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 Physical models or scaled-down models have been widely used in laboratory 

to simulate stability conditions of underground openings in rock masses.  They are 

commonly used to gain an understanding of the effects of unique rock characteristics, 

in-situ stress conditions or opening geometries.  The simulations usually simplify the 

actual conditions into two-dimensional problems.  Some devices can incorporate the 

effects of dynamic loading on the rock models.  The modeling results are often 

compared with those obtained from numerical simulations, usually by a discrete 

element analysis, either to verify the predictive capability of the computed results or 

to confirm the accuracy of the test models.  Most researchers however aim at studying 

the opening stability under site-specific conditions.  Results obtained from the 

physical test models that can provide a more general solution of the opening stability 

in rock masses have been rare. 

 The objective of this research is to determine the effects of depth, joint spacing 

and orientation on the maximum unsupported span of shallow underground openings 

under static and dynamic loads by using physical models.  Cubical and rectangular 

blocks of Phu Phan sandstone are arranged in a vertical test frame to simulate a two-

dimensional representation of single rectangular openings in rock mass with two 

mutually perpendicular joint sets.  Results indicate that the normalized 
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maximum span (W/SV) rapidly increases with the normalized depth (D/SH), and tends 

to approach a certain limit for each joint spacing ratio, SV:SH.  The maximum span 

increases with decreasing SV:SH ratio.  Under SV=SH condition, increasing the joint 

angles from 0° to 45° reduces the maximum span by about 20%.  At shallow depths 

the acceleration of 0.225 g can reduce the maximum span by up to 50%.  The impact 

of the dynamic loads however reduces as the depth increases.  The test results under 

both static and dynamic loading compare reasonably well with those calculated from 

discrete element analyses using the UDEC code. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background of problems and significance of the study 

 Physical test models or scaled-down models have been widely used in the 

laboratory to simulate the stability conditions of underground openings in rock mass 

(Lama and Vutukuri, 1978; Stimpson, 1979; Bakhtar et al., 1986; Adhikary and 

Dyskin, 1997).  They are commonly used to gain an understanding of the effects of 

unique rock characteristics, in-situ stress conditions or opening geometries (Zhu and 

Zhao, 2004).  The simulations usually simplify the actual conditions into two-

dimensional problem.  Recently some researchers have developed sophisticated 

devices to allow a three-dimensional simulation for tunnel stability in rock mass under 

high stresses (e.g., Sterpi and Cividini, 2004; Li et al., 2005; Liu et al., 2006).  As a 

result the failure conditions of the joints and intact rocks around the openings can be 

simulated simultaneously.  Some devices can incorporate the effects of dynamic 

loading on the rock models (Bakhtar, 1997; Ma and Brady, 1999).  The modeling 

results are often compared with those from numerical simulations, usually by a 

discrete element analysis, either to verify the predictive capability of the computed 

results or to confirm the accuracy of the test models (Bhasin and Hoeg, 1998; Zhu et 

al. (2006).  Most researchers however concentrate on studying the opening stability 

under site-specific conditions.  Results from the physical test models that can provide 

a more general solution to the opening stability in rock mass have been rare. 



 2 

1.2 Research objectives 

The objectives of the proposed research are to perform physical model tests to 

assess the effects of depth, joint spacing and orientation on the maximum unsupported 

span of shallow underground openings under static and dynamic loads.  A vertical test 

platform will be used to support the rock mass model formed by cubical and 

rectangular blocks of Phu Phan sandstone.  The models will simulate two-dimensional 

sections of single rectangular openings in rock mass with two mutually perpendicular 

joint sets.  The vertical and horizontal joint spacings will vary from 4, 8 to 12 cm.  

The stability condition under horizontal pseudo-static accelerations of 0.132 g and 

0.225 g is investigated.  Empirical relations between the observed maximum span, 

opening depth and joint spacings will be derived.  They will be used to predict the 

maximum span under shallow depths.  The static and dynamic test results will be 

compared with those simulated from discrete element analyses using UDEC code. 

 
1.3 Research methodology 

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

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

testing, discrete element analyses, comparisons, and thesis writing and presentation. 

 1.3.1 Literature review 

 Literature review is carried out to study the shallow openings and case 

studies in Thailand and abroad, opening stability, and the earthquake vibration. The 

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

summary of the literature review is given in the thesis. 
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 1.3.2 Sample collection and preparation 

 Rock with uniform texture and properties is selected for the 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 Modification of the physical model 

 The test platform for physical model test (Pangpetch & Fuenkajorn, 

2007) is modified for shallow opening simulation in jointed rock mass in 

Geomechanical Laboratory in Suranaree University of Technology.  The testing space 

(area) is about 1.2×1.2 m. A lateral lithostatic pressure is applied on both sides of the 

model using a column of crystal balls with a diameter of 16 mm packed in the gap 

between the model and the test frame. 

 1.3.4 Physical model experiments 

 Shallow opening models are simulated for various depths and 

maximum spans.  Video camera of the opening movement is recorded for further 

analysis and comparisons. 

 1.3.5 Comparison  

 Results obtained from the simulations are 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 are documented and 

compiled in the thesis. 
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1.4 Scope and limitations of the study 

 Scaled-down of shallow opening models are simulated in two dimensions.  

The shallow opening models have a maximum depth of 1.2 m under various 

maximum spans.  Failure of shallow opening model is induced by real gravitational 

force.  Continuous monitoring of the failure process is made during the test.  The 

effect of submerging condition are studied.  The effect of earthquake will be studied 

in horizontal direction normal to the strike of the openings.  Phu Phan sandstone is 

used to prepare the block specimens. 

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 modification.  

Chapter IV presents the results obtained from the laboratory testing.  The 

experiments are divided into 2 tests, including 1) shallow opening failure tests under 

static condition and 2) shallow opening failure tests under dynamic loads.  Chapter V 

presents the results obtained from discrete element analyses.  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 shallow opening failure using physical model.  The 

topics reviewed here include the stability of an underground excavation, joint shear 

strength, effect of seismic load, physical models, and numerical methods. 

 

2.2 The stability of an underground excavation 

 The stability of an underground excavation depends upon the structural 

conditions in the rock mass and also upon the relationship between the stress in the 

rock and the strength of the rock (Hoek and Brown, 1980).  Rock mass classification 

schemes have been developed for over 100 year.  Hoek et al. (2000) state that most of 

multi-parameter classification schemes (Wickham et al., 1972, Bieniawski, 1973, 

1989, and Barton et al., 1974) were developed from civil engineering case histories in 

which all of the components of the engineering geological characters of the rock mass 

were included. 

 2.2.1 Engineering rock mass classification 

 Summaries of some engineering rock mass classification involve with 

Terzaghi’s rock load classification, classification involving stand-up time, and rock 

quality designation index (RQD).  Hoek and Brown (1980) state that the earliest 

reference to the use of rock mass classification for the design of tunnel support is in a 
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paper by Terzaghi (1946) in which in rock loads, carried by steel sets, are estimated 

on the basis of a descriptive classification.  He described various types of ground and 

based upon his experience in steel-supported railroad tunnels in the Alps, he assigned 

ranges of rock loads for various ground conditions.  This very important paper, in 

which Terzaghi attempted to quantify his experience in such a way that it could be 

used by others, has been widely used in tunnelling in north America ever since it was 

published. 

 The stand-up time for an unsupported span is related to the quality of 

the rock mass in which the span is excavation.  The significance of the stand-up time 

concept is that an increase in the span of the tunnel leads to a significant reduction in 

the time available for the installation of support (Lauffer, 1958). 

 The Rock Quality Designation index (RQD) was developed by Deere 

(Deere et al., 1967) to provide a quantitative estimate of rock mass quality from drill 

core logs.  RQD is defined as the percentage of intact core pieces longer than 100 mm 

(4 inches) in the total length of core.  Palmstrom (1982) suggested that, when no core 

is available but discontinuity traces are visible in surface exposures or exploration 

adits, the RQD may be estimated from the number of discontinuities per unit volume.  

The suggested relationship for clay-free rock masses is: 

 

 RQD = 115 – 3.3JV (1) 
 

where JV is the sum of the number of joints per unit length for all joint (discontinuity) 

sets known as the volumetric joint count.  Hoek et al. (2000) state that RQD is a 

directionally dependent parameter and its value may change significantly, depending 
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upon the borehole orientation.  The use of the volumetric joint count can be quite 

useful in reducing this directional dependence. 

 2.2.2 Classification of Jointed Rocks  

 Terzaghi’s (1946) descriptive rock mass classification has been useful 

to estimate rock load for tunnels with steel rib support system; it could not be adopted 

for rock foundations and slopes.  Most commonly used and numerically expressed 

rock mass classifications, RMR (Bieniawski, 1973) and Q-system (Barton et al., 

1974) have been developed basically for the stability of tunnels and choice of their 

support system. 

 Bieniawski (1974) introduces the Geomechanical Classification 

System that provides a general rock mass rating (RMR) increasing with rock quality 

from 0 to 100.  The rating system is based on experience from shallow tunnels in 

sedimentary rock.  Bieniawski (1989) state that the reason for using this classification 

system is the ease of use and the versatility in engineering practice.  The RMR 

system has been calibrated using experience from coalmines, civil engineering 

excavation and tunnels at shallow depth.  RMR is based upon five basic parameter 

include uniaxial compressive strength of intact rock material, rock quality designation 

(RQD), ground water conditions, joint or discontinuity spacing, and joint 

characteristics.  A sixth parameters, orientation of joints, can be used for specific 

application in tunnlling, mining and for foundations (Toyra, 2004). 

 The Q system or the Rock Mass Quality-system created by Barton et 

al. (1974) was developed at the Geotechnical Institute of Norway.  Updating of the 

Q-system has taken place on several occasions and was in 1993 based on over 1000 

case records.  The original parameters of the Q system have never been changed, but 
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the rating for the stress reduction factor (SRF) has been altered by Grimstad and 

Barton (1993) and Barton (2002). 

 The Q-system and the RMR system include somewhat different 

parameters and can not there fore be strictly correlated.  An attempt to compare them 

was proposed by Bieniawski (1976). 

 

 44Qlog9RMR +=  (2) 

 

 Milne et al. (1998) discussed some of the potential problems when 

using the Q and RMR systems.  The problems that can be encountered are outlined 

below:  

 a) More than one relationship has been suggested for relating joint spacing to 

RQD.  These approaches do not all agree and the users should use more than one 

method.  An estimate within 5% is more than adequate for RQD. 

 b) Practitioners sometimes estimate one classification and then derive a 

second classification from empirical relationships.  Relating Q and RMR makes for 

an interesting comparison between classifications and may improve our 

understanding of the rock mass, however, the two systems should always be derived 

independently.  There are many published relationships between Q and RMR, 

however, it is likely that no one relationship would work for all rock mass conditions. 

 c) Care must be taken when using classification systems with empirical design 

methods.  The user must be sure that the classification system used matches the 

approach taken for the development of the empirical design method. 
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 d) Mining applications of the Q and RMR system have tended to simplify 

classification systems to only included factors dependent on the rock mass, ignoring 

environmental and loading conditions. 

 Despite their limitations, the reviewed classification systems are still 

in use as they provide an invaluable reference to past experience. 

 The displacements and geometry of the rock blocks and the properties 

of the structure play an important role in the stability of tunnels.  The necessary 

condition for the loss of the stability of tunnel roof is the falling of the key blocks.  

Therefore the key point for the analysis of the stability is the determination of the 

position, size and geometry of the key blocks (Chengzhi et al., 2008) 

 

2.3 Effect of seismic load 

 The evaluation of ground response to shaking can be divided into two groups 

(1) ground failure and (2) ground shaking and deformation.  Ground failure as a result 

of seismic shaking includes liquefaction, slope instability, and fault displacement.  

