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CHAPTER I 

INTRODUCTION 

 
1.1 Background of problems and significance of the study 

The rock mass failure is a problem that can sometimes occurs in the instability 

of rock slope area.  It can cause damage to life and surface structures. The effects of 

joint spacing, joint angle, slope height and seismic loading are one of the important 

parameters for the design and stability analysis of the rock slopes.  Scaled-down 

physical models have been used to simulate the failure behavior of rock slope in the 

laboratory which can help understanding the rock mass movement during failure.  It 

has been used as teaching and research tools to reveal the two-dimensional failure 

process of rock slopes under various geological characteristics.  The results from 

physical model simulation can also be used to compare with those obtained from the 

deterministic method and from the numerical methods.  The comparisons can also 

assess the performance of the deterministic method and the computer modeling. 

 
1.2 Research objectives 

 The objective of this study is to simulate the plane sliding failure using scaled- 

down physical model in the laboratory. The effects of joint spacing, joint angle and 

slope height are studied and compared the results with those obtained from the 

deterministic method and the numerical simulations. 
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1.3 Research methodology 

This research consists of five main tasks; literature review, sample preparation, 

comparisons the physical model testing with deterministic method and computer 

simulation, conclusions and discussions and thesis writing and presentation.  The 

work plan is illustrated in the Figure 1.1.  

1.3.1 Literature review 

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

criterion, and to study the results and factors of rock slope failure in particularly 

factors of earthquake vibration. The sources of information are from journals, 

technical reports and conference papers. A summary of the literature review has been 

given in the thesis. 

 1.3.2 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. To form slope models with two mutually perpendicular joint 

sets, rectangular shaped blocks have been prepared by 448 cm, 4412 cm and 

4416 cm (S
H
: S

V 
ratios from 1:2, 1:3 to 1:4) blocks sizes. Some blocks are also 

prepared to simulate joint sets with 45 degrees and 135 degrees by parallelogram 

shaped blocks with dimensions of 4x4x8 cm (S
H
: S

V 
ratios 1:3). A total of nearly 1000 

blocks of Phu Phan sandstone has been prepared.  
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Sample Preparation 

 

Literature Review 

 

Joint Angles 

Conclusions and Thesis Writing  

 

 

Rectangular Blocks  
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Figure 1.1 Research plan 
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 1.3.3 Deterministic methods  

  The deterministic method given by Hoek and Bray (1981) is used to 

calculate the slope face angle (f) that causes failure.  The variable involved in the 

testing is the slope face angle (f) at several slope heights. 

 1.3.4 Computer modeling 

 Slope face angle (f), joints spacing and slope height (H) have been 

used as variables in the numerical simulations with UDEC code.  The testing includes 

the static load condition and cyclic load condition. 

 1.3.5 Physical model testing 

 Physical models are performed to simulate the failure of rock slope in 

the laboratory. The varied parameters are joint angle, joint spacing and slope height.  

They are performed under static loading condition and cyclic loading (lateral static 

acceleration) condition.  

 1.3.6 Comparisons 

 The results from the physical model simulation have been used to 

compare with the computer simulation results.  Similarity and discrepancy are 

discussed. 

1.3.7 Conclusions and thesis writing  

 All research activities, methods, and results have been documented and 

compiled in the thesis. The contents or findings have been published in the 

conference, proceedings or journals. 
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1.4 Scope and limitations of the study  

The scope and limitations of the research include as follows. 

a. The test platform used in this study is designed by Pangpetch and 

Fuenkajorn (2007).  

b. The tests are Phu Phan sandstone as block specimens. The sandstone 

blocks prepared by saw-cutting are arranged to simulate rock slopes 

with two joint sets. The S
H
: S

V 
ratios vary from 1:2, 1:3 to 1:4 and to 

simulate joint sets with 45 and 135 angles.  

c. Slope height (H) varies from 0.08 m to slightly over 1 m. 

d. Failure of slope model is induced by using real gravitational force.  

There are two accelerations ranging from 0.09g to 0.21g.  

e. The physical model simulations are under dry conditions and clean 

joints 

f. Video camera and digital camera continuously record the slope 

movement for measurements of the slope angle and height immediately 

before failure. 

g. The observed results are compared with those calculated by the 

deterministic methods given by Hoek and Bray (1981), simplified 

Bishop (1995) and with the results from computer simulation using 

UDEC code. 

h. The tests are performance under static and cyclic loading. 

i. The research findings will be published in conference paper or 

journal. 
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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 the results of the literature 

review.  Chapter III describes the sample preparation and test platform.  Chapter IV 

describes the results obtained from the physical model simulation.  The experiments 

are divided into 3 tests, including 1) joint spacing effects on slope failure tested under 

static condition 2) joint angle effects on slope failure tested under static condition, and 

3) joint spacing effects of slope failure tested under dynamic loading.  Chapter V 

compares the test results with those obtained from the deterministic method and from 

the numerical analyses.  Chapter VI concludes the research results, and provides 

recommendations for future research studies.  Appendix A provides detailed of 

technical publication. 

 

 

 

 

 

 

 



 

 

CHAPTER II 

LITERATURE REVIEW 

 
2.1 Introduction 

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

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

topics reviewed here include the plane sliding failure, rock joints movement, effect of 

seismic load, physical models and numerical simulations. 

