Column 65 0.04 ]
2 —&— Column 90 .
— —&— Column 105 F ' FH

- - 0.00 1 1 I I‘H‘ m. P, R |l

700 800

01 L L L
700 800 900 1000 1100 1200 1300 900 1000 1100 1200 1300

1, (kPa) 1, (kPa)
(d) 100, 0.20
77 Column 2

* P Column 17
a1 0.16 | ™™ Column 65 1
e P Column 90
= 10 > ™ Column 105
g E 012+ 1
b 2

Q
% o 0.08}
£ 1k —&— Column 2 3
s —&— Column 17 E
< —&— Column 65 0.04 -
2 —&— Column 90 .
= —&— Column 105 1 *

0.1 L L L . . 0.00 L2 m e N .1
0.30 0.35 0.40 0.45 0.50 0.55 0.60 ’ 030 035 040 0 45 0 50 0 55 0.60

T
we Lo

Figure 13. Parametric influence on log-normalized mean FoLS and local failure probability after 50-year service: (a) Bolt
inclination angle; (b) Bolt yield strength; (c) Bolt-rock bond strength; (d) Grout water-cement ratio

6.3. Anchorage Effectiveness at Different Slope Positions

The case study examines a slope stabilized with a three-bench anchorage system. To evaluate the effectiveness of
anchoring at specific bench locations, three partial anchorage scenarios were investigated: anchoring only the lower
bench, only the middle bench, or only the upper bench. The log-normalized mean FoLS for each configuration was
compared with both the fully anchored condition (all three benches reinforced) and the unanchored baseline. Figure 14
presents the FoLS profiles at two critical time intervals: immediately after installation and after 100 years of bolt service.
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Figure 14. Anchorage configuration effects on log-normalized mean FoLS: (a) Initial installation; (b) After 100-year service

448



Civil Engineering Journal Vol. 12, No. 02, February, 2026

In the initial installation phase, lower-bench anchorage demonstrates superior stabilization performance,
particularly for rock columns near the slope crest, outperforming both the middle-bench and upper-bench
configurations. The lower-bench scenario achieves FoLS values comparable to those of the fully anchored condition
in upper-slope regions. Anchorage at the middle bench provides moderate stabilization, significantly enhancing the
stability of mid-slope columns (columns 25—65 in this study case). In contrast, upper-bench anchorage has a limited
effect, with stability improvements confined mainly to the vicinity of the anchor heads and negligible influence
elsewhere.

After 100 years of service, the FoLS curves for the middle- and upper-bench anchorage configurations (excluding
the anchor head columns) closely align with the unanchored case, indicating an almost complete loss of anchorage
effectiveness. This degradation is attributed to corrosion-induced failure within the rock-bolt systems in the upper and
middle benches. In comparison, lower-bench anchorage maintains significantly better long-term performance, with
FoLS values only slightly below those of the fully anchored slope, underscoring its reliability under prolonged corrosive
conditions.

6.4. Corrosion-Induced Failure Mechanisms

The long-term stability of anchored anti-dip slopes is fundamentally governed by the progressive deterioration of
the rock-bolt systems under corrosive environments. Through probabilistic spatiotemporal evolution analysis, this study
elucidates a refined mechanism of failure that accounts for both the temporal degradation of bolt capacity and the spatial
redistribution of forces within the slope. The slope profile is conceptually divided into three primary zones: the stable
zone, the flexural toppling zone, and the shear sliding zone. Furthermore, the toppling zone can be subdivided into three
distinct sub-zones based on kinematic activity and stress state: the moderately active toppling zone, the extremely active
toppling zone, and the passive toppling zone (Figure 15). The failure process under continuous corrosion unfolds through
the following progressive stages:

(1) Initial stability phase: Immediately upon installation, the rock-bolt systems operate at their full design capacity.
Corrosion is negligible, and the slope exhibits maximum stability. The anchorage effectively restrains the
toppling and shear tendencies, with force transfer occurring optimally through the bonded lengths into the stable
bedrock.

(2) Onset of damage: Environmental exposure initiates measurable corrosion, particularly in the bolt heads and free
lengths. This leads to a gradual reduction in the cross-sectional area and yield strength of the bolts, as well as a
decline in the bond strength at the bolt-grout interface. Although the overall slope remains stable, the loss of tensile
capacity becomes non-negligible. Micro-fractures and initial damage begin to accumulate within the extremely
active toppling zone, where bending moments and tensile stresses are highest.

(3) Active deterioration phase: Corrosion progresses significantly, leading to a substantial decline in the load-bearing
capacity of multiple rock-bolt systems. The extremely active toppling zone experiences widespread failure due to
the combined effects of reduced bolt capacity and sustained flexural loading. This failure redistributes additional
thrust forces downward and upward, initiating damage in the moderately active toppling zone. Simultaneously, the
passive toppling zone is subjected to considerably increased thrust from the overlying unstable columns, leading to
incipient shear and tensile damage.

(4) Advanced Failure Stage: Severe corrosion results in the functional failure of most rock-bolt structures in the
upper and middle benches. The loss of confinement allows the moderately active toppling zone to undergo
large deformations, further amplifying thrust forces acting on the passive zone. The accumulated thrust from
the upper sections eventually exceeds the residual resistance of the passive toppling zone, resulting in its
collapse. This phase is characterized by a sharp decline in the global stability reserve and the emergence through
the slope face.

