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PONGSAK PANGPETCH : SIMULATION OF ROCK SLOPE FAILURE
USING PHYSICAL MODELS. THESIS ADVISOR : ASSOC. PROF.

KITTITEP FUENKAJORN, Ph.D., PE., 176 PP.

ROCK SLOPE/SLIDING/TOPPLING/MODEL/SANDSTONE

The objectives of this research are to invent a test platfornude in the
laboratory simulation of scaled-down rock slope models under pladiegsland
toppling failures and to compare the observed results with thoseatattlly the
deterministic methods. The design objectives for the test ptatioe that it must be
capable of simulating sliding and toppling failures under both dry and esgech
conditions, and should allow assessing the effects of dynamic latmlal static
acceleration) on the slope stability. The research effort ynawnblves (1) collection
of rock block samples, (2) construction of a test platform, (3) simouolatf scaled-
down slopes model under real gravitational force, (4) comparison désheesults
with those from the deterministic method, and (5) assessing tbet &ff seismic
loads. Phu Phan sandstone from Nakhon Ratchasima province has betad def
use as rock samples. Rock slopes are formed by cubiebd44£m) and rectangular
(4x4x8 cm and 44x12 cm) blocks of sandstone, under various slope face angles with
the maximum slope height up to 1 m. The sandstone blocks prepared-bytsag
are arranged to simulate rock slopes with two mutually perpendjouté sets. The
test variables include slope face angle, sliding plane anglegr weeight, and

horizontal pseudo-static accelerations.
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The model capability is demonstrated by simulating two-dino@asiplane
sliding and toppling failures of rock slopes. Factors of satetyhie tested slopes are
calculated using the deterministic method given by Hoek and Bray. Results from ove
200 tests suggest that the test platform can realistigaliylate the modes of failure.
The calculated factor of safety over-estimates the actuahadions of plane sliding
by as much as 30%, particularly for slopes with low angled sligilages and
comprising short blocks. The observed toppling failures agree wdil thise
determined by Hoek and Bray solution when the friction between tlkebtocks is
considered in the calculation.

Plane failures of scaled-down rock slope models have been simulated un
real gravitational force and pseudo-static accelerations of up 285 0g with
amplitudes between 24 and 64 mm. The observed sliding angles undericddynam
loading are considerably lower than those calculated by thendeistic method.

The discrepancy becomes larger for slope models formed by skamntdstone blocks
and under a higher acceleration. The results from the physa@tlnsimulations
under dry and submerged conditions agree well with those obtained frdm fini
difference analyses using FLAC code. The findings imply fitvathe smooth, open
and low-cohesion joints as simulated here, assessment of rockstiydey under
static and dynamic loading by using the deterministic methodeamay not be

conservative, particularly for the slope mass comprising joints with spzetirsy.
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CHAPTER |

INTRODUCTION

1.1 Background of problemsand significance of the study

Physical models or scaled-down models have long been used to sirhalate t
failure behavior of rock slope in the laboratory. They have been usedchsng and
research tools to reveal the two-dimensional failure process kfslopes under
various geological characteristics. They are sometimes eetpléy gain an
understanding of a unique failure process under site-specific condifR@mhaps the
most popular and widely used model is the Goodman’s friction table (Goodma
1976). Bray and Goodman (1981) discuss the base friction principle tigat it
commonly used to reproduce the effects of gravity in two-dimensionaigathy
models of excavations in rock. They develop mathematical principleswipich
analogy between gravity and base friction can be examined. Therfrtable has
been evolved into several versions. Cement mixed with sand, plasteyoden
blocks are commonly used to form the slope models. Teme (1987) has used
inclinable base-friction table as a tool in modeling of excavatidtris.similar to that
described by Goodman (1981), Hoek and Bray (1981), and Hittinger (1978). Teme’s
machine can however be inclined to simulate various dip angles ireltheaind can
test rigid and non-rigid model materials. Recently numericdyses primarily with
distinct element and finite element methods, have been employed utatsinhe

plane sliding and toppling failures observed from the slope models (e.g. Kim and



Lee, 1992; Lanoro et al., 1997). Comparisons of the results from the caonmitat
and observations are made to verify the representative capabilihe afomputer
modeling and to improve an understanding of the actual behavior of rock slope
failure.

The friction table poses some disadvantages. The driving force ngduci
sliding or failure is not from true gravitational force. Instéalhrgely depends on
the friction and velocity of the moving belt, and hence additional ctbbraor
correction is required to reveal the actual slope behavior. A-dtfwkoehavior
between the belt and testing materials is common problem pantrcutader low
speeds, making the driving force by belt moving unrealistic. In addgiooe the
friction table is in horizontal or gently inclined, assessmenh®tiue effect of water

can not be made.

1.2 Research objectives

The objectives of this research are to invent a test platfornude in the
laboratory simulation of scaled-down rock slope models under plane shdithg
toppling failures and to compare the observed results with thoseatattuly the
deterministic methods. The main tasks involve fabrication of thieptaorm to
meet the requirements, preparation of rock blocks for using in slopdasion,
demonstration of the physical model performance, and calculation dbgfeeraodel

stability using deterministic methods.



1.3 Research methodology

The research effort is divided into six tasks including the tileeareview,
sample collection and preparation, construction of the physical model,cg@hysi
model testing, comparisons, and thesis writing and presentation.

