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ROCK SLOPE/SLIDING/TOPPLING/MODEL/SANDSTONE 

 

 The objectives of this research are to invent a test platform for use in the 

laboratory simulation of scaled-down rock slope models under plane sliding and 

toppling failures and to compare the observed results with those calculated by the 

deterministic methods.  The design objectives for the test platform are that it must be 

capable of simulating sliding and toppling failures under both dry and submerged 

conditions, and should allow assessing the effects of dynamic load (lateral static 

acceleration) on the slope stability.  The research effort mainly involves (1) collection 

of rock block samples, (2) construction of a test platform, (3) simulation of scaled-

down slopes model under real gravitational force, (4) comparison of the test results 

with those from the deterministic method, and (5) assessing the effect of seismic 

loads.  Phu Phan sandstone from Nakhon Ratchasima province has been selected for 

use as rock samples.  Rock slopes are formed by cubical (4×4×4 cm) and rectangular 

(4×4×8 cm and 4×4×12 cm) blocks of sandstone, under various slope face angles with 

the maximum slope height up to 1 m.  The sandstone blocks prepared by saw-cutting 

are arranged to simulate rock slopes with two mutually perpendicular joint sets.  The 

test variables include slope face angle, sliding plane angle, water height, and 

horizontal pseudo-static accelerations. 
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 The model capability is demonstrated by simulating two-dimensional plane 

sliding and toppling failures of rock slopes.  Factors of safety for the tested slopes are 

calculated using the deterministic method given by Hoek and Bray.  Results from over 

200 tests suggest that the test platform can realistically simulate the modes of failure.  

The calculated factor of safety over-estimates the actual observations of plane sliding 

by as much as 30%, particularly for slopes with low angled sliding planes and 

comprising short blocks.  The observed toppling failures agree well with those 

determined by Hoek and Bray solution when the friction between the rock blocks is 

considered in the calculation. 

 Plane failures of scaled-down rock slope models have been simulated under 

real gravitational force and pseudo-static accelerations of up to 0.225 g with 

amplitudes between 24 and 64 mm.  The observed sliding angles under dynamic 

loading are considerably lower than those calculated by the deterministic method.  

The discrepancy becomes larger for slope models formed by shorter sandstone blocks 

and under a higher acceleration.  The results from the physical model simulations 

under dry and submerged conditions agree well with those obtained from finite 

difference analyses using FLAC code.  The findings imply that for the smooth, open 

and low-cohesion joints as simulated here, assessment of rock slope stability under 

static and dynamic loading by using the deterministic method alone may not be 

conservative, particularly for the slope mass comprising joints with small spacing. 
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CHAPTER I 

INTRODUCTION 

 

1.1  Background of problems and significance of the study 

 Physical models or scaled-down models have long been used to simulate the 

failure behavior of rock slope in the laboratory.  They have been used as teaching and 

research tools to reveal the two-dimensional failure process of rock slopes under 

various geological characteristics.  They are sometimes employed to gain an 

understanding of a unique failure process under site-specific conditions.  Perhaps the 

most popular and widely used model is the Goodman’s friction table (Goodman, 

1976).  Bray and Goodman (1981) discuss the base friction principle that it is 

commonly used to reproduce the effects of gravity in two-dimensional physical 

models of excavations in rock.  They develop mathematical principles upon which 

analogy between gravity and base friction can be examined.  The friction table has 

been evolved into several versions.  Cement mixed with sand, plaster or wooden 

blocks are commonly used to form the slope models.  Teme (1987) has used 

inclinable base-friction table as a tool in modeling of excavations.  It is similar to that 

described by Goodman (1981), Hoek and Bray (1981), and Hittinger (1978).  Teme’s 

machine can however be inclined to simulate various dip angles in the field, and can 

test rigid and non-rigid model materials.  Recently numerical analyses, primarily with 

distinct element and finite element methods, have been employed to simulate the 

plane sliding and toppling failures observed from the slope models (e.g. Kim and  
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Lee, 1992; Lanoro et al., 1997).  Comparisons of the results from the computations 

and observations are made to verify the representative capability of the computer 

modeling and to improve an understanding of the actual behavior of rock slope 

failure. 

 The friction table poses some disadvantages.  The driving force inducing 

sliding or failure is not from true gravitational force.  Instead it largely depends on 

the friction and velocity of the moving belt, and hence additional calibration or 

correction is required to reveal the actual slope behavior.  A stick-slip behavior 

between the belt and testing materials is common problem particularly under low 

speeds, making the driving force by belt moving unrealistic.  In addition, since the 

friction table is in horizontal or gently inclined, assessment of the true effect of water 

can not be made. 

 
1.2  Research objectives 

 The objectives of this research are to invent a test platform for use in the 

laboratory simulation of scaled-down rock slope models under plane sliding and 

toppling failures and to compare the observed results with those calculated by the 

deterministic methods.  The main tasks involve fabrication of the test platform to 

meet the requirements, preparation of rock blocks for using in slope simulation, 

demonstration of the physical model performance, and calculation of the slope model 

stability using deterministic methods. 
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1.3 Research methodology 

 The research effort is divided into six tasks including the literature review, 

sample collection and preparation, construction of the physical model, physical 

model testing, comparisons, and thesis writing and presentation. 

 1.3.1 Literature review 

 Literature review has been carried out to study the rock slope failure 

from case studies in Thailand and abroad, rock slope failure criterion, and the results 

and factors of rock slope failure in particularly effects from earthquake vibration. The 

sources of information are from journals, technical reports and conference papers. A 

summary of the literature review will be given in the thesis. 

 1.3.2 Sample collection and preparation 

 Rock with uniform texture and properties will be selected for model 

testing.  The block specimen dimensions primarily are 4×4×4 cm, 4×4×8 cm, and 

4×4×12 cm.  Up to about 1,000 blocks are prepared. 

 1.3.3 Construction of the physical model 

 The test platform for physical model test will be constructed in 

Geomechanical Laboratory in Suranaree University of Technology.  The testing 

space (area) is about 1×1 m. 

 1.3.4 Physical model experiments 

 Plane sliding and toppling failure of slope models will be simulated 

for various slope heights and face angles.  Video of the slope movement will be 

recorded for further analysis and comparisons. 
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 1.3.5 Comparison  

 Results obtained from the simulations will be compared with the 

solutions from the deterministic methods and with the computer simulations. 

 1.3.6 Thesis writing and presentation 

 All research activities, methods, and results will be documented and 

compiled in the thesis.  The contents or findings will be published in the conference, 

proceedings or journals. 

 
1.4 Scope and limitations of the study 

 Scaled-down slope models are simulated in two dimensions.  The slope 

models have a maximum height of up to 1.5 m under various slope angles.  Failure of 

slope model is induced by the gravitational force.  Continuous monitoring of the 

failure process will be made during the test.  The effect of submerging condition will 

be studied.  The effect of earthquake will be studied in the horizontal direction 

normal to strike of the slope model.  One type of rock will be selected for this 

research.  Both plane sliding and toppling failure will be simulated. 

 
1.5 Thesis contents 

 Chapter I introduces the thesis by briefly describing the background of 

problems and significance of the study.  The research objectives, methodology, scope 

and limitations are identified.  Chapter II summarizes results of the literature review.  

Chapter III describes the design procedure for physical model.  Chapter IV describes 

the results obtained from the laboratory testing.  The experiments are divided into 3 

tests, including 1) plane sliding and toppling failure tests under dry condition 2) plane 

sliding failure tests under submerged condition, and 3) plane sliding failure under 
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dynamic loading.  Chapter V describes the results obtained from finite difference 

analysis.  Chapter VI concludes the research results, and provides recommendations 

for future research studies. 



CHAPTER II 

LITERATURE REVIEW 

 
2.1 Introduction 

 This chapter summarizes the results of literature review carried out to improve 

an understanding of simulation of rock slope failure using physical model.  The 

topics reviewed here include the rock slope stability, effect of seismic loading, and 

previous studies on physical models. 

 
2.2 Rock slope stability 

 Kamutchat (2004) described the problem of evaluating the stability of slopes 

in jointed and weathered rock masses which remains as a major challenge in the 

practice of rock engineering.  The stability of structures depend on the strength and 

deformability of the rock masses.  The rock masses are typically heterogeneous and 

anisotropic (unpredictable) because of the different rock types and properties.  The 

most universally occurring anisotropic characteristic of all rock masses is the 

presence of distinct breaks, or discontinuities, in the physical continuity of the rock.  

These include bedding surfaces, joints, and faults, etc.  The water can reduce rock 

strength from pervasive chemical weathering.  The presence of discontinuities in rock 

mass is the primary controlling factor of rock mass strength and deformability.  

Discontinuities also have a dominant role in defining rock mass properties.  The slope 

geometries have become important on stability evaluation.  Hoek and Bray (1981) and 
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Goodman (1989) have classified the modes of slope failure into four types; plane and 

wedge sliding, toppling and circular failure. 