(5) Final Collapse: Ultimately, the entire rock-bolt system becomes severely corroded and incapable of sustaining any
meaningful tensile loads. The failure propagates from the passive toppling zone into the shear sliding zone near the
slope toe, leading to overall slope instability. It is noteworthy that the rock columns within the crest-stable zone
remain largely unaffected throughout the entire process, underscoring the localized yet progressive nature of
corrosion-induced failure.
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Figure 15. Corrosion-driven failure mechanism of anchored anti-dip slope

This proposed mechanism highlights the critical role of spatiotemporal corrosion progression in altering the internal
force distribution and failure sequence of anchored anti-dip slopes. The integration of time-dependent bolt degradation
with mechanical zone partitioning provides a comprehensive explanation for the observed evolutionary failure patterns,
offering valuable insights for the design of monitoring systems and targeted reinforcement strategies.

6.5. Engineering Implications and Model Limitations

Based on mechanistic analyses and computational results presented in this study, the following optimization
strategies are proposed for anti-dip slope anchoring engineering:

e Spatial arrangement optimization: Since rock-bolt systems in the upper slope endure higher tensile forces and are
more susceptible to failure, anchor layout density in these regions should be increased, or the ultimate tensile
capacity of individual bolts should be enhanced to improve overall anchorage performance. Bolt inclination
angles should be oriented as horizontally as possible to maximize the anchorage efficiency of each bolt.

e Material design considerations: Bolt-rock bond strength has a greater influence on tensile capacity than bolt yield
strength during bolt service. Design principle should therefore focus on improving interfacial adhesion through
techniques such as surface roughening and extended anchor lengths. Additionally, lower grout water-cement
ratios are recommended to reduce bolt corrosion rates.

e Dynamic assessment recommendations: As bolt service time increases, emphasis should shift from evaluating
local failure probabilities to monitoring the spatial distributions of FoLS. In later phases, FoLS distributions
exhibit significant dispersion—particularly in middle and upper slope regions—indicating a potential for sudden
failure transitions.

The proposed model also has several limitations:

e The mechanical model simplifies rock bolt support as a concentrated tensile force at the column top. This neglects
shear transfer and bending along the free length, especially in fully grouted bolts, potentially overestimating local
stabilizing efficiency. Future incorporation of distributed load-transfer models would improve mechanical
accuracy.

e The model incorporates two key simplifying assumptions for corrosion prediction: uniform radial corrosion,
which reflects average degradation rates, and constant environmental conditions. In practice, however, localized
pitting corrosion can induce earlier and more brittle bolt failure, while wet—dry cycles driven by seasonal or
reservoir fluctuations generally accelerate corrosion. Future studies should integrate stochastic pitting models and
transient environmental conditions to support more realistic and critical assessments.

e This study models bolt corrosion as the key degradation mechanism, neglecting potential long-term deterioration
of grout or the grout-rock interface. In aggressive environments, such degradation would further reduce system
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capacity, leading to more conservative stability predictions. This represents a critical area for future model
development.

e Corrosion rate and bond strength evaluations in this study focus exclusively on bolts, omitting prestressed anchor
cables commonly used in high-steep slope engineering. The corrosion mechanisms of prestressed anchor cables
differ substantially from those of conventional bolts and warrant dedicated investigation.

7. Conclusions

This study developed an integrated probabilistic framework to evaluate the spatiotemporal stability evolution of
anchored anti-dip slopes subjected to bolt corrosion, a critical issue for the long-term safety of hydropower reservoir
slopes and mine high-walls. The main contributions and findings are summarized as follows:

e A time-dependent mechanical model was established to quantify the degradation of bolt tensile capacity under
three failure modes, incorporating corrosion kinetics and bond strength reduction. This model effectively captures
the progressive strength loss of support systems in aggressive environments.

e A novel Factor of Local Safety (FoLS) was proposed to assess the stability of individual rock columns, enabling
spatially explicit stability evaluation. Coupled with an iterative thrust force algorithm and zonal boundary
identification, FOLS overcomes the limitations of global safety factors and provides a powerful tool for
identifying critical zones in extensive slope systems.

e Monte Carlo Simulation was employed to propagate uncertainties in material and geometric parameters,
generating probabilistic distributions of FoLS and local failure probabilities over a 200-year service period. The
results revealed complex spatiotemporal patterns, including bimodal FoLS distributions in upper columns and
serrated stability profiles aligned with bolt positions.

o (Case study analysis demonstrated that corrosion-induced stability degradation initiates in the upper-middle slope
region and progressively propagates downward. Lower-bench anchorage proved most effective for long-term
stability, while upper and middle benches exhibited significant performance loss after 100 years due to corrosion.

o Sensitivity analysis identified bolt inclination, yield strength, bolt-rock bond strength, and grout water-cement
ratio as critical parameters influencing stability. Columns near sub-critical toppling boundaries showed
heightened sensitivity to parameter variations.

o A refined failure mechanism was proposed, subdividing the toppling zone into extremely active, moderately
active, and passive subzones. The failure propagates sequentially from the extremely active zone to the passive
and shear sliding zones, elucidating the spatiotemporal progression of corrosion-driven slope instability.

e Practical recommendations were provided for optimizing anchorage design, including spatially differentiated bolt
layouts, minimized bolt inclination, enhanced interfacial bond strength, and the use of low water-cement ratio
grout.

e The proposed framework offers a robust, spatially resolved tool for the probabilistic assessment and lifecycle
management of anchored anti-dip slopes in hydropower and mining engineering. Future work should incorporate
bolt-grout interaction mechanics and extend the model to prestressed anchor cables widely used in high-steep
slopes.
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