
Internation
Macedonia
 

 

 

 
 

Phys
comb

S. Yua
CINTECX
iperez@u
      0000-

Abstr
Simple 
analysed
place ma
this, res
mechani
slope an
retaining
main obj
configur
on physi
analytica
observed
inaccura
and their
has inhe
mechani

Keyw
Rock slo

1 Int
When a
mechani
mechani
Howeve
combina
resulting
and stud

Among 
reported

nal Society for R
an Association 

ical and
bined sl

an, P. Car
X, Universida
uvigo.gal  
-0003-0883-72

act 
failure mec

d when study
aking rock s
search on c
isms in rock 
nd toppling in
g walls, whe
bjective of th
rations repre
ical models.
al limit equ
d stem from
acies derived
r results show

erent strength
isms observe

words 
ope stability, 

troductio
assessing roc
isms: planar
isms have be
r, real-world

ations of tw
g in a comple
died, research

potential com
d in the literat

Rock Mechanic
for Geotechnics

d analyt
lope fai

rracelas-L
de de Vigo, G

211 

chanisms inc
ying rock slo
slopes unstab
combined m
masses repo

n the front is
re the slidin

his work is t
sentative of 
 The critical
ilibrium esti

m imperfect
d from simpli
w good agre
hs and limita
ed in retainin

Combined f

on 
ck-slope sta
r, wedge, c
een widely a
d failure ca

wo or more, 
ex overall be
h in this area 

mbined form
ture (Alejano

ics and Rock E
cs 

tical mo
ilures 

Lamela, I
Grupo GESSM

cluding plan
ope stability.
ble, so it is c
mechanisms 
orted in the l
s a possible 

ng failure of 
to investigat
such structu
l tilting angl
imates, show
t granite bl
ifying assum
eement with 
ations, their 

ng walls and r

failure mecha

ability, tradi
circular, and
and successf

ases often in
where the 

ehaviour. Alt
remains lim

ms, the coupl
o et al. 2010

Engineering 

odelling

. Pérez-R
Min, 36310, Vig

nar, wedge, 
 However, c
convenient to

remains lim
literature, th
one. This m
the backfill

te the stabili
ures, through
les obtained 
wing good a
lock cutting

mptions. Fina
the experime
cross-valida

rock slopes a

anisms, Reta

itional analy
d toppling f
fully applied
nvolve not 
mechanisms

though comb
mited, and fur

ling of slidin
; Mohtarami

R

g of  slid

Rey & L. R
go, Spain 

toppling an
combined fai
o consider th
mited. Amo

he coupling o
mechanism ha

induces topp
ty and failur

h an experim
from the ex

agreement. T
, limitations

ally, tentative
ental and an
ation offers a
affected by c

aining wall, S

yses typicall
failure (Goo
d in slope en
a single cla

s are couple
bined failure 
rther investig

ng (planar o
i et al. 2014;W

ISR

Risk Managem
S

 

ding-top

R. Alejan

nd circular 
ilure mechan
heir possible
ong potentia
of sliding in 
as also been 
pling of the 
re mechanis

mental progra
xperiments a
The slight d
s of the te
e numerical m
alytical ones
a more robu

combined fai

Sliding-toppl

ly consider 
odman and 
ngineering w
assic mechan
ed and inter
mechanisms

gation is deem

r circular) an
Wei et al. 20

RM Regional Sy
Eur

ment in Rock E
Skopje, 15-19 

ppling 

no 

failure are 
nisms someti
e occurrence
al combined
the upper pa
observed in 
drystone blo
ms of three 
am based on
are compare
differences i
esting appar
models are p
s. While each
ust analysis o
ilure mechan

ling instabili

four simpl
Bray 1976

with excellen
nism, but ra

ract with eac
s have been i
med to be int

nd toppling 
024; Mao et a

Symposium
rock 2026

Engineering
September

 

typically 
imes take 
e. Despite 
d failure 
art of the 
masonry 

ocks. The 
different 

n tilt-tests 
d against 
in results 
ratus and 
presented, 
h method 
of failure 

nisms.  

ty. 

le failure 
6). These 
nt results. 
ather the 
ch other, 
identified 
teresting. 

has been 
al. 2025). 