Ground failure is particularly prevalent at tunnel portals and in shallow tunnels.  

Special design considerations are required for cases where ground failure is involved 

(Hashash et al., 2001). 

 Guler et al. (2001) studied repeated dynamic loading, the subject of this study, 

is directly linked to seismicity and the effects of seismic events.  While it is 

impossible to quantify exactly the associated movements, certain relationships 

between magnitude, relative location and induced movements and associated forces 

exist.  Owen and Scholl (1981) discussed a review of the past performance of 127 

underground openings during earthquakes indicates that underground structures in 
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general are less severely affected than surface structures at the same geographic 

location.  However, some severe damage, including collapse, has been reported.  

Stability of tunnels during seismic motion is affected by peak ground motion 

parameters, earthquake duration, and type of support, ground conditions, and in-situ 

stresses.  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.  Daisuke et al. (2003) state that generally, underground caverns are 

highly resistant to earthquake.  However, the underground cavern for the public use 

will be constructed in the ground with shallow overburden for convenience of access 

to the cavern. Therefore, in construction of underground rock cavern, influence of 

earthquake must be considered. 

 Stiros and Kontogianni (2009) studied the Coulomb stress changes from 

earthquakes to underground excavation failures.  Evidence from shallow tunnels and 

mines indicates that, in certain cases, deformation and failure are not confined to the 

vicinity of the excavation front, as is widely believed. 

 There are some researchers studied earthquake related problems such as fault 

rupture mechanism, seismic site effects, and rock structure interaction by earthquake 

modeling laboratory (e.g. Brune and Anooshehpoor, 1991; Madariaga et al., 1998; 

Hashimoto and Matsu’ura, 2000; Ohtani et al., 2003; Pakbaz and Yareevand, 2005) and 

computer simulation (e.g. Matsu’ura et al., 2002; Kim et al., 2003; Wang et al., 2006). 
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 Console et al. (2006) studied the phenomenon of earthquake clustering, i.e., 

the increase of occurrence probability for seismic events close in space and time to 

other previous earthquakes, has been modeled both by statistical and physical 

processes.  They state that the new model incorporating the physical concept of the 

rate-and-state theory performs not worse than the purely stochastic model with two 

free parameters only. 

 The examples of horizontal ground acceleration that they had affect to 

geotechnical engineering works 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 0.2 g.  The deep bedrock acceleration certainly 

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

Alboran Basin earthquake induced ground accelerations between 0.16 and 0.43 g 

(Baraza et al., 1992).  Silva et al., 2006 state that the horizontal ground acceleration 

varied from 0.07 g – 0.16 g for the Neotectonic fault at the Gbraltar Strait tunnel area, 

Bolonia Bay (South Spain).  Peak horizontal ground accelerations measured in the area 

Loma Prieta earthquake ranged between 0.1 and 0.25 g (EERI, 1990). 

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

the DDA method.  The peak horizontal ground acceleration (PGA) for DDA 

computation varied from 0.06 to 0.2 g.  Genis and Aydan (2002) evaluated the 

dynamic response and stability of shallow underground openings in discontinuous 

rock masses using model tests.  They state that the amplitude of acceleration was 

greater at the ground surface than that in the opening the maximum horizontal 

acceleration was 250 gal (0.255 g) in the opening when the shaking table acceleration 

ranged between 50-70 gal (0.051-0.071 g).  Furthermore, the vertical acceleration 
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was 225 gal (0.229 g) at the ground surface while it was 160 gal (0.163 g) in the 

opening.  Jin and Zhang (2008) state that when the horizontal earthquake acceleration 

are 0.191 and 0.440 g or the longitudinal earthquake acceleration is 0.141 g and their 

combined action, the initial support of tunnel would be damaged and the local lining 

would have partial damage.  

 Barton and Hansteen (1979) used two-dimensional finite element continuum 

analyses and discontinuous physical models (20,000 discrete blocks) to compared the 

deformation resulting from excavation of very large openings.  They varied both the 

joint orientations and the model horizontal stress levels were varied.  Some models 

were dynamically loaded to simulate earthquakes (0.2-0.7 g).  They state that high 

horizontal stress caused surface heave when joint orientations were favorable for arch 

stability.  Joint orientations also determined whether the pillars between parallel 

openings were in a state of compression or tension.  Maugeri et al., (2000) tested the 

failure of a shallow foundation subjected to an acceleration load by shaking table 

which the peak acceleration of the sine dwell motion was gradually increased up from 

±0.1 to ±0.35 g.  Riley et al. (2006) studied the terrace tunnel approach walls, 

Wallington by seismic performance.  They state that the walls were designed by the 

ministry of works and development in the early to mid 1970’s.  A designed pseudo 

static acceleration of 0.2 g was adopted for the working load analysis and checked to 

ensure ultimate limit capacity at a pseudo static acceleration of 0.25 g.  The U.S. 

Department of Homeland Security (2005) states that the peak bedrock accelerations 

are 0.2 g or less for analyses the effect of earthquake loading to a concrete dam on a 

rock foundation. 
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 Earthquake intensity scales are designed to describe the effects of earthquakes 

on man, structures, and their surroundings.  Although certain instruments have been 

occasionally employed in determination of the severity of shaking (e.g. Medvedev, 

1953; Richter, 1958; Arias, 1970; Blume, 1970, Trifunac and Brady, 1975; Wald et 

al., 1999), a majority of intensity scales used today still represent subjective 

description of human response to shaking and the description of associated building 

damage (e.g. Karim and Yamazaki, 2002; Davenport, 2003). 

 For historical earthquakes with no seismograph records, seismologists can 

estimate the intensity of ground motion from the Mercalli scale (Table 2.1), using the 

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  

 Physical test models or scaled-down models have been widely used in the 

laboratory to simulate the stability conditions of underground openings in rock 

masses (Lama and Vutukuri, 1978; Stimpson, 1979; Bakhtar et al., 1986; Adhikary 

and Dyskin, 1997).  They are commonly used to gain an understanding of the effects 

of unique rock characteristics, in-situ stress conditions or opening geometries (Zhu 

and Zhao, 2004). 

 The simulations usually simplify the actual conditions into two-dimensional 

problems.  Cement mixed with sand, plaster or wooden blocks are commonly such as 

Adhikary and Dyskin (1997) used ilmenite sand and gypsum mixtures for two small-

scale models simulating an opening.  Recently some researchers have developed  
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Table 2.1  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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sophisticated devices to allow a three-dimensional simulation for tunnel stability in 

rock mass under high stresses. 

 The modeling results are often compared with those from numerical 

simulations, usually by a discrete element analysis, either to verify the predictive 

capability of the computed results or to confirm the accuracy of the test models. 

 Sterpi and Cividini (2004) studied the behaviour up to failure of shallow 

underground openings on the basis of some laboratory, small-scale model tests 

(Figure 2.1 and 2.2) and of finite element simulation.  The experimental results were 

obtained from two-dimensional (plane strain) and three-dimensional tunnel models 

tested under standard gravity conditions.  The laboratory tests have been simulated by 

means of a series of plane strain and three-dimensional finite element analyses 

accounting for the gradual reduction of the shear resistance of the cohesionless 

medium with increasing plastic strains.  They concluded that the adopted procedure 

for strain softening analysis has a potential for application to actual tunnelling 

problems. In particular, it could be used to evaluate the minimum radial pressure 

required for stabilizing the contour of shallow tunnels (2D case) or the minimum fluid 

pressure necessary to stabilize the tunnel face when excavating, for instance, by 

means of an Earth Pressure Balance Machine (3D case). 

Li et al. (2005) applied of numerical analysis principles and key technology 

for high fidelity simulation to 3-D physical model tests for underground caverns 

(Figure 2.3).  The comparison of the two methods showed that the effect of the 

physical model test was satisfactory, and that some geological weak structures are 

difficult to simulate numerically and easier to simulate using a physical model. 
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Figure 2.1  Three-dimensional tunnel test: scheme of the right portion of the experimental 

model, with respect to vertical plane through the tunnel axis, and locations of 

the surface settlement transducers h1 to h9 by Sterpi and Cividini (2004). 

Figure 2.2  Three-dimensional tunnel test: shear surface at failure 

Sterpi and Cividini (2004). 
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Figure 2.3  Photos of the Xiluodu 3-D geo-mechanical model test platform  

 (Li et al., 2005). 
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            Ma and Brady (1999) studied the dynamic performance of an underground 

excavation in jointed rock under repeated seismic loading.  The results from field 

observations of dynamic behaviour of an underground excavation have been 

compared with numerical studies of the rock deformation history.  They concluded 

that the field behaviour shows progressive accumulation of rock displacement and 

excavation deformation under successive episodes of dynamic loading.  It is possible 

to reproduce the modes of rock response quite well using a distinct element model of 

the rock mass, but the way displacements develop is dependent on the joint model 

used in the analysis.  It is suggested that, in rock masses subject to repeated dynamic 

loading, excavation design may need to take account of the prospect of repeated 

episodes of transient loading at the excavation site. 

 Ren et al. (2006) applied the physical simulation to analyze the failure 

mechanism of the wall rock around the goaf and the time effect characters of the wall 

rock's deformation and the ground's deformation and subsidence.  They discovered 

the physical simulating result was more accurately close to in situ monitoring result 

than each of the numerical simulating results. 

 Genis and Aydan (2002) have used the dynamic shaking table tests as a tool 

in modeling of shallow opening.  In model test, they used saw-cutting surface of 

Ryukyu limestone blocks.  The geometry of the openings is rectangular (W/H=2/3) 

and square in cross-section since they are the optimum shapes in view of the 

existence discontinuity sets and gravitational loading.  Four difference conditions 

were investigated by considering the orientation of bedding planes and discontinuity 

patterns (Figure 2.4).  There was no unstable block around the opening during and 
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 (a) Horizontal model  (b) 30° Inclined model 
 
 
 
 
 (a) Horizontal model  (b) 30° Inclined model 
 
 
 
 
 (c) 60° Inclined model  (d) 60° Inclined model 
    (intermittent joint)      (continuous joint) 
 
 
 

 

 

 
 
 (c) 60° Inclined model  (d) 60° Inclined model 

    (Continuous joint)      (Intermittent joint) 

 

 

 

 

 
30 mm 

accelerometer 

accelerometer 

accelerometer accelerometer 

Figure 2.4  The model tests of underground openings on the shaking table (Genis 

and Aydan, 2002). 
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after shaking (Figure 2.5).  In all tests, a mass of rock blocks bounded by two bedding 

planes emanating from the corners of the opening and extending to ground surface 

slide into the opening as if a rigid block. Figure 2.6 shows the post-failure state of a 

model.  They concluded that the stability of shallow opening are strictly depends upon 

the relations between the maximum acceleration, discontinuity orientation and the 

geometry of opening and overburden height.  If the inclination of bedding planes 

become steeper and the overburden becomes smaller, a mass of rock mass day-

lighting in the opening and extending to the ground surface slid into the opening.  

The amplitude of input acceleration wave to cause such a failure is consistent with 

the predictions by a method proposed by Aydan et al. (1994). 

Jongpradist et al. (2009) studied the failure behavior of rock mass around gas 

storage cavern with physical model test.  They designed the physical character of 

model test as a silo, 0.1 meter in diameter, 0.2 meter high, and the location of the 

cavern center is 0.5 m. under the ground surface (Figure 2.7).  The rocks are simulated 

from mixture of plaster, sand and water.  The test arrangement is shown in Figure 2.8.  

They concluded that the lateral earth pressure coefficient at rest, Ko has strong 

influence on the position of the initiation point as obtained by numerical analyses. 