 
2.2 Plane sliding failure 

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

weakness plane that “daylights” into free space (Hoek and Bray, 1981; Goodman, 

1989).  The inclination of the plane of slip must be greater than the friction angle of 

that plane.  The conditions for failure reside dormant 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). 
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Wyllie and Mah (2004) described the general conditions for plane failure. In 

order for this type of failure to occur, the following geometrical conditions must be 

satisfied (Figure 2.1): 

a) The plane on which occurs must have strike parallel or nearly parallel 

(within approximately  20
o
) to the slope face. 

b) The sliding plane must “daylight” in the slope face, which means that 

the dip of the plane must be less than the dip of the slope face, that is 

p  f. 

c) The dip of the sliding plane must be greater than the angle of friction of 

this plane, that is p  . 

d) The upper end of the sliding surface either intersects the upper slope, or 

terminates in a tension crack. 

e) Release surface that provide negligible resistance to sliding must be 

present in the rock mass to define the lateral boundaries of the slide. 

Alternatively, failure can occur on a sliding plane passing through the 

convex “nose” of a slope. 

 Using the shear strength parameters c and , the factor of safety (FS) of plane 

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

sliding, is (Hoek and Bray, 1981): 

 

 pp Vcosψ / Wsinψ)Tanφ
p

VsinψU
p

(WcosψcAFS 





   (2.1) 
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where 

 

 peccos)ZH(A   (2.2) 

 

 pww eccos)ZH(Z
2

1
U   (2.3) 

 

 2

ww Z
2

1
V   (2.4) 

 

for tension crack in the upper slope surface 

 

   fp

22 cotcot)H/Z(1H
2

1
W   (2.5) 

 

and, for the tension crack in the slope face 

 

  )1tan(cotcot)H/Z1(H
2

1
W fpp

22   (2.6) 

Figure 2.1 Geometry of slope exhibiting plane failure: (a) cross-section showing 

planes forming a plane failure; (b) release surface at ends of plane 

failure; (c) unit thickness slide used in stability analysis. (Wyllie and 

Mah, 2004) 
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where c is cohesive strength,  is angle of friction,  is unit weight of rock, w 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, f is slope face angle, p 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. The symbols mentioned are 

illustrated in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

Figure 2.2 Geometries of plane failure: (a) tension crack in the upper slope;  

  (b) tension crack in the face. (Wyllie and Mah, 2004) 
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2.3 Rock joints movement  

 The mechanical rock properties are one of the most important parameters that 

will be used in the analysis and design of any engineering in rock mass, particularly 

joint shear strength and basic friction angle. The standard of rock joint shear strength 

test methods as laboratory direct shear test and field direct shear test.  Coulomb 

criterion represents the relationship between the peak shear strength and normal stress 

by costs include costs of sample maintain, transport, prepares, and testing.  

  

    =   c + n tan (2.7) 

 

where  is joint shear strength, n is normal stress, c is the cohesive strength, and  is 

angle of friction.  These factors are the laboratory result.  The result may be not agrees 

with rock mechanics work and high compressive strength. This is because of the 

relationship between  and n of Coulomb criterion is linear while actual relation is 

curve.   

 Patton (1966) performed a series of constant load stress direct shear tests with 

regular teeth inclination (i) at varying normal stresses.  From these tests, he 

established a bilinear failure envelope – failure from an asperity sliding and asperity 

shearing mode. 

 

    =   n tan (B + i) (2.8) 

 

where  is joint shear strength, n is normal stress, B is basic friction angle, and i is 

regular teeth inclination.  Patton found that the inclination of the bedding plane trace 

was approximately equal to the sum of the average angle i and the basic friction angle 
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B found from laboratory tests on planar surfaces.  The discussion has been limited to 

the problem of shearing along a single discontinuity or along a family of parallel 

discontinuities and that the question of fracture of the material on either side of the 

discontinuities has not been considered.  Fracturing of interlocking surface projections 

on rock discontinuities is an important factor which has to be considered when 

attempting to understand the behavior of actual rock surfaces. 

 Fairhust’s criterion; 

 

 
2

1

j

j
σ

σ
n1

n

1n)(1
στ

















  (2.9) 

 

where  j is rock joint compressive stress and n is the compressive stress and tensile 

stress ratio of rock (j/T).  Hoek (1968) has suggested that, for most hard rocks, n is 

approximately equal to 10.   

 Barton (1973) has studies the behavior of natural rock joints and proposed a 

criterion that is modified from Patton.  It can be re-written as  

 

   = n tan {B + JRC log 10 (j /n)}  (2.10) 

 

where  is joint shear strength, B is basic friction angle, n is normal stress, JRC is 

the joint roughness coefficient, and JCS is the joint wall compressive strength.   

 
2.4 Effect of seismic load 

 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 
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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. 

 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 are not a simple matter.  The horizontal 

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

(for >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, 

 

 
  
  




cosFsinFW

tansinFcosFWcl

forcedriving

forceresisting
FS

hv

hvab  (2.11) 

 

where c and  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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 Wk
g

Wa
F v

v
v   (2.13) 

 

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

dimensionless horizontal and vertical pseudostatic coefficients.  Pseudostatic analyses 

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. 

