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CHAPTER |

INTRODUCTION

1.1 Background of problemsand 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
devicesto alow athree-dimensional simulation for tunnel stability in rock mass under
high stresses (e.g., Sterpi and Cividini, 2004; Li et a., 2005; Liu et a., 2006). Asa
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

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



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
gpan of shallow underground openings under static and dynamic loads. A vertical test
platform will be used to support the rock mass model formed by cubica and
rectangular blocks of Phu Phan sandstone. The models will simulate two-dimensional
sections of single rectangular openings in rock mass with two mutually perpendicul ar
joint sets. The vertica 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,
sampl e collection and preparation, modification of the physical model, physical model
testing, discrete element analyses, comparisons, and thesis writing and presentation.

1.3.1 Literaturereview

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.



1.3.2 Samplecollection and preparation
Rock with uniform texture and properties is selected for the model
testing. The block specimen dimensions primarily are 4x4x4 cm, 4x4x8 cm, and
4x4x12 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 & Fuenkgorn,
2007) is modified for shallow opening simulation in jointed rock mass in
Geomechanical Laboratory in Suranaree University of Technology. The testing space
(areq) isabout 1.2x1.2 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
Shalow 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 Thesiswriting and presentation
All research activities, methods, and results are documented and

compiled in the thesis.



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 modedl is induced by rea 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.

15 Thesiscontents

Chapter | 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 11 summarizes results of the literature review.
Chapter 111 describes the design procedure for physica model modification.
Chapter 1V 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 reviemedaout to improve
an understanding of simulation of shallow opening failure using pddysiodel. The
topics reviewed here include the stability of an underground excavgiionhshear

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

2.2 Thestability 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 Hweistthe
rock and the strength of the rock (Hoek and Brown, 1980). Rock mas#icktion
schemes have been developed for over 100 year. Hoek et al. (200)attatest of
multi-parameter classification schemes (Wickham et al., 1972Ziawski, 1973,
1989, and Barton et al., 1974) were developed from civil engineerggghistories in
which all of the components of the engineering geological chasaaftéihe rock mass
were included.

2.21 Engineeringrock mass classification

Summaries of some engineering rock mass classification invotie
Terzaghi’s rock load classification, classification involvingndtaip time, and rock
quality designation index (RQD). Hoek and Brown (1980) state thatatest

reference to the use of rock mass classification for therdes$iminnel support is in a



paper by Terzaghi (1946) in which in rock loads, carried by sétg| are estimated
on the basis of a descriptive classification. He described vayipes of ground and
based upon his experience in steel-supported railroad tunnels in théé\gssigned
ranges of rock loads for various ground conditions. This very importgoer,pia
which Terzaghi attempted to quantify his experience in such atleayt could be
used by others, has been widely used in tunnelling in north Americaiace it was
published.

The stand-up time for an unsupported span is related to the gofality
the rock mass in which the span is excavation. The significartbe stand-up time
concept is that an increase in the span of the tunnel leadsgnifecant 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 mquadity 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) suggéstedvhen no core
is available but discontinuity traces are visible in surface expsesor exploration
adits, the RQD may be estimated from the number of discontinpéregnit volume.

The suggested relationship for clay-free rock masses is:

RQD =115 -3.3J (1)

where § is the sum of the number of joints per unit length for all jadrgdontinuity)
sets known as the volumetric joint count. Hoek et al. (2000) stateRiQAD is a

directionally dependent parameter and its value may change agnti§i, depending



upon the borehole orientation. The use of the volumetric joint count cguitee
useful in reducing this directional dependence.
2.2.2 Classification of Jointed Rocks

Terzaghi’s (1946) descriptive rock mass classification has beéu use
to estimate rock load for tunnels with steel rib support systeroulti not be adopted
for rock foundations and slopes. Most commonly used and numericallyssggre
rock mass classifications, RMR (Bieniawski, 1973) and Q-sygtanton et al.,
1974) have been developed basically for the stability of tunnelglamde of their
support system.

Bieniawski (1974) introduces the Geomechanical Classification
System that provides a general rock mass rating (RMR) inngeasih rock quality
from O to 100. The rating system is based on experience from shathm&ls in
sedimentary rock. Bieniawski (1989) state that the reason fag thegclassification
system is the ease of use and the versatility in engineprangice. The RMR
system has been calibrated using experience from coalmings,ermgineering
excavation and tunnels at shallow depth. RMR is based upon five besmeber
include uniaxial compressive strength of intact rock material, rock quastgrdsion
(RQD), ground water conditions, joint or discontinuity spacing, and joint
characteristics. A sixth parameters, orientation of joiras, lse used for specific
application in tunnlling, mining and for foundations (Toyra, 2004).

The Q system or the Rock Mass Quality-system creatdlaton et
al. (1974) was developed at the Geotechnical Institute of Norwggating of the
Q-system has taken place on several occasions and was in 1993 basedl@®@ve

case records. The original parameters of the Q systemnlearee been changed, but



the rating for the stress reduction factor (SRF) has beerealby 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.ttémp to compare them

was proposed by Bieniawski (1976).

RMR =9logQ + 44 (2)

Milne et al. (1998) discussed some of the potemtrablems when
using the Q and RMR systems. The problems that eagnbountered are outlined
below:

a) More than one relationship has been suggested for relatingpaicing to
RQD. These approaches do not all agree and the users should ushancoee
method. An estimate within 5% is more than adequate for RQD.

b) Practitioners sometimes estimate one classification hed terive a
second classification from empirical relationships. Relatingn@ RMR makes for
an interesting comparison between classifications and may impwe
understanding of the rock mass, however, the two systems should alevdgsived
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 erhgesign
methods. The user must be sure that the classification sysedn matches the

approach taken for the development of the empirical design method.



d) Mining applications of the Q and RMR system have tended tpligim
classification systems to only included factors dependent on themass, ignoring
environmental and loading conditions.

Despite their limitations, the reviewed classification systare 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 tunnélfie necessary
condition for the loss of the stability of tunnel roof is the fallofghe key blocks.
Therefore the key point for the analysis of the stabilitthes 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 asta resul
of seismic shaking includes liquefaction, slope instability, and fasfilatement.
Ground failure is particularly prevalent at tunnel portals and inlashaunnels.
Special design considerations are required for cases where dadlung is involved
(Hashash et al., 2001).

Guler et al. (2001) studied repeated dynamic loading, the subjécs study,
is directly linked to seismicity and the effects of seismients. While it is
impossible to quantify exactly the associated movements, rcer&ationships
between magnitude, relative location and induced movements and testdoraes
exist. Owen and Scholl (1981) discussed a review of the pastrparfoe of 127

underground openings during earthquakes indicates that underground structures in
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general are less severely affected than surface structirdee same geographic
location. However, some severe damage, including collapse, has dpEeted.
Stability of tunnels during seismic motion is affected by peabumul motion
parameters, earthquake duration, and type of support, ground conditions, daod in-si
stresses. Siad (2003) considered gravity and inertial forcesogedeln the rock
mass by the passage of seismic waves are the exteroes.foiThe rock mass is
crossed by two sets of fractures which are considered to be planar andrger$isee
stability factor is very sensitive to variations of horizon&ksnic coefficient. It is
reduced due to seismic effect. However, the value flattersici®n angle of
fracture increases. Daisuke et al. (2003) state that gsnewraiierground caverns are
highly resistant to earthquake. However, the underground cavern fpulthie use
will be constructed in the ground with shallow overburden for conveniginaecess
to the cavern. Therefore, in construction of underground rock cavern,nicd uof
earthquake must be considered.

Stiros and Kontogianni (2009) studied the Coulomb stress changes from
earthquakes to underground excavation failutegidence from shallow tunnels and
mines indicates that, in certain cases, deformation and faitareot confined to the
vicinity of the excavation front, as is widely believed.

There are some researchers studied earthquake retatddms such as fault
rupture mechanism, seismic site effects, and ratlctstre interaction by earthquake
modeling laboratory (e.g. Brune and Anooshehpoor, 1991; Nadaet al., 1998;
Hashimoto and Matsu’ura, 2000; Ohtani et al., 2003; Pakibad areevand, 2005) and

computer simulation (e.g. Matsu'ura et al., 2002; Kiralgt2003; 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 eventg ctospace and time to
other previous earthquakes, has been modeled both by statistical asidalphy
processes. They state that the new model incorporating theegdhgencept of the
rate-and-state theory performs not worse than the purely stochastel with two
free parameters only.

The examples of horizontal ground acceleration that they hadt atfec
geotechnical engineering works as; the Dead Sea valley and Masaida bedrock
have been classified as a region in which earthquake induced peantadrground
acceleration (PGA) exceeding 0.2 g. The deep bedrock eaatieh certainly
exceeding 0.1 g and probably even exceeding 0.2 g (Hdtabr 2004). The Western
Alboran Basin earthquake induced ground acceleratimteeen 0.16 and 0.43 g
(Baraza et al., 1992). Silva et al., 2006 state ttiathorizontal ground acceleration
varied from 0.07 g — 0.16 g for the Neotectonic fatithe Gbraltar Strait tunnel area,
Bolonia Bay (South Spain). Peak horizontal grourekkerations measured in the area
Loma Prieta earthquake ranged between 0.1 and 0.25 g (EER)),

Hatzon et al. (2004) analyzed dynamic stability of jointed rockes using
the DDA method. The peak horizontal ground acceleration (PGA)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 amplituakzaleration was
greater at the ground surface than that in the opening the maximurorttaki
acceleration was 250 gal (0.255 g) in the opening when the shakingdedlieration

ranged between 50-70 gal (0.051-0.071 g). Furthermore, the vertical aomelera
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was 225 gal (0.229 g) at the ground surface while it was 160 gal (0.1li63tltg
opening. Jin and Zhang (2008) state that when the horizontal earttespeakeration
are 0.191 and 0.440 g or the longitudinal earthquake acceleration is 0.4d Ihgia
combined action, the initial support of tunnel would be damaged and thdihoagl
would have partial damage.

Barton and Hansteen (1979) used two-dimensional finite element continuum
analyses and discontinuous physical models (20,000 discrete blockg)pared the
deformation resulting from excavation of very large openings.y Vaged both the
joint orientations and the model horizontal stress levels weredvalsome models
were dynamically loaded to simulate earthquakes (0.2-0.7 g). Sthey that high
horizontal stress caused surface heave when joint orientation$awerable for arch
stability. Joint orientations also determined whether the pili@tsveen parallel
openings were in a state of compression or tension. Maugeri @08l0) tested the
failure of a shallow foundation subjected to an acceleration loashaking table
which the peak acceleration of the sine dwell motion was gradually increaseanup fr
+0.1 to £0.35 g. Riley et al. (2006) studied the terrace tunnel approals$)
Wallington by seismic performance. They state that théswadre designed by the
ministry of works and development in the early to mid 1970’s. Agded pseudo
static acceleration of 0.2 g was adopted for the working load @&halyd checked to
ensure ultimate limit capacity at a pseudo static accelaraf 0.25 g. The U.S.
Department of Homeland Security (2005) states that the pea&dieaccelerations
are 0.2 g or less for analyses the effect of earthquake loadmgoncrete dam on a

rock foundation.
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Earthquake intensity scales are designed to describe thes effexzrthquakes
on man, structures, and their surroundings. Although certain instruhmergsbeen
occasionally employed in determination of the severity of shajergy Medvedev,
1953; Richter, 1958; Arias, 1970; Blume, 1970, Trifunac and Brady, 1975; Wald et
al., 1999), a majority of intensity scales used today still reptesabjective
description of human response to shaking and the description of asgdmidtling
damage (e.g. Karim and Yamazaki, 2002; Davenport, 2003).

For historical earthquakes with no seismograph records, seissislagin
estimate the intensity of ground motion from the Mercalli s€Bddble 2.1), using the
information as a kind of crude seismograph. If intensity informasoavailable for
enough different places, a rough estimate of the earthquake magraiude made

(Gendzwill, 2008).

2.4 Previous physical models

Physical test models or scaled-down models have been widalyiugsbe
laboratory to simulate the stability conditions of underground opening®cdk r
masses (Lama and Vutukuri, 1978; Stimpson, 1979; Bakhtar et al., 1986; Adhikar
and Dyskin, 1997). They are commonly used to gain an understandingedfettts
of unique rock characteristics, in-situ stress conditions or openingegeesn(Zhu
and Zhao, 2004).