415

DOI: https://doi.org/10.68732/7405c5ffd9a8e32a ISBN: 978-9989-2053-6-1

https://doi.org/10.68732/7405c5ffd9a8e32a


   Eurock 2026, Skopje, RN Macedonia 
 

 
 

Fig. 1illustrates various types of mechanisms combining sliding and toppling. In Fig. 1a, b, sliding-
toppling cases are depicted, where planar or circular sliding in the upper part drives toppling in the 
lower part, typically facilitated by a steep joint set dipping against the slope that favours toppling 
toward the excavation. In Fig. 1c, d, toppling-sliding cases are shown, where toppling occurs in the 
upper parts of the slope, forcing the lower parts to slide. These mechanisms were proposed as 
secondary toppling by Goodman and Bray (1976) and Wyllie and Mah (2004) representing instability 
phenomena triggered by the weakening of the slope toe. 

 
Fig. 1 Schematics of combined failure mechanisms of slope instability: sliding-toppling (planar-toppling (a), and circular-
toppling (b)), and toppling-sliding (toppling-planar (c), and toppling-circular (d)). 

Simple theoretical methods for computing combined mechanisms are based on limit equilibrium 
theory, with force transfer between the toppling and sliding parts. The stabilizing force of the upper 
part of the slope is computed and applied as a load to the lower part, allowing separate stability 
calculations via traditional methods and overall evaluation based on the stability of the lower part of 
the slope. For example, Alejano et al. (2010) used this for toppling-sliding. For a sliding-toppling case, 
applying soil active pressure to the uppermost rock block and analysing toppling is a simple and 
effective way to assess the mechanism (Mohtarami et al. 2014; Sarfaraz 2020). Physical and numerical 
methods may validate, supplement, and extend analytical approaches, offering new insights to the 
study. The sliding-toppling mechanisms herein studied refer to natural rock slopes and engineered 
structures like dry masonry retaining walls with backfill, where geometry and pressure triggered 
instability (Alejano et al. 2012; Ding et al. 2025). In these cases, upper backfill slides (following 
planar or circular surfaces), driving wall toppling and forming a combined failure. 

 
Fig. 2 Schematics and parameters involved in an analytical model of a sliding-toppling combined failure mechanism. 

This research seeks to improve safety and economy in wall design and to advance understanding of 
rock slope stability. This paper proposes a novel analytical model for sliding–toppling failure by 
integrating classic block toppling theory with Coulomb’s earth pressure formulations. Unlike previous 
studies, this approach captures critical frictional behaviour while significantly simplifying calculations, 
offering a more practical and efficient framework for engineering applications. Three sets of sliding–
toppling lab-scale physical models representing dry masonry retaining walls with granular backfill are 
designed, prepared and analysed using analytical, physical, and numerical approaches. 
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2 Theoretical background 
Fig. 2 illustrates the elements of the sliding–toppling combined failure mechanism, encompassing a 
series of blocks and the sliding soil mass behind them. Block toppling is assessed by means of 
Goodman and Bray (1976) approach. The nth block, with the backfill soil, forms a retaining wall 
system, and the pressure exerted by the soil is computed according to Coulomb’searth pressure theory. 

2.1 Toppling stability 
This study adopts the block toppling model proposed by Goodman and Bray (1976), which idealizes 
the rock mass as a system of 2D rigid, rectangular columns resting on an inclined base. Each block is 
assumed to rotate about its bottom edge, and toppling stability is evaluated through sequential moment 
equilibrium analyses of individual blocks. The stabilizing force required for the uppermost block (i = 
n), is defined by Eq. 1, where active earth pressure is applied as a load on the block.  𝑃௜ିଵ = 1𝐿௜ (𝑊௜ sin 𝛼 𝑦௜2 + 𝐸௔ cos 𝛿 𝑦௜3 − 𝑊௜ cos 𝛼 ∆𝑥2 − 𝐸௔ sin 𝛿 ∆𝑥) (1) 

Where Pi-1 force required to stabilize block i(kN) 
Li lever arm of force Pi−1(m) 
Wi weight of block i(kN) 
α angle of the base plane (tilt or inclination angle)(°) 
yi height of block i(m) 
Ea Coulomb active earth pressure(kN) 
δ friction angle between the wall and the backfill(°) 
Δx width of the block(m) 
ϕ friction angle between blocks(°) 