 Hatzor et al. (2004) analyzed dynamic stability of jointed rock slopes using the 

dynamic discontinuous deformation analysis (DDA).  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 = 0.6 g.   

 Li et al. (2009) apply the finite element upper and lower bound techniques to 

this problem with the aim of providing seismic stability charts for rock slopes. These 
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chart solutions bound the true stability numbers within 9% or better and are suited to 

isotropic and homogeneous intact rock or heavily jointed rock masses. A comparison 

of the stability numbers obtained by bounding methods and the limit equilibrium 

method has been performed where the later was found to predict unconservative 

factors of safety for steeper slopes. These stability charts, including the earthquake 

effects, are based on the Hoek– Brown failure criterion and can be used for estimating 

seismic rock slope stability in the initial design phase. This study follows the general 

consideration of the earthquake effects which only takes the horizontal seismic 

coefficient (kh) into account. A range of kh magnitudes is also included, which are 

consistent with most design codes. Although the vertical seismic coefficient (kv) is 

often ignored in practice, it is still worth investigating its influence on the stability of 

rock slopes in further studies. 

Latha and Garaga (2010) study seismic slope stability of a rock slope in the 

Himalayan region of India is studied using pseudo-static and time response analysis in 

FLAC. The results obtained from the pseudo-static analysis are presented in the form 

of Factor of Safety (FS) and the results obtained from the time response analysis of 

the slope are presented in terms of horizontal and vertical displacements along the 

slope. The results obtained from both the analyses confirmed the global stability of the 

slope as the FS in case of pseudostatic analysis is above 1.0 and the displacements 

observed in case of time response analysis are within the permissible limits. The 

results obtained from the parametric analysis performed in the case of time response 

analysis in order to understand the effect of individual parameters on the overall 

stability of the slope. The displacements observed in the slope for the maximum 

credible earthquake in the region are well within the permissible limits. Peak 
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amplitude of the earthquake event has less influence on the seismic response of the 

slope as observed from the dynamic analyses carried out using three different 

earthquake scenarios. Pseudo-static analyses, where only peak amplitude alone is 

considered, will lead to erroneous results while predicting the deformations. Increase 

in the shear strength of rock mass reduces seismic deformations of the slope. 

 
2.5 Physical models and numerical simulation 

 Pangpetch and Fuenkajorn (2007) used physical models or scaled-down 

models to simulate the failure behavior of rock slope in the laboratory. The design 

objectives 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. Figure 2.3 shows the test 

platform with block samples loaded inside the test frame.  The simulation results 

indicate that the deterministic method of Hoek and Bray overestimates of plane sliding 

by as much as 30%. The observed toppling failures agree well with those determined 

by Hoek and Bray solution when the friction between blocks is considered in the 

calculation. 

 Pangpetch and Fuenkajorn (2009) study rock slope failure under static and 

dynamic loads. The failure is induced by true gravitational force and horizontal 

pseudo-static acceleration of up to 0.225 g. The effect of water-submerging is 

investigated. The comparisons of the test results with the deterministic solutions (by 

Hoek and Bray, 1981) and computer simulations (FLAC_Slope code) have revealed 

significant implications. Under static condition the deterministic method and computer 

simulation overestimate 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. The discrepancy between 

the deterministic method and the test results under dynamic loading is highly 

significant. 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 under 

dynamic loading may be inappropriate.  

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

induced slope failure evaluation by used shaking table (Figure 2.4).  They proposed 

Figure 2.3 Example of test arrangement: Cubical blocks of Phu Phan sandstone 

placed in test platform (Pangpetch and Fuenkajorn, 2007).  
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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.   

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

using a Face-to-Face Discrete Element Method (DEM) is illustrated in Figure 2.5.  

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. 

 Roy and Mandal (2009) used sand model experiments this paper investigates 

failure mechanism of bed materials along hill slopes due to overburden loading. The 

Figure 2.4 Shake table test apparatus for model slope  

      (Kokusho and Ishizawa, 2005). 
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analysis takes into account three factors: 1) surface slope (α), 2) loading pattern and 3) 

mechanical anisotropy of bed materials. With progressive loading, the process of 

slope instability in sand models involves deformation localization in two modes:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Experimental failure model of rock slope with difference joint 

structures and DEM simulations (Li et al., 2007).

 

 

 

 

 

 

 



20 

 

compaction (Mode 1) and shear failure (Mode 2). The failure on natural slopes can be 

triggered due to deformation localization below civil or any geological overburden 

loads on the slopes. The process involves two contrasting modes are compaction and 

shear failure. The shear failure are propagates fast in the slope direction and 

destabilizes the slope. The relative dominance of the two modes is a function of the 

surface slope, pattern of loading and rheology of the bed rock. Mode 2 becomes more 

important when the slope is large or the setting is under loading with extended rigid 

block. In case of anisotropic media, the orientation of the anisotropy plane relative to 

that of the surface slope determines the mode of deformation localization. Mode 1 is 

relatively more intense when the anisotropy plane dips same as the surface slope, 

whereas Mode 2 becomes important in settings with the anisotropy planes dipping 

against the surface slope. The slope instability is more pronounced in the latter case 

(Figure 2.6). 
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Figure 2.6 Types of loading in different model experiments: Type 1 loading with 

rigid block extended up to the model edge and Type 2 loading with 

rigid block extended beyond the model edge. (a) & (b) Isotropic sand 

models subjected to Type 1 and Type 2 loading respectively. (c) & (d) 

Anisotropic sand models subjected to Type 2 loading and the planes of 

anisotropy dipping against and towards the direction of surface slope 

(α) respectively. Scale bar: 10 cm (Roy and Mandal, 2009) 

 

 

 

 

 

 



CHAPTER III 

TEST PLATFORM AND SAMPLE PREPARATION 

 
3.1 Introduction 

 This chapter describes the requirements and components of the test platform 

designed by Pangpetch and Fuenkajorn (2007).  The device is used in this study.  The 

preparation and specifications of the tested rock sample are also described in this chapter. 