 

2.5 Numerical models 

 The numerical analyses, primarily with distinct element methods, have been 

employed to simulate the stability conditions of underground openings.  Discrete 

element method (DEM) is a common tool for the numerical approach to study the 

effect of dynamic loading on geologic structures.  Some researchers used DEM for 

simulating fracture rock masses (e.g. Souley and Homand, 1996; Gong et al., 2006; 
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Figure 2.6  A post-test view of the model with bedding planes inclined at an angle 

of 60° and non-persistent joint (Genis and Aydan, 2002). 

Figure 2.5  Horizontal bedded model after test (Genis and Aydan, 2002). 
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Figure 2.7  The dimension of physical model test  by Jongpradist et al. (2009). 

Figure 2.8  Physical model testing set up (Jongpradist et al., 2009). 
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Jiang et al., 2009).  Souley and Homand (1996) used universal distinct element code 

(UDEC) to studied the mechanical behaviour of rock joints.  UDEC is a 

discontinuous code to simulate fractured rock masses.  In UDEC, a rock mass is 

treated as an assemblage of discrete blocks separated by discontinuities, namely rock 

joints (Gong et al., 2005).  Jiang et al. (2009) developed an expanded distinct element 

method (EDEM) for simulating the crack generation and propagation due to the shear 

and tension failures in the matrix rock blocks.  Hu and Zhao (2005) simulated the 

whole deformation and failure process of surrounding rock masses of the 

underground cavern project of Heihe River Reservoir in Xi'an city by used the 2D 

elastoplastic finite element method (FEM).  Fakhimi et al. (2002) simulated the 

failure around a circular opening in rock.  They concluded that the results of a 

numerical simulation by particle flow code (PFC2D) of a model tunnel were in very 

good agreement with the experimental test.  Cai et al. (2007) used the fast lagrangian 

analysis of continua / particle flow code (FLAC/PFC) coupled approach to simulate 

the acoustic emission (AE) activities at other AE sensor locations and the results 

compare well with the field AE monitoring data. 



CHAPTER III 

TEST PLATFORM 

3.1 Introduction 

 A test platform (Pangpetch & Fuenkajorn, 2007) has been modified for use in 

the simulation of failure of scaled-down shallow openings under real gravitational 

force.  This chapter describes the modifications of the test platform, calculation of the 

horizontal pseudo-static accelerations, and calculation of lateral stress. 

 

3.2 Design requirements and components 

 The test platform developed by Pangpetch & Fuenkajorn (2007) is used in this 

study.  The functional requirements for the test platform are (1) to test shallow 

opening models with a maximum depth of 1.0 m and width of 1.2 m, (2) to induce 

failure of shallow opening model using real gravitational force, (3) to allow 

continuous monitoring of the failure process during testing, and (4) 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 made of four 5 cm 

wide C-shaped steel bars at each side linked with a steel plate at each corner (Figures 

3.1 through 3.3).  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.  It also allows visual 

inspection and monitoring of roof rocks movement or failure during the test.



 
 

 

25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Link Plate 

Steel Frame 

(Channel) 

220 cm 

Fixed Pulley 

 

125 cm 

Aluminum Frame 

Acrylic Sheet (back) 

Aluminum Plate (front) 

Hinge 

Roller 

255 cm 

Column of Crystal Balls 
 

Figure 3.1  Front view schematic drawing of test platform for physical model 

(Pangpetch & Fuenkajorn, 2007). 
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Figure 3.2  Schematic drawing of test platform for physical model (Pangpetch & 

                   Fuenkajorn, 2007). 
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Figure 3.3  Test platform used to simulate shallow openings in rock mass (modified 

from Pangpetch & Fuenkajorn, 2007). 
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The test frame can accommodate 4 cm thick rock blocks arranged to a maximum 

depth and width of 1.2 m to simulate a two-dimensional section of shallow openings 

in a jointed rock mass.  A lateral lithostatic pressure is applied on both sides of the 

model using a column of crystal balls.  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.  Figure 3.4 shows 

the test platform with block samples loaded inside the test frame. 

 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. 

 Figure 3.5 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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Figure 3.4  Test platform with rock block samples placed inside the test frame. 

Block size is 12×4 cm at friction angle = 0 

Block size is 12×4 cm at friction angle = 45˚ 
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Figure 3.5  Crank arm and flywheel used to induce dynamic loading to the test 

platform (Pangpetch & Fuenkajorn, 2007). 
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 θ
=φ −

y
sinR

sin 1  (3.2) 

 

The angular velocity of OA and AB can be calculated by:  

 

 
T

2
OA

π
=ω ;    

φ

θω
=ω

cosy

cosR OA
AB  (3.3) 

 

The relationship between point A and B, and αAB, is calculated by: 

 

 
φ

φω−θω
=α

cosy

sinysinR 2
AB

2
OA

AB  (3.4) 

 

The actual rotational duration (T) is monitored for each model hence changes the 

speed of the test platform and the flywheel rotation. 

 

3.3 Calculation of lateral stresses 

 A lateral lithostatic pressure is applied on both sides of the model using a column of 

crystal balls with a diameter of 16 mm packed in the gap between the model and the test 

frame.  Bulk density of the pack of crystal balls is measured as 2.3 g/cc, which is 

comparable to the density of the intact block of Phu Phan sandstone.  Elevated vertical and 

lateral stresses can be applied in the test frame to simulate the rock mass behavior under a 

great depth.  They are not applied here because this study involves opening behavior at 

shallow depths as affected by joint system.  Figure 3.6 shows the key variables defined in 

the physical test models.  The model height, H, determines the applied maximum lithostatic 

pressure at the bottom of the model which is calculated as 28.0 kPa.  The opening depth,  
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Figure 3.6  Variables used in physical model simulations and analysis.  Joint 

inclination can be set at any angle by tilting the rock blocks in the 

model. 
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D, is measured from the opening roof to the top of the model.  The maximum 

unsupported span, W, corresponds to the maximum number of rock blocks removed 

before failure occurs.  Spacings for the vertical and horizontal joint sets are defined as 

SV and SH for joint angles of 0° and 90°.  For an inclined joint angle the apparent 

spacings projected on the vertical and horizontal planes are calculated.  The effect of 

opening height is not studied here.  It is always set equal to the block height which is 

the spacing of the horizontal joints, SH, for each test model.  The simulated joint sets 

have their strike parallel to the opening axis, and hence represent a worst case 

scenario of the opening stability. 

 Video camera continuously records the roof rocks movement before failure.  

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

initiated, and how it progressed. 

 



CHAPTER IV 

MODEL SIMULATIONS 

4.1 Introduction 

 This chapter describes the method and results of the shallow opening model 

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

opening depths vary from 24 to 96 cm. 

 

4.2 Rock models 

 Phu Phan sandstone from Nakhon Ratchasima province has been selected for 

use as rock models 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 

opening 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).  

The basic friction angle is about 26 degrees and cohesion is 0.053 kPa (Pangpetch 

and Fuenkajorn, 2007).  The cohesion is extremely low which agrees with the results 

obtained by Kemthong (2006).  He reports that the basic friction angle for smooth
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Figure 4.1  Nearly 1000 blocks of Phu Phan sandstone prepared for testing and 

block size are 4×4, 4×8 and 4×12 cm. 
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(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 72.4 ± 8.5 MPa 

and elastic modulus equals to 18.4 ± 1.1 GPa (Kemthong, 2006). 

 
4.3 Test Models under Static Condition 

The simulations involve two-dimensional of shallow opening formed by 

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

under various maximum unsupported span with the maximum opening depth of 1.2 m.  

For the block length from 4 cm to 12 cm tested here using the rock mass model width 

of 1.2 m is sufficiently large to minimize the edge effect on the results, as suggested 

by Zhu and Zhao (2004) that a physical model width should be 10 times greater than 

the block size.  Deformation and failure of the sandstone blocks are not considered in 

this study (assumed as rigid blocks) because the rock strength and stiffness are very 

high as compared to the maximum applied lithostatic stresses at 1.2 m depth. 

 Over fifty test models have been simulated under static condition with vertical 

to horizontal joint spacing ratios (SV:SH ratios) from 1:3, 1:2, 1:1, 2:1 to 3:1.  The 

opening depths vary from 16 to 100 cm.  The test parameters and results are described 

in Appendix A.  Each set of opening geometries is formed by sandstone blocks with 

the same dimension.  The joint angles of 0 and 90° are fixed by steel base underneath 

rock blocks.  For the inclined joint angle of 45°, triangle timbers are placed on the 

steel base to obtain the desired inclination of joint angle (Figures 4.2 and 4.3).  Rock 

block samples are arranged with a maximum height up to 1.2 m.  Video records are 
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taken for a post-test analysis.  After all blocks are arranged to the maximum height 

and width in the test frame, a rectangular opening is created by carefully removing a 

rock block at a pre-defined depth.  The blocks adjacent to the opening on both sides 

are then removed one-by-one until movement or failure of the roof rocks is visually 

observed.  The opening width immediately before the failure occurs is taken as the 

maximum unsupported span.  The test is repeated at least 3 times under the same 

condition to ensure the repeatability of the results. 

 Table 4.1 summarizes the ranges of test parameters and results under static 

conditions.  The observed maximum unsupported spans (W) and their corresponding 

depths (D) are normalized by spacings of the vertical and horizontal joints (SV and 

SH), respectively.  Figure 4.4 gives examples of the test models for various opening 

depths and joint spacings.  Roof collapse occurs when the opening width exceeds its 

maximum unsupported span.  Figures 4.5 and 4.6 plots the normalized maximum 

span (W/SV) as a function of normalized depth (D/SH) for various joints spacings.  The 

results indicate that the maximum span increases with depth which can be best 

represented by a logarithmic equation.  As the depth increases, the maximum span 

approaches an ultimate value for each joint spacing ratio (SV/SH).  The maximum span 

also increases with decreasing SV:SH ratio, suggesting that it is more sensitive to the 

horizontal joint spacing than to the vertical one.  This means that the maximum spans 

are larger for a smaller joint spacing ratio (smaller SV or larger SH).  This probably 

holds true only for the range of the spacing ratios used here.  For the condition where 

SV=SH, an inclination of the two joint sets to 45° results in an about 20% decrease in the 

maximum span.  The 
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Figure 4.2  Rock samples for 4×8 and 4×12 cm blocks at joint angle of 45° load inside 

the test frame and the joint angle are controlled by triangle timbers. 
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Figure 4.3  The inclined joint angles are obtained by placing triangle timbers at the 

bottom of the rock blocks. 
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Table 4.1  Ranges of test parameters and results under static condition. 

Spacing 
Ratio 

(SV/SH) 

Block 
Arrange-

ment 
SV SH 

No. of 
Tests 

Depth, 
D (cm) D/SH 

Maximum 
Span, W 

(cm) 
W/SV 

 2.88 2.88 8 24-92 4.2-16.3 16-40 2.8-7.2 1:1 

 4 4 21 16-96 4-24 12-28 3-7 

1:2 or 2:1  2.88 5.66 8 24-80 4.2-14.1 12-32 2.1-5.6 

1:2  8 4 12 24-96 3-12 12-28 2-7 

1:3 or 3:1  2.88 8.48 6 28-88 5.1-15.5 12-32 2.1-5.6 

1:3  12 4 8 24-84 2-7 12-24 3-6 

2:1  4 8 8 20-92 5-23 8-40 1-5 

3:1  4 12 8 36-100 9-25 12-48 1-4 
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Figure 4.4  Examples of physical models showing roof failure after opening widths 

exceed their maximum unsupported spans.  Top: openings in rock mass 

model formed by 4×4 blocks.  Bottom: openings in rock mass model 

formed by 4×12 blocks. 
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Figure 4.5  Normalized maximum span (W/SV) as a function of normalized depth (D/SH) 

for joint spacing ratios of 1:1 (a), 1:2 (b), and 1:3 (c) under static condition. 
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Figure 4.6  Normalized maximum span (W/SV) as a function of normalized depth 

(D/SH) for various joint spacing ratios and joint orientations.  The 

empirical relations of the results are given in Table 4.2. 
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empirical relations between the normalized maximum span (W/SV) and the 

normalized depth (D/SH) can be expressed as: 

 
 ( ) BS/DlnAS/W HV −⋅=  (1) 

 
The constants A and B can be determined as a function of the joint spacing ratio 

(SV/SH) as follows: 

 
 ( ) AHVA S/SA β+⋅α=   (2) 

 
 ( ) BHVB S/SB β+⋅α=  (3) 

 
where αA, βA, αB, and βB are empirical constants.  Table 4.2 summarizes the numerical 

values for A, αA, βA, B, αB, and βB calculated for some applicable joint spacing ratios.  