The simulations usually simplify the actual conditions into twoettisional
problems. Cement mixed with sand, plaster or wooden blocks are consuohlgs
Adhikary and Dyskin (1997) used ilmenite sand and gypsum mixtures fasnhat-

scale models simulating an opening. Recently some researchers hdupeatkve
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Table 21 The intensity of ground motion is estimated from the MercaHiesc

(Adapted from Richter, 1958 and Wald et al, 1999)

M odified
Mercalli
I ntensity

Acceleration

(9)

Description of Intensity Level

<0.0017

Not felt except by a very few under especially favorsa
circumstances.

ble

0.0017

Felt only by a few persons at rest, especially greufioors
of buildings. Delicately suspended objects may gwin

0.014

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

0.014 - 0.03¢

) Felt indoors by many, outdoors by few during the day
night, some awakened. Diss, windows, doors disturb
walls make cracking sound. Sensation like heavy tru
striking building. Standing motor cars rocked noticea

0.039 - 0.091

?Felt by nearly everyone; many awakened. Some disk
windows broken. Unstable objects overturned. Pend
clocks may stop.

VI

0.092 -0.18

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

\1

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 baj

persons driving motorcars.

VI

0.34 -0.65

Damage slight in specially designed structures;
considerable in ordinary substehtuildings with partia
collapse. Damage great in poorly built structures. Fa

Heavy furniture overturned.

0.65-1.24

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

>1.24

Some well-built wooden structures destroyed; most
masonry and frame structures destroyed with foundg
Rails bent.

XI

>1.24

Few, if any (masonry) structures remain standing. Br|
destroyed. Rails bent greatly.

Xl

>1.24

chimneys, factory stacks, columns, monuments, walls.

ize

ck
bly.
nes,
ulum

ght.

dly

designed structures; some chimneys broken. Noticed by

| of

eS;

Damage total. Lines of sight and level distorted. Objects

thrown into the air.
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sophisticated devices to allow a three-dimensional simulatioruforet stability in
rock mass under high stresses.

The modeling results are often compared with those from numerical
simulations, usually by a discrete element analysis, eitheerify 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 residel t
(Figure 2.1 and 2.2) and of finite element simulation. The experimesialts were
obtained from two-dimensional (plane strain) and three-dimensionall tomodels
tested under standard gravity conditions. The laboratory tests havsitvegated by
means of a series of plane strain and three-dimensional figteelt analyses
accounting for the gradual reduction of the shear resistahd¢beocohesionless
medium with increasing plastic strains. They concluded thaadbeted procedure
for strain softening analysis has a potential for applicatmradtual tunnelling
problems. In particular, it could be used to evaluate the minimum rackakure
required for stabilizing the contour of shallow tunnels (2D case) or the minflaigm
pressure necessary to stabilize the tunnel face when excpvitininstance, by
means of an Earth Pressure Balance Machine (3D case).

Li et al. (2005) applied of numerical analysis principles and kdyntdogy
for high fidelity simulation to 3-D physical model tests for wiggeund caverns

(Figure 2.3). The comparison of the two methods showed thatffibet ef the

physical model test was satisfactory, and that some gedlogéak structures are

difficult to simulate numerically and easier to simulate using a physical model
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Figure2.1 Three-dimensional tunnel test: scheme of the pghtion of the experimental
model, with respect to vertical plane through thenel axis, and locations of

the surface settlement transducers h1 to h9 byiSteaCividini (2004).

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

Sterpi and Cividini (2004).



Figure 2.3 Photos of the Xiluodu 3-D geo-mechanical model test platform

(Li et al., 2005).

17
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Ma and Brady (1999) studied the dynamic performance of an underground
excavation in jointed rock under repeated seismic loading. The résuisfield
observations of dynamic behaviour of an underground excavation have been
compared with numerical studies of the rock deformation history. Tbegluded
that the field behaviour shows progressive accumulation of rock dispateand
excavation deformation under successive episodes of dynamic lodtliagpossible
to reproduce the modes of rock response quite well using a disenuérei model of
the rock mass, but the way displacements develop is dependent @mth@aqgdel
used in the analysis. It is suggested that, in rock masses dohbjepteated dynamic
loading, excavation design may need to take account of the praspespeated
episodes of transient loading at the excavation site.

Ren et al. (2006) applied the physical simulation to analyze theefa
mechanism of the wall rock around the goaf and the time efferdatkes of the wall
rock's deformation and the ground's deformation and subsidence. Theyedési
the physical simulating result was more accurately close situ monitoring result
than each of the numerical simulating results.

Genis and Aydan (2002) have used the dynamic shaking table testeas
in modeling of shallow opening. In model test, they used saw-cuttirigcsuof
Ryukyu limestone blocks. The geometry of the openings is recean@M/H=2/3)
and square in cross-section since they are the optimum shapes irofvidwe
existence discontinuity sets and gravitational loading. Four differeonditions
were investigated by considering the orientation of bedding planediscahtinuity

patterns (Figure 2.4). There was no unstable block around the opening ahating
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[

mm accelerometer

(a) Horizontal model (b) 30° Inclined model

mm accelerometer

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

(Continuous joint) (Intermittent joint)

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 tadggorface

slide into the opening as if a rigid block. Figure 2.6 shows the pdstefatate of a
model. They concluded that the stability of shallownopg are strictly depends upon

the relations between the maximum acceleration, discontinuigntation and the
geometry of opening and overburden height. If the inclination of beduarmges
become steeper and the overburden becomes smaller, a mass ohasxlday-
lighting in the opening and extending to the ground surface slid intogéeing.

The amplitude of input acceleration wave to cause such a faslurensistent with

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

Jongpradist et al. (2009) studied the failure belasioock mass around gas
storage cavern with physical model test. They desidghedphysical character of
model test as a silo, 0.1 meter in diameter, 0.2 ntetdr, and the location of the
cavern center is 0.5 m. under the ground surface (F&ydje The rocks are simulated
from mixture of plaster, sand and water. The tasingement is shown in Figure 2.8.
They concluded that the lateral earth pressure coeffiae rest, Ko has strong

influence on the position of the initiation point as otf#d by numerical analyses.

2.5 Numerical models

The numerical analyses, primarily with distinct elementhods$, have been
employed to simulate the stability conditions of underground openingscrei®
element method (DEM) is a common tool for the numerical appraastuty the
effect of dynamic loading on geologic structures. Some melses used DEM for

simulating fracture rock masses (e.g. Souley and Homand, 1996; Gahg2§06;
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Figure 2.5 Horizontal bedded model after test (Genis and Aydan, 2002).

Figure2.6 A post-test view of the model with bedding planes inclined at an angle

of 60° and non-persistent joint (Genis and Aydan, 2002).
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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 distinchetmode
(UDEC) to studied the mechanical behaviour of rock joints. UDIBCa
discontinuous code to simulate fractured rock masses. In UDEC, anasX is
treated as an assemblage of discrete blocks separated by distiestinamely rock
joints (Gong et al., 2005). Jiang et al. (2009) developed an expanded eistiment
method (EDEM) for simulating the crack generation and propagatiotodhe shear
and tension failures in the matrix rock blocks. Hu and Zhao (2005) sedullae
whole deformation and failure process of surrounding rock massesheof
underground cavern project of Heihe River Reservoir in Xi‘anlytysed the 2D
elastoplastic finite element method (FEM). Fakhimi et al. (RG09&ulated the
failure around a circular opening in rock. They concluded that ¢kelts of a
numerical simulation by particle flow code (PECof a model tunnel were in very
good agreement with the experimental test. Cai et al. (2007 xheséast lagrangian
analysis of continua / particle flow code (FLAC/PFC) coupled agpréa simulate
the acoustic emission (AE) activities at other AE sensor imt&tand the results

compare well with the field AE monitoring data.



CHAPTER |11

TEST PLATFORM

3.1 Introduction

A test platform (Pangpetch & Fuenkajorn, 2007) has been modified fan use
the simulation of failure of scaled-down shallow openings under realtational
force. This chapter describes the modifications of the tesbpiattalculation 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 usesl in thi
study. The functional requirements for the test platform are o legst 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, t(3)allow
continuous monitoring of the failure process during testing, and (4) tov all
incorporating the effect of earthquake on the stability condition.

To meet these requirements the test platform coegti8o main components:

a 2.%2.2 m test frame supported by a movable stand. frahge is made of four 5 cm
wide C-shaped steel bars at each side linked wateel plate at each corner (Figures
3.1 through 3.3). A custom-madeZ2m clear acrylic sheet with 10 mm thick is placed
in the front of the frame, while an aluminum plaigh the same size is in the back.
The spacing between the acrylic sheet and the sigtel is 5 cm. It also allows visual

inspection and monitoring of roof rocks movement faiure during the test.
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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 massf{etbdi

from Pangpetch & Fuenkajorn, 2007).
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The test frame can accommodate 4 cm thick rock blocks arrangednsxiemum
depth and width of 1.2 m to simulate a two-dimensional section of shaflenings
in a jointed rock mass. A lateral lithostatic pressure is eppin both sides of the
model using a column of crystal balls. A minimum clearance ofr@.&anaintained
between the front acrylic sheet and rock blocks and between th&lusanum plate
and the rock to ensure that no friction is induced at these interfeapse 3.4 shows
the test platform with block samples loaded inside the test frame.

Steel grooved rollers mounted underneath the stand are usedifuy tester
dynamic loading. The rollers will be placed on a set ofl seks equipped with a
high torque motor and piston to induce a cyclic motion of the entirepkagorm.
The lateral static acceleration can be created and contrbifec@djusting the
frequencies and amplitudes of the piston and speed of the motor.

Figure 3.5 shows the crank arm components used to generate the hlorizonta
acceleration to the test frame. The acceleration at poirgpBesented by a, can be

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

a=Rnd, COSO + ymig COSH — Yo g SiNG (3.1)

where R = radius of wheel, y = length of crack at®g, andwag = angular velocity
of OA and AB, 0 = angle between AO and OBxg = relationship between the
acceleration of points A and B, and T = duratiorflpivheel rotation. The anglé

can be obtained from:
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Block size is 12><4 cm at friction angle = O - S =
i "'Mﬁ

'_; Block size is 12x4 cm at friction angle =48 =

Figure 3.4 Test platform with rock block samples placeddedihe test frame.
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Figure 3.5 Crank arm and flywheel used to induce dynamidilog to the test

platform (Pangpetch & Fuenkajorn, 2007).
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o= sin‘l{—RSine} (3.2)
y

The angular velocity of OA and AB can be calculdtgd

(’OOA f— ﬁ ; O\)AB = M (33)
T y COSO
The relationship between point A and B, ang, is calculated by:
2 cinD vl o
g = Rmg, SINO — yo,g SING (3.4)

y COSO

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

speed of the test platform and the flywheel rotatio

3.3 Calculation of lateral stresses

A lateral lithostatic pressure is applied on badles of the model using a column of
crystal balls with a diameter of 16 mm packed & d¢ap between the model and the test
frame. Bulk density of the pack of crystal balls measured as 2.3 g/cc, which is
comparable to the density of the intact block ai Phan sandstone. Elevated vertical and
lateral stresses can be applied in the test frarsemulate the rock mass behavior under a
great depth. They are not applied here becausestiimly involves opening behavior at
shallow depths as affected by joint system. Fi@uBeshows the key variables defined in
the physical test models. The model height, Herdehes the applied maximum lithostatic

pressure at the bottom of the model which is catledlas 28.0 kPa. The opening depth,
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D, is measured from the opening roof to the topthef model. The maximum
unsupported span, W, corresponds to the maximunbauwf rock blocks removed
before failure occurs. Spacings for the vertical horizontal joint sets are defined as
Sy and § for joint angles of 0° and 90°. For an inclinainj angle the apparent
spacings projected on the vertical and horizontahgs are calculated. The effect of
opening height is not studied here. It is alwagtsegjual to the block height which is
the spacing of the horizontal joints,,Sor each test model. The simulated joint sets
have their strike parallel to the opening axis, dmhce represent a worst case
scenario of the opening stability.
Video camera continuously records the roof rocksvement before failure.

The video playbacks are also very useful to idgnhié 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 openiny mode
simulations. The simulations are made under static and dynamicicosaditThe

opening depths vary from 24 to 96 cm.