  

3.2 Design requirements and components 

The test platform used in this study is designed by Pangpetch and Fuenkajorn 

(2007), as shown in Figure 3.1.  The frame is hinged through steel rods in the middle 

to the stand allowing frame rotation from horizontal position during arranging and 

loading block samples to vertical position for testing under true gravitational force.  

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 to a 

maximum height of up to 1.5 m to simulate two-dimensional jointed rock slopes.  
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Figure 3.1 Test frame used in physical model simulation. 

 

 
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, gear system and crank arm to induce a cyclic motion to the entire test platform.  

The frequency and amplitude of the horizontal pseudo-static acceleration can be 

controlled by adjusting the rotational diameter of the flywheel and speed of the motor. 

 Figure 3.2 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 and Sturges (1993). 
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Figure 3.2 Crank arm and flywheel used to induce dynamic loading to the test platform. 

 

 
where R = radius of wheel, y = length of crack arm, OA and AB = angular velocity 

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

acceleration of points A and B, and T = duration of flywheel rotation.  The angle  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 AB, is calculated by: 
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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 Rock samples 

 Phu Phan sandstone from Nakhon Ratchasima province has been selected for 

use as rock sample here 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. (Pangpetch and 

Fuenkajorn, 2007).  The slope models are formed by rectangular and parallelepiped 

blocks of sandstone with nominal sizes of 448 cm, 4412 cm, and 4416 cm, as 

shown in Figures 3.3 and 3.4.  They are prepared by saw-cutting and arranged in the 

frame to simulate rock slopes with two joint sets having strikes parallel to the slope 

face.  The friction angle and cohesion of the saw-cutting surfaces of the Phu Phan 

sandstone determined by tilt testing are 26 degrees and 0.053 kPa.   
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Figure 3.3 Sandstone rectangular blocks with dimensions of 4x4x8 cm, 4x4x12 cm 

and 4x4x16 cm prepared to simulate joint sets with 90 degrees angle. 
 

 

 

 
 
 
 

Figure 3.4 Parallelogram shaped blocks with dimensions of 4x4x8 cm prepared to 

simulate joint sets with 135 and 45 degrees intersections. 
 

 

 

 

 

 

 



   CHAPTER IV 

SLOPE MODEL SIMULATION 

 
4.1 Introduction  

 This chapter describes the method and results of the slope model simulation.  

The simulations are made under static and dynamic loading conditions.  The 

simulations are divided into 3 types, including 1) assessment of the joint spacing 

effects under static condition 2) joint angle effects under static condition, and 3) joint 

spacing effects under dynamic loading.  Over one hundred simulations have been 

made with the maximum slope height up to 1 m and slope face angles from 35 to 51.  

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.  Detailed test 

procedure is given by Pangpetch and Fuenkajorn (2007).  Video records are taken 

during the test.  This allows examining the failure process of the slope models after 

the test.   

 
4.2 Assessment of the joint spacing effects under static condition 

 The simulations involve two-dimensional plane sliding of rock slope formed 

by rectangular blocks of sandstone, under various slope face angles with the slope 

heights varying from 16 to 100 cm and slope face angles from 40 to 51.  The joint 

spacing variables are taken as a ratio of the spacing of the horizontal joints to the 
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spacing of the vertical joints (SH: SV), as shown in Figure 4.1.   This ratios vary from 

1:2 (forming by 48 cm blocks), 1:3 (forming by 412 cm blocks) to 1:4 (forming by 

416 cm blocks) which each initial slope face angle (fo) of this ratio is 26, 18 and 

14.  The slope height considered here is normalized by the horizontal joint spacing 

(H: SH) which is varied from 4 to 25. The height of the slope models (H) is calculated 

by the following equation.  

 

 H = [h·sin(fo+p)]/[sin(fo)] (4.1) 

 

 

where h is the distance between the base and slope top, fo is the initial slope face 

angle, and  p is the measured sliding plane angle.  Table 4.1 summarizes the test 

parameters and results for effects of joint spacing under static condition.  Figure 4.2 

through Figure 4.4 shows an example of the failure for a slope model formed by 1:2, 

1:3 and 1:4 joint spacing ratios.  Figure 4.5 shows simulation results by presenting the 

slope height at failure as a function of sliding plane angle.  Two modes of failures 

have been observed are plane sliding failure and combination failure (plane and 

circular failure).  For all joint spacing ratios (SH: SV).  The plane sliding failures 

occurs for low H: SH ratio.  When the H: SH ratios are high, combination failures are 

observed.  The slope models tend to fail by plane sliding mode when the large joint 

spacing ratio is used.  Plane sliding failures are observed when the slope models are 

gentle and low, while combination failures are observed when the slopes are steep and 

high.   
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Figure 4.1 Joint spacing ratios (S
H
: S

V
) vary from 1:2, 1:3 to 1:4. 
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Table 4.1 Summary of simulation parameters and results for joint spacing effects. 