1.3.1 Literaturereview

Literature review has been carried out to study the rock slopeefail
from case studies in Thailand and abroad, rock slope failure critandrthe results
and factors of rock slope failure in particularly effects frarttequake vibration. The
sources of information are from journals, technical reports and conéepapers. A
summary of the literature review will be given in the thesis.

1.3.2 Samplecollection and preparation

Rock with uniform texture and properties will be selected for model
testing. The block specimen dimensions primarily aréx4 cm, 4«4x8 cm, and
4x4x12 cm. Up to about 1,000 blocks are prepared.

1.3.3 Construction of the physical model

The test platform for physical model test will be constructed i
Geomechanical Laboratory in Suranaree University of Technology. td8steg
space (area) is aboutll m.

1.3.4 Physical model experiments

Plane sliding and toppling failure of slope models will be simulated
for various slope heights and face angles. Video of the slope moventiebe

recorded for further analysis and comparisons.



1.3.5 Comparison
Results obtained from the simulations will be compared with the
solutions from the deterministic methods and with the computer simulations.
1.3.6 Thesiswriting and presentation
All research activities, methods, and results will be documemtdd a
compiled in the thesis. The contents or findings will be published indahierence,

proceedings or journals.

1.4 Scopeand limitations of the study

Scaled-down slope models are simulated in two dimensions. The slope
models have a maximum height of up to 1.5 m under various slope anglese &a
slope model is induced by the gravitational force. Continuous monitoririgeof
failure process will be made during the test. The effect of stding condition will
be studied. The effect of earthquake will be studied in the horizdirdtion
normal to strike of the slope model. One type of rock will be salefor this

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

15 Thesiscontents

Chapter | introduces the thesis by briefly describing the background of
problems and significance of the study. The research objectivdmdokigy, scope
and limitations are identified. Chapter Il summarizes resilthe literature review.
Chapter 1l describes the design procedure for physical model. Chdpdescribes
the results obtained from the laboratory testing. The experimentdivided into 3
tests, including 1) plane sliding and toppling failure tests underatgition 2) plane

sliding failure tests under submerged condition, and 3) plane slidilugefainder



dynamic loading. Chapter V describes the results obtained frorma fiiffierence
analysis. Chapter VI concludes the research results, and providesmendations

for future research studies.



CHAPTER |1

LITERATURE REVIEW

2.1 Introduction

This chapter summarizes the results of literature review carried ouptoven
an understanding of simulation of rock slope failure using physical model. The
topics reviewed here include the rock slope stability, effect of seismiapaahd

previous studies on physical models.

2.2 Rock slope stability

Kamutchat (2004) described the problem of evaluating the statiilglopes
in jointed and weathered rock masses which remains as a majtangkain the
practice of rock engineering. The stability of structures e the strength and
deformability of the rock masses. The rock masses areatlypleeterogeneous and
anisotropic (unpredictable) because of the different rock types raperges. The
most universally occurring anisotropic characteristic of all roc#sses is the
presence of distinct breaks, or discontinuities, in the physical cagtioiuthe rock.
These include bedding surfaces, joints, and faults, etc. The vestereduce rock
strength from pervasive chemical weathering. The presencsamindiinuities in rock
mass is the primary controlling factor of rock mass streragid deformability.
Discontinuities also have a dominant role in defining rock mass propertieslopbe s

geometries have become important on stability evalnatHoek and Bray (1981) and



Goodman (1989) have classified the modes of slope failure into foes;tplane and
wedge sliding, toppling and circular failure.

A plane slide forms under gravity alone when a rock block tesgsancline
weakness plane that “daylights” into free space. The inclinafidhe plane of slip
must be greater than the friction angle of that plane. The camglior failure reside
dormantly in the slope until excavation or rock movement removes therbrr
block translation. Movement of a block supposes that the restraiiditg $1as been
overcome not only along the surface of sliding but along the lateaegins of the
slide. In soft rocks, like shale, the side restraint can baseteby rupture of the rock
itself if the base of sliding is inclined considerably ste¢pan the friction angle. In
hard rocks, plane sliding can occur only if there are other discamgsuar valleys
transverse to the crest of the slope releasing the sides blottie (Hoek and Bray,
1981).

Wedge slides can occur when two planes of weakness intéosdefine a
tetrahedral block. Slip can occur without any topographic or stalctetease
features if the line of intersection of two discontinuities daylights into tbavetion.

Toppling failure involves overturning of rock layers like a seoksantilever
beams in slates, schists, and thin-bedded sediments inclined steeghe hillside.
Each layer tending to bend downhill under its own weight transfers thyanslope.
If the toe of the slope is allowed to slide or overturn, flexuratks will form in the
layers above, liberating a large mass of rock. If thereraguént cross-joints, the
layers can overturn as rigid columns rather than having to féliéxare. In either
event, destructive slope movements must be prefaced by interigyef a normal

faults type.



For a circular failure, rock body is divided into a discontinuoussmakhe
failure path is normally defined by one or more discontinuity. Beaa soil slope,
the individual particles are very small compared with the sfzthe slope, and a
strongly defined structural no longer existed. Then the failuresat in the circular
form.