4.2 Rock modes

Phu Phan sandstone from Nakhon Ratchasima province has been selected for
use as rock models primarily because it has highly uniform texdemesity and
strength. It is classified as fine-grained quartz sandstore A2k 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. mo for
opening models with two mutually perpendicular joint sets, cubical (4gdA¥d4and
rectangular (44x8 cm and 44x12 cm) shaped sandstone blocks have been prepared.
The cubical blocks are used to simulate joint sets with equalngpachile the
rectangular blocks simulate joint sets with different spacin@siality control has
been carried out to ensure that the geometry of each block megiediieations. 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 kigadieh
and Fuenkajorn, 2007). The cohesion is extremely low which agiteshe results

obtained by Kemthong (2006). He reports that the basiton angle for smooth
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Figure4.1 Nearly 1000 blocks of Phu Phan sandstone prepared for testing and

block size are 4x4, 4x8 and 4x12 cm.
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(saw-cut) surfaces of Phu Phan sandstone is averaged as 32 deigneertually
zero cohesion. The discrepancy of the friction angles is probablyodine intrinsic
variability of the rock and the difference in the ranges of nbfoss used in the

tests. The uniaxial compressive strength of the tested sandst@@el+ 8.5 MPa

and elastic modulus equals to 18.4.1 GPa (Kemthong, 2006).

43 Test Modelsunder Static Condition

The simulations involve two-dimensional of shallow opening formed by
cubical (4x4x4 cm) and rectangular (4x4x8 cm and 4x4x12 cm) blodendétone,
under various maximum unsupported span with the maxiopening depth of 1.2 m.
For the block length from 4 cm to 12 cm tested here using thenwask model width
of 1.2 m is sufficiently large to minimize the edge effect lom results, as suggested
by Zhu and Zhao (2004) that a physical model width should be 10 timategthan
the block size. Deformation and failure of the sandstone blocksamonsidered in
this study (assumed as rigid blocks) because the rock stramgjttitiness 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 condittbrvertical
to horizontal joint spacing ratios (& 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 sandstoeies with
the same dimension. The joint angles of 0 and 90° are fixed ddybstge underneath
rock blocks. For the inclined joint angle of 45°, triangle timbersptaeed on the
steel base to obtain the desired inclination of joint angle (Figugeand 4.3). Rock

block samples are arranged with a maximum height up to 1.2 m. \é@deods are
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taken for a post-test analysis. After all blocks are arcngehe maximum height
and width in the test frame, a rectangular opening is cregtedrbfully removing a
rock block at a pre-defined depth. The blocks adjacent to the openinghosidbex

are then removed one-by-one until movement or failure of the ootk ris visually

observed. The opening width immediately before the failure occuekesn as the
maximum unsupported span. The test is repeated at least 3 timesthendame
condition to ensure the repeatability of the results.

Table 4.1 summarizes the ranges of test parameters and nasddr static
conditions. The observed maximum unsupported spans (W) and their corresponding
depths (D) are normalized by spacings of the vertical and haaizimmts (S and
S4), respectively. Figure 4.4 gives examples of the test modelsafaus opening
depths and joint spacings. Roof collapse occurs when the opening wiggexts
maximum unsupported span. Figures 4.5 and 4.6 plots the normalized maximum
span (W/§) as a function of normalized depth (RYSor various joints spacings. The
results indicate that the maximum span increase¢l depth which can be best
represented by a logarithmic equation. As the demtheases, the maximum span
approaches an ultimate value for each joint spacing (&/Sy). The maximum span
also increases with decreasing Sy ratio, suggesting that it is more sensitive to the
horizontal joint spacing than to the vertical one. sTinieans that the maximum spans
are larger for a smaller joint spacing ratio (sma8eror larger §). This probably
holds true only for the range of the spacing ratiexiusere. For the condition where
S/=S4, an inclination of the two joint sets to 45° resultsnraout 20% decrease in the

maximum span. The
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Figure 4.3 The inclined joint angles are obtained by placing trianglédm at the

bottom of the rock blocks.
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Table4.1 Ranges of test parameters and results under static condition.

S%Z(i:zg Aﬁlgﬁge S | S '\#;;; B?::tr::)' D/Sy Néﬁﬁrfn \ljvm WISy
(Sv/S4) | ment (cm)
11 & (288|288 8| 24-92 4.2-163 16-40 | 2.87.2
83 | 4 | 4 | 21| 1696 4-24 12-28 3-7
120r2:] R [2.88|566] 8 | 2480 4.2-14]1 12-32 | 2.156
1:2 B |8 | 4| 12| 2496 312 12-28 2-7
1:3 or 3:1 2.88 848/ 6 | 28-88 5.1-155 12-32 | 2.1-56
1:3 i | 12| 4| 8| 2484 27 12-24 3-6
2:1 83 8 | 8| 2092 523 8-40 1-5
311 83 | 4 | 12| 8 | 36100 925 12-48 1-4
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Figure 4.4 Examples of physical models showing roof failure after openiighai
exceed their maximum unsupported spans. Top: openings in rock mass
model formed by 4x4 blocks. Bottom: openings in rock mass model

formed by 4x12 blocks.
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Figure4.5 Normalized maximum span (W/Bas a function of normalized depth (R)S

for joint spacing ratios of 1:1 (a), 1:2 (b), and (c) under static condition.
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Figure 4.6 Normalized maximum span (W/Bas a function of normalized depth
(D/Sy) 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 (Wg&hd the

normalized depth (Di§ can be expressed as:

W/S,=A-In(D/S,)-B (1)

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

(Sv/Sy) as follows:

A:O(’A'(S\/ /SH)+BA (2)

B:aB'(Sv /SH)+BB (3)

whereap, Ba, 0g, andfg are empirical constants. Table 4.2 summarizes the numerical
values for Aaa, Ba, B, ag, andpg calculated for some applicable joint spacing ratios.
The empirical relations above can probably represent a lower boundrobitieum
unsupported span for actual shallow openings under similar joint condatonield

stresses.

44 Maximum spans estimated from Q and RMR systems

The maximum unsupported span predicted by the empirical equativedder
from the test models is compared with those estimated fromNHe &d Q systems
of rock mass classification (Hoek and Brown, 1980). The comparisomsaale for
an assumed mine opening at depths (D) ranging from 25, 50, 75 to 100 m. The
empirical equation derived for the test results &#t £m blocks is used in the
comparison. The joint spacings are assumed as 10, 30 and 50 cm. tifigpe ra

parameters used in tRMR and Q classification systems are determined or projected
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Table4.2 Empirical relations obtained from regression analysis on the test results
under static condition. W{S= A:-In(D/Sy) — B, where; A =oa-(S/SH) + Ba;

B =og:(S//Sh) + Pe.

Spacing

Ratio ArraBrI]gce:lr(nent A aa Ba B (17} Bs
(Sv/Su)

11 83 2.76 1.99

1:2 0 2.76 0.02

1:3 o 1.71 | -028 | 260 | -2.89| 128 | -1.02

2:1 83 2.56 3.16

3:1 =3 1.31 1.35

from the relevant conditions used in the test models. The rockimasmpletely
dry, with three sets of slick, planar and open joints (two setslgla@lthe opening
axis, one set normal to the opening axis). The joint orientationeseyra very
unfavorable stability condition. The joints are continuous, having 100% teerss
with no alteration. The joint spacings defined above are used to apptexihe
corresponding RQD’s for this example. The intact rock compressigagth of 62.0
MPa is used, representing the actual strength of Phu Phan sandstone.

Table 4.3 compares the maximum spans estimated from RMR arstegqsy
with those predicted from the physical models using empirgaation from Table
4.2. The physical model predicts the span narrower than the RMR systéps do,
particularly at shallow depths. This is probably due to the higmimaigs of RQD’s
estimated from the joint spacings, leading to a high value foRRivid Q, and
subsequently makes the calculated maximum span larger. Thepdistes become
smaller as the depth increases. At 100 m depth the maximum sparhie 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 indepdndent
the opening depth. This is because the RMR system does not cohsi@dfett of
depth or in-situ stress in the calculation. For the Q system the effect tf stresses
is represented by the stress reduction factor (SRF). tHer8RF is set equal to 1.0
because the openings are at relatively shallow depths. Themomspans predicted
by the physical model can however increase with the opening deptbiinspjacing,

which are probably similar to the actual openinigawor.
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Table 43 Predictions of maximum unsupported spans (W) using empirical

equations and RMR and Q rock mass classification systems.

Depth Assumed W from Q WRfI(/(I)Ir?n W from
Svand§ |RQD| Q | RMR| system* «~ [test model***
M (m) my | T (m)
(m)

0.1 74 1 041| 34 55 4.5 1.3
25 0.3 96 | 0.53| 41 6.1 6.2 3.0
0.5 98 | 0.55| 51 6.2 9.0 4.4
0.1 74 1 041| 34 55 4.5 14
50 0.3 96 | 0.53| 41 6.1 6.2 3.5
0.5 98 | 0.55| 51 6.2 9.0 5.2
0.1 74 | 041 34 5.5 4.5 1.5
75 0.3 96 | 0.53| 41 6.1 6.2 3.8
0.5 98 | 0.55| 51 6.2 9.0 5.7
0.1 74 [ 041| 34 55 4.5 1.6
100 0.3 96 | 0.53| 41 6.1 6.2 4.0
0.5 98 | 0.55| 51 6.2 9.0 6.0

* For Q system of rock mass classification:
W =2.ESR-Q*

ESR = 3.0 (for temporary mine openings), RQD = 100 exp ((9Q/80.1/S),
where $= S,

o-[RQP (% (J_j

J, J, SRF
Jy = 9.0 (for 3 joint sets), & 0.5 (for slick and planar joints), J 1.0 (for no
alteration of joints), ,J= 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 4x4 cm blocks):

W =S, - [2.32:In(D/$) — 0.26]
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45 Test modelsunder dynamic condition

The effects of the pseudo-static acceleration8.5832 g and 0.225 g on the
maximum unsupported span have been experimentslsaed. Only the horizontal
acceleration is simulated here because it has myract on the geological structures
than does the vertical acceleration (Kramer, 1998)e test procedure is similar to
that under static condition. After removing a rddkck at a pre-defined depth a
pseudo static acceleration is applied for one reindf no displacement of the rock
blocks is observed, a block adjacent to the opeamgach side is then removed, and
the acceleration is re-applied. The process isateg until any visible movement or
failure of roof rock is obtained. The opening vimdinmediately before the failure
occurs is taken as the maximum unsupported spaer tinel given acceleration. Over
one hundred models have been simulated under statidition with §:Sy ratios
from 1:3, 1:2, 1:1, 2:1 to 3:1. The opening deptasy from 24 to 96 cm. The test
parameters and results are described in Appendix B.

Table 4.4 summarizes the ranges of the test paeasnand the results under
dynamic loads. Figure 4.7 plot the normalized mmaxn span as a function of
normalized depth for testing under pseudo-stattelacations of 0.132 g and 0.225 g
for joint spacing ratios are 1:1, 1:2, and 1:3. e Bummations of the normalized
maximum span and depth relationship for testingeunmbeudo-static accelerations
are shown in Figures 4.8 and 4.9. Similar to #s¢ tesults under static condition, the
maximum span increases with depth which can berbkesésented by a logarithmic
equation for each joint spacing ratio. Numericales for the empirical constants are
listed in Table 4.5. As the depth increases, thgimum span approaches an ultimate

value. The higher the acceleration applied to e models, the smaller the
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maximum span obtained. The acceleration of 0.22&mgreduce the maximum span
by up to 50%, particularly when thg:Sy ratio is greater than 2:1.

As the depth increases the maximum spans undemdgrioads are close to
those tested under static condition, suggesting tthe impact of dynamic loading
decreases with depth. At shallow depth, a psetataz$orce generated by the cyclic
motion of the test frame may be high enough tocéffely reduce the normal stress at
the rock block contacts. This subsequently redtloeis shearing resistance, resulting
in a relative movement between the rock blocks idhiately above the opening. As
the depth increases, the same magnitude of thelpstatic force may not be high
enough to overcome the applied lateral lithostatiess, and hence have smaller

effect on the shearing resistance at the blockaobsit



Table 4.4 Results of physical models tested under dynaoadd.