 

SH:SV f   H/SH p  Failure Modes 

 

1:2 

 
 

42-51 

5-9 

 

10-25 

23-25 

 

16-22 

Plane 

 

Combination 

 

1:3 

 
 

40-45 

4-12 

 

14-20 

25-27 

 

22-24 

Plane 

 

Combination 

 

1:4 

 
 

40-44 

5-16 

 

17-21 

24-28 

 

24-26 

Plane 

 

Combination 
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Figure 4.2 Some test results for SH:SV =1:2 of combination failure mode. 

 

 

 

 
 

 

Figure 4.3 Some test results for SH:SV =1:3 of plane failure mode. 

 

 

 

 
 

 

Figure 4.4 Some test results for SH:SV =1:4 of plane failure mode. 
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Figure 4.5 Simulation results for SH: SV =1:2 (circle symbol), SH: SV =1:3 (square 

symbol) and SH: SV =1:4 (triangle symbol) of plane failure mode (white 

symbol) and combination failure mode (solid symbol). 

 

 
4.3 Assessment of joint angle effects under static condition 

 The joint angle simulations of rock slope include three joint angles.  The 

rectangular blocks can simulate the angles between joint sets at 90.  The 

parallelepiped blocks can simulate the angles between two joint sets at 45 and 135 

which initial slope face angles (fo) are between 27 and 14.  The joint spacing ratio 

is 1:2 (Figure 4.6).  The parameters f and H vary from 35 to 51 and 12 to 100 cm.  

The height of the slope models (H) is calculated by equation (4.1).  Table 4.2 

summarizes the test parameters and results to show the effects of joint angle under 

static condition.  Figure 4.7 and Figure 4.8 shows an example of the failure for a slope  
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Figure 4.6 Joint intersection angles varies from 45, 90 to 135. f is slope face 

angle. S
H
:S

V 
ratios 1:2  
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Table 4.2 Summary of simulation parameters and results for joint angle effect. 

Joint set  
f   

 
H/SH 

p  

 
Failure Modes 

90 

 

42-51 

5-9 

 

10-25 

23-25 

 

16-22 

Plane 

 

Combination 

 

135 

 
 

35-39 

 

 

5-18 

 

 

 

 

21-25 

 

 

 

 

Plane 

 

 

 

45 

 
 

44-51 

 

 

3-17 

 

 

 

 

17-24 

 

 

 

 

Plane 

 

 

 

 

 

 

 

Figure 4.7 Some test results for joint set with 45 intersections of plane failure mode. 

 

 

 

 

Figure 4.8 Some test results for joint set with 135 intersections of plane failure mode. 
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model of joint set with 45 and 135 intersections.  Figure 4.9 shows simulation 

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

The combination failure occurs for joint set with 45 and 135 intersections and for 

joint set with 90 intersection when the slope models are steep and high gentle and 

low. The plane sliding failure observed when the slopes are gentle and low.  The 

slopes with joints dipping into the slope face are less stable than those with the joints 

dipping away from the slope face. 

 

 

 

 

Figure 4.9 Simulation results for joint set with 45, 90 and 135 intersections of 

plane failure mode (white symbol) and combination failure mode (solid 

symbol). 

 

 

 

 

 

 

 

 



36 

 

4.4 Assessment of joint spacing effects under dynamic loading 

 The effect of 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.  Only the horizontal acceleration is simulated 

here because it has more impact on the geological structures than does the vertical 

acceleration (Kramer, 1996).  The test procedure is similar to that under static 

condition.  The vertical acceleration is assumed to be zero.  The plane sliding failures 

have been simulated with the horizontal pseudo-static accelerations (a) from 0.09 g to 

0.21 g which calculated using equation (3.1).   The radius of flywheel (R) and length 

of crack arm (y) are maintained constant at 2.5 cm and 5.6 cm (Figure 3.2).  For all 

slope geometries the duration for cyclic motion is maintained for 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.  The slope 

models have the sliding plane angles varied from 2 to 13, slope heights from 21 to 

86 cm, and slope face angles from 20 to 38.  Table 4.3 summarizes the test 

parameters and the results.  Figure 4.10 shows the simulation results by presenting the 

slope height at failure as a function of sliding plane angle for a slope model formed by 

1:2, 1:3 and 1:4 joint spacing.  Similar to the test results under static condition, the 

acceleration can reduce the sliding plane angle from 25 to 10 of the under static 

condition test results, particularly when the SH:SV ratio is 1:2.  Under similar slope 

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

stable than under static loading. 
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Table 4.3 Summary of simulation parameters and results of rock slope stability  

 analysis under dynamic loading. 