Using the shear strength parameters ¢ @gnthe factor of safety of plane
sliding given by the total force resisting sliding to the tébate tending to induce

sliding, is (Hoek and Bray, 1981)

_ CA+(Wcosy,—U-Vsiny,)Tanp

FS : (2.1)
Wsiny, +V cosy,
where
A =(H-Z)coseoy, (2.2)
1
U =§«YWZW(H—Z)c:oseoq/p (2.3)
v=1i, 2 (2.4)
2
for tension crack in the upper slope surface
W= %VHZ[(l— (Z/H)?)coty, — coty, | (2.5)

and, for the tension crack in the slope face



W:%sz[(l—Z/H)zCot\pp(cot\uptan\yf —1)] (2.6)

where c is cohesive strengthjs angle of frictiony is unit weight of rocky,, is unit
weight of water, A is area of face, H is slope height, Wegght of the sliding block,
U is uplift water force, V is horizontal water forc#; is slope face angley, is
sliding plane angle, Zis water depth, and Z is tension crack depth.
When the tension crack is not vertical the above equations cannot kendsed
it is often easier to determine A, W, Z, anglusing a scale drawing on graph paper.
When the geometry of the slope and the depth of water in the tension crack are
known, the calculation of a factor of safety is straightforwardd. some cases,
however, it may be necessary to compare a range of slope gesmetter depths
and the influence of different shear strengths. In such caspseadsheet may be
used to carry out the analysis and create graphs showing theviagritthe factor
of safety to these changes (Simons et al., 2000).
A procedure for the toppling and sliding of a regular system of blbeks
been proposed by Goodman and Bray (1976). Giani (1992) explained the purpose of
the analysis is to assess the limit equilibrium condition of dMel@cky system and
to determine external forces, such as a cable force, requirsidtihze the slope
made up by the blocky system. The procedure considers the egmlibkithe forces
of each block starting from the uppermost block and determining thhactitan force
with the adjacent block down to the slope toe. When the lower forcaethtan the
toe block is positive (downward directed) the slope is unstable, wherzetro, the

limiting equilibrium condition is reached.



10

Limit equilibrium analysis of toppling on a stepped base proposed by Hoe

and Bray (1981) can be written as:

P P,(M, —Axtan¢) + (W, /2)(y, Sina — AX cosa.)
n-1—
L

(2.7)

n

where R.1is force preventing toppling of the nth block, iB force inducing toppling

of the nth block, Wis weight of nth block, Mis distance between block base and the

point where R applies, I, is distance between block base and the point wRere

applesAx is width of each block,nis height of the nth block, andis plane angle.
Giani (1992) states that since the geometry of dloeky system and the

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

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

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

system, which consider the system rigid and usstgtecal equilibrium equations.

2.3 Effect of seismic load

The previously described procedures for statipeslstability analysis have
been used for many years and calibrated againsy ractonal slope failures. The
database against which seismic slope stabilityyaral can be calibrated is much
smaller. Kramer (1996) explained the analysishef $eismic stability of slopes is
further complicated by the need to consider theotdf of (1) dynamic stresses
induced by earthquake shaking, and (2) the effeCthose stresses on the strength

and stress-strain behavior of the slope materials.
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Siad (2003) considered gravity and inertial fordegeloped in the rock mass
by the passage of seismic waves are the exterr@ddo The rock mass is crossed by
two sets of fractures which are considered to b@al and persistent. The stability
factor is very sensitive to variations of horizdrgaismic coefficient. It is reduced
due to seismic effect. However, the value flattassfriction angle of fracture
increases.

Sepulveda et al. (2005) conducted field invesitigat and slope stability back
analyses to confirm the impact of topographic afigaliion on the triggering of
landslides during the 1994 earthquake. Their tessiiggest that the observed
extensive rock sliding and falling would have neeb possible under unamplified
seismic conditions, which would have generatedyaistantly lower number of areas
affected by landslides. In contrast, modeling slgpability using amplified ground
shaking predicts slope failure distributions matghivhat occurred in 1994. This
observation confirms a significant role for topqgrec amplification on the triggering
of landslides at the site and emphasizes the neestlect carefully the inputs for
seismic slope stability analyses.

Beginning in the 1920s, the seismic stability artle structures has been analyzed
by a pseudostatic approach in which the effectarofearthquake are represented by
constant horizontal and/or vertical acceleratiodsarfier, 1996). The first explicit
application of the pseudostatic approach to thé/sisaf seismic slope stability has been
attributed to Terzaghi (1950). Giani (1992) disegkthat a pseudostatic analysis can be
carried out by using the limit equilibrium methoddaby schematizing the dynamic
loading occurrence with a time constant force whécproportional to the mass of the

potentially unstable volume of rock, accordingte seismic coefficient.
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Kramer (1996) states that the magnitudes of theugostatic acceleration
should be related to the severity of the anticigpageound motion as selection of
pseudostatic accelerations for design is not a Isimpatter. The horizontal
pseudostatic force clearly decreases the factsafety. It reduces the resisting force
(for¢>0) and increases the driving force. The verfossudostatic force typically has
less influence on the factor of safety since ituces$ (or increases, depending on its
direction) both the driving force and the resistiogce. As a result, the effects of
vertical accelerations are frequently neglectegsaudostatic analyses resolving the

forces on the potential failure mass in a direcparallel to the failure surface,

Fg._ fesistingorce _ cl, + [(W —F,)cosB — F, sinp]tan

= =55 : 2.8)
drivingforce (W —F,)sinB + F, cosB

where ¢ andg are the Mohr-Coulomb strength parameters that desthe shear
strength on the failure planky is the length of the failure plan¥/ is the weight of
the failure mass, arféh, andF, are the horizontal and vertical inertial forceschhact
through the centroid of the failure mass. The nitages of the pseudostatic forces

are

F, _aW k, W (2.9)
g

=AW w (2.10)
g

where @ and @ are horizontal and vertical pseudostatic acceteratk, andk, are

dimensionless horizontal and vertical pseudostatéfficients. Pseudostatic analyses
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can be unreliable for soils that build up largeeppressures or show more than about
15% degradation of strength due to earthquake 8bhakThe pseudostatic approach
can be used to evaluate pseudostatic factors @tys&br planar, circular, and
noncircular failure surfaces. Many commercially ilalde computer programs for
limit equilibrium slope stability analysis have thption of performing pseudostatic
analyses.