 A plane slide forms under gravity alone when a rock block tests on an incline 

weakness plane that “daylights” into free space.  The inclination of the plane of slip 

must be greater than the friction angle of that plane.  The conditions for failure reside 

dormantly in the slope until excavation or rock movement removes the barrier to 

block translation.  Movement of a block supposes that the restraint to sliding has been 

overcome not only along the surface of sliding but along the lateral margins of the 

slide.  In soft rocks, like shale, the side restraint can be released by rupture of the rock 

itself if the base of sliding is inclined considerably steeper than the friction angle.  In 

hard rocks, plane sliding can occur only if there are other discontinuities or valleys 

transverse to the crest of the slope releasing the sides of the block (Hoek and Bray, 

1981). 

 Wedge slides can occur when two planes of weakness intersect to define a 

tetrahedral block.  Slip can occur without any topographic or structural release 

features if the line of intersection of two discontinuities daylights into the excavation. 

 Toppling failure involves overturning of rock layers like a series of cantilever 

beams in slates, schists, and thin-bedded sediments inclined steeply into the hillside.  

Each layer tending to bend downhill under its own weight transfers force downslope.  

If the toe of the slope is allowed to slide or overturn, flexural cracks will form in the 

layers above, liberating a large mass of rock.  If there are frequent cross-joints, the 

layers can overturn as rigid columns rather than having to fail in flexure.  In either 

event, destructive slope movements must be prefaced by interlayer slip of a normal 

faults type. 
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 For a circular failure, rock body is divided into a discontinuous mass.  The 

failure path is normally defined by one or more discontinuity.  In case of soil slope, 

the individual particles are very small compared with the size of the slope, and a 

strongly defined structural no longer existed.  Then the failure paths are in the circular 

form. 

 Using the shear strength parameters c and φ, the factor of safety of plane 

sliding given by the total force resisting sliding to the total force tending to induce 

sliding, is (Hoek and Bray, 1981) 
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where c is cohesive strength, φ is angle of friction, γ is unit weight of rock, γw is unit 

weight of water, A is area of face, H is slope height, W is weight of the sliding block, 

U is uplift water force, V is horizontal water force, Ψf is slope face angle, Ψp is 

sliding plane angle, Zw is water depth, and Z is tension crack depth. 

 When the tension crack is not vertical the above equations cannot be used and 

it is often easier to determine A, W, Z, and Zw using a scale drawing on graph paper. 

 When the geometry of the slope and the depth of water in the tension crack are 

known, the calculation of a factor of safety is straightforward.  In some cases, 

however, it may be necessary to compare a range of slope geometries, water depths 

and the influence of different shear strengths.  In such cases a spreadsheet may be 

used to carry out the analysis and create graphs showing the sensitivity of the factor 

of safety to these changes (Simons et al., 2000). 

 A procedure for the toppling and sliding of a regular system of blocks has 

been proposed by Goodman and Bray (1976).  Giani (1992) explained the purpose of 

the analysis is to assess the limit equilibrium condition of overall blocky system and 

to determine external forces, such as a cable force, required to stabilize the slope 

made up by the blocky system.  The procedure considers the equilibrium of the forces 

of each block starting from the uppermost block and determining the interaction force 

with the adjacent block down to the slope toe.  When the lower force obtained on the 

toe block is positive (downward directed) the slope is unstable, when it is zero, the 

limiting equilibrium condition is reached. 
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 Limit equilibrium analysis of toppling on a stepped base proposed by Hoek 

and Bray (1981) can be written as: 

 
n

nnnn
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where Pn-1 is force preventing toppling of the nth block, Pn is force inducing toppling 

of the nth block, Wn is weight of nth block, Mn is distance between block base and the 

point where Pn applies, Ln is distance between block base and the point where Pn-1 

apples, ∆x is width of each block, yn is height of the nth block, and α is plane angle. 

 Giani (1992) states that since the geometry of the blocky system and the 

friction angle of the block sides and bases are known (or assumed to be known) the 

equilibrium of each block can be solved by establishing if the toppling or the sliding 

mode is critical.  The method is suitable for only particular geometries of the blocky 

system, which consider the system rigid and use the statical equilibrium equations. 

 
2.3 Effect of seismic load 

 The previously described procedures for static slope stability analysis have 

been used for many years and calibrated against many actual slope failures.  The 

database against which seismic slope stability analyses can be calibrated is much 

smaller.  Kramer (1996) explained the analysis of the seismic stability of slopes is 

further complicated by the need to consider the effects of (1) dynamic stresses 

induced by earthquake shaking, and (2) the effects of those stresses on the strength 

and stress-strain behavior of the slope materials. 
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 Siad (2003) considered gravity and inertial forces developed in the rock mass 

by the passage of seismic waves are the external forces.  The rock mass is crossed by 

two sets of fractures which are considered to be planar and persistent.  The stability 

factor is very sensitive to variations of horizontal seismic coefficient.  It is reduced 

due to seismic effect.  However, the value flattens as friction angle of fracture 

increases. 

 Sepulveda et al. (2005) conducted field investigations and slope stability back 

analyses to confirm the impact of topographic amplification on the triggering of 

landslides during the 1994 earthquake.  Their results suggest that the observed 

extensive rock sliding and falling would have not been possible under unamplified 

seismic conditions, which would have generated a significantly lower number of areas 

affected by landslides.  In contrast, modeling slope stability using amplified ground 

shaking predicts slope failure distributions matching what occurred in 1994.  This 

observation confirms a significant role for topographic amplification on the triggering 

of landslides at the site and emphasizes the need to select carefully the inputs for 

seismic slope stability analyses. 

 Beginning in the 1920s, the seismic stability of earth structures has been analyzed 

by a pseudostatic approach in which the effects of an earthquake are represented by 

constant horizontal and/or vertical accelerations (Kramer, 1996).  The first explicit 

application of the pseudostatic approach to the analysis of seismic slope stability has been 

attributed to Terzaghi (1950).  Giani (1992) discussed that a pseudostatic analysis can be 

carried out by using the limit equilibrium method and by schematizing the dynamic 

loading occurrence with a time constant force which is proportional to the mass of the 

potentially unstable volume of rock, according to the seismic coefficient. 
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  Kramer (1996) states that the magnitudes of the pseudostatic acceleration 

should be related to the severity of the anticipated ground motion as selection of 

pseudostatic accelerations for design is not a simple matter.  The horizontal 

pseudostatic force clearly decreases the factor of safety.  It reduces the resisting force 

(forφ>0) and increases the driving force.  The vertical pseudostatic force typically has 

less influence on the factor of safety since it reduces (or increases, depending on its 

direction) both the driving force and the resisting force.  As a result, the effects of 

vertical accelerations are frequently neglected in pseudostatic analyses resolving the 

forces on the potential failure mass in a direction parallel to the failure surface, 
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where c and φ are the Mohr-Coulomb strength parameters that describe the shear 

strength on the failure plane, lab is the length of the failure plane, W is the weight of 

the failure mass, and Fh and Fv are the horizontal and vertical inertial forces which act 

through the centroid of the failure mass.  The magnitudes of the pseudostatic forces 

are 
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where ah and av are horizontal and vertical pseudostatic accelerations, kh and kv are 

dimensionless horizontal and vertical pseudostatic coefficients.  Pseudostatic analyses 
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can be unreliable for soils that build up large pore pressures or show more than about 

15% degradation of strength due to earthquake shaking.  The pseudostatic approach 

can be used to evaluate pseudostatic factors of safety for planar, circular, and 

noncircular failure surfaces.  Many commercially available computer programs for 

limit equilibrium slope stability analysis have the option of performing pseudostatic 

analyses. 

 Kramer (1996) described that earthquake magnitude is a quantitative measure 

of the size of an earthquake.  Most magnitude scales are based on measured ground 

motion characteristics.  The common magnitudes are shown in Table 2.1.  

 The example of earthquake magnitude such as:  Both the 1906 San Francisco 

and 1960 Chile earthquakes produced ground shaking that led to surface wave 

magnitudes (Ms) of 8.3, however, reflected in the moment magnitudes (Mw) of the 

earthquake as 7.9 for San Francisco and 9.5 for Chile (Kramer, 1996).  The 1994 

Northridge earthquake (Mw = 6.7) triggered extensive rock slope failures in Pacoima 

Canyon, immediately north of Los Angeles, California (Sepulveda et al., 2005).  The 

1995 Nuweiba earthquake measured ML = 6.2 on the local magnitude scale based on 

coda duration and Mw = 7.2 on the moment magnitude scale.  The overall distribution 

of 177 aftershocks of the Nuweiba earthquake in the magnitude range 3.5 ≤ Mw ≤ 7.2 

(Shamir, et al., 2003).  The 1995, October 1, Dinar, Turkey, earthquake (Ms = 6.1) 

determined from inversion of teleseismic P and SH waveforms (Utkucu et al., 2002).  