50

Spac!ng Block | No. D W Frequency Modifieq
Ratio |Arrange of (cm) D/Sy (cm) WISy (H2) a(g) Mercglll
(Sv/S4) | -ment |Tests Intensity*
11 88 8 140-928-24| 8-24 | 2-6 1.833 | 0.225 VI
<>g<> 8 |40-927-16| 16-32| 3-6 1.429 | 0.132 VI
1:2 or 2:1 % 6 (32-846-15| 8-24 | 14 1.833 | 0.225 VI
12 E 9 124-96 3-12| 8-24 | 2-6 1.429 | 0.132 VI
8 |24-96 3-12| 8-20 | 2-5 1.833 | 0.225 VIl
13 or 31 @@ 9 140-88 7-16| 12-28| 2-5 1.429 | 0.132 VI
9 |40-887-16| 8-24 | 1-3.5] 1.833 |0.226 VI
13 m 12 |24-9¢6 2-8 | 12-24| 3-6 1.429 | 0.132 VI
8 |24-96 2-8 | 8-24| 2-6 1.833 | 0.225 VIl
2:1 ==} 8 [24-966-24| 8-24 | 1-3 1.833 | 0.225 VIl
3:1 == 8 fgc-) 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 icessaof
fallen plaster. Damage slight.
VIl = Damage negligible in building of good design and construction; giight
moderate in well-built ordinary structures; considerable damage in pgmatly
or badly designed structures; some chimneys broken.
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Figure 4.7 Normalized maximum span (W/Bas a function of normalized depth
(D/Sy) for joint spacing ratios of 1:1, 1:2, and 1:3lanacceleration of

0.132 g (a) and 0.225 g (b).
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Table 4.5 Empirical relations obtained from regression gsial on the test results
under dynamics load at a = 0.132 g and 0.225 g,/ W/&:In(D/Sy) — B,

where; A =oa-(S/SH) + Ba; B =ag-(S//SH) + Bs.

Spacing
a . Block
Ratio A oA Ba B op Be
Arrangement
9 | (sis) 0
1:1 &8 3.74 5.54
0132 12 EH 3111 004 28829 295 006
1:3 U 2.38 -1.28
31 =3 3.45 8.11
1:1 B8 4.93 9.65
0.225 | 12 i >49 | 66| 4.60—21 200| 4.06
1:3 - 2.92 -0.02
2:1 =9 2.90 6.34




CHAPTER V

DISCRETE ELEMENT ANALYSES

5.1 Introduction

This chapter describes the method and results of discrete elsimesdtion
for the shallow opening under static and dynamic conditions. The reselts
compared with those of the test model observations to reveal thetabddicof the

numerical simulation and the performance of the physical modeling.

5.2 Discrete element analysis

Discrete element analyses are performed using UDEC ctased] 2004) to
describe the stability conditions of the openings in the physical swodel the
distinct element method, a rock mass is represented as an aseédibtyete blocks.
The dynamic behavior is represented numerically by a timestgpggorithm in
which the size of the timestep is limited by the assumption \hhkicities and
accelerations are constant within the timestep. The calculgberisrmed in the
distinct element method alternate between application of a fasptadement law at
all contacts and Newton’s second law at all blocks.

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

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

LA — (O 4 [ (1+AU2) A (5.2)

The constitutive relations for deformable blocks are used in anmeatal

form. The actual form of the equations is:

Aci =M€, §; +2uA €, (5.3)

where 2, p are the Lame constantas; are the elastic increments of the stress
tensor;Ae; are the incremental straindie = Ae;;+ A€y, is the increment of

volumetric strain; and; is the Kronecker delta function.

The force-displacement models used in UDEC toesgmt axial and shear
behavior are continuous, nonlinear algorithms wemitin terms of stiffness (axial or
shear), the ultimate load capacity and a vyield tionc The force-displacement

relation that describes the axial response is gbyetie following equation.

AFs = Kj|Auy f(Fa) (5.4)

whereAF, is an incremental change in axial foreel, is an incremental change in
axial displacement; Kis the axial stiffness; and ffHs a function describing the
path by which the axial force,Rpproaches the ultimate (or bounding) axial force
Pz

The function
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(R —FR)

f(Fa) =[F}"- FaIW]ea (5.5)

is used to represent the axial yield curve. Fram(k.4), the axial force “seeks” the
bounding force in an asymptomatic manner. Thel axi@ness exponent,econtrols
the rate at which the bounding force is reached, K O, then the axial stiffness
remains constant.

Apply dynamic loading and boundary conditions, tese of the model is
considered to be flexible. The closed-form solutfor crack slip as a function of

time, as derived by Day (1985) is given by:

2 -1/2
Su(xvt) _ ZmOB Re|:pnanﬁ :|(T+Ej ,CflIZH(T) (56)

2
PO R ®

where

R = @-2B°p*)? +4B"n,ngp” + 2B,y

12
p= izl:(T+LjX + i(r +£j Tllzh:l
r o o

and : r = (*+h?)? distance from the point source to the point adtack where the

slip is monitored; H{)=step functionz= t-(r/a)); my=source strengthy= velocity of

12

pressure wave= velocity of shear wavei= density:n.=(a’>p*)*?, Reny=0; ne=(a’

2 212

-p°)~, Reng=0; y= dimensionless bonding parameter.
The solution for the displacement due to a ceofedilation in an infinite

medium (Achenbach, 1975) is described by:
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1 0|1 r
{—I (t—C—p)} (5.7)

u = AP
4ArC, ox; | 1

where f=x*+y*+z*;, C,=P-wave velocity; and f(t)=source time history.

Over 200 discrete element models are construabedepresent various
opening depths and joint spacing ratios. The jmiation angle and cohesion used in
the simulations are 26° and 0.053 kPa. UDEC sitmaresults are shown in
Appendix C. Table 5.1 summarizes the simulatiorap@ters. Joint angles are O
and 90°, depth varies from 12 to 76 cm, and spamg ffom 8 to 24 cm. After
several trials (by varying opening widths) the mmaxim unsupported span can be
determined for each opening depth and joint spa@tg. Figures 5.1 and 5.2 shows
examples of rock blocks failure of shallow openfagjoint spacing ratios of 1:1 and
1:3 with physical model tests under static conditio

The maximum spans are plotted as a function afhdephe UDEC results are
compared with those observed from the physical isagleder static loading for joint
spacing ratio of 1:3 to 3:1 in Figure 5.3. UDE@slationgives smaller maximum
span than do the test model for static acceleratidn225 g as shown in Figure 5.4.

The UDEC simulations show the increasing trendh®@fmaximum span with
depth, which are similar to those observed fromtds models. For all cases the
predicted maximum spans slightly under-estimate tdst results. The largest
discrepancies are less than 20%. This is probadtyause the block models in the
discrete element analyses are perfectly shapedidétitical joint properties while in
the test models the block shapes are not perfecthenfrictional strength is unlikely

to be identical for all contacts (joint surface#)s a result the rock blocks constructed
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in the UDEC models can slide more easily than thested in the physical models,

and hence yield a slightly narrower maximum unsugabspan.

Table 51 Summary of UDEC simulations for shallow openingheTsandstone

blocks havey,=26°, c=53 Pa, ang=2.38 kN/nf, under 14000 cycles.

Testing Joint Denth Maximum | No. of Static Times of
Condition | Spacing (?r?]) Span Simula- |Accelera-| failure
Ratios (cm) tions | tions(g) | (x10%sec)
1:3 24-72 8-20 5 - 2.09-2.11
1:2 16-96 8-24 11 - 2.01-2.02
Static 1:1 8-72 4-20 17 - 1.54-1.77
2:1 12-56 8-16 11 - 1.78-1.9%
3:1 32-76 12-36 17 - 1.91-2.54
_ 11 0.132 2.12-2.21
13 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
Dynamic 11 36-72 8-16 = 0225 519232
_ 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
31 24-96 8-20 7 0.225 1.91-2.54

E=3
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CHAPTER VI
DISCUSSIONS, CONCLUSIONS, AND

RECOMMENDATIONS FOR FUTURE STUDIES

6.1 Discussions

The maximum spans predicted by the physical model increase thet
opening depth and joint spacing. This is also supported by the UDECasonul
results. Despite the discrepancies and the limitatiorthef proposed empirical
eguations, as a minimum, the physical model predictions can giveea lbmund for
the maximum unsupported span for shallow openings in rock onadsr similar rock
strengths and joint conditions as tested here. physical model results yield empirical
relations between the maximum unsupported span and depth for shallowgspeni
The physical model test results clearly indicate that themam unsupported span
of shallow openings is controlled by the spacing and orientatigmnt$, S,:Sy ratio,
and depth. The smaller the:Sy ratio, the larger the maximum span. The tested
maximum span increases with depth and approaches an ultimate vabaeHqgoint
spacing ratio, which conforms to the simulation results from desced¢ment
analyses. It is believed that such similar behavior occuastiral in-situ conditions,
which however can not be described by the RMR and Q systemsclofnmass
classification. The effect of the pseudo-static accelerattengs to be more
pronounced under a largek:Sy ratio. The dynamic impact however gradually

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

the normalized depth, D4iSapproaches 25.

6.2 Conclusions

A test platform is used in the simulations of scaled-down shallowige
models comprising sets of cubical and rectangular sandstone blockse Tru
gravitational force is used to initiate the failure. Observatodrike failure behavior
during video playback reveal that for roof rocks movement the fasufelled into
opening. Physical model simulations have been performed to detehmimdfdcts
of depth, joint spacing and orientation on the maximum unsupported sphallofv
underground openings under static and dynamic loads. Cubical andgutatan
blocks of Phu Phan sandstone are arranged in vertical and horitasttédame to
simulate a two-dimensional representation of single rectangg@nings in rock
mass with two mutually perpendicular joint sets. Under the sapthdnd joint
spacing ratio, inclination of the joint angles from 0° to 45° can recheenbximum
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 openipgto
50% reduction of the maximum opening span resulted for the actaienfD.225 g.

The test results under both static and dynamic loading comgesenably well with

those calculated from discrete element analyses using the UDEC code.

6.3 Recommendationsfor future studies
The physical models tested here have a narrow range of éharglzshape of
the rock blocks used to simulate the joint spacing in the tesefré&since the models

are simulated under very simplified conditions of joints and stregesswith a
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narrow range of test parameters, care should be taken in eatmagahese relations
to actual in-situ openings under greater depths or under complexqgaufitions and
stress states. Additional test results obtained from opening snedtl larger
blocks, probably up to 236 cm, and with smaller blocksx2 cm, would provide a
clearer indication of the effect of joint spacing on shallow opesiagility. More
testing is required to assess the effects of surface roughjoast orientations,
number of joint sets, effect of lateral load, and static acagbn. Studying the
impact of joint roughness determined from the physical testets is also desirable.
It would reveal the adequacy or inadequacy of the deterministicooee and the
sensitivity of the induced acceleration to the joint roughness. Tlag be
experimentally assessed by using cast cement blocks witbusadiegrees of pre-
defined roughness on the surfaces. The impact of joint infilling such as agrahdl

silt should be simulated.



REFERENCES

Achenbach, L. D. (1975)Wave Propagation in Elastic Solids. New York: Nort-
Holland.

Adhikary, D. P. and Dyskin, A. V. (1997). Modellitige deformation of underground
excavation in layered rock masses. Imternational Journal of Rock
Mechanics and Mining Sciences. 34(3): 714-719.

Arias, A. (1970). A measure of earthquake intensity. In R.J. Ha(sditor).
Seismic Design for Nuclear Power Plants. MIT Press: Cambridge.
Massachusetts. pp. 438-483.

Aydan, O., Shimizu, Y. and Karaca, M. (1994). The dynamic and stabdity of
shallow underground openings in jointed rock mas3dse 3¢ Inter national
Symposium on Mine Planning and Equipment Selection. Istanbul, pp.
851-858.

Bakhtar, K. (1997). Studies under physical modeling at Lrger national Journal
of Rock Mechanicsand Mining Sciences. 34(3-4): 536.

Bakhtar, K., Jones, A. H. and Cameron, R. (1986). Use of rock simufataisck
mechanics studies. IRroceedings of the 27" US Symposium on Rock
Mechanics. Society of Mining Engineers of AIME (pp 219-223). New York.

Baraza, J., Ercilla, G. and Lee, J. (1992). Geotechnical propentiepraliminary
assessment of sediment stability on the continental slope of ttiewdstern

Alboran Sea.Geo-Marine L etters, 12: 150-156.



68

Barton, N. and Hansteen, H. (1979). Very large span openings at sloljdty
deformation magnitudes from jointed models and finite element asalysi
Proceedings of the 4™ Excavation and Tunnelling Conference (Vol. 2, pp
1331-1353). Atlanta.