Kramer (1996) described that earthquake magniwdequantitative measure
of the size of an earthquake. Most magnitude seakedased on measured ground
motion characteristics. The common magnitudesiaogvn in Table 2.1.

The example of earthquake magnitude such as: tBetli906 San Francisco
and 1960 Chile earthquakes produced ground shatkiag led to surface wave
magnitudes (M of 8.3, however, reflected in the moment magrasud\,) of the
earthquake as 7.9 for San Francisco and 9.5 fole GKramer, 1996). The 1994
Northridge earthquake (M= 6.7) triggered extensive rock slope failure®actoima
Canyon, immediately north of Los Angeles, Califarfbepulveda et al., 2005). The
1995 Nuweiba earthquake measured ML = 6.2 on tbe lmagnitude scale based on
coda duration and Mw 7.2 on the moment magnitude scale. The oveistiloution
of 177 aftershocks of the Nuweiba earthquake imtagnitude range 35Mw < 7.2
(Shamir, et al., 2003). The 1995, October 1, Difdarrkey, earthquake (Ms = 6.1)
determined from inversion of teleseismic P and Si¥eforms (Utkucu et al., 2002).
The large magnitude (Mw = 7.7) Bhuj earthquake wtochurred on January 26th,

2001, within the Kachch peninsula in Gujarat (Sagqa Chander, 2003).
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Table 2.1 Magnitudes commonly used by seismic networks (UXB88).

(Tsuboi method).

Magnitude Appllpable Distance
type magnitude range Comments
range

Based on the duration of shaking |as
measured by the time decay of the amplitude
of the seismogram. Often used to compute

Duration <4 0-400 km magnitude from seismograms with "clipped"
(Mg) waveforms due to limited dynamic recordipg

range of analog instrumentation, which
makes it impossible to measure peak
amplitudes.

The original magnitude relationship
defined by Richter and Gutenberg for local
earthquakes in 1935. It is based on |the

Local maximum amplitude of a seismogre_Lm

(ML) 2-6 0-400 km re(_:orded on a Wood-And_erson torsion
seismograph. Although these instruments|are
no longer widely in use, ML values are
calculated using modern instrumentatjon
with appropriate adjustments.

Surface 20-180 A magnitude for distant earthquakes based
wave 5-8 degrees on the amplitude of Rayleigh surface wayes
(My) measured at a period near 20 sec.

Based on the moment of the earthquake,

Moment 535 all which is equal to the rigidity of the earth
(My) ' times the average amount of slip on the fault

times the amount of fault area that slipped.

Energy 535 all Based on the amount of recorded seismic
(Me) ' energy radiated by the earthquake.

Moment Based on the integral of the_first few
(M) 5-8 all seconds of P wave on broadband instruments
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Table2.1 Magnitudes commonly used by seismic networks (USX688).(Cont.)

Magnitude Appllpable Distance

tvpe magnitude range Comments

yp range g

Bod ;(S-%ggs Based on the amplitude of P body-waves.
(M)y 4-7 (onlgdee This scale is most appropriate for deep-

b. Y AeeD | 5cus earthquakes.
earthquakes

Surface A magnitude for distant earthquakes
wave 5-8 all based on the amplitude of the Lg surface
(ML) waves.
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Hatzor et al. (2004) analyzed dynamic stabilityanfited rock slopes using the
DDA method. Comparison of predicted damage withi@cslope performance over a
historic time span of 2000 years allows they coaetuthat introduction of 2% kinetic
damping should suffice for realistic damage preoinst. The peak horizontal ground
acceleration (PGA) for DDA computation varied frén@6g to 0.2g. The acceleration
levels of 1g blocks at upper row in terrace mayekpected to lift in the air for very
short time spans when the scaled accelerations attavel of 1g. It should be noted
that the frequency content was not altered in ttadesl records as all acceleration
components were multiplied by a scalar only. Ihat possible to check the validity
of this result of DDA. The effect of bolting is @grent with the dense bolting pattern
the terrace remains virtually intact after 10sladlgsng with PGA = 0.6g.

Maugeri et al. (2000) tested the failure of a sivalfoundation subjected to an
eccentric load by shaking table. To achieve thgegrental critical acceleration, k
(horizontal acceleration coefficients) of foundat&oil system, the test was
performed by means of different shakes during wkhehpeak acceleration of the sine
dwell motion was gradually increased up frath10 to+0.35g.

The example of horizontal ground acceleration sashthe Dead Sea valley
and Mount Masada bedrock have been classified agianrén which earthquake-
induced peak horizontal ground acceleration (PG&geding 0.2g. Two thousand
years ago the Masada cliff top was marked by coctstru The mountain was later
shaken by several major earthquakes, with deepoblkedaccelerations certainly
exceeding 0.1g and probably even exceeding 0.2g¢Hat al., 2004).