The large magnitude (Mw = 7.7) Bhuj earthquake which occurred on January 26th, 

2001, within the Kachch peninsula in Gujarat (Sarkar and Chander, 2003). 
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Table 2.1  Magnitudes commonly used by seismic networks (USGS, 2008). 

Magnitude 
type 

Applicable 
magnitude 

range 

Distance 
range Comments 

Duration 
(Md)  

<4  0-400 km  

Based on the duration of shaking as 
measured by the time decay of the amplitude 
of the seismogram.  Often used to compute 
magnitude from seismograms with "clipped" 
waveforms due to limited dynamic recording 
range of analog instrumentation, which 
makes it impossible to measure peak 
amplitudes.   

Local 
(ML)  

2-6  0-400 km  

The original magnitude relationship 
defined by Richter and Gutenberg for local 
earthquakes in 1935. It is based on the 
maximum amplitude of a seismogram 
recorded on a Wood-Anderson torsion 
seismograph. Although these instruments are 
no longer widely in use, ML values are 
calculated using modern instrumentation 
with appropriate adjustments. 

Surface 
wave 
(Ms)  

5-8  
20-180 
degrees  

A magnitude for distant earthquakes based 
on the amplitude of Rayleigh surface waves 
measured at a period near 20 sec.  

Moment 
(Mw)  

>3.5  all  

Based on the moment of the earthquake, 
which is equal to the rigidity of the earth 
times the average amount of slip on the fault 
times the amount of fault area that slipped. 

Energy 
(Me)  

>3.5  all  
Based on the amount of recorded seismic 

energy radiated by the earthquake. 

Moment 
(M i)  

5-8  all  
Based on the integral of the first few 

seconds of P wave on broadband instruments 
(Tsuboi method). 
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Table 2.1  Magnitudes commonly used by seismic networks (USGS, 2008). (Cont.) 

Magnitude 
type 

Applicable 
magnitude 

range 

Distance  
range 

Comments 

Body 
(Mb)  

4-7  

16-100 
degrees 

(only deep 
earthquakes)  

Based on the amplitude of P body-waves. 
This scale is most appropriate for deep-
focus earthquakes. 

Surface 
wave 
(MLg)  

5-8  all  
A magnitude for distant earthquakes 

based on the amplitude of the Lg surface 
waves. 
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 Hatzor et al. (2004) analyzed dynamic stability of jointed rock slopes using the 

DDA method.  Comparison of predicted damage with actual slope performance over a 

historic time span of 2000 years allows they concluded that introduction of 2% kinetic 

damping should suffice for realistic damage predictions.  The peak horizontal ground 

acceleration (PGA) for DDA computation varied from 0.06g to 0.2g.  The acceleration 

levels of 1g blocks at upper row in terrace may be expected to lift in the air for very 

short time spans when the scaled accelerations attain a level of 1g.  It should be noted 

that the frequency content was not altered in the scaled records as all acceleration 

components were multiplied by a scalar only.  It is not possible to check the validity 

of this result of DDA.  The effect of bolting is apparent with the dense bolting pattern 

the terrace remains virtually intact after 10s of shaking with PGA = 0.6g.  

 Maugeri et al. (2000) tested the failure of a shallow foundation subjected to an 

eccentric load by shaking table.  To achieve the experimental critical acceleration kh 

(horizontal acceleration coefficients) of foundation-soil system, the test was 

performed by means of different shakes during which the peak acceleration of the sine 

dwell motion was gradually increased up from ±0.10 to ±0.35g. 

 The example of horizontal ground acceleration such as the Dead Sea valley 

and Mount Masada bedrock have been classified as a region in which earthquake-

induced peak horizontal ground acceleration (PGA) exceeding 0.2g.  Two thousand 

years ago the Masada cliff top was marked by construction.  The mountain was later 

shaken by several major earthquakes, with deep bedrock accelerations certainly 

exceeding 0.1g and probably even exceeding 0.2g (Hatzor et al., 2004). 

 For historical earthquakes with no seismograph records, seismologists can 

estimate the intensity of ground motion from the Mercalli scale (Table 2.2), using the 
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information as a kind of crude seismograph. If intensity information is available for 

enough different places, a rough estimate of the earthquake magnitude can be made 

(Gendzwill, 2008). 

 
2.4 Previous physical models  

 Crawford and Curran (1982) investigated the potential practical importance of 

rate- and displacement- dependent frictional resistance of discontinuities on the 

stability of rock structure with the aid of a rigid sliding block slope stability model.  

Constitutive relationships for rate-dependent frictional resistance, based on 

experimental observations, have been utilized.  It is shown that the existence of a rate 

effect may be an important consideration in the design structures in jointed rock 

masses. 

 The kinematics of a model restrained so that friction at its base from the 

moving belt creates a gravity effect, are described by Goodman (1976).  The base 

friction principle is used widely to reproduce the effects of gravity in two-dimensional 

physical models of excavation in rock.  The body force of gravity is simulated by the 

drag of a belt moving along the underside of the model.  They developed the 

mathematical principles upon which analogy between gravity and base friction can be 

examined.  It is shown that equations of motion in the realm of the model are 

obtainable from those of the real world by replacing any linear or angular acceleration 

term by corresponding linear or angular velocity term.  For limiting equilibrium 

analysis, in which motion incipient, the analogy is flawless.
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Table 2.2  The intensity of ground motion is estimated from the Mercalli scale (Adapted 

from Richter, 1958 and Wald et al., 1999). 
 

Modified 
Mercalli 
Intensity 

Acceleration 
(g) 

 
Description of Intensity Level 

I <0.0017 Not felt except by a very few under especially favorable 
circumstances. 

II 0.0017 Felt only by a few persons at rest, especially on upper 
floors of buildings. Delicately suspended objects may 
swing. 

III 0.014 Felt quite noticeably by persons indoors, especially on 
upper floors of buildings. Many people do not recognize 
it as an earthquake. Standing motor cars may rock 
slightly. Vibration similar to the passing of a truck. 
Duration estimated. 

IV 0.014 – 0.039 Felt indoors by many, outdoors by few during the day. At 
night, some awakened. Dishes, windows, doors disturbed; 
walls make cracking sound. Sensation like heavy truck 
striking building. Standing motor cars rocked noticeably. 

V 0.039 – 0.092 Felt by nearly everyone; many awakened. Some dishes, 
windows broken. Unstable objects overturned. Pendulum 
clocks may stop. 

VI 0.092 – 0.18   Felt by all; many frightened. Some heavy furniture        
 moved; a few instances of fallen plaster. Damage slight. 

VII 0.18 – 0.34 Damage negligible in building of good design and 
construction; slight to moderate in well-built ordinary 
structures; considerable damage in poorly built or badly 
designed structures; some chimneys broken. Noticed by 
persons driving motorcars. 

VIII 0.34 – 0.65 Damage slight in specially designed structures; 
considerable in ordinary substantial buildings with partial 
collapse. Damage great in poorly built structures. Fall of 
chimneys, factory stacks, columns, monuments, walls. 
Heavy furniture overturned. 

IX 0.65 – 1.24 Damage considerable in specially designed structures; 
well-designed frame structures thrown out of plumb. 
Damage great in substantial buildings, with partial 
collapse. Buildings shifted off foundations. 

X > 1.24 Some well-built wooden structures destroyed; most 
masonry and frame structures destroyed with foundations. 
Rails bent. 

XI > 1.24 Few, if any (masonry) structures remain standing. Bridges 
destroyed. Rails bent greatly. 

XII > 1.24 Damage total. Lines of sight and level distorted. Objects 
thrown into the air. 
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 Teme (1987) has used inclinable base-friction table as a tool in modeling of 

excavation (Figure 2.1).  He found that the advantages of the inclinable base-friction 

table include (1) it has the ability to used rigid and/or non-rigid model materials, (2) it 

is suitable for both teaching and research, (3) strict adherence to the recommended 

testing methodology will provide reproducible results, (4) the design of the machine 

is simple enough to be easily reproduced, and (5) it is relatively inexpensive to 

construct.  However, limitations of the machine include (1) there is a stick-slip and 

wobbling of the friction belt especially when high gear ratios are used to drive the belt 

system and (2) there is a limit to the weight and volume of model materials that can 

be carried by the inclinable base plate of the machine during routine testing. 

 Kokusho and Ishizawa (2005) studied the energy approach for earthquake 

induced slope failure evaluation by used shaking table.  They proposed that the 

earthquake energy used for the slope failure can be successfully quantified in the test 

and its contribution to displacement is discussed in the light of the energy balance 

established for the block model.   

 Recently numerical analyses, primarily with distinct element methods, have 

been employed to simulate the plane sliding and toppling failures observed from the 

slope models.  Lanaro et al. (1997) used the Distinct Element Method (D.E.M) 

modeling to studied block toppling (Figures 2.2 and 2.3).  The model consisted of an 

arrangement of blocks of artificial material which toppled when its base was tilted.  