SH:SV OA AB 
a 

(g) 

H 

(cm) 
ψf ψp Stability 

1:2 

 

6.1 0.27 0.09 21-86 
28-36 

29-38 

2-10 

3-12 

Stable 

Failure 

7.3 0.33 0.13 21-28 
27-29 

28-30 

1-3 

2-4 

Stable 

Failure 

1:3 

 

6.1 0.27 0.09 26-82 
26-31 

27-32 

7-12 

8-13 

Stable 

Failure 

7.3 0.33 0.13 26-82 
22-28 

23-29 

3-9 

4-10 

Stable 

Failure 

8.9 0.40 0.21 26-82 
20-23 

21-24 

1-4 

2-5 

Stable 

Failure 

 

1:4 

 

6.1 0.27 0.09 32-84 
21-24 

22-25 

7-10 

8-11 

Stable 

Failure 

7.3 0.33 0.13 32-84 
20-23 

21-24 

6-9 

7-10 

Stable 

Failure 

8.9 0.40 0.21 32-84 
19-21 

20-22 

5-7 

6-8 

Stable 

Failure 
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Figure 4.10 Simulation results for SH: SV =1:2 (top), SH: SV =1:3 (middle) and SH: SV 

=1:4 (bottom) under dynamic loading. 

 

 

 

 

 

 

 



CHAPTER V 

DETREMINISTIC METHODS AND  

NUMERICAL ANALYSIS 

 
5.1 Introduction 

 This chapter describes the method and results of deterministic methods and the 

numerical analyses used to calculate the stability of the slope models under static and 

dynamic loading conditions.  The results are compared with those of the model test 

observations to reveal the predictability of the deterministic methods, the numerical 

analyses and the performance of the physical modeling. 

 
5.2 Deterministic methods for joint spacing effects under static 

condition 

 The simulation results above are compared with the Hoek and Bray’s solution 

for the plane sliding mode and with the simplified Bishop method for the combination 

mode.   

 5.2.1 Hoek and Bray’s solution  

 Assuming that the plane sliding mechanism follows the Coulomb criterion, an 

equation modified from Wyllie and Mah (2004) and Kroeger (2000) is used to 

calculate the sliding plane angle, as follows; 
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p

p

c A (W cos ) tan
FS

W sin

     


 
 (5.1) 

 

where c is cohesion of rock surface (equal to 0.053 kN/m
2
),  is friction angle (equal 

to 26), p is the inclined sliding plane, W is weight of sliding block, and A is the 

contact area of sliding surface.  

 

 

2
f p f

r
2

s p

1
(1 cot tan )(bH H cot )

2
W

1
b (tan tan )

2

 
       

   
    
  

 (5.2) 

 

 s pA (H btan z)cosec       (5.3) 

 

 f p fb H cot cot cot        (5.4) 

 

 f p s pz H 1 cot tan b tan tan                 (5.5) 

 

 

pf tanψcotψ-1

z
=H  (5.6) 

 

where s is the inclined upper slope face, fo is the initial slope face angle, f is the 

slope face angle at failure (f = fo + p), γr is the unit weight of rock (equal to 

23.810
3
 kN/m

3
 for Phu Phan sandstone), H is height of slope at failure, b is the 

tension crack location measured from the slope crest, and z is the vertical tension 

crack depth.  The factor of safety of 1.0 is taken to represent the condition at which 

failure occurs in the slope models. 
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   5.2.2 Simplified Bishop method 

 Since there is no close-form solution to determine the slope failure under the 

combination mode, the simplified Bishop method
 
is used to define the lower bound of 

the critical slope height of the test models. An equation from the simplified Bishop 

method used here to calculate the factor of safety of a circular failure can be written as 

follows (Bishop, 1995); 

 

 FS = [X/(1+Y/FS)]/[Z+Q] (5.7) 

 

 X = [c + ( γrh- γwhw)  tan ]  [x/cos b] (5.8) 

 

 Y = tan b  tan  (5.9) 

 

 Z = γr  h  x  sin b (5.10) 

 

 Q = ½ γw  Z
2
 (/R) (5.11) 

 

where the values of X,Y and Z are calculated for each slice, c is cohesion of rock 

surface (equal to 0.053 kN/m
2
),  is friction angle (equal to 26), p is the sliding 

plane angle, b is base angle, γr is unit weight height of each slice, x is the width of 

each slice, assuming that all slices have the same width,  The water force Q is added 

to Z, the sum of the components of the weight of each slice acting parallel to the 

slide surface.  The parameters of simplified Bishop method as show in Figure 5.1.  An 

initial estimate of FS=1 is used. 
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Figure 5.1 Parameters used for calculating the safety factor of a circular failure of 

simplified Bishop method (Bishop, 1995). 
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 Figure 5.2 compares the calculation results obtained from the two 

deterministic methods with those of the test models in terms of the slope height ratio 

as a function of the sliding plane angle.  The slope models are more stable as the joint 

spacing ratio decreases.  The transition of the critical slope heights from the pure 

plane sliding to the combination mode tends to increase as the joint spacing ratio 

decreases.  Under the same sliding angle the Hoek and Bray’s prediction gives the 

critical slope height greater than that of the test models.  This suggests that stability 

analysis using the Hoek and Bray’s solution may not be conservative for high slopes 

formed by jointed rock mass.  As expected the simplified Bishop method 

underestimates the slope height at failure for the combination modes.  As the joint 

spacing ratio increases the differences of the critical slope heights between the Bishop 

predictions and the test models become smaller. 