For historical earthquakes with no seismograplords; seismologists can

estimate the intensity of ground motion from the &adlr scale (Table 2.2), using the
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information as a kind of crude seismograph. If mstgy information is available for
enough different places, a rough estimate of thithg@aake magnitude can be made

(Gendzwill, 2008).

2.4 Previous physical models

Crawford and Curran (1982) investigated the potémptiactical importance of
rate- and displacement- dependent frictional rascd of discontinuities on the
stability of rock structure with the aid of a rigaliding block slope stability model.
Constitutive relationships for rate-dependent iiwdl resistance, based on
experimental observations, have been utilizeds $hown that the existence of a rate
effect may be an important consideration in theigitestructures in jointed rock
masses.

The kinematics of a model restrained so that @ictat its base from the
moving belt creates a gravity effect, are describgdGoodman (1976). The base
friction principle is used widely to reproduce #iféects of gravity in two-dimensional
physical models of excavation in rock. The bodyéoof gravity is simulated by the
drag of a belt moving along the underside of thedeho They developed the
mathematical principles upon which analogy betwgevity and base friction can be
examined. It is shown that equations of motionthe realm of the model are
obtainable from those of the real world by replgcamy linear or angular acceleration
term by corresponding linear or angular velocitymte For limiting equilibrium

analysis, in  which  motion incipient, the analogy isflawless.
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Table2.2 The intensity of ground motion is estimated frii@ Mercalli scale (Adapted

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

M odified
Mercalli
| ntensity

Acceleration

(9)

Description of Intensity L evel

<0.0017

Not felt except by a very few under esggcfavorable
circumstances.

0.0017

Felt only by a few persons at rest, esplgcon upper
floors of buildings. Delicately suspended objectsym
swing.

0.014

Felt quite noticeably by persons indo@specially on
upper floors of buildings. Many people do not redegn
it as an earthquake. Standing motor cars may rock
slightly. Vibration similar to the passing of ac¢ku
Duration estimated.

0.014 —0.03¢

)Felt indoors by many, outdoors by few during the. dt
night, some awakened. Dishes, windows, doors disty
walls make cracking sound. Sensation like heawktru
striking building. Standing motor cars rocked ne#bly.

0.039 - 0.094

’Felt by nearly everyone; many awakened. Some dish
windows broken. Unstable objects overturned. Pamdu
clocks may stop.

Vi

0.092-0.18

Felt by all; many frightened. Some heavy furratur
moved; a few instances of fallen plaster. Damdigats

VIi

0.18-0.34

Damage negligible in building ofagbdesign and
construction; slight to moderate in well-built ardry
structures; considerable damage in poorly buitiautly
designed structures; some chimneys broken. Nobged
persons driving motorcars.

VIl

0.34 -0.65

Damage slight in specially desidrstructures;
considerable in ordinary substantial buildings vgértial
collapse. Damage great in poorly built structuFesl of
chimneys, factory stacks, columns, monuments, walls
Heavy furniture overturned.

0.65-1.24

Damage considerable in speciallyghesi structures;
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 destdyynost
masonry and frame structures destroyed with fouois
Rails bent.

Xl

>1.24

Few, if any (masonry) structures remain standirmgidgs
destroyed. Rails bent greatly.

Xl

>1.24

Damage total. Lines of sight and levistdrted. Objects

thrown into the air.

es
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Teme (1987) has used inclinable base-frictionetas a tool in modeling of
excavation (Figure 2.1). He found that the advgedaof the inclinable base-friction
table include (1) it has the ability to used rigiad/or non-rigid model materials, (2) it
is suitable for both teaching and research, (3ytsadherence to the recommended
testing methodology will provide reproducible résul4) the design of the machine
is simple enough to be easily reproduced, and t(5§ relatively inexpensive to
construct. However, limitations of the machinelude (1) there is a stick-slip and
wobbling of the friction belt especially when highar ratios are used to drive the belt
system and (2) there is a limit to the weight antime of model materials that can
be carried by the inclinable base plate of the nm&cturing routine testing.

Kokusho and Ishizawa (2005) studied the energycaah for earthquake
induced slope failure evaluation by used shakirgeta They proposed that the
earthquake energy used for the slope failure casubeessfully quantified in the test
and its contribution to displacement is discussedhe light of the energy balance
established for the block model.

Recently numerical analyses, primarily with distielement methods, have
been employed to simulate the plane sliding angliog failures observed from the
slope models. Lanaro et al. (1997) used the [QistiElement Method (D.E.M)
modeling to studied block toppling (Figures 2.2 @18). The model consisted of an
arrangement of blocks of artificial material whitdppled when its base was tilted.
The model geometry, block interfaces, material progs and dynamic loading
sequence influence the numerical results. Th&dnangle, rotation velocity and the

sharpness of block corners, which are the prinégaibrs governing the model response,
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Figure 2.1 General view of the modelling machine. (A) Frictibalt. (B) Main
supporting frame. (C) Blocking system. (D) ReareaXE) Motor. (F)

V-belt. (G) Pulleys. (H) Motor support frame. (I) Maldblock.
(Teme, 1987).
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Figure2.2 A view of the tilt table and the video recordsegfs (Lanaro, 1997).

Displacement Recording\
9cm
'_|
Block System
Rotation Centre
\féf Tilt Plate

Figure 2.3 Geometry of the model and location of the momigprpoint

(Lanaro, 1997).
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have been investigated. They studied a valuablelaten test of the Distinct
Element Method against experimental results.