The empirical relations above can probably represent a lower bound of the maximum 

unsupported span for actual shallow openings under similar joint conditions and field 

stresses. 

 

4.4 Maximum spans estimated from Q and RMR systems 

 The maximum unsupported span predicted by the empirical equation derived 

from the test models is compared with those estimated from the RMR and Q systems 

of rock mass classification (Hoek and Brown, 1980).  The comparisons are made for 

an assumed mine opening at depths (D) ranging from 25, 50, 75 to 100 m. The 

empirical equation derived for the test results of 4×4 cm blocks is used in the 

comparison.  The joint spacings are assumed as 10, 30 and 50 cm.  The rating 

parameters used in the RMR and Q classification systems are determined or projected 
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Table 4.2  Empirical relations obtained from regression analysis on the test results  

 under static condition. W/SV = A·ln(D/SH) – B, where; A = αA·(SV/SH) + βA;  

 B = αB·(SV/SH) + βB. 

Spacing 
Ratio 

(SV/SH) 

Block 
Arrangement A αA βA B αB βB 

1:1  2.76 1.99 

1:2  2.76 0.02 

1:3  1.71 -2.89 

2:1  2.56 3.16 

3:1  1.31 

-0.28 2.60 

1.35 

1.28 -1.02 

 

from the relevant conditions used in the test models.  The rock mass is completely 

dry, with three sets of slick, planar and open joints (two sets parallel to the opening 

axis, one set normal to the opening axis).  The joint orientations represent a very 

unfavorable stability condition.  The joints are continuous, having 100% persistence 

with no alteration.  The joint spacings defined above are used to approximate the 

corresponding RQD’s for this example.  The intact rock compressive strength of 62.0 

MPa is used, representing the actual strength of Phu Phan sandstone. 

 Table 4.3 compares the maximum spans estimated from RMR and Q systems 

with those predicted from the physical models using empirical equation from Table 

4.2.  The physical model predicts the span narrower than the RMR and Q systems do, 

particularly at shallow depths.  This is probably due to the high magnitudes of RQD’s 

estimated from the joint spacings, leading to a high value for RMR and Q, and 

subsequently makes the calculated maximum span larger.  The discrepancies become 

smaller as the depth increases.  At 100 m depth the maximum span from the three 

methods are comparable.  
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 Under these assumed conditions, the maximum spans determined from the 

RMR and Q systems are chiefly governed by the joint spacing, and are independent of 

the opening depth.  This is because the RMR system does not consider the effect of 

depth or in-situ stress in the calculation.  For the Q system the effect of in-situ stresses 

is represented by the stress reduction factor (SRF).  Here the SRF is set equal to 1.0 

because the openings are at relatively shallow depths.  The maximum spans predicted 

by the physical model can however increase with the opening depth and joint spacing, 

which are probably similar to the actual opening behavior. 
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Table 4.3  Predictions of maximum unsupported spans (W) using empirical 

equations and RMR and Q rock mass classification systems. 

Depth 
(m) 

Assumed 
SV and SH 

(m) 
RQD Q RMR 

W from Q 
system* 

(m) 

W from 
RMR 

system** 
(m) 

W from 
test model*** 

(m) 

25 
0.1 
0.3 
0.5 

74 
96 
98 

0.41 
0.53 
0.55 

34 
41 
51 

5.5 
6.1 
6.2 

4.5 
6.2 
9.0 

1.3 
3.0 
4.4 

50 
0.1 
0.3 
0.5 

74 
96 
98 

0.41 
0.53 
0.55 

34 
41 
51 

5.5 
6.1 
6.2 

4.5 
6.2 
9.0 

1.4 
3.5 
5.2 

75 
0.1 
0.3 
0.5 

74 
96 
98 

0.41 
0.53 
0.55 

34 
41 
51 

5.5 
6.1 
6.2 

4.5 
6.2 
9.0 

1.5 
3.8 
5.7 

100 
0.1 
0.3 
0.5 

74 
96 
98 

0.41 
0.53 
0.55 

34 
41 
51 

5.5 
6.1 
6.2 

4.5 
6.2 
9.0 

1.6 
4.0 
6.0 

 
* For Q system of rock mass classification: 
 

 4.0QESR2W ⋅⋅=   
 

ESR = 3.0 (for temporary mine openings), RQD = 100 exp (-0.1/SV)(1+0.1/SV), 
where SV = SH 

 

 






×







×







=

SRF

J

J

J

J

RQD
Q w

a

r

n

 

 
Jn = 9.0 (for 3 joint sets), Jr = 0.5 (for slick and planar joints), Ja = 1.0 (for no 
alteration of joints),  Jw = 1.0 (for dry condition), SRF = 5.0 (for loose rock with 
open discontinuities) 
 

** For RMR system of rock mass classification: 
UCS = 62.0 MPa, Open and continuous joints, Correction factor = -12 (for joints 
with very unfavorable orientation) 
 

*** For test model (using 4×4 cm blocks): 
 

W = SV · [2.32·ln(D/SH) – 0.26] 
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4.5 Test models under dynamic condition 

 The effects of the pseudo-static accelerations of 0.132 g and 0.225 g on the 

maximum unsupported span have been experimentally assessed.  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.  After removing a rock block at a pre-defined depth a 

pseudo static acceleration is applied for one minute.  If no displacement of the rock 

blocks is observed, a block adjacent to the opening on each side is then removed, and 

the acceleration is re-applied.  The process is repeated until any visible movement or 

failure of roof rock is obtained.  The opening width immediately before the failure 

occurs is taken as the maximum unsupported span under the given acceleration.  Over 

one hundred models have been simulated under static condition with SV:SH ratios 

from 1:3, 1:2, 1:1, 2:1 to 3:1.  The opening depths vary from 24 to 96 cm.  The test 

parameters and results are described in Appendix B. 

 Table 4.4 summarizes the ranges of the test parameters and the results under 

dynamic loads.  Figure 4.7 plot the normalized maximum span as a function of 

normalized depth for testing under pseudo-static accelerations of 0.132 g and 0.225 g 

for joint spacing ratios are 1:1, 1:2, and 1:3.  The summations of the normalized 

maximum span and depth relationship for testing under pseudo-static accelerations 

are shown in Figures 4.8 and 4.9.  Similar to the test results under static condition, the 

maximum span increases with depth which can be best represented by a logarithmic 

equation for each joint spacing ratio.  Numerical values for the empirical constants are 

listed in Table 4.5.  As the depth increases, the maximum span approaches an ultimate 

value.  The higher the acceleration applied to the test models, the smaller the 
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maximum span obtained.  The acceleration of 0.225 g can reduce the maximum span 

by up to 50%, particularly when the SV:SH ratio is greater than 2:1. 

 As the depth increases the maximum spans under dynamic loads are close to 

those tested under static condition, suggesting that the impact of dynamic loading 

decreases with depth.  At shallow depth, a pseudo-static force generated by the cyclic 

motion of the test frame may be high enough to effectively reduce the normal stress at 

the rock block contacts.  This subsequently reduces their shearing resistance, resulting 

in a relative movement between the rock blocks immediately above the opening.  As 

the depth increases, the same magnitude of the pseudo-static force may not be high 

enough to overcome the applied lateral lithostatic stress, and hence have smaller 

effect on the shearing resistance at the block contacts. 
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Table 4.4  Results of physical models tested under dynamic loads. 

Spacing 
Ratio 

(SV/SH) 

Block 
Arrange

-ment 

No. 
of 

Tests 

D 
(cm) D/SH 

W 
(cm) W/SV 

Frequency 
(Hz) a (g) 

Modified 
Mercalli 

Intensity* 
  8 40-92 8-24 8-24 2-6 1.833 0.225 VII 

1:1 
 8 40-92 7-16 16-32 3-6 1.429 0.132 VI 

1:2 or 2:1  6 32-84 6-15 8-24 1-4 1.833 0.225 VII 

9 24-96 3-12 8-24 2-6 1.429 0.132 VI 
1:2  

8 24-96 3-12 8-20 2-5 1.833 0.225 VII 

9 40-88 7-16 12-28 2-5 1.429 0.132 VI 
1:3 or 3:1  

9 40-88 7-16 8-24 1-3.5 1.833 0.225 VII 

12 24-96 2-8 12-24 3-6 1.429 0.132 VI 
1:3  

8 24-96 2-8 8-24 2-6 1.833 0.225 VII 

2:1  8 24-96 6-24 8-24 1-3 1.833 0.225 VII 

3:1 
 

8 
36-
100 

9-25 12-36 1-3 1.429 0.132 VI 

* Modified Mercalli Intensity from Richter (1958) and Wald et al. (1999) as: 

 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. 
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Figure 4.7  Normalized maximum span (W/SV) as a function of normalized depth 

(D/SH)  for joint spacing ratios of 1:1, 1:2, and 1:3 under acceleration of 

0.132 g (a) and 0.225 g (b). 

(a) 

(b) 

0

5

10

15

20

25

0 5 10 15
W/SV 

W
/S

H
 

Stable 

Failure 

SV:SH=1:1  

0

5

10

15

20

25

0 5 10 15
W/SV 

0

5

10

15

20

25

0 5 10 15
W/SV 

SV:SH=1:2  SV:SH=1:3  

Failure 

Stable 

Failure 
Stable 

0

5

10

15

20

25

0 5 10 15
W/SV 

W
/S

H
 Failure 

Stable 

0

5

10

15

20

25

0 5 10 15
W/SV 

0

5

10

15

20

25

0 5 10 15
W/SV 

SV:SH=1:1  

SV:SH=1:2  SV:SH=1:3  

Failure 

 

Failure 

 



 52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8  Normalized maximum span as a function of normalized depth under 

pseudo-static accelerations of 0.132 g (b) and 0.225 g (c) compared 

with the results under static condition (a) for vertical and horizontal 

joint sets with various spacing ratios. 
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Figure 4.9  Normalized maximum span as a function of normalized depth under 

pseudo-static accelerations of 0.132 g (b) and 0.225 g (c) compared 

with the results under static condition (a) for 45º-inclined joint sets. 
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Table 4.5  Empirical relations obtained from regression analysis on the test results 

under dynamics load at a = 0.132 g and 0.225 g. W/SV = A·ln(D/SH) – B, 

where; A = αA·(SV/SH) + βA; B = αB·(SV/SH) + βB. 

a 
(g) 

Spacing 
Ratio 

(SV/SH) 

Block 
Arrangement A αA βA B αB βB 

1:1  3.74 5.54 

1:2  3.11 1.65 

1:3  2.38 -1.28 
0.132 

3:1  3.45 

0.24 2.88 

8.11 

2.95 -0.06 

1:1  4.93 9.65 

1:2  5.49 7.95 

1:3  2.92 -0.02 
0.225 

2:1  2.90 

-0.66 4.69 

6.34 

2.00 4.06 

 

 

 



CHAPTER V 

DISCRETE ELEMENT ANALYSES 

5.1 Introduction 

 This chapter describes the method and results of discrete element simulation 

for the shallow opening under static and dynamic conditions.  The results are 

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

numerical simulation and the performance of the physical modeling. 