 

 

   

Figure 5.2 Comparisons between test results and deterministic methods for plane 

sliding mode (white symbol) and combination mode (solid symbol). 
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5.3 Deterministic methods for joint angle effects under static condition 

 The test simulation results for the combination mode of failure are compared 

with the simplified Bishop solution.  An equations from the simplified Bishop method 

are given in equations (5.7) to (5.11).  Figure 5.3 compares the critical sliding plane 

angles observed from the test simulations with those of the simplified Bishop 

calculation.  The combination mode of failure occurs for all slope configurations.  The 

slopes with joints dipping into the slope face are less stable than those with the joints 

dipping away from the slope face.  The simplified Bishop solution underestimates the 

critical slope height for all cases. 

 

 

 

Figure 5.3 Comparisons between test results and simplified Bishop solution for 

combination mode of failure. 
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5.4 Deterministic methods for joint spacing effects under dynamic 

loading 

 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, as fallows. 

 

  
phpv

phpv

cosFsin)FW(

tan]sinFcos)FW[(lc

forceDriving

forcesistingRe
FS




  (5.12) 

 

 Fh = a W/g = khW (5.13) 

 

 Fv = av W/g = kvW (5.14) 

 

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, p = 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) postulates 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 

 

 

 

 

 

 



46 

 

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.   

 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




  (5.15) 

 

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

the failure plane, p, can be developed.  Under this condition the acceleration required 

to induce plane failure for a rock slope decreases with increasing failure plane angle.  

Figure 5.4 compares the calculation results obtained from the deterministic methods 

with those of the test models under pseudo-static acceleration (a) are 0.21, 0.13 to 0.09 

g in terms of the slope height ratio as a function of the sliding plane angle.   The slope 

models and the Kramer’s solution show higher stability as the joint spacing ratio 

increases.  Under the same slope height the Kramer’s prediction gives the critical 

sliding angle greater than that of the test models.  This suggests that stability analysis 

using the Kramer’s solution may not be conservative for high slopes formed by 

jointed rock mass.  
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Figure 5.4 Comparisons between test results and deterministic method for various 

pseudo-static acceleration (a). 
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5.5 Numerical Analysis of joint spacing effects under static condition 

 Discrete element analyses are performed using UDEC (Itasca, 2004) to 

describe the stability conditions of the slope in the physical models. The discrete 

element models are constructed to represent various slope geometries and joint 

spacings as used in the physical model testing.  The rock block model uses a density 

of 2,270 kg/m
3
 which is equal to the density of Phu Phan sandstone. The bulk 

modulus and shear modulus of the sandstone are calculated from the elastic modulus 

and Poisson's ratio as 12.3 GPa and 3.8 GPa. The normal and shear joint stiffness 

values (Kn and Ks) for the smooth joint in Phu Phan sandstone determined by 

Suanprom (2009) are 10 GPa/m and 8 GPa/m, respectively. The joint friction angle 

and cohesion used in the simulations are 26° and 0.053 kPa. They are obtained from 

the tilt testing. All computer simulations assume plane stress condition. The dilatancy 

of the joints is assumed to be zero because the surfaces of the tested sandstone blocks 

are smooth and the cohesion is very low. The corner rounding and the minimum edge 

length are taken here as 0.001% and 0.002% because the tested sandstone blocks are 

cubical and rectangular blocks with sharp corners and flat surfaces.  Figure 5.5 

compares the UDEC results with the test results in form of the slope height ratio 

(H/SH) as a function of sliding plane angle (p).  The numerical results agree well with 

the physical model simulations.  Two modes of failure are observed from the UDEC 

results: pure plane sliding and combination of plane sliding and circular failure.  The 

pure plane sliding mode is obtained from low slope heights with high joint spacing 

ratios.  The combination mode occurs from high slopes with low joint spacing ratios.  

Under the same sliding plane angle the UDEC results tend to show higher critical 

slope height for combination failure than do the test models.    
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  Figure 5.5 Comparisons between test results and UDEC analysis. 

 
Both UDEC and test models indicate that the slopes comprising large joint spacing 

ratio (e.g., SH/SV = 1:4) tend to fail by plane sliding while those with smaller joint 

spacing ratio (e.g., SH/SV = 1:2) fail under the combination mode.  In addition pure 

plane sliding failure is observed when the slope models are gentle and low, while 

combination of plane and circular failures is observed when the slopes are steep and 

high.  Figures 5.6 compares the physical model with UDEC results for the 4×8 blocks 

while the failure is in progress.  Similar failure sequence is observed from the two 

methods of simulation.  Failure starts near the slope faces and propagates back into the 

slope mass. 
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Figure 5.6 Comparisons of test observations (left) with UDEC simulations (right) for 

48 cm block. 

 

 
5.6 Numerical Analysis for joint angle effects under static condition 

 Figure 5.7 compares the UDEC results with the physical model test results in 

form of the H/SH ratio as a function of p.  The numerical results agree well with the 

physical model simulations.  Figures 5.8 and 5.9 shows the progressive failure of the 

physical models and the UDEC predictions for joint sets with 45 and 135 

intersections while the failure is in progress.  Similar failure sequence is observed 

from the two methods of simulation.  Failure starts near the slope faces and propagates 

back into the slope mass.   
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Figure 5.7 Comparisons between test results and UEDC analysis. 
 