Li et al. (2007) analyzed critical excavation deftn a jointed rock slope
using a Face-to-Face Discrete Element Method (DEWVhHe DEM is based on the
discontinuity analysis which can consider anisatr@md discontinuous deformations
due to joints and their orientations. They comg@dhe effect of joints on the failure
modes between DEM simulations and experimental gagens. It is found that the
DEM predicts a lower critical excavation depth tittwe LEM (limit equilibrium
method) of the joint structures in the rock massrant ignored.

Bhasin and Kaynia (2004) studied the static anthgyc rock simulation of a
700 m high rock slope in western Norway. They usednerical modeling to
estimate the volume of the rock mass that coul@mg@lly slide under static and
dynamic forces. This estimation was required sess the run-up heights (tsunami)
in a fjord that could potentially be caused by tbek slide. The results indicate that,
due to variations in the inclination of discontities, the entire slope does not become
unstable and that down-slope sliding and rotatibblacks occur mainly on the top
layers of the slope. This model has helped not tmbetter understand the dynamics
of the rock slide but also to estimate the poténtak volume that can become

unstable when subjected to static and dynamic loads



CHAPTER |11

TEST PLATFORM

3.1 Introduction

A physical test platform has been built for use in the simulation of failure of
scaled-down rock slopes under real gravitational force. This chapter describes the
design requirements and components of the test platform, calculation of the

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

3.2 Design requirements and components

The functional requirements for the test platform are (1) to test slope models
with a maximum height of up to 1.5 m under varied slope face angles, (2) to induce
failure of slope model using real gravitational force, (3) to alow continuous
monitoring of the failure process during testing, (4) to assess the effect of submerging
condition on the slope failure, and (5) to allow incorporating the effect of earthquake
on the stability condition.

To meet these requirements the test platform comprises two main
components. a 2.2x2.2 m test frame supported by a movable stand. The frame is
hinged through steel rods in the middie to the stand (Figure 3.1 and 3.2) alowing
frame rotation from horizontal position (during arranging and loading block samples)
to vertical position (for testing under true gravitational force). The frame is made of

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

model tests.
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A custom-made 2x2 m clear acrylic sheet with 10 mm thick is placed in the front of
the frame, while an aluminum plate with the same size is in the back. The spacing
between the acrylic sheet and the steel plate is5 cm. All gaps and connections are
water-tight. They are sealed with quick-dried silicone gel. When the frame is in
horizontal position, the aluminum plate becomes a flat bed supporting the rock blocks
during loading. The clear and removable acrylic sheet is installed before rotating the
frame to the upright position to prevent the block samples from tipping over. It aso
allows visual inspection and monitoring of slope movement during the test. The test
frame can accommodate 4 cm thick rock blocks arranged with a maximum height up
to 1.5 m. A minimum clearance of 0.5 cm is maintained between the front acrylic
sheet and rock blocks and between the rear aluminum plate and the rock to ensure that
no friction is induced at these interfaces (equivalent to the rel ease surface assumption
used in Hoek and Bray solution)

Steel grooved rollers mounted underneath the stand are used for testing under
dynamic loading. The rollers will be placed on a set of sted rails equipped with a
high torque motor and piston to induce a cyclic motion of the entire test platform.
The lateral static acceleration can be created and controlled by adjusting the
frequencies and amplitudes of the piston and speed of the motor. Note that the rails
and dynamic components are being built, and hence not included in the Figure.

During the test a screw jack connecting with steel cable placing on a pulley
lifts one end of a steel beam pre-installed underneath and along the slope model.
Since the beam is securely hinged at the bottom near the slope toe, the entire slope

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

Figure 3.4 shows the crank arm components used to generate the horizontal
acceleration to the test frame. The acceleration at point B, represented by a, can be

calculated using a set of equations given by Riley & Sturges (1993).
a=Rm3, 00S0 + ywig COSO — Yo 5g SING (3.1)

where R = radius of wheel, y = length of crack arm, woa and wag = angular velocity
of OA and AB, 6 = angle between AO and OB, aag = relationship between the
acceleration of points A and B, and T = duration of flywheel rotation. The angle ¢

can be obtained from:

y

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

2n _ Roy, cos0

WOop = T O y COSd (3.3)

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



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

placed in test platform.

28
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Test Platform \ /

Motor
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Figure 3.4 Crank arm and flywheel used to induce dynamic loading to the test

platform.
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_ R, Sin0-yos, sing
y COS

(3.4)

Olag

The actual rotational duration (T) is monitored for each slope model because
different slope geometry and slope mass yield different weights, and hence change the

speed of the test platform and the flywheel rotation.

3.3 Calculation of slope height

Before testing the initial angles of tilting beam, slope face and upper slope
face are measured to the nearest 1 degree. After the failure is observed, the screw
jack is secured to hold the tilting beam in-placed. The final angle of the tilting beam
is remeasured. The slope height (H) and slope face (y;) at failure can therefore be

calculated (Figure 3.5).

_ hsin(yo +(Wp —Wpo))

H : (3.5)
sSn(yo — v pO)
Vi =Vio+ (W, — Vo) (3.6)
where: h = distance between base and top of slope model

H =height of Slope at failure
yio =initial sopeface angle

yi =dopefaceangle at failure
ypo =initia sliding plane angle

yp =dliding plane angle at failure
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Figure 3.5 Parameters used for calculating slope height of slope model at failure.
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Video camera continuously records the slope movement and hence obtaining
redundant measurements of the slope angle and height immediately before failure.
The video playbacks are also very useful to identify the location where the failure was

initiated, and how it progressed.