Barton, N. R., Lien, R. and Lunde, J. (1974). Engineering classificationc@f r
masses for the design of tunnel supp&tbck Mechanics. 6(4): 189-239.

Barton, N. (2002). Some new Q-value correlations to assist irtlst@acterization
and tunnel designlnternational Journal of Rock Mechanics and Mining
Sciences and Geomechanics. 39(2): 185-216.

Bhasin, R. and Hoeg, K. (1998). Numerical modeling of block sizectsffend
influence of joint properties in multiply jointed rock.Tunnelling and
Underground Space Technology. 13(2): 181-188.

Bieniawski, Z. T. (1974). Geomechanics classification of rock maasdsits
application in tunnelling. I#Proceedings of the 3 International Congress
on Rock Mechanics (pp 27-32). Denver.

Bieniawski, Z. T. (1976). Rock mass classification in rock megiing. In
Proceedings of the Exploration for rock engineering (Vol. 1, pp 97-106).
Cape Town: Balkema.

Bieniawski, Z. T. (1989) Engineering rock mass classifications. New York: Wiley
and Sons.

Bieniawski, Z. T., (1973). Engineering classification of jointed noasses.Trans
South African Insternational Civil Engineerings. 15( 12): 335-344.

Blume, J. A. (1970). An engineering intensity scale for earthquaietsther ground

motion. Bulletin of the Seismological Society of America. 60(1): 217-229.



69

Brune, J. N. and Anooshehpoor, A. (1991). Foam rubber modeling of the Lotung
Large-Scale Seismic ExperimerEERI: Earthquake Spectra. 7: 165-178.

Cai, M., Kaiser, P. K., Morioka, H., Minami, M., Maejima, T., Tasaka, avid
Kurose, H. (2007). FLAC/PFC coupled numerical simulation of AE irelarg
scale underground excavationmternational Journal of Rock Mechanics
and Mining Sciences. 44: 550-564.

Chengzhi, Q., Canshou, C., Qihu, Q. and Jian, L. (20@8)namic Instability of
Tunnel in blocky rock mass. Transactions of Tianjin University. 4(6): 457-
463.

Console, R. Murru, M. and Catalli, F. (2006). Physical and stochasiitels of
earthquake clusteringl stituto Nazionale di Geofisicae Vulcanologia. Via
di Vigna Murata 605, Italy. Tectonophysics. 417: 141-153.

Daisuke, M., Hiroshi, C., Kaoru, K. and Kazunobu, M. (2003). Underground large
cavern with shallow overburden considered earthquake protection against
disasters. IrProceedings of the Symposium on Underground Space (Vol.

8, pp 267-272). Japan.

Davenport, P. N. (2003). Instrumental measures of earthquake intenditgwin
Zealand. 2003 Pacific Conference on Earthquake Engineering. Institute
of Geological and Nuclear Sciences, Lower Hutt. New Zeal&aper
number 071.

Deere, D. U., Hendron, A. J., Patton, F. D. and Cording, E. J. (1967). Dgsign
surface and near surface construction in rock. Piaceedings of the 8™

United State Symposium Rock Mechanics (pp 237-302). New York.



70

Earthquake Engineering Research Institute EERI. (1990). LormataHEarthquake
Reconnaissance Repoiarthquake Spectra, EERI, Supplement to Vol. 6.

Fakhimi, A., Carvalho, F., Ishida, T. and Labuz, J. F. (2002). Simulationlafefa
around a circular opening in rock.International Journal of Rock
Mechanicsand Mining Sciences. 39(4): 507-515.

Gendzwill, D. (2008). Glossary of Seismic Techniques and Terminology. [On-
line]. Available: http://www.usask.ca/geology/labs/seismo/glossarl.htm

Genis, M. and Aydan, O. (2002). Evaluation of dynamic response andtytabil
shallow underground openings in discontinuous rock masses using model
tests. In Proceeding. of 2002 ISRM Regional Symposium (3'¢ Korea-
Japan Joint Symposium) on Rock Engineering Problems and Approaches
in Underground Construction (Vol. 2, pp 787-794.). Seoul.

Gong, Q. M., Jiao, Y. Y. and Zhao, J. (2006). Numerical modelling offfbete of

joint spacing on rock fragmentation by TBM cuttersTunnelling and
Underground Space Technology. 21: 46-55.

Gong, Q. M., Zhao, J. and Jiao, Y. Y., (2005). Numerical modeling oftfbet® of

joint orientation on rock fragmentation by TBM cuttersTunnelling
Underground Space Technology. 20(2): 183-191.

Grimstad, E. and Barton, N. (1993). Updating the Q-System for NMT. In
Proceedings of the International Symposium on Sprayed Concrete-
Modern use of Wet Mix Sprayed Concrete for Underground Support (pp

46-66). Oslo: Norwegian Concrete Assn. Fagernes.



71

Guler, G., Kuijpers, J. S., Wojno, L., Milev, A. and Haile, A. (2001). Detezrthe
effect of repeated dynamic loading on the performance of tunnel suppor
systems. Safety in Mines Research Advisory Committee. Mining
Technology, Division of CSIR.

Hashash, Y. M. A., Hook, J. J., Schmidt, B. and Yao, J. I. C. (2001). Seissigo de
and analysis of underground structure§.unnelling and Underground
Space Technology. 16: 247-293.

Hashimoto, C. and Matsu'ura, M. (2000)3-D physical modelling of stress
accumulation and release processes at transcurrent plate boundarie.
Pure Applied Geophysics, in press.

Hatzor, Y. H., Arzi, A. A., Zaslavskyc, Y. and Shapira, A. (2004). Dywastability
analysis of jointed rock slopes using the DDA method: King HerodacPa
Masada, Israel. International Journal of Rock Mechanics and Mining
Sciences, 4: 813-832.

Hoek, E. and Brown, E. T. (1980)Jnderground excavationsin rock. Institute of
Mining and Metallurgy: London. England.

Hoek, E., Kaiser, P. K. and Bawden, W. F. (200@upport of underground
excavationsin hard rock. Great Britain: Taylor and Francies. 300 pp.

Hu, X. S. and Zhao, F. S. (2005). Simulation of deformation and failure of
surrounding rock masses of underground cavern in low ground stress regions
with finite element method. Chinese Journal of Rock Mechanics and
Engineering._Academia Sinica. 24(10): 1708-1714.

Itasca Consulting Group, Inc. (2004UDEC 4.0 GUI A Graphical User Interface

for UDEC, Minneapolis, Minnesota.



72

Jiang, Y., Li, B. and Yamashita, Y. (2009). Simulation of crackingr ree large
underground cavern in a discontinuous rock mass using the expanded distinct
element method.International Journal of Rock Mechanics and Mining
Sciences. 46(1): 97-106.

Jin, X. G. and Zhang, Y. X. (2008Earthquake response properties of the support
structure of large cross section tunnel. Journal of Chongqging Jianzhu
University, China. 30(1): 44-48

Jongpradist, P., Kongkitkul, W. and Tunsskul, J. (2009). Investigation of failure
behavior of rock mass around gas storage cavern with physical rasdent
Proceeding of second Thailand Symposium of rock mechanics (pp 257-
269). March 12-13, 2009, Nakhon Ratchasima: Suranaree University of
Technology.

Karim, K. R. and Yamazaki, F. (2002). Correlation of JMA instrumesggmic
intensity with strong motion parametersEarthquake Engineering and
Structural Dynamics. 31:1191-1212.

Kemthong, R. (2006)Deter mination of rock joint shear strength based on rock
physical properties. Mining Engineering Thesis. Suranaree University of
Technology. Nakhon Ratchasima.

Kim, E. J., Bielak, J. and Ghattas, O. (2003). Large-scale northeddgbquake
simulation using octree-based multiresolution mesh methad”" ASCE
Engineering Mechanics Conference. University of Washington: Seattle.

Kramer, S. L, (1996). Geotechnical earthquake engineering. NesayJd°rentice
Hall. Lama, R.D. and Vutukuri, V.S. (1978)Handbook on Mechanical

Properties of Rocks. Vol. 4. Trans Tech Publication.



73

Lama, R. D. and Vutukuri, V. S. (1978)Handbook on Mechanical Properties of
Rocks. Vol. 4. Trans Tech Publication.Lauffer, H. (195&ebirgsklassifizierung
fur den Stollenbau. Geologie and Bauwesen. 2461%1.

Li, Z., Liu, H., Dai, R. and Su, X. (2005). Application of numerical analysis
principles and key technology for high fidelity simulation to 3-D piafls
model tests for underground cavernBunnelling and Underground Space
Technology. 20: 390-399.

Liu, T., Shen, M., Tao, B., He, Z. and Yuan, Y. (2006). Model test and 3d naineric
simulation study on excavation of double-arch tunneéfanshilixue Yu
Gongcheng Xuebao/Chinese Journal of Rock Mechanics and
Engineering. Academia Sinica. 25(9): 1802-1808.

Ma, M. and Brady, B. H. (1999). Analysis of the dynamic performasfcan
underground excavation in jointed rock under repeated seismic loading.
Geotechnical and Geological Engineering. 17(1): 1-20.

Madariaga, R., Olsen, K. and Archuleta, R. (1998). Modeling dynaupicre in a
3D earthquake fault model.Bulletin of the Seismological Society of
America. Seismological Society of America. 88(5): 1182-1197.

Matsu’'ura, M., Mora, P., Donnellan, A. and Yin, X. C. (2002). Earthquake
Processes: Physical ModellindNdumerical Simulation and Data Analysis.
Pure and Applied Geophysics. Birkha user Verlag, Basel. 159: 2169-2171.

Maugeri, M., Musumeci, G., Novita, D. and Taylor, C. A. (2000). Shaking table
of failure of a shallow foundation subjected to an eccentric lo&uil

dynamics and Earthquake Engineering. 20: 435-444.



74

Medvedeyv, Y. (1953).Generalization of a theorem of F.Reisz. Uspehi Math. Nauk.,
8: 18-115.

Milne D., Hadjigeorgiou J. and Pakalnis R. (1998Rock mass characterization for
underground hard rock mines. Tunneling and Underground Space
Technology. 13(4): 383-391.

Ohtani, K., Ogawa, N., Katayama, T. and Shibata, H. (2008 ect on 3-D Full-
Scale Earthquake Testing Facility-The Third Report, 34UJNR.

Owen, G. N. and Scholl, R. E. (1981karthquake Engineering of Large
Underground Structures.  San Francisco; URS/Blume (John A.) and
Associates.

Pakbaz, M. C. and Yareevand, A. (2005). 2-D arsalgé circular tunnel against
earthquake loadingTunndling and Underground Space Technology. 20(5):
411-417.

Palmstrom, A. (1982). The volumetric joint count-a useful and simplsuneaf the
degree of rock jointing. IfProceedings of the 4t congress I nternational
Assigns Engineering Geology (Vol. 5, pp 221-228). Delhi.

Pangpetch, P. and Fuenkajorn, K. (2007). Simulation of rock slope faifimng
physical model. IrProceedings of the First Thailand Symposium on Rock
Mechanics. Suranaree University of Technology (pp 227-243). Nakhon
Ratchasima.

Ren, W. Z.,, Wang, Y. G., Bai, S. W. and Ge, X. R06). Research on deformation and
subsidence characters of ground and wall rock duentlerground mining by
model testing. IrProceedings of the 6 International Conference on Physical

Modédlling in Geotechnics (Vol. 2, pp 1527-1533). Taylor and Francis/ Bailke



75

Richter, C. (1958 Elementary Seismology. W.H. Freeman and Co., San Francisco.
pp 165-187.

Riley, W. F. and Sturges, L. D. (1993)Engineering Mechanics. Dynamics.
Second Edition, New York.

Riley, F. J., Brabhaharan, P. and Stewart, D. D0§2 Seismic Performance of the
Terrace Tunnel Approach Walls, Wellingto@pus I nter national Consultants,
Wellington, New Zealand.

Siad, L. (2003). Seismic stability analysis of fracture rddpes by yield design
theory. Soil and Earthquake Engineering. 23: 203-212.

Silva, P. G., Goy, J. L., Zazo, C., Bardaji, T., Lario, J., Somoza, L., Luqued
Gonzalez-Hernandez, F.M. (2006). Neotectonic fault mapping at the
Gibraltar Strait Tunnel area, Bolonia Bay (Southii®paEngineering Geology.
84: 31-47.