The model geometry, block interfaces, material properties and dynamic loading 

sequence influence the numerical results.  The friction angle, rotation velocity and the 

sharpness of block corners, which are the principal factors governing the model response,  
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Figure 2.1  General view of the modelling machine. (A) Friction belt. (B) Main 

supporting frame. (C) Blocking system. (D) Rear axle. (E) Motor. (F) 

V-belt. (G) Pulleys. (H) Motor support frame. (I) Model block. 

(Teme, 1987). 
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Figure 2.2  A view of the tilt table and the video recording sets (Lanaro, 1997). 

 

 

 

 

 

 

Figure 2.3  Geometry of the model and location of the monitoring point 

(Lanaro, 1997). 
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have been investigated.  They studied a valuable validation test of the Distinct 

Element Method against experimental results. 

Li et al. (2007) analyzed critical excavation depth for a jointed rock slope 

using a Face-to-Face Discrete Element Method (DEM).  The DEM is based on the 

discontinuity analysis which can consider anisotropic and discontinuous deformations 

due to joints and their orientations.  They compared the effect of joints on the failure 

modes between DEM simulations and experimental observations.  It is found that the 

DEM predicts a lower critical excavation depth than the LEM (limit equilibrium 

method) of the joint structures in the rock mass are not ignored. 

 Bhasin and Kaynia (2004) studied the static and dynamic rock simulation of a 

700 m high rock slope in western Norway.  They used numerical modeling to 

estimate the volume of the rock mass that could potentially slide under static and 

dynamic forces.  This estimation was required to assess the run-up heights (tsunami) 

in a fjord that could potentially be caused by the rock slide.  The results indicate that, 

due to variations in the inclination of discontinuities, the entire slope does not become 

unstable and that down-slope sliding and rotation of blocks occur mainly on the top 

layers of the slope.  This model has helped not only to better understand the dynamics 

of the rock slide but also to estimate the potential rock volume that can become 

unstable when subjected to static and dynamic loads. 

 



CHAPTER III 

TEST PLATFORM 

3.1 Introduction 

 A physical test platform has been built for use in the simulation of failure of 

scaled-down rock slopes under real gravitational force.  This chapter describes the 

design requirements and components of the test platform, calculation of the 

horizontal pseudo-static accelerations, and calculation of slope height at failure. 

 
3.2 Design requirements and components 

 The functional requirements for the test platform are (1) to test slope models 

with a maximum height of up to 1.5 m under varied slope face angles, (2) to induce 

failure of slope model using real gravitational force, (3) to allow continuous 

monitoring of the failure process during testing, (4) to assess the effect of submerging 

condition on the slope failure, and (5) to allow incorporating the effect of earthquake 

on the stability condition. 

 To meet these requirements the test platform comprises two main 

components: a 2.2×2.2 m test frame supported by a movable stand.  The frame is 

hinged through steel rods in the middle to the stand (Figure 3.1 and 3.2) allowing 

frame rotation from horizontal position (during arranging and loading block samples) 

to vertical position (for testing under true gravitational force).  The frame is made of 

four 5-cm wide C-shaped steel bars at each side linked with a steel plate at each corner. 
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Figure 3.1  Schematic drawing of test platform for physical model. 
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Figure 3.2  Perspective view of schematic drawing of test platform for physical 

model tests. 
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A custom-made 2×2 m clear acrylic sheet with 10 mm thick is placed in the front of 

the frame, while an aluminum plate with the same size is in the back.  The spacing 

between the acrylic sheet and the steel plate is 5 cm.  All gaps and connections are 

water-tight.  They are sealed with quick-dried silicone gel.  When the frame is in 

horizontal position, the aluminum plate becomes a flat bed supporting the rock blocks 

during loading.  The clear and removable acrylic sheet is installed before rotating the 

frame to the upright position to prevent the block samples from tipping over.  It also 

allows visual inspection and monitoring of slope movement during the test.  The test 

frame can accommodate 4 cm thick rock blocks arranged with a maximum height up 

to 1.5 m.  A minimum clearance of 0.5 cm is maintained between the front acrylic 

sheet and rock blocks and between the rear aluminum plate and the rock to ensure that 

no friction is induced at these interfaces (equivalent to the release surface assumption 

used in Hoek and Bray solution) 

 Steel grooved rollers mounted underneath the stand are used for testing under 

dynamic loading.  The rollers will be placed on a set of steel rails equipped with a 

high torque motor and piston to induce a cyclic motion of the entire test platform.  

The lateral static acceleration can be created and controlled by adjusting the 

frequencies and amplitudes of the piston and speed of the motor.  Note that the rails 

and dynamic components are being built, and hence not included in the Figure. 

 During the test a screw jack connecting with steel cable placing on a pulley 

lifts one end of a steel beam pre-installed underneath and along the slope model.  

Since the beam is securely hinged at the bottom near the slope toe, the entire slope 

model can be slowly tilted sideway toward the slope face, and eventually inducing 
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failure.  Figure 3.3 shows the test platform with block samples loaded inside the test 

frame. 

 Figure 3.4 shows the crank arm components used to generate the horizontal 

acceleration to the test frame.  The acceleration at point B, represented by a, can be 

calculated using a set of equations given by Riley & Sturges (1993). 

 φα−φω+θω= sinycosycosRa AB
2
AB

2
OA  (3.1) 

where R = radius of wheel, y = length of crack arm, ωOA and ωAB = angular velocity 

of OA and AB, θ = angle between AO and OB, αAB = relationship between the 

acceleration of points A and B, and T = duration of flywheel rotation.  The angle φ 

can be obtained from: 
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The angular velocity of OA and AB can be calculated by:  
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The relationship between point A and B, and αAB, is calculated by: 



 28 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3  Example of test arrangement: Cubical blocks of Phu Phan sandstone 

placed in test platform. 
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Figure 3.4  Crank arm and flywheel used to induce dynamic loading to the test 

platform. 
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φ
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 The actual rotational duration (T) is monitored for each slope model because 

different slope geometry and slope mass yield different weights, and hence change the 

speed of the test platform and the flywheel rotation.  

3.3 Calculation of slope height 

 Before testing the initial angles of tilting beam, slope face and upper slope 

face are measured to the nearest 1 degree.  After the failure is observed, the screw 

jack is secured to hold the tilting beam in-placed.  The final angle of the tilting beam 

is re-measured.  The slope height (H) and slope face (ψf) at failure can therefore be 

calculated (Figure 3.5).   

 
)sin(

))(sin(h
H

0p0f

0pp0f

ψ−ψ

ψ−ψ+ψ
=  (3.5) 

 )( pOpfOf ψ−ψ+ψ=ψ  (3.6) 

where:  h = distance between base and top of slope model  

 H = height of slope at failure 

 ψf 0 = initial slope face angle 

 ψf  = slope face angle at failure 

 ψp0 = initial sliding plane angle 

 ψp = sliding plane angle at failure 
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Figure 3.5  Parameters used for calculating slope height of slope model at failure. 
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Video camera continuously records the slope movement and hence obtaining 

redundant measurements of the slope angle and height immediately before failure.  

The video playbacks are also very useful to identify the location where the failure was 

initiated, and how it progressed. 

 



CHAPTER IV 

SLOPE MODEL TESTING 

4.1 Introduction 

 This chapter describes the method and results of the slope model testing.  The 

simulations are made under dry and submerged conditions.  The effects of dynamic 

loading are assessed. 

 
4.2 Sample preparation 

 Phu Phan sandstone from Nakhon Ratchasima province has been selected for 

use as rock samples primarily because it has highly uniform texture, density and 

strength.  It is classified as fine-grained quartz sandstone with 72% Quartz (0.2-0.8 

mm), 20% feldspar (0.1-0.8 mm), 3% mica (0.1-0.3 mm), 3% rock fragments (0.5-

2mm), and 2% others (0.5-1 mm).  The average density is 2.27 g/cc.  To form slope 

models with two mutually perpendicular joint sets, cubical (4x4x4 cm) and 

rectangular (4×4×8 cm and 4×4×12 cm) shaped sandstone blocks have been prepared.  

The cubical blocks are used to simulate joint sets with equal spacing, while the 

rectangular blocks simulate joint sets with different spacings.  Quality control has 

been carried out to ensure that the geometry of each block meets the specifications.  

A total of nearly 1000 blocks of Phu Phan sandstone has been prepared (Figure 4.1). 