 

5.2 Discrete element analysis  

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

describe the stability conditions of the openings in the physical models.  In the 

distinct element method, a rock mass is represented as an assembly of discrete blocks.  

The dynamic behavior is represented numerically by a timestepping algorithm in 

which the size of the timestep is limited by the assumption that velocities and 

accelerations are constant within the timestep.  The calculations performed in the 

distinct element method alternate between application of a force-displacement law at 

all contacts and Newton’s second law at all blocks. 

Newton’s second law of motion can be written in the form (Itasca, 2004): 

 

 
m

F

dt

du
=  (5.1) 

 

where  u = velocity; t = time; and m = mass. 
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With velocities stored at the half-timestep point, it is possible to express displacement as 

 

 tuuu )2/tt()t()tt( ∆+= ∆+∆+  (5.2) 

 

 The constitutive relations for deformable blocks are used in an incremental 

form.  The actual form of the equations is: 

 

 ijij
e
ij 2 ∈∆µ+δ∈∆λ=σ∆ υ  (5.3) 

 

where   λ , µ are the Lame constants; e
ijσ∆  are the elastic increments of the stress 

tensor; ∆ ij∈  are the incremental strains; ∆ υ∈ = ∆ 11∈ + ∆ 22∈  is the increment of 

volumetric strain; and δij is the Kronecker delta function. 

 The force-displacement models used in UDEC to represent axial and shear 

behavior are continuous, nonlinear algorithms written in terms of stiffness (axial or 

shear), the ultimate load capacity and a yield function.  The force-displacement 

relation that describes the axial response is given by the following equation. 

 

 ∆Fa = Ka|∆ua| f(Fa) (5.4) 

 

where ∆Fa is an incremental change in axial force; ∆ua is an incremental change in 

axial displacement; Ka is the axial stiffness; and ƒ(Fa) is a function describing the 

path by which the axial force, Fa approaches the ultimate (or bounding) axial force 

max
b,aF . 

The function 
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 ƒ(Fa) =[| max
b,aF - Fa| ae

2max
b,a

a
max

b,a ]
]F[

)FF( −  (5.5) 

is used to represent the axial yield curve.  From Eq. (5.4), the axial force “seeks” the 

bounding force in an asymptomatic manner.  The axial stiffness exponent, ea, controls 

the rate at which the bounding force is reached. If ea = 0, then the axial stiffness 

remains constant. 

 Apply dynamic loading and boundary conditions, the base of the model is 

considered to be flexible.  The closed-form solution for crack slip as a function of 

time, as derived by Day (1985) is given by: 
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and : r = (x2+h2)1/2, distance from the point source to the point on the crack where the 

slip is monitored; H(τ)=step function; τ= t-(r/α); mo=source strength; α= velocity of 

pressure wave; β= velocity of shear wave; ρ= density; ηα=(α-2-p2)1/2, Re ηα≥0; ηβ=(α-

2 -p2)1/2, Re ηβ≥0; γ= dimensionless bonding parameter. 

 The solution for the displacement due to a center of dilation in an infinite 

medium (Achenbach, 1975) is described by: 
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where r2=x2+y2+z2; Cp=P-wave velocity; and f(t)=source time history. 

 Over 200 discrete element models are constructed to represent various 

opening depths and joint spacing ratios.  The joint friction angle and cohesion used in 

the simulations are 26° and 0.053 kPa.  UDEC simulation results are shown in 

Appendix C.  Table 5.1 summarizes the simulation parameters.  Joint angles are 0 

and 90º, depth varies from 12 to 76 cm, and spans vary from 8 to 24 cm.  After 

several trials (by varying opening widths) the maximum unsupported span can be 

determined for each opening depth and joint spacing ratio.  Figures 5.1 and 5.2 shows 

examples of rock blocks failure of shallow opening for joint spacing ratios of 1:1 and 

1:3 with physical model tests under static condition. 

 The maximum spans are plotted as a function of depth.  The UDEC results are 

compared with those observed from the physical models under static loading for joint 

spacing ratio of 1:3 to 3:1 in Figure 5.3.  UDEC simulation gives smaller maximum 

span than do the test model for static acceleration of 0.225 g as shown in Figure 5.4. 

The UDEC simulations show the increasing trends of the maximum span with 

depth, which are similar to those observed from the test models.  For all cases the 

predicted maximum spans slightly under-estimate the test results.  The largest 

discrepancies are less than 20%.  This is probably because the block models in the 

discrete element analyses are perfectly shaped with identical joint properties while in 

the test models the block shapes are not perfect and the frictional strength is unlikely 

to be identical for all contacts (joint surfaces).  As a result the rock blocks constructed 
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in the UDEC models can slide more easily than those tested in the physical models, 

and hence yield a slightly narrower maximum unsupported span. 

 

Table 5.1  Summary of UDEC simulations for shallow opening.  The sandstone 

blocks have ψb=26º, c=53 Pa, and γr=2.38 kN/m3, under 14000 cycles. 

Testing 
Condition 

Joint 
Spacing 
Ratios 

Depth 
(cm) 

Maximum 
Span  
(cm) 

No. of 
Simula-

tions 

Static 
Accelera-
tions (g) 

Times of 
failure  

(×10-1sec) 
1:3 24-72 8-20 5 - 2.09-2.11 
1:2 16-96 8-24 11 - 2.01-2.02 
1:1 8-72 4-20 17 - 1.54-1.77 
2:1 12-56 8-16 11 - 1.78-1.95 

Static 

3:1 32-76 12-36 17 - 1.91-2.54 
11 0.132 2.12-2.21 

1:3 32-76 8-20 
11 0.225 2.01-2.22 
7 0.132 1.54-1.77 

1:2 48-96 8-16 
7 0.225 1.78-1.95 
7 0.132 1.94-2.62 

1:1 36-72 8-16 
7 0.225 2.19-2.32 
10 0.132 2.01-2.02 

2:1 20-56 8-16 
10 0.225 1.34-1.76 
7 0.132 1.58-2.05 

Dynamic 

3:1 24-96 8-20 
7 0.225 1.91-2.54 
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Figure 5.1  UDEC simulation results for joint spacing ratios of 1:1 (a), 2:1 (b)  and 

3:1 (c) under static condition. 
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Figure 5.2  UDEC simulation results for joint spacing ratios of 1:2 (a) and 1:3 (b) 

under static condition. 
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Figure 5.3  Comparisons of UDEC simulations with test models for various 

spacing ratios. 
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Figure 5.4  Comparisons of UDEC simulations with test models under pseudo-

static acceleration of 0.225 g. 



CHAPTER VI 

DISCUSSIONS, CONCLUSIONS, AND 

RECOMMENDATIONS FOR FUTURE STUDIES 

6.1 Discussions 

 The maximum spans predicted by the physical model increase with the 

opening depth and joint spacing.  This is also supported by the UDEC simulation 

results.  Despite the discrepancies and the limitation of the proposed empirical 

equations, as a minimum, the physical model predictions can give a lower bound for 

the maximum unsupported span for shallow openings in rock mass, under similar rock 

strengths and joint conditions as tested here.  The physical model results yield empirical 

relations between the maximum unsupported span and depth for shallow openings.  

The physical model test results clearly indicate that the maximum unsupported span 

of shallow openings is controlled by the spacing and orientation of joints, SV:SH ratio, 

and depth.  The smaller the SV:SH ratio, the larger the maximum span.  The tested 

maximum span increases with depth and approaches an ultimate value for each joint 

spacing ratio, which conforms to the simulation results from discrete element 

analyses.  It is believed that such similar behavior occurs in actual in-situ conditions, 

which however can not be described by the RMR and Q systems of rock mass 

classification.  The effect of the pseudo-static accelerations tends to be more 

pronounced under a larger SV:SH ratio.  The dynamic impact however gradually 

reduces with depth, as evidenced by the fact that the observed maximum spans under 
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both pseudo-static accelerations are close to those tested under static condition when 

the normalized depth, D/SH, approaches 25. 

 
6.2 Conclusions 

 A test platform is used in the simulations of scaled-down shallow opening 

models comprising sets of cubical and rectangular sandstone blocks.  True 

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

during video playback reveal that for roof rocks movement the failure is felled into 

opening.  Physical model simulations have been performed to determine the effects 

of depth, joint spacing and orientation on the maximum unsupported span of shallow 

underground openings under static and dynamic loads.  Cubical and rectangular 

blocks of Phu Phan sandstone are arranged in vertical and horizontal test frame to 

simulate a two-dimensional representation of single rectangular openings in rock 

mass with two mutually perpendicular joint sets.  Under the same depth and joint 

spacing ratio, inclination of the joint angles from 0° to 45° can reduce the maximum 

span by up to 20%.  The horizontal pseudo-static accelerations of 0.132 g and 0.225 g 

can significantly reduce the maximum unsupported span for shallow openings.  Up to 

50% reduction of the maximum opening span resulted for the acceleration of 0.225 g.  

The test results under both static and dynamic loading compare reasonably well with 

those calculated from discrete element analyses using the UDEC code. 

 
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.  Since the models 

are simulated under very simplified conditions of joints and stress states with a 
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narrow range of test parameters, care should be taken in extrapolating these relations 

to actual in-situ openings under greater depths or under complex joint conditions and 

stress states.  Additional test results obtained from opening models with larger 

blocks, probably up to 16×16 cm, and with smaller blocks, 2×2 cm, would provide a 

clearer indication of the effect of joint spacing on shallow opening stability.  More 

testing is required to assess the effects of surface roughness, joint orientations, 

number of joint sets, effect of lateral load, and static acceleration.  Studying the 

impact of joint roughness determined from the physical test models is also desirable.  

It would reveal 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.  The impact of joint infilling such as sand clay and 

silt should be simulated. 
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APPENDIX A 

RESULTS OF SHALLOW OPENING UNDER STATIC 

CONDITION 
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Table A-1  Test parameters and results for 4×4 cm block sizes or joint spacing ratio 

equal to 1:1 under static condition. 