Souley, M. and Homand, F. (1996). Stability of jointed rock masses ex@lbgt
UDEC with an extended saeb-amadei constitutive lawnternational
Journal of Rock Mechanicsand Mining Sciences. 33(3): 233-244.

Sterpi, D. and Cividini, A. (2004). A physical and numerical investgabn the
stability of shallow tunnels in strain softening medRock M echanics and
Rock Engineering. 37(4): 277-298.

Stimpson, B. (1979). Simple physical modellinghteque for the demonstration of
interaction between underground openingkaternational Journal of Rock

M echanics and Mining Sciences and Geomechanics Abstracts. 16(3): 217-219.



76

Stiros, S. C. and Kontogianni, V. A. (2009). Coulomb stress changem Fr
earthquakes to underground excavation failurésternational Journal of
Rock Mechanicsand Mining Sciences. 46(1): 182-187.

Terzaghi, K. (1946). Rock defects and loads on tunnel supporiocknTunneling
with Steel Supports. Youngstown, OH: Commercial Shearing and Stamping
Company. 1:17-99.

The U. S. Department of Homeland Security, FEMA (200&deral Guidelinesfor
Dam Safety. Earthquake Analyses and Design of Dams. May 2005

Toyra, J. (2004). Stability of shallow seated constructions in hard rock-A Rildy.S
Department of Civil and Environmental Engineering. Division of Rock
Mechanics. Lulea University of Technology. pp. 35-40.

Trifunac, M. D. and Brady, A. G. (1975). On the correlation ofnsigigntensity
scales with the peaks of recorded strong ground motBualletin of the
Seismological Society of America. 65(1): 139-162.

Wald, D. A., Quitoriano, V., Heaton, T. H. and Kanamori, H. (1999). Relatipsshi
between peak ground acceleration, peak ground velocity, and modified
Mercalli intensity in California.Earthquake Spectra. 15: 557-564.

Wang, W. H., Li, X. B., Zuo, Y. J., Zhou, Z. L. and Zhang, Y. P. (2006) EGD
modeling on effect of joints and interlayer on wave propagation.
Transactions of Nonferrous Metals Society of China. 16(3): 728-734.

Wickham, G. E., Tiedemann, H. R. and Skinner, E. H. (1972). Support determination
based on geologic predictions. Rroceedings of the North American

Rapid Excavation Tunneling Conference. Chicago.



77

Zhu, H., Zhang, F., Drumm, E. C., Chin, C. T. and Zhang, D. (2006). 2Dl et
and numerical simulation in shallow tunneling considering existing Ingildi
load. Underground Construction and Ground Movement (GPS 155). In
Proceedings of the Sessions of GeoShanghai 2006 (pp 304-311).

Zhu, W. and Zhao, J. (2004). Stability analysisl anodelling of underground
excavations in fractured rock&lsevier Geo-Engineering Book Series Volume

1. In Hudson (Editor). J. A. Netherlands: Elsevier.



APPENDIX A

RESULTS OF SHALLOW OPENING UNDER STATIC

CONDITION



79

Table A-1 Test parameters and results for 4x4 cm block sizes or jointngpeatio

equal to 1:1 under static condition.

Model De('?::;‘)’ D D/S, Sp'\gr":‘,x\',r\?‘(‘g'n) WIS, 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 4x8 cm block sizes or joint spacing

ratio equal to 1:2 under static condition.

Depth, D Maximum
M odel ' D/Sy span, W WISy Results
(cm)
(cm)

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-Cbha 72 9 20 5 Failure
R8V-D3-C5b 80 10 20 5 Stable
R8V-D3-C6b 80 10 24 6 Failure
R8V-D4-Cb6a 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 4x8 cm block sizes or joint spacing

ratio equal to 2:1 under static condition.

Depth, D Maximum
M odel ' D/Sy span, W WISy Results
(cm)
(cm)

R8H-D1-Cla 16 4 8 1 Stable
R8H-D1-Clb 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 4x12 cm block sizes or joinhgpatio

equal to 1:3 under static condition.

Depth, D Maximum
M odel ' D/Sy span, W WISy Results
(cm)
(cm)

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 4x12 cm block sizes or joinhgpatio

equal to 3:1 under static condition.

Depth, D Maximum
M odel ’ D/Sy span, W WISy Results
(cm)
(cm)

R12H-D1-Cla 24 6 12 1 Failure
R12H-D1-Cilb 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 egfi@l to 1:1, 1:2, 2:1, 1.3,

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

Depth, D Maximum
M odel D/Sy span, W WISy Results
(cm)
(cm)

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-C] 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




APPENDIX B

RESULTS OF SHALLOW OPENING UNDER

DYNAMIC CONDITION



84

Table B-1 Test parameters and results for joint spacing ratio equa to 1.1 under

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

Depth, D Maximum
Model y D/Sy span, W | WI/Sy a(g) Results
(cm)
(cm)

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 52 0.132 Failure
Ht3C3d 57.6 144 12.3 3.1 0.132 Stable
Ht3C4d 57.6 144 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 52 0.132 Stable
Ht1C6d 98.7 24.7 25.0 6.3 0.132 Failure
HalC4d 82.2 20.6 16.5 4.1 0.225 Stable
HalChd 82.2 20.6 20.5 5.1 0.225 Failure
Hb1C1d 41.2 10.3 4.1 10 0.225 Stable
Hb1C2d 41.2 10.3 8.4 2.1 0.225 Failure
Hb2C2d 57.6 144 8.5 2.1 0.225 Stable
Hb2C3d 57.6 144 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 equa to 1:2 under

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

Depth, D Maximum
Model ' D/Sy span, W | W/S, a(g) Results
(cm)
(cm)

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 12.2 204 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-Cld 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 11.0 204 5.1 0.225 Failure
R8V-D4-C4d 97.5 12.2 16.4 4.1 0.225 Stable
R8V-D4-C5d 97.5 12.2 204 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.

Depth, D Maximum
Model ’ D/Sy span, W | W/S, a(g) Results
(cm)
(cm)

R8H-D1a-Cld 20 5 8 1 0.225 Stable
R8H-D1b-Cld 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 resultsfor joint spacing ratio equd to 1:3 under horizonta

pseudo-static acceleration of 0.132 g and 0.225 g.

Depth, D Maximum
M odel y D/Sy | span,W | WI/Sy a(g) Results
(cm)
(cm)

R12V-DlaC2d 23.60 1.97 8.40 2.10 0.132 Stable
R12V-D1aC3d 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-D2aC3d 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
R12Vv-D1-Cld 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-Céd 95.80 7.98 24.1 6.0 0.225 Failure

Table B-5 Test parameters and resultsfor joint spacing ratio equd to 3:1 under horizonta

pseudo-static acceleration of 0.132 g and 0.225 g.

Depth, D Maximum
M odel y D/Sy | span,W | WI/Sy a(g) Results
(cm) (cm)

R12H-D1b-Cl1d 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 equd to 1.1, 1.2, 2.1, 1.3,

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

45,

Modél Depth, D | g, Mspa;:?\ljvm WIS, | a(g) |Results

(cm)
(cm)

RA45-D1-C3d | 400 | 71 | 122 22 | 0432 | Stwvle
RA45-D1-CAd | 400 | 71 | 160 28 | 0432 | Falure
RA45D2-C5d | 600 | 106 | 203 36 | 0132 | Swble
RA-45D2-C6d | 600 | 106 | 240 42 | 0132 | Failure
RA-45D3C6d | 760 | 134 | 242 43 | 0132 | Swble
RA-45D3C7d | 760 | 134 | 280 49 | 0132 | Failure
RA45-D4-C7Td | 920 | 163 | 280 49 | 0132 | Swble
RA-45-D4-C8d | 920 | 163 | 320 57 | 0132 | Falure
R12-45D1-C2d | 400 | 741 8.1 14 | 0132 | Stable
R12-45D1-C3d | 400 | 71 | 120 21 | 0132 | Failure
R12-45D2-C3d | 560 | 99 | 122 22 | 0132 | Swble
R12-45D2-C4d | 560 | 99 | 163 29 | 0132 | Failure
RI2-45D3-Cad | 720 | 127 | 164 29 | 0432 | Stvle
RI2-45D3-C5d | 720 | 127 | 202 36 | 0132 | Falure
RI2-45DA-C6d | 880 | 156 | 242 36 | 0132 | Swable
R12-45D4-C7d | 880 | 156 | 280 49 | 0132 | Failure
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Table B-7 Test parameters and results for joint spacing ratio equd to 1.1, 1.2, 2.1, 1.3,

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

45,

Modél Depth, D | g, Mspa;:?\ljvm WIS, | a(g) |Results

(cm)
(cm)

RA-45-D1aCld | 360 | 66 40 07 | 0225 | Stable
RA-45-D1Ib-C2d | 400 | 741 8.0 14 | 0225 | Falure
RA45D2-C3d | 600 | 106 | 120 21 | 0225 | Stavle
RA-45D2-Cad | 600 | 106 | 160 28 | 0225 | Falure
RA-45D3C5d | 760 | 134 | 200 33 | 0225 | Swble
RA-45D3C6d | 760 | 134 | 240 42 | 0225 | Failure
RA-45-D4-C6d | 920 | 163 | 240 42 | 0225 | Swavle
RA-45-D4-C7Td | 920 | 163 | 280 49 | 0225 | Falure
R8-45-D1aC2d | 285 | 50 6.7 12 | 0225 | Stable
R8-45D1b-C2d | 343 | 62 6.8 12 | 0225 | Falure
R8-45D2-C2d | 660 | 117 | 68 12 | 0225 | Stable
R8-45D2-Cad | 660 | 117 | 162 29 | 0225 | Failure
R845D3C5d | 820 | 145 | 201 36 | 0225 | Stable
R8-45-D3-C6d | 820 | 145 | 243 43 | 0225 | Falure
R12-45D1-C2d | 400 | 741 8.0 14 | 0225 | Stable
R12-45D1-C3d | 400 | 71 | 120 21 | 0225 | Failure
R12-45D2-C3d | 520 | 92 | 120 21 | 0225 | Swble
R12-45D2-C4d | 520 | 92 | 160 28 | 0225 | Falure
RI2-45D3-Cad | 640 | 113 | 160 28 | 0225 | Falure
RI2-45D3-C5d | 640 | 113 | 200 35 | 0225 | Failure
RI2-45DA-Cad | 880 | 156 | 160 28 | 0225 | Stable
R12-45D4-C5d | 880 | 156 | 200 35 | 0225 | Falure
R12-45D4-C6d | 880 | 156 | 240 42 | 0225 | Failure
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Table C-1. UDEC simulation results for shallow opening of sandstone blocks under

static condition aty,=26°, c=53 Pa, ang=2.38 kN/nf.

Joint Maximum Times of
SleolﬂZItg N Spaqing D(srp;]t)h Span 'é(;/'cfé Simul 18.ti0n Stability
Ratios (cm) (x10"sec)
R4-D1-C1d 1:1 8 4 1200( 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 1400( 1.72 Stable
R8V-D1-C2d 1:2 16 8 1400( 1.72 Failure
R8V-D2-C1d 1:2 24 4 14000 1.78 Stable
R8V-D2-C2d 1:2 24 8 1400( 1.78 Failure
R8V-D3-C2d 1:2 32 8 1400( 1.84 Stable
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Table C-1. UDEC simulation results for shallow opening of sandstone blocks under

static condition aty,=26°, c=53 Pa, ang=2.38 kN/ni. (cont.)

Joint Maximum Times of
SMmOijlzltg n Spaqing D(srp;]t)h Span 23};?; Simulfltion Stability
Ratios (cm) (x10"sec)
R8V-D3-C3d 1:2 32 12 14000 1.84 Failure
R8V-D4-C2d 1:2 40 8 1400( 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-Cé6d 1:2 96 24 14000 2.02 Failure
R8H-D1-Cld 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 aty,=26°, c=53 Pa, ang=2.38 kN/ni. (cont.)

Joint Maximum Times of
5 rrl:ll?l.a(t){on Spaqi ng [z?r;]t)h Span 'é(;/'cfé Simul fltion Stability
Ratios (cm) (x10"sec)
R12v-D1-Cl1d 1:3 24 4 14000 2.10 Stable
R12Vv-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
R12Vv-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 ay,=26°, c=53 Pa, ang=2.38 kN/nf.