 Tilt testing is performed on the sandstone blocks to determine shear strength 

of the saw-cut surfaces.  Size of the upper (sliding) block is varied.  Its weight is 

measured and taken into the calculation of normal load. The tests are repeated 4 times  
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Figure 4.1.  Nearly 1000 blocks of Phu Phan sandstone prepared for testing. 
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for each block size.  Table 4.1 shows the test results.  The basic friction angle is about 

26 degrees and cohesion is 0.053 kPa (Figure 4.2).  The measured cohesion is 

extremely low which agrees with the results obtained by Kemthong (2006).  He 

reports that the basic friction angle for smooth (saw-cut) surfaces of Phu Phan 

sandstone is averaged as 32 degrees with virtually zero cohesion.  The discrepancy of 

the friction angles is probably due to the intrinsic variability of the rock and the 

difference in the ranges of normal loads used in the tests.  The uniaxial compressive 

strength of the tested sandstone is 72.37 ± 8.53 MPa and elastic modulus equals to 

18.43 ± 1.08 GPa (Kemthong, 2006). 

 
4.3 Simulation of plane sliding failure under dry condition 

 The simulations involve two-dimensional plane sliding of rock slope form by 

cubical (4×4×4 cm) and rectangular (4×4×8 cm and 4×4×12 cm) blocks of sandstone, 

under various slope face angles with the maximum slope height up to 1 m. 

 Thirty-eight plane sliding failures has been simulated for dry slope models 

with heights varying from 16 to 77 cm and slope face angles from 41 to 73 degrees 

(Appendix A).  Each set of slope geometry comprises sandstone blocks with the same 

dimension, and is simulated at least 3 times to ensure the repeatability of the results.  

Table 4.2 summarizes the test parameters and results for modeling under dry 

condition.  Figure 4.3 shows an example of the plane sliding failure for a slope model 

formed by 4×4×12 cm sandstone blocks.  Figure 4.4 shows simulation results by 

presenting the slope height at failure as a function of sliding plane angle.  Since the 

measured cohesion is very low and negligible, the deterministic method simply yields 

the sliding plane angle equal to the friction angle of the block surfaces. 
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Table 4.1  Tilt test results of Phu Phan sandstone. 

Weight (g) φφφφb (degrees) Sample 
No. 

Width 
(mm) 

Length 
(mm) 

Area 
(mm2) 1 2 3 avg. 1 2 3 avg. 

1 43.35 43.50 1885.7 170.2 170.6 170.6 170.5 27 30 30 30 

2 40.35 42.00 1694.7 177.1 177.2 177.4 177.2 25 27 24 25 

3 41.85 41.85 1751.4 172.9 172.9 172.3 172.7 29 31 28 29 

4 41.80 41.85 1749.3 167.7 167.9 168.3 168.0 30 30 29 30 

5 41.15 41.20 1695.3 162 160.8 161.4 161.4 30 27 30 30 

6 41.20 82.15 3384.6 500.6 500.7 500.6 500.6 29 32 29 29 

7 40.75 82.10 3345.6 497.6 497.6 497.3 497.5 29 27 29 29 

8 41.95 81.50 3418.9 496.2 495.8 495.9 496.0 29 26 26 26 

9 42.70 82.15 3507.8 514.9 515.5 515.1 515.2 26 29 26 26 

10 41.45 82.75 3430.0 489.9 490.2 490.7 490.3 30 29 27 29 

11 40.25 81.30 3272.3 684.3 684.1 683.6 684.0 29 29 28 29 

12 40.25 79.80 3212.0 656.7 657.1 657.1 657.0 27 25 26 26 

13 38.80 80.00 3104.0 651.5 651.6 651.7 651.6 28 30 29 29 

14 38.45 79.45 3054.9 662.5 662.2 662.7 662.5 29 27 27 27 

15 38.40 80.80 3102.7 663.6 663.4 663.6 663.5 27 25 27 27 

16 41.65 82.15 3421.6 999.3 999.2 999.3 999.3 29 28 29 29 

17 40.70 82.30 3349.6 982.1 982.2 982.3 982.2 26 26 26 26 

18 42.70 82.35 3516.4 994.6 994.1 994.2 994.3 28 27 26 27 

19 42.30 81.25 3436.9 1007.2 1007.2 1007.1 1007.2 27 27 26 27 

20 41.15 84.85 3491.6 1035.1 1035.2 1034.9 1035.1 27 26 25 26 
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Figure 4.2  Results of tilt testing on bocks of Phu Phan sandstone size; 4×4×4 cm, 

4×4×8 cm and 4×4×12 cm. 
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Table 4.2  Test parameters and results of slope model simulations under dry 

conditions. 

 

Block Size No. of 
Testing 

H  
(cm) 

ψf  
(degrees) 

ψp  
(degrees) 

4×4 cm 43 20-68 40-52 21-25 
8×4 cm 53 16-77 49-75 23-27 
12×4 cm 49 16-93 44-72 25-26 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4.3  Simulation of sliding failure of rock slope formed by 12×4 cm blocks of 

sandstone under dry condition.  Failure occurred at ψf=71°, ψp=25°, and 

H=63.9 cm. 

63.9 cm 

ψp = 25° 
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Figure 4.4  Sliding failure of dry slope on block size 4×4×4 cm (a), 4×4×8 cm (b), 

and 4×4×12 cm (c). 
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The sliding angle is also independent of the slope height.  The observed sliding plane 

angles (ψp) tend to be lower than those determined by the deterministic method or the 

friction angle obtained from the tilt test.  This is probably caused by the non-uniform 

distribution of the normal load and shear force on the sliding plane.  From the tested 

geometry the highest shear force is probably near the slope toe while the normal load 

largely concentrates near the middle of the sliding plane.  Such load distribution is 

probably similar to the actual in-situ slope conditions.  The deterministic method 

however assumes a uniform load and shear force along the sliding plane. 

 Calculation of factor of safety for dry slope model 

 Based on Coulomb’s failure criterion a factor of safety of the sliding 

failure of the slope models is determined here to show the discrepancies between the 

observations and the calculations by the deterministic method (Hoek and Bray, 1981): 

φ⋅ψ+
ψ⋅

⋅
= tancot

sinW

Ac
FS p

p

 (4.1) 

where c is cohesion of rock surface, φ is friction angle, W is weight of the sliding 

block, A is sliding area, ψp is sliding plane angle. 

 The weight of rock wedges is calculated as (Figure 3.5): 

 W = W1 + W2 (4.2) 

( ) tcotcotH
2

1
W fp

2
1 ⋅ψ−ψ⋅⋅γ⋅=   
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where γ is unit weight of rock, ψf is slope face angle, H is the height of slope, α is 

angle of the back of slope model, and t is thickness of rock.  The weight of the sliding 

block becomes: 
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Where : A = H·t·cosecψp  

 
By assuming that the plane sliding follows Coulomb criterion, the factor of safety of a 

dry slope model can be calculated by: 
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ψ+ψ−α

ψ−ψ
+ψ−ψ⋅ψ⋅⋅⋅γ⋅=  (4.4) 

 Figures 4.5 through 4.7 compare the factors of safety calculated from the model 

geometry at failure (Equation 4.4) with the actual factor of safety observed at failure 

from the simulation (FS = 1.0).  It is clear that the deterministic method by Hoek & 

Bray (1981) over-estimate the factor of safety at failure by as high as 30% for the 

4×4×4 blocks and about 10% for 4×4×12 blocks.  This discrepancy is enhanced when 

the sliding plane angles become smaller.  The calculated factor of safety seems to 

be insensitive to the slope face angle.  The comparisons imply also that shorter 

blocks (4×4×4 cm) tend to slide easier than do longer ones (4×4×8 cm and 4×4×12 cm). 
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Figure 4.5  Factors of safety calculated from Eqn. (4.4) plotted as a function of ψf 

for block size 4×4×4 cm. 
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Figure 4.6  Factors of safety calculated from Eqn. (4.4) plotted as a function of ψf for 

block size 4×4×8 cm. 
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Figure 4.7  Factors of safety calculated from Eqn. (4.4) plotted as a function of ψf 

for plane block size 4×4×12 cm. 
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Regardless the block dimensions, the difference between the calculated and observed 

factors of safety becomes insignificant for higher sliding plane angles (Appendix B). 

 
4.4 Simulation of plane sliding testing under submerged condition 

 Over thirty plane sliding failures have been simulated under submerged 

condition with slope heights varying from 20 to 91 cm and slope face angles from 40 

to 71.  Each set of slope geometries is formed by sandstone blocks with the same 

dimension, and is simulated at least 3 times to ensure the repeatability of the results.  

Video records are taken during the test.  Table 4.3 summarizes the test parameters and 

results for modeling under submerged condition.  Figure 4.8 through 4.9 show 

examples of the plane sliding failure for a slope model formed by 4×4×4 cm, 4×4×8 

cm, and 4×4×12 cm blocks under submerged conditions.  The video recorder allows 

examining the failure process of the slope models after the test.  The failure usually 

initiates from the slope toe and progresses upward to the crest.  A combination of 

plane sliding near the slope toe and toppling failure near the slope crest is often found 

for slope models formed by 4×4×4 cm blocks. 