Model Depth, D 
(cm) 

D/SH Maximum 
span, W (cm) 

W/SV Results 

H5C1 16 4 4 1 Stable 
H5C2 16 4 8 2 Stable 
H5C3 16 4 12 3 Failure 
Hr3C1 52 13 4 1 Stable 
Hr3C2 52 13 8 2 Stable 
Hr3C3 52 13 12 3 Stable 
Hr3C4 52 13 16 4 Stable 
Hr3C5 52 13 20 5 Failure 
H2C1 76 19 4 1 Stable 
H2C2 76 19 8 2 Stable 
H2C3 76 19 12 3 Stable 
H2C4 76 19 16 4 Stable 
H2C5 76 19 20 5 Stable 
H2C6 76 19 24 6 Failure 

H1C1 96 24 4 1 Stable 

H1C2 96 24 8 2 Stable 

H1C3 96 24 12 3 Stable 

H1C4 96 24 16 4 Stable 

H1C5 96 24 20 5 Stable 

H1C6 96 24 24 6 Stable 

H1C7 96 24 28 7 Failure 
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Table A-2  Test parameters and results for 4×8 cm block sizes or joint spacing 

ratio equal to 1:2 under static condition. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV Results 

R8V-D1-C2 24 3 8 2 Stable 

R8V-D1-C3 24 3 12 3 Failure 
R8V-D2-C4 48 6 16 4 Stable 
R8V-D2-C5 48 6 20 5 Failure 
R8V-D3-C4a 72 9 16 4 Stable 
R8V-D3-C5a 72 9 20 5 Failure 
R8V-D3-C5b 80 10 20 5 Stable 
R8V-D3-C6b 80 10 24 6 Failure 
R8V-D4-C6a 88 11 24 6 Stable 
R8V-D4-C7a 88 11 28 7 Failure 
R8V-D4-C6b 96 12 24 6 Stable 

R8V-D4-C7b 96 12 28 7 Failure 
 

Table A-3  Test parameters and results for 4×8 cm block sizes or joint spacing 

ratio equal to 2:1 under static condition. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV Results 

R8H-D1-C1a 16 4 8 1 Stable 

R8H-D1-C1b 20 5 8 1 Failure 
R8H-D2-C2a 36 9 16 3 Stable 
R8H-D2-C2b 44 11 16 2 Stable 
R8H-D2-C3b 44 11 24 3 Failure 
R8H-D3-C3a 64 16 24 3 Stable 
R8H-D3-C3b 72 18 24 3 Stable 
R8H-D3-C4b 72 18 32 4 Failure 
R8H-D3-C4a 84 21 32 4 Stable 
R8H-D3-C4b 92 23 32 4 Stable 
R8H-D3-C4b 92 23 40 5 Failure 
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Table A-4  Test parameters and results for 4×12 cm block sizes or joint spacing ratio 

equal to 1:3 under static condition. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV Results 

R12V-D1-C3 24 2 12 3 Stable 

R12V-D1-C4 24 2 16 4 Failure 
R12V-D2-C4 48 4 16 4 Stable 
R12V-D2-C5 48 4 20 5 Failure 
R12V-D3a-C5 72 6 20 5 Stable 
R12V-D3a-C6 72 6 24 6 Failure 
R12V-D3b-C5 84 7 20 5 Stable 

R12V-D3b-C6 84 7 24 6 Failure 
 

Table A-5  Test parameters and results for 4×12 cm block sizes or joint spacing ratio 

equal to 3:1 under static condition. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV Results 

R12H-D1-C1a 24 6 12 1 Failure 

R12H-D1-C1b 24 6 12 1 Failure 
R12H-D2-C1 48 12 12 1 Stable 
R12H-D2-C2 48 12 24 2 Failure 
R12H-D3-C1 68 17 12 1 Stable 
R12H-D3-C2 68 17 24 2 Failure 
R12H-D3-C2 92 23 24 2 Stable 

R12H-D3-C3 92 23 36 3 Failure 
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Table A-6  Test parameters and results for joint spacing ratio equal to 1:1, 1:2, 2:1, 1:3, 

and 3:1  under static condition at joint angle = 45�. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV Results 

R4-45-D1-C3 24 8.3 12.2 4.2 Stable 

R4-45-D1-C4 24 8.3 17.8 6.2 Failure 

R4-45-D2-C5 48 16.7 20.4 7.1 Stable 

R4-45-D2-C6 48 16.7 23.6 8.2 Failure 

R4-45-D3-C6 64 22.2 24.2 8.4 Stable 

R4-45-D3-C7 64 22.2 28.0 9.7 Failure 

R4-45-D4-C7 92 31.9 28.1 9.8 Stable 

R4-45-D4-C8 92 31.9 32.0 11.1 Failure 

R8-45-D1-C1 32 5.7 4.0 1.39 Stable 

R8-45-D1-C2 32 5.7 8.0 2.78 Failure 

R8-45-D2-C2 66 11.7 8.0 2.78 Stable 

R8-45-D2-C3 66 11.7 12.0 4.17 Failure 

R8-45-D3-C3 82 14.5 12.0 4.17 Stable 

R8-45-D3-C4 82 14.5 16.0 5.56 Failure 

R12-45-D1a-C1 28 3.3 4.0 1.39 Stable 

R12-45-D1b-C1 32 3.8 4.0 1.39 Failure 

R12-45-D2a-C2 48 5.6 8.0 2.78 Stable 

R12-45-D2b-C2 56 6.6 8.0 2.78 Failure 

R12-45-D3-C2 92 10.8 8.0 2.78 Stable 

R12-45-D3-C3 92 10.8 12.0 4.17 Failure 
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Table B-1  Test parameters and results for joint spacing ratio equal to 1:1 under 

horizontal pseudo-static acceleration of 0.132 g and 0.225 g. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV a (g) Results 

Hr4C1d 33.3 8.3 4.1 1.0 0.132 Stable 

Hr4C2d 33.3 8.3 8.6 2.2 0.132 Failure 
Hs2C4d 70.2 17.6 16.4 4.1 0.132 Stable 
Hs2C5d 70.2 17.6 20.7 5.2 0.132 Failure 
Ht3C3d 57.6 14.4 12.3 3.1 0.132 Stable 
Ht3C4d 57.6 14.4 16.7 4.2 0.132 Failure 
Ht2C4d 78.6 19.7 16.5 4.1 0.132 Stable 
Ht2C5d 78.6 19.7 20.9 5.2 0.132 Failure 
Ht1C5d 98.7 24.7 20.6 5.2 0.132 Stable 

Ht1C6d 98.7 24.7 25.0 6.3 0.132 Failure 
Ha1C4d 82.2 20.6 16.5 4.1 0.225 Stable 
Ha1C5d 82.2 20.6 20.5 5.1 0.225 Failure 
Hb1C1d 41.2 10.3 4.1 1.0 0.225 Stable 
Hb1C2d 41.2 10.3 8.4 2.1 0.225 Failure 
Hb2C2d 57.6 14.4 8.5 2.1 0.225 Stable 
Hb2C3d 57.6 14.4 12.5 3.1 0.225 Failure 
Hb5C5d 94.3 23.6 20.6 5.2 0.225 Stable 

Hb5C6d 94.3 23.6 24.8 6.2 0.225 Failure 
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Table B-2  Test parameters and results for joint spacing ratio equal to 1:2 under 

horizontal pseudo-static acceleration of 0.132 g and 0.225 g. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV a (g) Results 

R8V-D1-C2d 24.8 3.1 8.2 2.1 0.132 Failure 
R8V-D1-C3d 24.8 3.1 12.3 3.1 0.132 Failure 
R8V-D2-C3d 41.0 5.1 12.2 3.1 0.132 Failure 
R8V-D2-C3d 49.1 6.1 8.3 2.1 0.132 Stable 
R8V-D2-C4d 49.1 6.1 12.2 3.1 0.132 Failure 
R8V-D3-C4d 65.4 8.2 16.4 4.1 0.132 Stable 
R8V-D3-C5d 65.4 8.2 20.4 5.1 0.132 Failure 
R8V-D4-C6d 97.6 12.2 20.4 5.1 0.132 Stable 
R8V-D4-C6d 97.6 12.2 24.5 6.1 0.132 Failure 

R8V-D1-C2d 24.5 3.1 8.2 2.1 0.225 Failure 
R8V-D2-C1d 49.0 6.1 4.1 1.0 0.225 Stable 
R8V-D2-C2d 49.0 6.1 8.2 2.1 0.225 Failure 
R8V-D3-C3d 73.5 9.2 12.3 3.1 0.225 Stable 
R8V-D3-C4d 73.5 9.2 16.3 4.1 0.225 Failure 
R8V-D3-C4d 88.0 11.0 16.4 4.1 0.225 Stable 
R8V-D3-C5d 88.0 11.0 20.4 5.1 0.225 Failure 
R8V-D4-C4d 97.5 12.2 16.4 4.1 0.225 Stable 

R8V-D4-C5d 97.5 12.2 20.4 5.1 0.225 Failure 
 

Table B-3  Test parameters and results for joint spacing ratio equal to 2:1 under 

horizontal pseudo-static acceleration of 0.132 g and 0.225 g. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV a (g) Results 

R8H-D1a-C1d 20 5 8 1 0.225 Stable 
R8H-D1b-C1d 24 6 8 1 0.225 Failure 
R8H-D2-C1d 48 12 8 1 0.225 Stable 
R8H-D2-C1d 48 12 8 1 0.225 Failure 
R8H-D3a-C2d 56 14 16 2 0.225 Stable 
R8H-D3b-C2d 72 18 16 2 0.225 Failure 
R8H-D4-C2d 96 24 16 2 0.225 Stable 
R8H-D4-C3d 96 24 24 3 0.225 Failure 
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Table B-4  Test parameters and results for joint spacing ratio equal to 1:3 under horizontal 

pseudo-static acceleration of 0.132 g and 0.225 g. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV a (g) Results 

R12V-D1a-C2d 23.60 1.97 8.40 2.10 0.132 Stable 

R12V-D1a-C3d 23.60 1.97 12.10 3.03 0.132 Failure 
R12V-D1b-C2d 36.60 3.05 8.30 2.08 0.132 Stable 
R12V-D1b-C3d 36.60 3.05 16.10 4.03 0.132 Failure 
R12V-D2a-C3d 47.60 3.97 12.20 3.05 0.132 Stable 
R12V-D2a-C4d 47.60 3.97 16.60 4.15 0.132 Failure 
R12V-D2b-C3d 60.30 5.03 12.20 3.05 0.132 Stable 
R12V-D2b-C4d 60.30 5.03 20.60 5.15 0.132 Failure 
R12V-D3b-C5d 84.50 7.04 20.50 5.13 0.132 Stable 
R12V-D3b-C6d 84.50 7.04 24.70 6.18 0.132 Failure 
R12V-D4-C5d 95.90 7.99 20.40 5.10 0.132 Stable 
R12V-D4-C6d 95.90 7.99 24.80 6.20 0.132 Failure 
R12V-D1-C1d 23.90 1.99 4.0 1.0 0.225 Stable 
R12V-D1-C2d 23.90 1.99 8.1 2.0 0.225 Failure 
R12V-D2-C3d 48.00 4.00 12.3 3.1 0.225 Stable 
R12V-D2-C4d 48.00 4.00 16.2 4.1 0.225 Failure 
R12V-D3-C4d 71.70 5.98 16.4 4.1 0.225 Stable 
R12V-D3-C5d 71.70 5.98 21.3 5.3 0.225 Failure 
R12V-D4-C5d 95.80 7.98 20.9 5.2 0.225 Stable 
R12V-D4-C6d 95.80 7.98 24.1 6.0 0.225 Failure 

 

Table B-5  Test parameters and results for joint spacing ratio equal to 3:1 under horizontal 

pseudo-static acceleration of 0.132 g and 0.225 g. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV a (g) Results 

R12H-D1b-C1d 36 9 12 1 0.132 Stable 
R12H-D2-C1d 56 14 12 1 0.132 Stable 
R12H-D2-C2d 56 14 24 2 0.132 Failure 
R12H-D3-C3d 76 19 12 1 0.132 Stable 
R12H-D3-C3d 76 19 24 2 0.132 Failure 
R12H-D4-C4d 100 25 24 2 0.132 Stable 
R12H-D4-C4d 100 25 36 3 0.132 Failure 
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Table B-6  Test parameters and results for joint spacing ratio equal to 1:1, 1:2, 2:1, 1:3, 

and 3:1  under horizontal pseudo-static acceleration of 0.132 g at joint angle = 

45�. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV a (g) Results 

R4-45-D1-C3d 40.0 7.1 12.2 2.2 0.132 Stable 

R4-45-D1-C4d 40.0 7.1 16.0 2.8 0.132 Failure 

R4-45-D2-C5d 60.0 10.6 20.3 3.6 0.132 Stable 

R4-45-D2-C6d 60.0 10.6 24.0 4.2 0.132 Failure 

R4-45-D3-C6d 76.0 13.4 24.2 4.3 0.132 Stable 

R4-45-D3-C7d 76.0 13.4 28.0 4.9 0.132 Failure 

R4-45-D4-C7d 92.0 16.3 28.0 4.9 0.132 Stable 

R4-45-D4-C8d 92.0 16.3 32.0 5.7 0.132 Failure 

R12-45-D1-C2d 40.0 7.1 8.1 1.4 0.132 Stable 

R12-45-D1-C3d 40.0 7.1 12.0 2.1 0.132 Failure 

R12-45-D2-C3d 56.0 9.9 12.2 2.2 0.132 Stable 

R12-45-D2-C4d 56.0 9.9 16.3 2.9 0.132 Failure 

R12-45-D3-C4d 72.0 12.7 16.4 2.9 0.132 Stable 

R12-45-D3-C5d 72.0 12.7 20.2 3.6 0.132 Failure 

R12-45-D4-C6d 88.0 15.6 24.2 3.6 0.132 Stable 

R12-45-D4-C7d 88.0 15.6 28.0 4.9 0.132 Failure 
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Table B-7  Test parameters and results for joint spacing ratio equal to 1:1, 1:2, 2:1, 1:3, 

and 3:1  under horizontal pseudo-static acceleration of 0.225 g at joint angle = 

45�. 