No. of Joir_lt Depth Maximum No. of Static '_I'imes _of N
smulation Spaqng (cm) Span Cydle A.ccelera- Smulf\tlon Stability
Ratios (cm) tions (g) | (x10"sec)

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 Staple
R4-D9-C4d 11 56 16 12000 0.132 1.56 Failure
R4-D9-C3d 1:1 60 12 12000 0.132 1.59 Stable
R4-D9-C4d 11 60 16 12000 0.132 1.57 Failure
R4-D9-C4d 1:1 64 16 12000 0.132 1.58 Staple
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 Staple
R4-D9-C6d 1:1 68 24 12000 0.132 1.56 Failure
R4-D1-C1d 11 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 11 56 12 12000 0.22b 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 Staple
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 Faillire
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 Failuire
R8V-D4-C4d 1:2 96 16 14000 0.132 2.01 Stable
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Table C-2. UDEC simulation results for shallow opening of sandstone blocks under

dynamic condition ay,=26°, c=53 Pa, ang=2.38 kN/m. (cont.)

No. of Joir_lt Depth Maximum No. of Static '_I'im&_of B
smulation Spaqng (cm) Span Cyde A.cceleraS|mqult|on Stability
Ratios (cm) -tions (g)| (x10"sec)

R8V-D4-C5d 1:2 96 20 14000 0.132 2.01 Failure
R8V-D1-Cld 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-Cld| 2:1 48 8 140000.132 2.01 Stable
R8H-D1b-C1ld| 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-Cld| 2:1 48 8 14000 0.225 2.01 Stable
R8H-D1b-C1ld| 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-Cid| 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 ay,=26°, c=53 Pa, ang=2.38 kN/ni. (cont.)

Joint Maximum Static | Timesof
sirrl:ll?l.a(t){on Spacing [ngr]t)h Span ﬁ‘)’/c fé AcceleraiSimulation Stability
Ratios (cm) -tions (g)| (x10"sec)

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-Céd 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-Cid 1:3 24 4 12000 0.225 2.08 Stable
R12Vv-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
R12Vv-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 12 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 120000.132 1.86 Stable
R12H-D2-C1d 3:1 48 12 120000.132 1.85 Failure
R12H-D3-C1d| 3:1 56 12 120000.132 1.86 Stable
R12H-D3-C2d 3:1 56 24 120000.132 1.85 Failure
R12H-D4-C1d 3:1 72 12 120000.132 1.86 Stable
R12H-D4-C2d 3:1 72 24 120000.132 1.85 Failure
R12H-D5-C1d 3:1 96 12 120000.132 1.84 Stable
R12H-D5-C2d 3:1 96 24 120000.132 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




APPENDIX D

TECHNICAL PUBLICATIONS



LIST OF PUBLICATIONS

Sakulnitichal, C., Pangpetch, P. and Fuenkagorn, K., 2009. Simulation of Shallow
Opening in Jointed Rock Mass under Static and Dynamic Loading using
Physical Model. The 14™ National Convention on Civil Engineering.
Nakhon Ratchasima, Thailand. 13-15 May 2009.

Sakulnitichai, C., Pangpetch, P. and Fuenkgorn, K., 2009. Physical model
simulation of shallow openings in jointed rock mass under static and
dynamic loads. In Proceeding 2™ Thailand Symposium on Rock Mechanics.

Chonburi, Thailand. 12 - 13 March 2009.



98

&
s
é’ mslszguInmrieonraa o anfaded 14

SIMULATION OF SHALLOW QPENINGS IN JOINTED ROCK MASS UNDER
STATIC AND DYNAMIC LOADING USING PHYSICAL MODEL

v Inendoma TuTalgaund 13-15 wyumey 2552

C. Sakulnitichai'
P. Pangpetch'
K. Fuenkajorn’

! Geomechanics Research Unit, Institute of Engineering, Suranaree University of Technology, Nakhon Ratchasima

ABSTRACT : Physical model simulations have been petformed 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 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 maximum span (W/Sy) rapidly increases with the normalized depth (D/Sy), and
tends to approach a certain limit for each joint spacing ratio, Sv:Sy. The maximum span increases with decreasing
Sy:Sy ratio. Under Sy=Sy 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 cede.

KEYWORDS : opening, joint, friction, dynamic load, acceleration.

1. INTRODUCTION

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 [1].
They are commonly used to gain an understanding of the
effects of unique rock characteristics, in-situ stress
conditions or opening geometries [2]. The simulations
usually simplify the actual conditions into two-
dimensional problems. Recently some researchers have
developed sophisticated devices to allow a three-
dimensional simulation for tunnel stability in rock mass
under high stresses {e.g., [3]}. As a result 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. 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 [4]. Most researchers above
concentrate on studying the opening stability under site-
specific conditions. Resuits 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 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 platform is used to test the rock mass
model formed by cubical and rectangular blocks of Phu
Phan sandstone., The models simulaie two-dimensional

sections of single rectangular openings in a rock mass
with two mutually perpendicular joint sets. The vertical
and horizontal joint spacings are varied from 4, 8 to 12
cm. The stability 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 are derived. They are
used to predict the maximum span under shallow depths.
The static and dynamic test results are compared with
those simulated from discrete element analyses using
UDEC code.

2. TEST PLATFORM

The test platform developed by Pangpeich and
Fuenkajorn [5] is used in this study (Figore 1). Tt 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 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/ee, 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. Sieel grooved rollers mounted
underneath the frame are used for testing under dynamic
loads.
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Figure 1 Test platform used to simulate shallow openings
in rock mass.

The rollers are placed on a set of steel rails equipped with
a high torque motor, gear system and crank arm to induce
a cyclic motion to the entire test platform. The frequency
and amptlitude of the horizontal pseudo-static acceleration
can be controlled by adjusting the rotational diameter of
the flywheel and speed of the motor.

3. ROCK SAMPLE

Sandstone from the Phu Phan formation is used here as
rock. Tt is classified as fine-grained quartz sandstone
with highly uniform texture, density and strength. The
rock forming minerals include 72% quattz {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 rock mass
models with two mutually perpendicular joint sets,
cubical (4x4x4 cm) and rectangular (4x4x8 cm and
4x4x12 cm) sandstone blocks have been prepared using a
saw-cutting machine. The cubical blocks are used to
simulate joint sets with equal spacing, while the
rectangular blocks simulate joint sets with different
spacings. The friction angle and cohesion of the saw-
cutting surfaces of the Phu Phan sandstone determined by
tilt testing are 26° and 0.053 kPa [5]. The uniaxial
compressive strength and elastic modulus of the
sandstone determined from related research projects are
62.0 MPa and 10.3 GPa [5].

4, TEST MODELS UNDER STATIC
CONDITION

Figare 2 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, 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 Sy and Sy for joint angles of 0° and 90°.

For an inclined joint angle the apparent spacings
projected on the veriical 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, Sy, 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.

For the block length from 4 ¢cm to 12 cm tesied here
using the rock mass model width of 1.2 m is sufficiently
large to minimize the edge effect on the resulis, as
suggested by Zhu and Zhao [2] 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 S¢:Sy ratios from 1:3, 1:2, 1:1, 2:1
to 3:1. The opening depths vary from 16 to 100 cm.
Each set of opening geometries is formed by sandstone
blocks with the same dimension. Video records are 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,

Pseudo-static

*+— acceleration —*
R T W N B 2 VA G N
e o e e g e B ER
TN

i e E ]

Applied
lithostatic
pressure

v
= s
Sy

Figure 2 Variables used in physical model simulations and an-
alysis. Joint inclination can be set at any angle by
tilting the rock blocks in the model.

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 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 (Sy and Sg), respectively. Figure 3
gives examples of the test models for various opening
depths and joint spacings. Roof collapse occurs when the
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Table 1 Ranges of test parameters and results
under static condition

&g ac?'?g No. of| Depth. M;’;ar;um
Ratio *| DiSu T | WiSy
(SufSs) Tests | D (cm) (g’r\fn)
- 8 | 2492 (4.2-16.3| 16-40 |2.8-7.2
21 | 1696 | 4-24 | 12-28 | 37
[2or2:1| 8 24-80 (4.2-14.1| 12-32 |2.1-5.6
122 12 | 2496 | 3-12 12-28 2-7
13o0r3:1| € |28-88 (5.1-15.5| 12-32 |2.1-56
i:3 8 24-84 2-7 12-24 3-6
2:1 8 2092 | 5-23 8-40 1-5
3:1 8 [36-100| 9-23 12-48 1-4

48 cm [ .
Figure 3 Examples of physical models showing roof failure
after opening widths exceed their maximum unsu-
pported spans. Top: cpenings in rock mass mo-del
formed by 4x4 blocks. Bettom: openings in rock
mass model formed by 4x12 blocks.

opening width exceeds its maximum unsupported span.
Figure 4 plots the normalized maximum span (W/Sy) as a
function of normalized depth (D/Sy) 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/Sy). The maximum span also
increases with decreasing Sy:Sy 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 Sy or
larger Sg). This probably holds true only for the range of
the spacing ratios used here. For the condition where
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$v=Sy, an inclination of the two joint sets to 45° results
in an about 20% decrease in the maximum span.

The empirical relations between the normalized
maximum span (W/Sy} and the normalized depth (D/Sy)
can be expressed as:

W/S, =A-In(D/S,)-B (0

The constants A and B can be deiermined as a function of
the joint spacing ratio {Sv/Sg} as follows:

A=aA'(Sv/SH)+BA (2)
B=a,-(8y/5:)+Bs (3)
where 0.5, Pa, ¢p, and P are empirical constants. Table 2

summarizes the numerical values for A, aa, Ba, B, ¢,
and Pp calculated for some applicable joint spacing ratios.

WSy W/Sy
¢ 5 10 15 0 5 10 15
0 1 S I SR, B %1 X RO | D 1 I T S T WA O ) 1

Joint Angle =90°
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a ]
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() (b}
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D:_I_J__I_I_|_I_I_I_I_I_I_I_I_.L—|
5 Joint Angle =90°
10 4
ARBZAN
159 ¥
0] ° =
25 1

(c)

Figure 4 Normalized maximum span (W/Sy) as a function
of normalized depth (D/Sy) for various joint spa-
cing ratios and jeint orientations.

The empirical relations above can probably represent a
lower bound of the maximum unsupported span for
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actual shallow openings under similar joint conditions
and field stresses.

Table 2 Empirical relations obtained from regression
analysis on the test results under static
condition. W/Sy = AIn(D/Sp) — B, where; A =
@, (Sv/Su) + Ba; B = ap+(Sy/Sy) + Pp.

Spacing| Block

Ratio |Arrange-| A as | Pa B op | Bm
(Sv/Sy) ment

1:1 8 2.76 1.99

12 | B 2.76 0.02

1:3 m 1.71 |-0.28|2.60| -2.89 | 1.28 |-1.02
2:1 = 2.56 3.16

31 =] 1.31 1.35

5. TEST MODELS UNDER DYNAMIC LOADS
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 [6]. The test procedure is similar to that
under static condition.

Figure 5 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. Similar to the
test results under static condition, the maximum span
increases with depth which can be best represented by &
logarithmic equation for each joint spacing ratio. As the
depth increases, the maximum span approaches an
ultimate value. The acceleration of 0.225 g can reduce
the maximum span by up to 50%, particularly when the
Sy:Sy 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 psendo-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 reck 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.

6. DISCRETE ELEMENT ANALYSES

Discrete element analyses are performed using UDEC
code [7] to describe the stability conditions of the
openings in the physical models. The 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, After several trials (by varying opening widths} the
maximum unsupported span can be determined for each
opening depth and joint spacing ratio.
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Figure 5 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 re-sults

under static condition (a) for vertical and horizontal
joint sets.

The UDEC results are compared with those observed
from the physical models under static loading in Figure 6
and under dynamic loads in Figure 7 for various SviSg
ratios. The UDEC simulations show the increasing
wends 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 in the UDEC models can slide
casier than those tested in the physical models, and hence
yield a slightly narrower maximum unsupported span.