CHAPTER IV

SLOPE MODEL TESTING

4.1 Introduction

This chapter describes the method and results of the slope mouhgj. tédte
simulations are made under dry and submerged conditions. The effelyisanfic

loading are assessed.

4.2 Sample preparation

Phu Phan sandstone from Nakhon Ratchasima province has been selected for
use as rock samples primarily because it has highly uniformréxtlensity and
strength. It is classified as fine-grained quartz sandstore 2% 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. nT clape
models with two mutually perpendicular joint sets, cubical (4x4x4 amgl
rectangular (44x8 cm and 44x12 cm) shaped sandstone blocks have been prepared.
The cubical blocks are used to simulate joint sets with equalngpaehile the
rectangular blocks simulate joint sets with different spacin@siality control has
been carried out to ensure that the geometry of each block mesjsethfications.

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

Tilt testing is performed on the sandstone blocks to determine stneagth
of the saw-cut surfaces. Size of the upper (sliding) blockarged. Its weight is

measured and taken into the calculation of normal load. The tests are repaatesi 4 ti
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Figure4.1. Nearly 1000 blocks of Phu Phan sandstone prepared for testing.
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for each block size. Table 4.1 shows the test results. The besanfangle is about
26 degrees and cohesion is 0.053 kPa (Figure 4.2). The measured cohesion is
extremely low which agrees with the results obtained by Keng (2006). He
reports that the basic friction angle for smooth (saw-cut) ssfad Phu Phan
sandstone is averaged as 32 degrees with virtually zero cohesioulisdtepancy of
the friction angles is probably due to the intrinsic variabitifythe rock and the
difference in the ranges of normal loads used in the tests.urlieial compressive

strength of the tested sandstone is 723.53 MPa and elastic modulus equals to

18.43+ 1.08 GPa (Kemthong, 2006).

4.3 Simulation of plane diding failure under dry condition

The simulations involve two-dimensional plane sliding of rock slope fym
cubical (4x4x4 cm) and rectangular (4x4x8 cm and 4x4x12 cm) blocks of@aads
under various slope face angles with the maximum slope height up to 1 m.

Thirty-eight plane sliding failures has been simulated for slope models
with heights varying from 16 to 77 cm and slope face angles &brio 73 degrees
(Appendix A). Each set of slope geometry comprises sandstone blabkbevsame
dimension, and is simulated at least 3 times to ensure thatabpiy of the results.
Table 4.2 summarizes the test parameters and results forlimyodmder dry
condition. Figure 4.3 shows an example of the plane sliding fabure $lope model
formed by 44x12 cm sandstone blocks. Figure 4.4 shows simulation results by
presenting the slope height at failure as a function of sliding @agk. Since the
measured cohesion is very low and negligible, the deterministtwocheimply yields

the sliding plane angle equal to the friction angle of the block surfaces.



Table4.1 Tilt test results of Phu Phan sandstone.
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Sample| Width [Length| Area Weight (g) d» (degrees)
No. | (mm)| (mm)| (mm?)| 1 2 3 |avg. [ 1] 2] 3 |avg
1 43.35| 43.501885.7,170.2| 170.6{ 170.6| 170.5| 27/ 30| 30| 30
2 40.35| 42.001694.7/ 177.1| 177.2{ 177.4| 177.2| 25| 27| 24| 25
3 41.85| 41.851751.4 172.9| 172.9|172.3| 172.7| 29 31| 28| 29
4 41.80| 41.851749.3 167.7| 167.9| 168.3| 168.0| 30, 30| 29| 30
5 41.15| 41.201695.3 162 | 160.8 161.4| 161.4| 30 27| 30| 30
6 41.20| 82.153384.6 500.6| 500.7| 500.6| 500.6| 29 32| 29| 29
7 40.75| 82.103345.6 497.6| 497.6| 497.3| 497.5| 29 27| 29| 29
8 41.95| 81.503418.9 496.2| 495.8| 495.9| 496.0| 29| 26| 26| 26
9 42.70| 82.153507.8 514.9| 515.5| 515.1| 515.2| 26| 29| 26| 26
10 41.45| 82.7%3430.0 489.9| 490.2| 490.7| 490.3| 30| 29| 27| 29
11 40.25| 81.303272.3 684.3| 684.1| 683.6| 684.0| 29| 29| 28| 29
12 40.25| 79.803212.0 656.7| 657.1| 657.1| 657.0| 27| 25| 26| 26
13 38.80| 80.003104.0 651.5| 651.6| 651.7| 651.6| 28/ 30| 29| 29
14 38.45| 79.45%3054.9 662.5| 662.2| 662.7| 662.5| 29| 27| 27| 27
15 38.40| 80.803102.7| 663.6| 663.4| 663.6| 663.5| 27| 25| 27| 27
16 41.65| 82.153421.6 999.3| 999.2| 999.3| 999.3| 29/ 28| 29| 29
17 40.70| 82.303349.6 982.1| 982.2| 982.3| 982.2| 26| 26| 26| 26
18 42.70| 82.353516.4 994.6| 994.1| 994.2| 994.3| 28| 27| 26| 27
19 42.30| 81.25%3436.91007.21007.21007.111007.2 27 | 27| 26| 27
20 41.15| 84.853491.61035.11035.21034.91035.1 27| 26| 25| 26
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Figure4.2 Results of tilt testing on bocks of Phu Phan sandstone si¢e4 4m,