 Figure 4.10 compares the simulation results by plotting the slope height at 

failure as a function of sliding plane angle.  Since the measured cohesion is very low 

and negligible, the deterministic method simply yields the sliding plane angle equal to 

the friction angle of the block surfaces.  The observed sliding plane angles tend to be 

lower than the rock friction angle.  The discrepancy becomes larger for the slope 

models formed by shorter sandstone blocks.  The sliding plane angles (ψp) also seem 

to be independent of the slope height.  As expected, the observed sliding plane angles 

under submerged condition are lower than those under dry condition. 
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Table 4.3  Test parameters and results of slope model simulations under submerged 

conditions. 

 

Block Size No. of 
Testing 

H  
(cm) 

ψf  
(degrees) 

ψp  
(degrees) 

Hw  
(cm) 

4×4 cm 10 36-75 40-66 20-22 13-55 
8×4 cm 10p 20-91 45-71 21-23 7-60 
12×4 cm 11 22-70 49-69 22-24 8-54 
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Figure 4.8  Example of failure of slope model formed by 4×4 cm blocks under 

submerged condition, showing combination of plane sliding at slope toe 

and toppling failure near slope crest.  Failure occurred at ψf=65°, 

ψp=20°, H=57.3 cm, and Hw=35 cm. 

  ψp = 20° 

  ψf = 65° 
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Figure 4.9  Example of failure of slope model formed by 4×4×12  cm blocks under 

submerged condition, showing combination of plane sliding at slope toe 

and toppling failure near slope crest.  Failure occurred at ψf=49°, ψp=23°, 

H=55.6 cm, and Hw=42 cm. 

  ψp = 23°   ψf = 49° 
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Figure 4.10  Slope height (H) as a function of sliding plane angle (ψp) for block 

sizes of 4×4 cm (a), 8×4 cm (b) and 12×4 cm (c). Solid points 

represent submerged condition. 
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However under the same slope conditions (e.g., slope height, face angle) the 

difference is less than 2-3 degrees. 

 
4.5 Toppling failure simulation 

 Thirty seven toppling failures have been simulated for all block shapes under 

dry condition.  The slope height varies from 27-85 cm, and slope face from 43-82 

degrees (Appendix C).  Each set of slope geometry is simulated 3 times or until the 

results are repeatable.  Table 4.4 summarizes the test parameters and results for 

modeling.  Figures 4.11 through 4.13 show examples of test arrangements to simulate 

toppling failures with 4×4×4 cm blocks, 4×4×8 cm blocks, and 4×4×12 cm blocks.  

Figure 4.14 shows the results from toppling failure simulations in terms of slope 

height (H) as a function of the angle of the base plane on which the toppling blocks 

situate (ψp).  As expected the models with a gentle slope face (ψf) fail at a greater 

slope height.  At the same slope height, models with a steep slope face fails at a lower 

ψp.  The slope height at failure decreases with increasing ψp.  The dependency of this 

base plane angle becomes smaller for the slopes comprising taller and narrower rock 

blocks. 

 
 Toppling failure determined by limit equilibrium analysis 

 Limit equibrium analysis of toppling on a stepped base proposed by 

Hoek & Bray (1981) can be written as: 

n

nnnn
1n L

)cosxsiny)(2/W()tanxM(P
P

α∆−α+φ∆−
=−  (4.5) 
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Table 4.4  Test parameters and results of toppling failure simulation. 

 

Block Size No. of 
Testing 

H  
(cm) 

ψf  
(degrees) 

ψp  
(degrees) 

4x4x4 cm 24 17-76 61-69 16-22 
4x4x8 cm 53 27-75 43-82 5-19 
4x4x12 cm 39 38-85 54-80 4-11 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.11  Simulation of toppling failure for block size 4×4×4 cm. 

66.6 cm 

  ψψψψp =18º 
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(3) (4) 
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 Figure 4.12  Simulation of toppling failure for block size 4×4×8 cm.  (a) Immediately 

before failure (ψf = 72°).  (b) At failure.  (c) After failure. 
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 Figure 4.13  Simulation of toppling failure for block size 4×4×12 cm.  (a) Immediately 

before failure (ψf = 63°).  (b) At failure.  (c) After failure. 
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 Figure 4.14  Results of toppling failures tested for block size 4×4×4 cm (top), 4×4×8 

cm (middle), and 4×4×12 cm (bottom). 

0
10
20
30
40
50
60
70
80
90

0 5 10 15 20 25 30

ψp (degrees)

H
 (

cm
)

ψf = 61 - 69°
47 - 52°

0
10
20
30
40
50
60
70
80
90

0 5 10 15 20 25 30

ψp (degrees)

H
 (

cm
)

54 - 61° 44 - 52°
ψf = 72 - 79°

0
10
20
30
40
50
60
70
80
90

0 5 10 15 20 25 30

ψp (degrees)

H
 (

cm
)

64 - 66° 54 - 56°
ψf = 77 - 78°



 54 

where: Pn-1= force preventing toppling of the nth block 

 Pn = force inducing toppling of the nth block 

 Wn = weight of nth block 

 Mn = distance between block base and the point where Pn applies 

 Ln  = distance between block base and the point where Pn-1 apples 

 ∆x = width of each block 

 yn = height of the nth block 

 α = plane angle. 

Since our slope model does not have stepped base. Equation (4.5) requires some 

modification as follows. 

n

nn
n

RnRnnn

t,n L

cosW
2

x
sinW

2

y
)tanxPLP()tanxPMP(

P
α

∆
−α+φ∆+−φ∆−

=  (4.6) 

where: Pn,t = force resisting toppling of nth block 

 PR  = accumulate resisting force 

 
Equation (4.6) is used to evaluate stability of slope and to estimate the extent of 

failure zone from slope toe.  If Pn,t of any block is positive or greater than zero, 

toppling of that block may occur. 
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 Figure 4.15 gives the parameters used in the calculation of the 

probability of failure for each block.  Figures 4.16 and 4.17 compare the calculated 

results with the actual observations (Appendix C).  The observations on 4×4×8 cm 

blocks and 4×4×12 cm blocks agree well with those calculated by the equation 

modified from Hoek & Bray (1981). 

 
4.6 Slope models tested under dynamic loading 

 The dynamic loading is studied by considering the effects of the horizontal 

pseudo-static acceleration induced by cyclic motions of the test platform in the 

direction parallel to the dip direction of the slope face.  These cyclic motions are used 

to simulate the earthquake shaking.  The vertical acceleration is assumed to be zero. 

 Over one hundred plane sliding failures have been simulated with the 

horizontal pseudo-static accelerations between 0.013 g and 0.225 g.  These 

accelerations are within the range tested and observed elsewhere (Kramer, 1996; 

Maugeri et al., 2000; Hatzor et al., 2004).  The amplitude is maintained constant at 

23.5 mm. The slope models have the sliding plane angles varied from 1 to 22 degrees, 

heights from 44 to 83 cm, and slope face angles from 28 to 68 degrees (Appendix D).  

Table 4.5 summarizes the test parameters and the results.  For all slope geometries the 

duration for cyclic motion is maintained at one minute.  If failure does not occur 

within one minute of shaking, the sliding plane angle is progressively increased by 

one degree interval and the test is repeated.  Figure 4.18 shows an example of the 

plane sliding failure for 4×4×8 cm blocks.  It is generally observed that under similar 

slope geometry and block arrangement the failure zone induced under dynamic load is 

more extensive than those under static loading. 
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Figure 4.15  Parameters used in block toppling analysis. 
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Figure 4.16  Results of observation (top) and calculation (bottom) of toppling 

failure for block size 4×4×8 cm.  Failure occurred at ψf = 72°. 
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ψp = 5° 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17  Results of observation (top) and data calculation (bottom) of toppling 

failure for block size 4×4×12 cm.  Failure occurred at ψf = 63°. 
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Table 4.5  Results of rock slope stability analysis under dynamic loading with 

amplitude = 23.5 mm. 

 

Block  
Size 

No.of 
Tests 

Frequency 
(Hz) 

a 
(g) 

Modified 
Mercalli 

Intensity* 

H 
(cm) 

ψf 
(degrees) 

ψp 
(degrees) 

7 0.403 0.013 IV 69-83 40-44 15-18 
3 0.504 0.017 IV 80-82 40-43 15-17 
3 0.629 0.027 IV 76-78 41-44 14-16 
4 0.700 0.033 V 44-53 33-44 12-17 
7 0.833 0.046 V 50-77 31-41 4-15 
8 1.000 0.067 VI 46-75 28-38 1-12 
4 1.233 0.102 VI 49-54 28-32 3-6 
4 1.346 0.119 VI 46-62 28-32 1-4 

 
 
 

4×4 cm 

1 1.833 0.225 VII 46 46 1 
7 0.403 0.013 IV 55-58 61-67 16-21 
7 0.504 0.017 IV 55-56 64-68 18-20 
3 0.629 0.027 IV 54-56 63-68 18-19 
3 0.700 0.033 V 55-57 60-64 15-18 
11 0.833 0.046 V 51-55 57-63 10-16 
8 1.000 0.067 VI 48-52 52-59 10-12 
6 1.346 0.119 VI 45-48 48-54 1-5 
1 1.700 0.193 VII 45 51 1 

 
 
 

8×4 cm 

1 1.833 0.225 VII 45 46 1 
2 0.403 0.013 IV 58-59 66-67 21-22 
4 0.833 0.046 V 55-57 60-63 15-18 
2 1.117 0.083 VI 52-53 58-59 12-13 
2 1.429 0.136 VII 49-50 52-53 6-7 
1 1.700 0.193 VII 45 46 1 

 
 

12×4 cm 

1 1.833 0.225 VII 45 46 1 

* Modified Mercalli Intensity from Richter (1958) and Wald et al. (1999) as: 
 IV  = Felt indoors by many, outdoors by few during the day. At night, some 

awakened.  Dishes, windows, doors disturbed; walls make cracking 
sound. 