 
The stabilizing forces for the remaining blocks, Pi-1, are given by Eq. 2. 𝑃௜ିଵ = 1𝐿௜ (𝑊௜ sin 𝛼 ∙ 𝑦௜2 + 𝑃௜𝑦௜ − 𝑊௜ cos 𝛼 ∆𝑥2 − 𝑃௜ tan 𝜙 ∆𝑥) (2) 

For stability assessment, if the first block (i=1) has P0>0, indicating instability, the system friction 
angle is increased until 𝑃0 approaches zero; if 𝑃0<0, it is decreased until the limit state is reached. The 
friction angle at this condition is defined as the required friction angle, while the material-provided 
value is the available friction angle. The factor of safety (FoS) is defined by Eq. 3. 𝐹𝑜𝑆 = 𝑡𝑎𝑛(𝜙௔௩௔௜௟௔௕௟௘)𝑡𝑎𝑛(𝜙௥௘௤௨௜௥௘ௗ)  (3) 

2.2 Active earth pressure calculation 
For simplified analysis, planar sliding is assumed, and Coulomb’s active earth pressure theory is 
adopted to evaluate the driving force, assuming a cohesionless backfill (c = 0). The active earth 
pressure acting on the uppermost rock column is given by: 𝐸௔ = 12 𝐾௔𝛾𝐻ଶ (4) 

Where Ka Coulomb active earth pressure coefficient 
γ unit weight of the backfill(kN/m3)  
H vertical height of the wall(m) 

The point of application of the earth pressure is at 1/3 of the wall height from the bottom of the wall. 
Its direction forms an angle δ with the direction perpendicular to the wall. The active earth pressure 
coefficient Ka is calculated using Coulomb's theory. Its expression is: 𝐾௔ =  cosଶ(𝜙ᇱ − 𝜃)cos 𝜃 + sin 𝜙ᇱට(ଵା୲ୟ୬ ఋ/ ୲ୟ୬ థᇲ)(ଵି୲ୟ୬ ఉ/ ୲ୟ୬ థᇲ)(ଵି୲ୟ୬ ఏ ୲ୟ୬ ఋ)(ଵା୲ୟ୬ ఏ ୲ୟ୬ ఉ)  (5) 

Where ϕ′  friction angle of the backfill(°) 
θ inclination angle of the wall(°) 
β slope angle of the backfill(°) 
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2.3 Tilt tests and physical modelling 
In analytical methods, the critical inclination angle can be obtained by varying the value of α in the 
governing equations. In physical modelling, the tilt test provides a simple and effective laboratory 
approach to determine α and has been widely used to investigate block toppling and wall overturning 
(Pérez-Rey et al. 2021; Alejano et al. 2015; Gui et al. 2023;Ding et al. 2025), as well as sliding–
toppling and toppling–sliding combined failure mechanisms (Amini et al. 2017, 2018). In a tilt test, 
the inclination of the bearing surface is gradually increased, thereby amplifying the gravity component 
in the toppling direction until the destabilising moment exceeds the stabilising moment. The 
corresponding critical inclination angle represents the limit state of system stability and directly 
reflects the influence of block geometry, centroid position, and interface friction. This method also 
provides a physical basis for analytical and numerical analyses. 

3 Experimental program 
3.1 Analytical models 
Three analytical models with different number of block rows (n), namely Model I (n=1), Model II 
(n=2), and Model III (n=3), are developed to investigate the sliding-toppling combined mechanism. 
When the model is inclined at an angle α, the backfill slope becomes β = α, and the rock column 
inclination is θ = α. The process begins by calculating the active earth pressure under inclination α 
(using the method in Section 2.2) to determine the required force Pn-1 for the uppermost block (Eq. 1). 
Eq. 2 is then applied sequentially to compute the required stabilizing forces Pi-1 for the remaining 
blocks. By iteratively adjusting α to make P0= 0, the critical inclination angle is obtained, where the 
factor of safety equals 1. For non-critical α values, the friction angle is adjusted to set P0 = 0, and the 
factor of safety is calculated using Eq. 3. 

 
Fig. 3 Experimental results of the analytical models. The schematics in the top row (a-c) depict the analytical models and 
dimensions, the middle row (d-f) shows the horizontal state at the beginning of the experiment, and the bottom row (g-i) 
shows the failure moment when reaching the critical inclination angle. 