Model 
Depth, D 

(cm) D/SH 
Maximum 
span, W 

(cm) 
W/SV a (g) Results 

R4-45-D1a-C1d 36.0 6.6 4.0 0.7 0.225 Stable 

R4-45-D1b-C2d 40.0 7.1 8.0 1.4 0.225 Failure 

R4-45-D2-C3d 60.0 10.6 12.0 2.1 0.225 Stable 

R4-45-D2-C4d 60.0 10.6 16.0 2.8 0.225 Failure 

R4-45-D3-C5d 76.0 13.4 20.0 3.3 0.225 Stable 

R4-45-D3-C6d 76.0 13.4 24.0 4.2 0.225 Failure 

R4-45-D4-C6d 92.0 16.3 24.0 4.2 0.225 Stable 

R4-45-D4-C7d 92.0 16.3 28.0 4.9 0.225 Failure 

R8-45-D1a-C2d 28.5 5.0 6.7 1.2 0.225 Stable 

R8-45-D1b-C2d 34.3 6.2 6.8 1.2 0.225 Failure 

R8-45-D2-C2d 66.0 11.7 6.8 1.2 0.225 Stable 

R8-45-D2-C4d 66.0 11.7 16.2 2.9 0.225 Failure 

R8-45-D3-C5d 82.0 14.5 20.1 3.6 0.225 Stable 

R8-45-D3-C6d 82.0 14.5 24.3 4.3 0.225 Failure 

R12-45-D1-C2d 40.0 7.1 8.0 1.4 0.225 Stable 

R12-45-D1-C3d 40.0 7.1 12.0 2.1 0.225 Failure 

R12-45-D2-C3d 52.0 9.2 12.0 2.1 0.225 Stable 

R12-45-D2-C4d 52.0 9.2 16.0 2.8 0.225 Failure 

R12-45-D3-C4d 64.0 11.3 16.0 2.8 0.225 Failure 

R12-45-D3-C5d 64.0 11.3 20.0 3.5 0.225 Failure 

R12-45-D4-C4d 88.0 15.6 16.0 2.8 0.225 Stable 

R12-45-D4-C5d 88.0 15.6 20.0 3.5 0.225 Failure 

R12-45-D4-C6d 88.0 15.6 24.0 4.2 0.225 Failure 
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Table C-1.  UDEC simulation results for shallow opening of sandstone blocks under 

static condition at ψb=26º, c=53 Pa, and γr=2.38 kN/m3. 

Model of 
Simulation 

Joint 
Spacing 
Ratios 

Depth 
(cm) 

Maximum 
Span 
(cm) 

No. of 
Cycle 

Times of 
Simulation 
(×10-1sec) 

Stability 

R4-D1-C1d 1:1 8 4 12000 1.52 Stable 
R4-D2-C1d 1:1 12 4 12000 1.52 Stable 
R4-D3-C1d 1:1 16 4 12000 1.54 Stable 
R4-D3-C2d 1:1 16 8 12000 1.53 Failure 
R4-D4-C1d 1:1 20 4 12000 1.57 Stable 
R4-D4-C2d 1:1 20 8 12000 1.58 Failure 
R4-D5-C2d 1:1 24 8 12000 1.53 Stable 
R4-D5-C3d 1:1 24 12 12000 1.57 Failure 
R4-D6-C2d 1:1 28 8 12000 1.56 Stable 
R4-D6-C3d 1:1 28 12 12000 1.59 Failure 
R4-D7-C2d 1:1 32 8 12000 1.58 Stable 
R4-D7-C3d 1:1 32 12 12000 1.58 Failure 
R4-D8-C2d 1:1 36 8 12000 1.53 Stable 
R4-D8-C3d 1:1 36 12 12000 1.57 Failure 
R4-D9-C2d 1:1 40 8 12000 1.56 Stable 
R4-D9-C3d 1:1 40 12 12000 1.59 Failure 
R4-D9-C2d 1:1 44 8 12000 1.57 Stable 
R4-D9-C3d 1:1 44 12 12000 1.58 Failure 
R4-D9-C3d 1:1 48 12 12000 1.58 Stable 
R4-D9-C4d 1:1 48 16 12000 1.57 Failure 
R4-D9-C3d 1:1 52 12 12000 1.56 Stable 
R4-D9-C4d 1:1 52 16 12000 1.63 Failure 
R4-D9-C3d 1:1 56 12 12000 1.65 Stable 
R4-D9-C4d 1:1 56 16 12000 1.71 Failure 
R4-D9-C3d 1:1 60 12 12000 1.79 Stable 
R4-D9-C4d 1:1 60 16 12000 1.75 Failure 
R4-D9-C3d 1:1 64 12 12000 1.74 Stable 
R4-D9-C4d 1:1 64 16 12000 1.78 Failure 
R4-D9-C4d 1:1 68 16 12000 1.78 Stable 
R4-D9-C5d 1:1 68 20 12000 1.77 Failure 
R4-D9-C4d 1:1 72 16 12000 1.75 Stable 
R4-D9-C5d 1:1 72 20 12000 1.77 Failure 
R8V-D1-C1d 1:2 16 4 14000 1.72 Stable 
R8V-D1-C2d 1:2 16 8 14000 1.72 Failure 
R8V-D2-C1d 1:2 24 4 14000 1.78 Stable 
R8V-D2-C2d 1:2 24 8 14000 1.78 Failure 
R8V-D3-C2d 1:2 32 8 14000 1.84 Stable 
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Table C-1.  UDEC simulation results for shallow opening of sandstone blocks under 

static condition at ψb=26º, c=53 Pa, and γr=2.38 kN/m3.  (cont.) 

Model of 
Simulation 

Joint 
Spacing 
Ratios 

Depth 
(cm) 

Maximum 
Span 
(cm) 

No. of 
Cycle 

Times of 
Simulation 
(×10-1sec) 

Stability 

R8V-D3-C3d 1:2 32 12 14000 1.84 Failure 
R8V-D4-C2d 1:2 40 8 14000 2.03 Stable 
R8V-D4-C3d 1:2 40 12 14000 2.01 Failure 
R8V-D5-C3d 1:2 48 12 14000 2.01 Stable 
R8V-D5-C4d 1:2 48 16 14000 2.01 Failure 
R8V-D6-C3d 1:2 56 12 14000 2.00 Stable 
R8V-D6-C4d 1:2 56 16 14000 2.01 Failure 
R8V-D7-C3d 1:2 64 12 14000 2.00 Stable 
R8V-D7-C4d 1:2 64 16 14000 2.03 Failure 
R8V-D8-C3d 1:2 72 12 14000 2.01 Stable 
R8V-D8-C4d 1:2 72 16 14000 2.01 Failure 
R8V-D9-C4d 1:2 80 16 14000 2.01 Stable 
R8V-D9-C5d 1:2 80 20 14000 2.00 Failure 
R8V-D10-C4d 1:2 88 16 14000 2.01 Stable 
R8V-D10-C5d 1:2 88 20 14000 2.00 Failure 
R8V-D10-C5d 1:2 96 20 14000 2.03 Stable 
R8V-D10-C6d 1:2 96 24 14000 2.02 Failure 
R8H-D1-C1d 2:1 12 8 13000 1.74 Stable 
R8H-D2-C2d 2:1 16 8 13000 1.75 Stable 
R8H-D3-C3d 2:1 20 8 13000 1.78 Stable 
R8H-D4-C4d 2:1 24 8 13000 1.75 Failure 
R8H-D5-C5d 2:1 28 8 13000 1.73 Failure 
R8H-D6-C6d 2:1 32 8 13000 1.75 Stable 
R8H-D6-C6d 2:1 32 16 13000 1.78 Failure 
R8H-D7-C7d 2:1 36 8 13000 1.75 Stable 
R8H-D7-C7d 2:1 36 16 13000 1.73 Failure 
R8H -D7-C8d 2:1 40 8 13000 1.75 Stable 
R8H -D7-C8d 2:1 40 16 13000 1.73 Failure 
R8H -D8-C8d 2:1 44 8 13000 1.78 Stable 
R8H -D8-C8d 2:1 44 16 13000 1.75 Failure 
R8H -D9-C9d 2:1 48 8 13000 1.75 Stable 
R8H -D9-C9d 2:1 48 16 13000 1.78 Failure 
R8H -D10-C10d 2:1 52 8 13000 1.75 Stable 
R8H -D10-C10d 2:1 52 16 13000 1.74 Failure 
R8H -D11-C11d 2:1 56 8 13000 1.78 Stable 
R8H -D11-C11d 2:1 56 16 13000 1.75 Failure 
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Table C-1.  UDEC simulation results for shallow opening of sandstone blocks under 

static condition at ψb=26º, c=53 Pa, and γr=2.38 kN/m3.  (cont.) 

No. of  
simulation 

Joint 
Spacing 
Ratios 

Depth 
(cm) 

Maximum 
Span 
(cm) 

No. of 
Cycle 

Times of 
Simulation 
(×10-1sec) 

Stability 

R12V-D1-C1d 1:3 24 4 14000 2.10 Stable 
R12V-D1-C2d 1:3 24 8 14000 2.08 Failure 
R12V-D2-C2d 1:3 36 8 14000 2.07 Stable 
R12V-D2-C3d 1:3 36 12 14000 2.09 Failure 
R12V-D3-C2d 1:3 48 8 14000 2.07 Stable 
R12V-D3-C3d 1:3 48 12 14000 2.08 Failure 
R12V-D4-C3d 1:3 60 12 14000 2.07 Stable 
R12V-D4-C4d 1:3 60 16 14000 2.09 Failure 
R12V-D5-C4d 1:3 72 16 14000 2.08 Stable 
R12V-D5-C5d 1:3 72 20 14000 2.09 Failure 
R12H-D1-C1d 3:1 32 12 12000 1.86 Stable 
R12H-D2-C1d 3:1 36 12 12000 1.87 Stable 
R12H-D3-C1d 3:1 40 12 12000 1.86 Failure 
R12H-D4-C1d 3:1 44 12 12000 1.85 Failure 
R12H-D5-C1d 3:1 48 12 12000 1.86 Failure 
R12H-D6-C1d 3:1 52 12 12000 1.85 Stable 
R12H-D6-C2d 3:1 52 24 12000 1.84 Failure 
R12H-D7-C1d 3:1 56 12 12000 1.86 Stable 
R12H-D7-C2d 3:1 56 24 12000 1.84 Failure 
R12H-D8-C1d 3:1 60 12 12000 1.86 Stable 
R12H-D8-C2d 3:1 60 24 12000 1.85 Failure 
R12H-D9-C1d 3:1 64 12 12000 1.86 Stable 
R12H-D9-C2d 3:1 64 24 12000 1.85 Failure 
R12H-D10-C1d 3:1 68 12 12000 1.84 Stable 
R12H-D10-C2d 3:1 68 24 12000 1.86 Failure 
R12H-D11-C1d 3:1 72 12 12000 1.84 Stable 
R12H-D11-C2d 3:1 72 24 12000 1.86 Failure 
R12H-D12-C2d 3:1 76 24 12000 1.85 Stable 
R12H-D12-C3d 3:1 76 36 12000 1.86 Failure 
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Table C-2.  UDEC simulation results for shallow opening of sandstone blocks under 

dynamic condition at ψb=26º, c=53 Pa, and γr=2.38 kN/m3.  