 

 
 

 
 

 

 

Figure 5.8 Test simulation (left) and UDC result (right) for joint set with 45 

intersections. 
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Figure 5.9 Test simulation (left) and UDC result (right) for joint set with 135 

intersections. 

 

 

 

 

 

 



 

 

CHAPTER VI 

DISCUSSIONS, CONCLUSIONS, AND 

RECOMMENDATIONS FOR FUTURE STUDIES 

 

6.1 Discussions 

 The joints simulated in the slope models here are very smooth and clean with 

low cohesion and friction angle, which may not truly represent most actual rock joints 

found under in-situ conditions.  The simulation results of joint spacing effects show 

two modes of failure, plane sliding and combination failure of plane sliding and 

circular failure.  The plane sliding failures occur under low H:SH ratio.  When the 

H:SH ratios are high, combination failures are observed.  The slope models are more 

stable as the joint spacing ratio decreases.  The transition of the critical slope heights 

from the pure plane sliding to the combination mode tends to increase as the joint 

spacing ratio decreases.  The simulation results indicate that the deterministic method 

of Hoek and Bray overestimates the stability conditions of actual slope models under 

the test parameters used here.  As expected the simplified Bishop method 

underestimates the slope height at failure for the combination modes.  As the joint 

spacing ratio increases the differences of the critical slope heights between the Bishop 

predictions and the test models become smaller.  The numerical results agree well 

with the physical model simulations.  Two modes of failure are also observed from the 

UDEC results, both UDEC and test models indicate that the slopes 
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comprising large joint spacing ratio tend to fail by plane sliding while those with 

smaller joint spacing ratio fail under the combination mode.   

 The combination failure occurs for joint sets with 45, 90, and 135 

intersections. The slopes with joints dipping into the slope face are less stable than 

those dipping away from the slope face.  The simplified Bishop solution 

underestimates the critical slope height for all cases.  The numerical results agree well 

with the physical model simulations.  Similar failure sequence is observed from the 

two methods of simulation.  Failure starts near the slope faces and propagates back 

into the slope mass.   

 Similar to the test results under static condition, the cyclic loads can reduce the 

sliding plane angles from 25 to 10 of the under static condition test results, 

particularly when the SH:SV ratio is 1:2.  Under similar slope geometry and block 

arrangement the slope failure induced under cyclic load is less stable than under static 

loading.  The slope models and the Kramer’s solution show higher stability as the 

joint spacing ratio decreases.  Under the same slope height the Kramer’s prediction 

gives the critical sliding angle greater than that of the test models.   

 

6.2 Conclusions 

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

down rock slope models, comprising sets of different joint spacings and joint angles 

under static condition, and under dynamic loading condition.  True gravitational force 

is used to initiate the failure.  The comparisons of the test results with the Hoek and 

Bray’s solution, simplified Bishop’s method and UDEC simulations have revealed 

significant implications that plane sliding dominates when the slopes are gentle and 
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low with large joint spacing while combination of plane and circular sliding is 

observed when the slopes are steep and high with small joint spacing.  The slope 

height corresponding to the transition between the two failure modes increases as the 

joint spacing increases.  The maximum height also decreases as the sliding plane angle 

and slope face angle increase.   

 The angle between the intersecting joint set and the sliding joint set also affect 

the maximum slope height.  The maximum height at failure is greater when the 

intersecting joints dip away from the slope face (joint set intersection with 45) than 

when they dip toward the slope face (joint set intersection with 135).  These 

observations agree reasonably well with the results from the UDEC simulations.  The 

simplified Bishop’s results underestimate the critical slope height for the combination 

mode.  This is primarily because the solution assumes that the sliding mass is a 

particulate medium.  The results suggested that the deterministic method for the 

combination failure analysis may be conservative for jointed rock slopes.   

 The Hoek and Bray’s solution severely overestimates the maximum slope 

height.  The discrepancies increase as the joint spacing decreases.  This is primarily 

because the solution assumes that the sliding mass is an intact with block uniform load 

applying on the sliding surface.  This suggests that the Hoek and Bray’s solution may 

not provide a conservative analysis for slopes with open and small joint spacings. 

 The discrepancy between the deterministic method and the test results under 

dynamic loading is significant.  The deterministic solution proposed by Kramer (1996) 

overestimates the acceleration which can reduce the sliding plane angle from 25 to 

10, particularly when the SH:SV ratio is 1:2.  The discrepancy however reduces for 

slope models formed by larger sandstone blocks and under a greater sliding plane 
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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 joint 

spacing compared to the slope height will give a nonconservative result.   

 

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 simulates the joint spacings and joint angles in the test frame.  

Additional test results obtained from slope models with larger blocks, probably up to 

8816 cm to 8832 cm, and with smaller blocks, 224 cm to 2212 cm, would 

provide a clearer indication of the effect of joint spacing on slope stability.  Additional 

test results obtained from slope models with joint angle under dynamic loading are 

desirable.  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 whether 

the deterministic methods and the sensitivity of the induced acceleration to the joint 

roughness are adequate.  This may be experimentally assessed by using cast cement 

blocks with various degrees of pre-defined roughness on the surfaces. 
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