 V   = Felt by nearly everyone; many awakened. Some dishes, windows broken.  
Unstable objects overturned. 

 VI  = Felt by all; many frightened. Some heavy furniture moved; a few 
instances of fallen plaster.  Damage slight. 

 VII  = Damage negligible in building of good design and construction; slight to 
moderate in well-built ordinary structures; considerable damage in 
poorly built or badly designed structures; some chimneys broken. 

 
 



 60 

 4.6.1 Deterministic method calculation 

 To compare the test results with those calculated by the deterministic 

method, a closed-form solution given by Kramer (1996) is adopted here.  The solution 

offers a simple approach to calculate the factor of safety of plane failure per unit 

thickness of slope mass under vertical and horizontal pseudo-static accelerations. 

phpv

phpv

cosFsin)FW(

tan]sinFcos)FW[(lc

forceDriving

forcesistingRe
FS

ψ+ψ−

φψ−ψ−+⋅
==  (4.7) 

Fh = a W/g = khW (4.8) 

Fv = av W/g = kvW (4.9) 

where Fh and Fv = horizontal and vertical inertial forces, a = horizontal pseudo-static 

acceleration, av = vertical pseudo-static acceleration (assumed here = 0), W = weight 

of the failure mass, ψp = angle of planar failure surface, g = gravitational acceleration, 

l = the length of the failure plane, and kh and kv = dimensionless horizontal and 

vertical pseudo-static accelerations. 

 In relation to the earthquake phenomena Kramer (1996) postulate that 

the horizontal pseudo-static force decreases the factor of safety by reducing the 

resisting force and increasing the driving force.  The vertical pseudo-static force 

typically has less influence on the factor of safety since it reduces (or increases, 

depending on its direction) both the driving force and the resisting force.  As a result, 

the effects of vertical accelerations are frequently neglected in pseudo-static analyses 

resolving the forces on the potential failure mass in a direction parallel to the failure 

surface.
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Figure 4.18.  Simulation of sliding failure for 8×4 cm blocks at a = 0.046 g and 

amplitude = 23.5 mm. 

  ψp = 18° 

  ψf = 64° 

Direction of 
Dynamic Loading 



 62 

 In this study the vertical pseudo-static acceleration (av) is assumed to be 

zero, subsequently the vertical inertial force (Fv) becomes zero.  This assumption 

conforms to Kramer’s conclusion above.   The above equation is therefore reduced to: 

)cosFsinW(

tan]sinFcosW[lc
FS

php

php

ψ+ψ

φψ−ψ+⋅
=  (4.10) 

 4.6.2 Calculation results 

 By setting FS=1, the relationship between the acceleration, a, and the 

angle of the failure plane, ψp, can be developed.  Under this condition the acceleration 

required to induce plane failure for a rock slope decreases with increasing failure 

plane angle (Figures 4.19 and 4.20).  Figure 4.19 shows how the acceleration 

decreases with increasing the failure plane angle under various joint cohesions with a 

constant friction angle of 26 degrees.  The joint cohesion is equal to zero in Figure 

4.20 while the friction angles vary from 15 to 35 degrees.  Results of the test models 

under dynamic loading are plotted in terms of the acceleration as a function of the 

sliding plane angle in Figure 4.21.  A failure envelope (line separating the stable and 

failure conditions) can be drawn from the test results for each block size, and is 

compared with the results from the deterministic method using FS=1.  It is clearly 

shown that the deterministic method significantly over-estimates the actual 

observations.  Under the same sliding plane angle the deterministic solution gives the 

acceleration at failure at more than twice of those observed from the test models.  

This is probably because the deterministic method assumes a rigid and continuous 

mass of rock above the incipient sliding plane while the slope models are formed by  
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Figure 4.20  Pseudo-static acceleration (a) that induces plane failure as a function of 

sliding plane angle (ψp) for various joint friction angles, for cohesion = 

0.053 kPa. 
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Figure 4.19  Pseudo-static acceleration (a) that induces plane failure as a function of 

sliding plane angle (ψp) for various joint cohesions, for φ = 26°. 
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Figure 4.21  Pseudo-static acceleration (a) as a function of sliding plane angle (ψp) 

at failure for 4×4 cm (a), 8×4 cm (b), and 12×4 cm (c) blocks. 
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discrete rock blocks.  The deterministic method also assumes that all relevant forces 

pass through the centroid of the sliding mass.  The presence of interaction forces 

between the blocks in the slope model could enhance the shape effect of the individual 

blocks above the sliding plane.  This behavior may be better demonstrated by a discrete 

element analysis that can incorporate the effect of dynamic loading.  The discrepancy 

between deterministic method and test models becomes greater for a lower sliding 

plane angle, and particularly for the slope models formed by short blocks (4×4×4 cm).  

In addition the acceleration required to fail slope models with the shorter blocks tends 

to be lower than those with longer ones (4×4×8 cm and 4×4×12 cm). 



CHAPTER V 

FINITE DIFFERENCE ANALYSIS 

5.1 Introduction 

 This chapter describes the method and results of finite difference simulation 

for the slope models under dry and submerged conditions.  The results are compared 

with those of the model test observations to reveal the predictability of the numerical 

simulation and the performance of the physical modeling. 

 
5.2 Finite difference simulation of plane sliding failure under dry 

and submerged condition 

 Finite difference analyses using FLAC_Slope code (Itasca, 1992) have been 

performed to calculate the factor of safety of some slope models.  Twelve finite 

difference models have been constructed to represent the physical model geometry.  

For the dry condition, the simulations use the sliding plane angle of 25 degrees with 

slope heights varying from 21 to 70 cm, and slope face angles from 51 to 72 degrees.  

Under submerged condition the sliding angles are taken as 20 to 23 degrees, with 

slope heights varying from 52 to 58 cm, slope face angles from 48 to 68 degrees, and 

water level heights (Hw) from 30 to 69 cm.  For all simulations the friction angle is 

maintained constant at 26 degrees with cohesion equal to 0.053 kPa.  The results are 

compared with those observed from the physical model tests.  Figures 5.1 and 5.2 

show examples of the shape the failure zone from the numerical simulation results 
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Figure 5.1  Comparison of FLAC simulation with physical model testing for 

4×4×4 cm block for ψp = 25°, ψf = 51°, slope height = 36.2 cm, 

and factor of safety = 1.07. 
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Figure 5.2  Comparison of FLAC simulation with physical model testing for 

4×4×8 cm block for ψp = 25°, ψf = 52°, slope height = 41.6 cm, 

and factor of safety = 1.05. 
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with the slope model observations for 4×4×4 cm 4×4×8 cm block size under dry 

condition.  Figure 5.3 compares the shape of failure zone from the numerical 

simulation results with the slope model observations under dry and submerged 

conditions.  The FLAC_Slope can well predict the shape and extent of the failure 

zone with the factor of safety close to those observed from the tested models.  

 Figure 5.4 compares the factors of safety calculated by FLAC code and by 

deterministic method with those of the physical model tests for the same slope 

geometry under dry condition.  The factor of safety of 1.0 is taken to represent the 

condition at which failure occurs in the slope models.  Assuming that the plane 

sliding mechanism follows the Coulomb criterion, the deterministic method uses an 

equation modified from Hoek & Bray (1981) to calculate the factor of safety 

(equation 4.4). 