No. of 
simulation 

Joint 
Spacing 
Ratios 

Depth 
(cm) 

Maximum 
Span 
(cm) 

No. of 
Cycle 

Static 
Accelera-
tions (g) 

Times of 
Simulation 
(×10-1sec) 

Stability 

R4-D9-C1d 1:1 40 4 12000 0.132 1.59 Stable 
R4-D9-C2d 1:1 40 8 12000 0.132 1.58 Failure 
R4-D9-C1d 1:1 48 4 12000 0.132 1.58 Stable 
R4-D9-C2d 1:1 48 8 12000 0.132 1.53 Failure 
R4-D9-C3d 1:1 56 12 12000 0.132 1.57 Stable 
R4-D9-C4d 1:1 56 16 12000 0.132 1.56 Failure 
R4-D9-C3d 1:1 60 12 12000 0.132 1.59 Stable 
R4-D9-C4d 1:1 60 16 12000 0.132 1.57 Failure 
R4-D9-C4d 1:1 64 16 12000 0.132 1.58 Stable 
R4-D9-C5d 1:1 64 20 12000 0.132 1.53 Failure 
R4-D9-C5d 1:1 68 20 12000 0.132 1.57 Stable 
R4-D9-C6d 1:1 68 24 12000 0.132 1.56 Failure 
R4-D1-C1d 1:1 40 4 12000 0.225 1.57 Stable 
R4-D1-C2d 1:1 40 8 12000 0.225 1.58 Failure 
R4-D2-C1d 1:1 44 4 12000 0.225 1.53 Stable 
R4-D2-C2d 1:1 44 8 12000 0.225 1.57 Failure 
R4-D3-C1d 1:1 48 4 12000 0.225 1.56 Stable 
R4-D3-C2d 1:1 48 8 12000 0.225 1.59 Failure 
R4-D4-C1d 1:1 52 4 12000 0.225 1.58 Stable 
R4-D4-C2d 1:1 52 8 12000 0.225 1.58 Failure 
R4-D5-C2d 1:1 56 8 12000 0.225 1.53 Stable 
R4-D5-C3d 1:1 56 12 12000 0.225 1.57 Failure 
R4-D6-C2d 1:1 60 8 12000 0.225 1.56 Stable 
R4-D6-C3d 1:1 60 12 12000 0.225 1.59 Failure 
R4-D7-C2d 1:1 64 8 12000 0.225 1.57 Stable 
R4-D7-C3d 1:1 64 12 12000 0.225 1.58 Failure 
R4-D8-C2d 1:1 68 8 12000 0.225 1.58 Stable 
R4-D8-C3d 1:1 68 12 12000 0.225 1.57 Failure 
R4-D9-C3d 1:1 72 12 12000 0.225 1.56 Stable 
R4-D9-C4d 1:1 72 16 12000 0.225 1.63 Failure 
R8V-D1-C2d 1:2 24 8 14000 0.132 2.03 Stable 
R8V-D2-C1d 1:2 48 4 14000 0.132 2.01 Stable 
R8V-D2-C2d 1:2 48 8 14000 0.132 2.01 Failure 
R8V-D3-C3d 1:2 72 12 14000 0.132 2.01 Stable 
R8V-D3-C4d 1:2 72 16 14000 0.132 2.00 Failure 
R8V-D3-C4d 1:2 88 16 14000 0.132 2.01 Stable 
R8V-D3-C5d 1:2 88 20 14000 0.132 2.01 Failure 
R8V-D4-C4d 1:2 96 16 14000 0.132 2.01 Stable 
 



 94 

Table C-2.  UDEC simulation results for shallow opening of sandstone blocks under 

dynamic condition at ψb=26º, c=53 Pa, and γr=2.38 kN/m3. (cont.) 

No. of 
simulation 

Joint 
Spacing 
Ratios 

Depth 
(cm) 

Maximum 
Span 
(cm) 

No. of 
Cycle 

Static 
Accelera
-tions (g) 

Times of 
Simulation 
(×10-1sec) 

Stability 

R8V-D4-C5d 1:2 96 20 14000 0.132 2.01 Failure 
R8V-D1-C1d 1:2 24 4 14000 0.225 2.03 Stable 
R8V-D2-C1d 1:2 48 4 14000 0.225 2.01 Stable 
R8V-D2-C2d 1:2 48 8 14000 0.225 2.01 Failure 
R8V-D3-C2d 1:2 72 8 14000 0.225 2.01 Stable 
R8V-D3-C3d 1:2 72 12 14000 0.225 2.00 Failure 
R8V-D3-C3d 1:2 88 12 14000 0.225 2.01 Stable 
R8V-D3-C4d 1:2 88 16 14000 0.225 2.01 Failure 
R8V-D4-C3d 1:2 96 12 14000 0.225 2.01 Stable 
R8V-D4-C4d 1:2 96 16 14000 0.225 2.01 Failure 
R8H-D1a-C1d 2:1 48 8 14000 0.132 2.01 Stable 
R8H-D1b-C1d 2:1 56 8 14000 0.132 2.01 Failure 
R8H-D2-C2d 2:1 64 16 14000 0.132 2.00 Failure 
R8H-D3-C1d 2:1 72 8 14000 0.132 2.01 Stable 
R8H-D3-C2d 2:1 72 16 14000 0.132 2.01 Failure 
R8H-D4-C1d 2:1 80 8 14000 0.132 2.03 Stable 
R8H-D4-C2d 2:1 80 16 14000 0.132 2.01 Failure 
R8H-D5-C1d 2:1 88 8 14000 0.132 2.03 Stable 
R8H-D5-C2d 2:1 88 16 14000 0.132 2.01 Failure 
R8H-D1a-C1d 2:1 48 8 14000 0.225 2.01 Stable 
R8H-D1b-C1d 2:1 56 8 14000 0.225 2.01 Failure 
R8H-D2-C1d 2:1 64 8 14000 0.225 2.01 Stable 
R8H-D2-C2d 2:1 64 16 14000 0.225 2.00 Failure 
R8H-D3-C1d 2:1 72 8 14000 0.225 2.01 Stable 
R8H-D3-C2d 2:1 72 16 14000 0.225 2.01 Failure 
R8H-D4-C1d 2:1 80 8 14000 0.225 2.03 Stable 
R8H-D4-C2d 2:1 80 16 14000 0.225 2.01 Failure 
R8H-D5-C1d 2:1 88 8 14000 0.225 2.03 Stable 
R8H-D5-C2d 2:1 88 16 14000 0.225 2.01 Failure 
R8H-D6-C1d 2:1 96 8 14000 0.225 2.03 Stable 
R8H-D6-C2d 2:1 96 16 14000 0.225 2.01 Failure 
R12V-D1-C1d 1:3 24 4 12000 0.132 1.86 Stable 
R12V-D1-C2d 1:3 24 8 12000 0.132 1.87 Failure 
R12V-D2-C3d 1:3 48 12 12000 0.132 1.86 Stable 
R12V-D2-C4d 1:3 48 16 12000 0.132 1.85 Failure 
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Table C-2.  UDEC simulation results for shallow opening of sandstone blocks under 

dynamic condition at ψb=26º, c=53 Pa, and γr=2.38 kN/m3.  (cont.) 

No. of 
simulation 

Joint 
Spacing 
Ratios 

Depth 
(cm) 

Maximum 
Span 
(cm) 

No. of 
Cycle 

Static 
Accelera
-tions (g) 

Times of 
Simulation 
(×10-1sec) 

Stability 

R12V-D3-C4d 1:3 56 12 12000 0.132 1.86 Stable 
R12V-D3-C5d 1:3 56 16 12000 0.132 1.85 Failure 
R12V-D4-C5d 1:3 72 16 12000 0.132 1.86 Stable 
R12V-D4-C6d 1:3 72 20 12000 0.132 1.85 Failure 
R12V-D5-C5d 1:3 96 20 12000 0.132 1.84 Stable 
R12V-D5-C6d 1:3 96 24 12000 0.132 1.86 Failure 
R12V-D1-C1d 1:3 24 4 12000 0.225 2.08 Stable 
R12V-D1-C2d 1:3 24 8 12000 0.225 2.08 Failure 
R12V-D1-C2d 1:3 36 8 12000 0.225 2.08 Stable 
R12V-D1-C3d 1:3 36 12 12000 0.225 2.08 Failure 
R12V-D2-C2d 1:3 48 8 12000 0.225 2.08 Stable 
R12V-D2-C3d 1:3 48 12 12000 0.225 2.07 Failure 
R12V-D2-C2d 1:3 60 8 12000 0.225 2.08 Stable 
R12V-D2-C3d 1:3 60 12 12000 0.225 2.09 Failure 
R12V-D3-C3d 1:3 72 12 12000 0.225 2.08 Stable 
R12V-D3-C4d 1:3 72 16 12000 0.225 2.07 Failure 
R12V-D3-C3d 1:3 84 12 12000 0.225 2.08 Stable 
R12V-D3-C4d 1:3 84 16 12000 0.225 2.08 Failure 
R12V-D4-C4d 1:3 96 16 12000 0.225 2.08 Stable 
R12V-D4-C5d 1:3 96 20 12000 0.225 2.07 Failure 
R12H-D1-C1d 3:1 36 12 12000 0.132 1.86 Stable 
R12H-D2-C1d 3:1 48 12 12000 0.132 1.85 Failure 
R12H-D3-C1d 3:1 56 12 12000 0.132 1.86 Stable 
R12H-D3-C2d 3:1 56 24 12000 0.132 1.85 Failure 
R12H-D4-C1d 3:1 72 12 12000 0.132 1.86 Stable 
R12H-D4-C2d 3:1 72 24 12000 0.132 1.85 Failure 
R12H-D5-C1d 3:1 96 12 12000 0.132 1.84 Stable 
R12H-D5-C2d 3:1 96 24 12000 0.132 1.86 Failure 
R12H-D1-C2d 3:1 36 12 12000 0.225 2.08 Stable 
R12H-D2-C3d 3:1 48 12 12000 0.225 2.07 Failure 
R12H-D3-C2d 3:1 56 12 12000 0.225 2.08 Failure 
R12H-D4-C3d 3:1 60 12 12000 0.225 2.09 Failure 
R12H-D6-C3d 3:1 64 12 12000 0.225 2.08 Failure 
R12H-D7-C4d 3:1 72 12 12000 0.225 2.07 Failure 
R12H-D8-C3d 3:1 84 12 12000 0.225 2.08 Stable 
R12H-D8-C4d 3:1 84 24 12000 0.225 2.08 Failure 
R12H-D9-C4d 3:1 96 12 12000 0.225 2.08 Stable 
R12H-D9-C5d 3:1 96 24 12000 0.225 2.07 Failure 
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