8. CONCLUSIONS

The physical model test results clearly indicate that the
maximum unsupported span of shallow openings is
controlled by the spacing and orientation of joints, Syv:Su
ratio, and depth. The smaller the Sv:Sy ratio, the larger
the maximum span. Under the same depth and joint
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spacing ratio, inclination of the joint angles from 0° to
45° can reduce the maximum span by up to 20%. 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. 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% reductien of the maximum cpening
span resulted for the acceleration of 0.225 g. The effect
of the pseudo-static accelerations tends to be more

The physical model results yield empirical relations
between the maximum unsupported span and depth for
shallow openings. Since the models are simulated under
very simplified conditions of joints and stress states with
anarrow 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.
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Figure 6 Comparisons of UDEC simulations with test models for various spacing ratios.
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Physical model simulation of shallow openings in jointed rock
mass under static and dynamic loads

C. Sakulnitichai, P. Pangpetch & K. Fuenkajorn
Geomechanics Research Unit, Suranaree University of Technology, Thailand

Keywords: Opening, joint, friction, dynamic load, acceleration

ABSTRACT: 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 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 maximum span (W/Sy) rapidly increases with
the normalized depth (D/Sy), and tends to approach a certain limit for each joint spacing
ratio, Sy:Sy. The maximum span increases with decreasing Sy:Sy ratio. Under Sy=Sy
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.

1  INTRODUCTION

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 & Vutukuri,
1978; Stimpson, 1979; Bakhtar et al., 1986; Adhikary & 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 & Zhao, 2004). The simulations usually simplify the
actual conditions into two-dimensional problems. 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 & Cividini, 2004; Li et al., 2005; Liu et al., 2006). As a
result 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 & 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 & Hoeg, 1998; Zhu et al., 2006). Most researchers (e.g. Zhu & Zhao, 2004; Li et al.,
2005; Bakhtar, 1997; Liu et al., 2006) above concentrate on studying the opening stability
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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 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 platform is used to test the rock mass
model formed by cubical and rectangular blocks of Phu Phan sandstone. The models
simulate two-dimensional sections of single rectangular openings in a rock mass with two
mutually perpendicular joint sets. The vertical and horizontal joint spacings are varied from
4,8 to 12 cm. The stability 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 are derived. They are used to predict the maximum span under shallow
depths. The static and dynamic test results are compared with those simulated from discrete
element analyses using UDEC code.

"2 TEST PLATFORM

The test platform developed by Pangpetch & Fuenkajorn (2007) is used in this study (Figure
1). It 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 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. Steel grooved rollers mounted underneath the frame are used for testing
under dynamic loads. The rollers are placed on a set of steel rails equipped with a high
torque motor, gear system and crank arm to induce a cyclic motion to the entire test platform.
The frequency and amplitude of the horizontal pseudo-static acceleration can be controlled by
adjusting the rotational diameter of the flywheel and speed of the motor.

3 ROCKSAMPLE

Sandstone from the Phu Phan formation is used here as rock. It is classified as fine-grained
quartz sandstone with highly uniform texture, density and strength. The rock forming
minerals include 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 rock mass models with two mutually perpendicular joint sets, cubical (4x4x4
cm) and rectangular (4x4x8 cm and 4x4x12 cm) sandstone blocks have been prepared using
a saw-cutting machine. The cubical blocks are used to simulate joint sets with equal spacing,
while the rectangular blocks simulate joint sets with different spacings. The friction angle
and cohesion of the saw-cutting surfaces of the Phu Phan sandstone determined by tilt testing
are 26° and 0.053 kPa (Pangpetch & Fuenkajorn, 2007). The uniaxial compressive strength
and elastic modulus of the sandstone determined from related research projects are 62.0 MPa
and 10.3 GPa.
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Figure 1. Test platform used to simulate shallow openings in rock mass.

4 TEST MODELS UNDER STATIC CONDITION

Figure 2 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, 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 Sy and Sy 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, Sy, 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.

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 & 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 Sy:Sy ratios from 1:3,

1:2, 1:1, 2:1 to 3:1. The opening depths vary from 16 to 100 cm. Each set of opening
geometries is formed by sandstone blocks with the same dimension. Video records are taken
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Figure 2. Variables used in physical model simulations and analysis. Joint inclination can
be set at any angle by tilting the rock blocks in the model.

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 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 (Sy and Sy), respectively. Figure
3 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. Figure 4
plots the normalized maximum span (W/Sy) as a function of normalized depth (D/Sy) 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 (Sy/Sm). The
maximum span also increases with decreasing Sv:Sy 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 Sy or larger Sy). This probably holds true
only for the range of the spacing ratios used here. For the condition where Sy=Sy, an
inclination of the two joint sets to 45° results in an about 20% decrease in the maximum span.

The empirical relations between the normalized maximum span (W/Sy) and the normalized
depth (D/Sy) can be expressed as:
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Table 1. Ranges of test parameters and results under static condition.

Spacing Block Sv | Su | No.of | Depth, D D/Sy |Maximum| W/Sy
Ratio Arrangement Tests (cm) Span, W

(Sv/Sk) (cm)
151 & 2882388 | 8 2492 |42-163| 1640 |[2.8-7.2

83 4 | 4 | 21 16-96 4-24 1228 | 3-7

1:2 or 2:1 N 2.88 (566 8 24-80 | 4.2-14.1| 12-32 |2.1-56
1:2 # 8 | 4 | 12 24-96 312 | 1238 | 27

1:3 or 31 2.88(848| 6 28-88 | 5.1-15.5| 12-32 |2.1-5.6
1:3 i 12 | 4 8 24-84 277 1224 | 36
2:1 =) 4 | 8 8 20-92 5-23 8-40 15
3:1 == 4 | 12| 8 36-100 | 9-25 12-48 1-4

Figure 3. Examples of physical models showing roof failure after opening widths exceed
their maximum unsupported spans. Top: openings in rock mass model formed
by 4x4 blocks. Bottom: openings in rock mass model formed by 4x12 blocks.
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Figure 4. Normalized maximum span (W/Sy) as a function of normalized depth (D/Sy) for
various joint spacing ratios and joint orientations. The empirical relations of the
results are given in Table 2.

W/S, =A-In(D/S,)-B (1)

The constants A and B can be determined as a function of the joint spacing ratio (Sv/Sh) as
follows:

A=0,-(Sy/Sy)+Ba )
B:G‘B'(SV/SH)+[58 3)

where 04, Ba, g, and PBp are empirical constants. Table 2 summarizes the numerical values
for A, 04, Ba, B, ap, and Bp 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.

5  TEST MODELS UNDER DYNAMIC LOADS

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.
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Table 2. Empirical relations obtained from regression analysis on the test results under static
condition. W/Sy = A-ln (D/Sy) — B, where; A = GA‘(Sv/SH) Cx BA; B= (lB'(Sv/SH) + BB.

Spacing Ratio Block A oA Ba B op Bs
(Sv/Sn) Arrangement

1:1 ) 2.76 1.99

1:2 B 2.76 0.02

13 171 | 028 | 260 | 28 | 128 | -1.02
2:1 B= 2.56 3.16

3:1 == 1.31 1.35

Table 3 summarizes the ranges of the test parameters and the results under dynamic loads.
Figures 5 and 6 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. 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. As the depth increases, the maximum span approaches an
ultimate value. The higher the acceleration applied to the test models, the smaller the
maximum span obtained. The acceleration of 0.225 g can reduce the maximum span by up to
50%, particularly when the Sy:Sy 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.

6 DISCRETE ELEMENT ANALYSES

Discrete element analyses are performed using UDEC code (Itasca, 2004) to describe the
stability conditions of the openings in the physical models. The 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. After several trials (by
varying opening widths) the maximum unsupported span can be determined for each opening
depth and joint spacing ratio.

The UDEC results are compared with those observed from the physical models under static
loading in Figure 7 and under dynamic loads in Figure 8 for various Sy:Sy ratios. 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
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Table 3. Results of physical models tested under dynamic loads.

Spacing Block No. D D/Su| W | W/Sy [Frequency| a(g) |Modified
Ratio |Arrangement| of (cm) (cm) (Hz) Mercalli
(Sv/Sn) Tests Intensity*

0 =4 8 40-92 | 8-24 | 8-24 | 2-6 1.833 |0.225 VI

. ® 8 40-92 | 7-16 | 16-32 | 3-6 1.429 |0.132 VI

1:2 or2:1 % 6 32-84 | 6-15 | 8-24 1-4 1.833 |0.225 Vil

w E 9 24-96 | 3-12 | 8-24 | 2-6 1.429 |0.132 VI

' 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

" m 12 | 24-96 | 2-8 | 12-24 | 3-6 1.429 [0.132 VI

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

2;1 =2 8 24-96 | 6-24 | 8-24 1-3 1.833 |0.225 VII

3:1 =22 8 |36-100| 925 | 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.

W/Sy W/Sy W/Sy
0o 5 10 15

D/Sy

oo ag
DD oo

(@) (b) (©

Figure 5. 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 6. 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 45°-inclined joint sets.

strength is unlikely to be identical for all contacts (joint surfaces). As a result the rock blocks
constructed in the UDEC models can slide easier than those tested in the physical models,
and hence yield a slightly narrower maximum unsupported span.

"7  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 & 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 4x4 cm blocks is used in the comparison. The joint spacings are assumed
as 10, 30 and 50 cm.

Table 4. Empirical relations obtained from regression analysis on the test results under
dynamics load at a = 0.132 g and 0.225 g. W/Sy = A:In(D/Sy) — B, where; A =
aa'(Sv/Sy) + Ba; B = ag*(Sv/Su) + Bs-

a [Spacing Ratio Block A aa Ba B ag Bs
(2) (Sv/Sn) Arrangement
1:1 88 3.74 5.54
1: s 3
0.132 2 t o 024 | 2.88 165 | 595 | -0.06
13 i 2.38 -1.28
3:1 23 3.45 8.11
1:1 88 4.93 9.65
0.225 S i 349 1 066 | 469 L2 200 | 406
1:3 M 2.92 -0.02
2:1 = 2.90 6.34
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Figure 7. Comparisons of UDEC simulations with test models for various spacing ratios.

The rating parameters used in the RMR and Q classification systems are determined or
projected 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 5 compares the maximum spans estimated from RMR and Q systems with those
predicted from the physical models using empirical equation from Table 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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Figure 8. Comparisons of UDEC simulations with test models under pseudo-static
acceleration of 0.225 g.

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 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. 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.

8 CONCLUSIONS

The physical model test results clearly indicate that the maximum unsupported span of
shallow openings is controlled by the spacing and orientation of joints, Sy:Sy ratio, and
depth. The smaller the Sy:Sy ratio, the larger the maximum span. 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 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 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 effect of the pseudo-static
accelerations tends to be more pronounced under a larger Sy:Sy ratio. The dynamic impact
however gradually reduces with depth, as evidenced by the fact that the observed maximum
spans under both pseudo-static accelerations are close to those tested under static condition
when the normalized depth, D/Sy, approaches 25.
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Table 5. Predictions of maximum unsupported spans using empirical equations and RMR
and Q rock mass classification systems.

D Assumed |RQD | Q |RMR| W fromQ W from RMR W from
(m) | Syand Sy system* system** test model***
(m) (m) (m) (m)
0.1 74 | 041 34 5.5 4.5 1.3
25 0.3 9 {053 41 6.1 6.2 3.0
0.5 98 | 0.55| 51 6.2 9.0 4.4
0.1 74 1041 | 34 5.5 4.5 1.4
50 0.3 9 | 0.53 | 41 6.1 6.2 3.5
0.5 98 | 0.55| 51 6.2 9.0 5.2
0.1 74 |1 041 | 34 5.5 4.5 1.5
75 0.3 96 | 0.53 | 41 6.1 6.2 3.8
0.5 98 |0.55| 51 6.2 9.0 5.7
0.1 74 | 041 | 34 5.5 4.5 1.6
100 0.3 9 | 0.53 | 41 6.1 6.2 4.0
0.5 98 | 0.55| 51 6.2 9.0 6.0

* For Q system of rock mass classification:

W=2-ESR-Q™
ESR = 3.0 (for temporary mine openings), RQD = 100 exp (-0.1/Sy)(1+0.1/Sy), where Sy= Sy

Q= RQD « I N Jw

T T, SRF
T, =9.0 (for 3 joint sets), J; = 0.5 (for slick and planar joints), J, = 1.0 (for no alteration of
joints), J,, = 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 physical model (from 4x4 cm blocks):

W = Sy [2.32:In(D/Sy) — 0.26]

The physical model results yield empirical relations between the maximum unsupported span
and depth for shallow openings. Since the models are simulated under very simplified
conditions of joints and stress states with a 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.
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