 The results from the three methods agree reasonably well.  Very small 

discrepancies remain.  Under dry condition, the deterministic method yields the 

highest factor of safety, which is about 10% greater than those observed from the test 

models.  The factors of safety from FLAC simulations are less than 5% greater than 

the observations.  This may be because the deterministic method assumes that the 

sliding block is a single and rigid mass lying on an incipient failure plane while the 

actual test models are a discontinuous mass formed by rock blocks.  The 

discrepancies become even smaller for a greater slope face angle. 
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Figure 5.3  Comparison of FLAC simulations with physical model tests for 4×4×12 

cm blocks under dry condition (a) and submerged condition (b). 
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Figure 5.4  Factors of safety determinated for 4×4×4 cm blocks (a), 4×4×8 cm 

blocks (b), and 4×4×12 cm blocks (c) at ψp equal 25 degrees. 
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CHAPTER VI 

DISCUSSIONS, CONCLUSIONS, AND 

RECOMMENDATIONS FOR FUTURE STUDIES 

6.1 Discussions 

 The simulation results indicate that the deterministic method of Hoek and 

Bray over-estimates the stability conditions of actual slope models under the test 

parameters used here.  This is probably due to the assumption of the uniform load and 

shear on the incipient sliding plane used in the calculation.  It does not imply here that 

the deterministic method is entirely not conservative for plane sliding analysis.  One 

should realize that the simulated plane sliding here is under overly-simplified 

conditions, e.g. smooth joint with effectively no cohesion, continuous and easily 

detached joint planes, and truly friction free on the released surfaces.  This means that 

under more realistic or different test parameters and conditions the deterministic 

method may perform better in describing the factor of safety of the plane sliding 

models. 

 The comparisons of the test results with the deterministic solutions (by Hoek 

and Bray, 1981) and computer simulations (FLAC_Slope code) under the same test 

parameters (e.g., joint properties and slope characteristics) have revealed significant 

implications.  Under static condition the deterministic method and computer 

simulation over-estimate the factor of safety for the plane sliding failure by about 5 to 
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10%, particularly for the slope models with shorter blocks.  This is probably due to 

the impacts of the block spacing, block shape and interaction forces between the 

discrete blocks in the sliding mass.  This implies that stability analysis by assuming 

that the sliding mass is continuous as used by the deterministic method may not be 

conservative, particularly for slope masses with short-spaced joints compared to the 

slope height. 

 
6.2 Conclusions 

 A test platform has been constructed for use in the simulation of scaled-down 

rock slope models comprising sets of cubical or rectangular sandstone blocks.  True 

gravitational force is used to initiate the failure.  Observations of the failure behavior 

during video playback reveal that for plane sliding the failure is initiated near the 

slope toe.  The failure occurs at sliding plane angles (ψp) considerably lower than 

those determined from the tilt test and deterministic method, particularly for the slope 

models comprising shorter blocks.  This is probably because the deterministic method 

assumes uniform normal load and shear force along the sliding plane while these 

loads in the slope models largely concentrate near the slope toe and virtually zero 

near the upper slope face.  This also implies that shorter blocks (cubical shaped) slide 

easier than do longer ones (rectangular shaped) even though they have the same 

spacing (block height).  For block toppling, the slope height at failure increases with 

decreasing the base plane angle (ψp) and slope face angle (ψf).  The observed zone of 

instability agrees well with that determined by Hoek and Bray’s method.  Based on 

the failure behavior observed during video playback, the physical model performs 
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well in simulating the plane sliding and toppling under the simplified joint 

characteristics and spacing. 

The discrepancy between the deterministic method and the test results under 

dynamic loading is highly significant.  The deterministic solution proposed by 

Kramer (1996) over-estimates the acceleration at failure by more than twice those 

observed from the test models.  The discrepancy however reduces for slope models 

formed by larger sandstone blocks and under a greater sliding plane angle.  This is 

again probably due to the assumption of the continuous mass imposed by the 

deterministic method.  These findings indicate that under dynamic loading plane 

sliding analysis using the simple deterministic method for rock slopes with small joint 

spacing compared to the slope height will give a non-conservative result.  In addition, 

the deterministic approach for stability analysis of low-angled sliding planes under 

dynamic loading may be inappropriate.  In this case an additional physical model 

testing or discrete element analysis that is capable of dynamic simulation should be 

performed. 

 
6.3 Recommendations for future studies 

 The physical models tested here have a narrow range of the size and shape of 

the rock blocks used to simulate the joint spacing in the test frame.  Additional test 

results obtained from slope models with larger blocks, probably up to 20×20 cm, and 

with smaller blocks, 2×2 cm, would provide a clearer indication of the effect of joint 

spacing on slope stability.  More testing is required to assess the effects of surface 

roughness, submerging condition and static acceleration.  Studying the impact of joint 

roughness determined from the physical test models is also desirable.  It would reveal 
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the adequacy or inadequacy of the deterministic methods and the sensitivity of the 

induced acceleration to the joint roughness.  This may be experimentally assessed by 

using cast cement blocks with various degrees of pre-defined roughness on the 

surfaces. 
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APPENDIX A 

SIMULATION RESULTS OF ROCK SLOPE UNDER 

STATIC LOAD 
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Figure A-1  Results of plane sliding failure simulation for 4×4×8 cm blocks 

size at ψf = 51°. 

69.8 cm 

  ψψψψp = 24°°°° 
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Figure A-2  Results of plane sliding failure simulation for 4×4×12 cm blocks 

size at ψf = 68°. 

59.4 cm 

  ψψψψp = 24°°°° 
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Figure A-3  Results of plane sliding failure simulation for 4×4×4 cm blocks size 

at ψf = 63°. 

66.6 cm 

  ψψψψp = 
18°°°° 
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Figure A-4  Results of plane sliding failure simulation for 4×4×4 cm blocks size 

at ψf = 61°. 

75.5 cm 

( 

     ψp = 16° 
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Figure A-5  Results of plane sliding failure simulation for 4×4×8 cm blocks size 

at ψf = 50°. 

75.8 cm 

ψp = 23° 



 87 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-6  Results of plane sliding failure simulation for 4×4×8 cm blocks size 

at ψf = 72°. 

52.9 cm 

  ψp = 25° 
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Figure A-7  Results of plane sliding failure simulation for 4×4×8 cm blocks size at 

ψf = 71°. 

64.1 cm 

  ψp = 25° 
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Figure A-8  Results of plane sliding failure simulation for 4×4×12 cm blocks 

size at ψf = 71°. 

63.9 cm 

  ψψψψp = 25°°°° 
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Figure A-9  Results of plane sliding failure simulation for 4×4×12 cm blocks size 

at ψf = 52°. 

70.0 cm 

     ψp = 25° 
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Figure A-10  Results of plane sliding failure simulation for 4×4×12 cm blocks size 

at ψf = 52°. 

48.9 cm 

      ψp = 25° 



 92 

Figure A-11  Results of toppling failure simulation for 4×4×8 cm blocks size at ψf 

= 72°. 

60.4 cm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   ψp = 6° 
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Figure A-12  Results of toppling failure simulation for 4×4×8 cm blocks size at ψf 

= 76°. 

44.7 cm 

  ψp = 12° 
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Figure A-13  Results of toppling failure simulation for 4×4×8 cm blocks size at ψf 

= 73°. 

52.8 cm 

  ψp = 9° 
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Figure A-14  Results of toppling failure simulation for 4×4×8 cm blocks size at ψf 

= 57°. 

48.8 cm 

  ψp = 12° 
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Figure A-15  Results of toppling failure simulation for 4×4×8 cm blocks size at ψf 

= 61°. 

30.7 cm 

  ψp = 16° 
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Figure A-16  Results of toppling failure simulation for 4×4×12 cm blocks size at ψf 

= 77°. 

62.3 cm 

  ψp = 5° 
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Figure A-17  Results of toppling failure simulation for 4×4×12 cm blocks size      at 

ψf = 77°. 

50.0 cm 

  ψp = 5° 
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Figure A-18  Results of toppling failure simulation for 4×4×12 cm blocks size   

at ψf = 65°. 

51.8 cm 

  ψp = 7° 
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Figure A-19  Results of toppling failure simulation for 4×4×12 cm blocks size 

at ψf = 64°. 

64.3 cm 

  ψp = 6° 
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Figure A-20  Results of toppling failure simulation for 4×4×12 cm blocks size         

at ψf = 66°. 

39.6 cm 

  ψp = 8° 
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Figure A-21  Results of toppling failure simulation for 4×4×12 cm blocks size at ψf 

= 56°. 

43.6 cm 

  ψp = 12° 
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Figure A-22  Results of toppling failure simulation for 4×4×12 cm blocks size  at ψf 

= 55°. 

70.1 cm 

  ψp = 10° 
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Modified limit equibrium analysis of toppling can be written as: 
 

n

nn
n

RnRnnn

t,n L

cosW
2

x
sinW

2

y
)tanxPLP()tanxPMP(

P
α

∆
−α+φ∆+−φ∆−

=  

 

where 

n

n
d L

)cosX(w
P

α∆
=  

and 

n

nn
r L

)siny(w
P

α
=  

 

Figure C-1  Example of rock toppling failure analysis for 4×4×8 cm blocks size, 
rock unit weight = 23.8 kN/m2. 
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β = 72° 
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APPENDIX E 

TECHNICAL PUBLICATIONS 

(1) SIMULATION OF PLANE SLIDING AND TOPPING FAILURE USING 

SCALED-DOWN ROCK SLOPE MODEL 

(2) PHYSICAL MODEL SIMULATION OF JOINTED ROCK SLOPES 

UNDER DYNAMIC LOADS 
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