3.2 Physical-modelling experiments and results 
Corresponding physical models were constructed based on the analytical setups. The models consist of 
saw-cut granite blocks with sand backfill and are housed in transparent acrylic boxes mounted on a 
motor-driven tilting platform rotating at a constant rate of 10°/min. The critical inclination angle at 
failure onset was recorded, and each experiment was repeated five times. The basic properties of the 
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granite and sand are listed in Table 1, and the geometric dimensions of the models are shown in the 
upper part of Fig. 3. 

By substituting these geometric parameters along with those from Table 1into the analytical formulas 
described in Section 2, the critical inclination angles for the models can be determined. Photographs of 
the experimental process for the physical models are shown in the middle row (horizontal) and the 
bottom row (tilting failure) of Fig. 3.Each model underwent five repeated tests to obtain the critical 
inclination angles. The comparison between the analytical, physical and the later obtained numerical 
values of the critical inclination angle is summarized in Table 2. 

Table 1. Parameters of material unit weight and friction angle. 

Parameter(unit) Value 
Granite unit weight (kN/m³) 25.31 
Sand unit weight γ (kN/m³) 16.02 
Sand friction angle ϕ’ (°) 30 
Sand-granite friction angle δ (°) 28.70 
Granite-granite friction angle ϕ (°) 27.72 
 
Table 2. Analytical, experimental, and numerical critical inclination angles for the three models (mean values in parentheses). 

Method Model I (°) Model II (°) Model III (°) 
Analytical 4.46 3.87 2.95 
Physical  3.6–4.6 (4.12) 3.1–4.7 (3.76) 1.9–3.5 (2.36) 
Numerical 4.5 3.9 3.0 
 
The results in Table 2 show that the critical inclination angles calculated using the analytical method 
fall within the range of the physical experimentally measured values. This indicates that the analytical 
method can effectively capture the sliding-toppling failure mechanism. However, the average 
experimental values are slightly (0.1 to 0.6º) lower than the analytical predictions. This discrepancy is 
attributed to block cutting imperfections, such as corner rounding, which affects toppling mechanisms 
(Alejano et al. 2015).  

4 Numerical analyses 
Numerical analyses with UDEC 7.0 (Itasca, 2024) were conducted for comparison with results from 
the other approaches. The wall models were discretized according to their geometry (Fig. 3). In the 
numerical models, granite is treated as rigid blocks and backfill is a Mohr-Coulomb material with null 
cohesion, elastic modulus of 10 MPa, and Poisson's ratio of 0.3. The contacts between walls and 
between walls and backfill are assigned the Coulomb slip criterion, with no cohesion, normal stiffness 
of 5 GPa/m, and shear stiffness of 1 GPa/m. The friction angles and unit weights of the involved 
materials are consistent with those in Table 1. 

 
Fig. 4 Total displacement distributions of the three models analysed by UDEC. The upper row (a-c) corresponds to the 
horizontal condition, and the lower row (d-f) corresponds to the critical inclination angle condition. 

The displacement diagrams of the models in the horizontal position and at the critical inclination angle 
(Table 2) are shown in Fig. 4. From these diagrams, the phenomena of wall toppling and planar sliding 
of the backfill can be observed, which align with the assumptions and experimentalobservations. 
Additionally, they capture aspects overlooked by the analytical model. The analytical model simplifies 
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material deformation and the distribution of contact forces between material interfaces. Therefore, 
deviations may occur in the safety assessment and critical inclination angle calculations. 

5 Concluding remarks 
This study investigates the sliding–toppling combined failure mechanism using analytical, physical, 
and numerical methods. An analytical model evaluates the stability of planar-toppling-prone structures, 
like dry masonry retaining walls with backfill, by varying the inclination angle. Physical tests 
successfully reproduce this failure, yielding critical angles that match analytical calculations and are 
further corroborated by numerical simulations 

Discrepancies indicate that physical model failures occur at slightly lower inclination angles than 
analytical predictions. This behaviour is primarily attributed to geometric imperfections of granite 
blocks, such as rounded edges, which modify moment arms and centres of gravity. Furthermore, 
experimental boundary conditions and numerical parameters, particularly contact and elastic properties, 
significantly influence the results. Due to scaling effects, small laboratory models fail to capture the 
roughness, joint strength, and corner rounding inherent in large field structures. The impact of these 
size-dependent features will be addressed in future work. 

By cross-validating analytical, physical, and numerical methods, this study provides a comprehensive 
understanding of the sliding–toppling combined failure mechanism and contributes to improved 
insight into the stability behaviour of rock slopes. 
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