4x4x8 cm and 44x12 cm.
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Table4.2 Test parameters and results of slope model simulations under dry

conditions.
Block Size No. of H Wi Wp
Testing (cm) (degrees) (degrees)
4x4 cm 43 20-68 40-52 21-25
8x4 cm 53 16-77 49-75 23-27
12x4 cm 49 16-93 44-72 25-26

Figure 4.3 Simulation of sliding failure of rock slope formed byx#Zm blocks of

sandstone under dry condition. Failure occurregkaf1°, y,=25°, and

H=63.9 cm.
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Figure4.4 Sliding failure of dry slope on block size4k4 cm (a), 44x8 cm (b),

and 4«4x12 cm (c).
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The sliding angle is also independent of the slope height. The obhstidiag plane
angles {) tend to be lower than those determined by the deterministic methbd
friction angle obtained from the tilt test. This is probably edusy the non-uniform
distribution of the normal load and shear force on the sliding plarem fre tested
geometry the highest shear force is probably near the slopenileetine normal load
largely concentrates near the middle of the sliding plane. Bachdistribution is
probably similar to the actual in-situ slope conditions. The detéstii method
however assumes a uniform load and shear force along the sliding plane.
Calculation of factor of safety for dry slope model

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

failure of the slope models is determined herehtmasthe discrepancies between the

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

FS= L +coty - tand (4.1)
W-siny,

where c is cohesion of rock surfadeijs friction angle, W is weight of the sliding
block, A is sliding areay, is sliding plane angle.

The weight of rock wedges is calculated as (Fi@ubg:

W =W, + W, (4.2)

leé-y-H2 -(cot\yp—cot\pf )-t
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coty_ —coty,)?
Wz_l' 'HZ' ( Wp \Vf) .t
cot(o — ) +coty

wherey is unit weight of rockyys is slope face angle, H is the height of slopés
angle of the back of slope model, and t is thickrisock. The weight of the sliding

block becomes:

(4.3)

coty _ —coty, )?
Wzl-y-Hz- (cot\pp—cot\pf)Jr (coty, Vi) 1
2 cot(o— ) +coty,,

Where : A = H-t-cosag

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

dry slope model can be calculated by:

coty  —coty, )?
FS=2-c/{y-H-sin’.y - (cot\up—cot\pf )+ (coty, —coty) 4 tand (4.49)
cot(o— ) +coty, tany

Figures 4.5 through 4.7 compare the factors @tgafalculated from the model
geometry at failure (Equation 4.4) with the actizaitor of safety observed at failure
from the simulation (FS = 1.0). It is clear thiae tdeterministic method by Hoek &
Bray (1981) over-estimate the factor of safetyalufe by as high as 30% for the
4x4x4 blocks and about 10% fok4x12 blocks. This discrepancy is enhanced when
the sliding plane angles become smaller. The tatied factor of safety seems to
be insensitive to the slope face angle. The comspas imply also that shorter

blocks (44x4 cm) tend to slide easier than do longer one4x@ cm and 44x12 cm).
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Figure4.5 Factors of safety calculated from Eqn. (4.4)telbtas a function aji;

for block size 44x4 cm.
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Figure 4.6 Factors of safety calculated from Eqn. (4.4)telbias a function of; for

block size 44x8 cm.
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Figure4.7 Factors of safety calculated from Eqn. (4.4)telbias a function of;

for plane block sizex#x12 cm.
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Regardless the block dimensions, the differencevdst the calculated and observed

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

4.4  Simulation of plane dliding testing under submerged condition

Over thirty plane sliding failures have been siated under submerged
condition with slope heights varying from 20 to @h and slope face angles from 40
to 71. Each set of slope geometries is formeddmndstone blocks with the same
dimension, and is simulated at least 3 times tarenthe repeatability of the results.
Video records are taken during the test. TablesdiBmarizes the test parameters and
results for modeling under submerged condition.gufé 4.8through 4.9 show
examples of the plane sliding failure for a slopedei formed by 44x4 cm, 4«4x8
cm, and 44x12 cm blocks under submerged conditions. The videorder allows
examining the failure process of the slope modiés ¢ghe test. The failure usually
initiates from the slope toe and progresses upwa@rihe crest. A combination of
plane sliding near the slope toe and toppling failuear the slope crest is often found
for slope models formed by4x4 cm blocks.

Figure 4.10 compares the simulation results bytiplp the slope height at
failure as a function of sliding plane angle. ®irtike measured cohesion is very low
and negligible, the deterministic method simplyldsethe sliding plane angle equal to
the friction angle of the block surfaces. The obsé sliding plane angles tend to be
lower than the rock friction angle. The discrepabhecomes larger for the slope
models formed by shorter sandstone blocks. Thkngliplane anglesy,) also seem
to be independent of the slope height. As expetiedobserved sliding plane angles

under submerged condition are lower than thoseruirgecondition.
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Table 4.3 Test parameters and results of slope model strootaunder submerged

conditions.
. No. of H Yt Yp Hw
Block Size Testing (cm) (degrees) (degrees) (cm)
4x4 cm 10 36-75 40-66 20-22 13-55
8x4 cm 10p 20-91 45-71 21-23 7-60
12x4 cm 11 22-70 49-69 22-24 8-54
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Figure 4.8 Example of failure of slope model formed by44cm blocks under
submerged condition, showing combination of pldidng at slope toe
and toppling failure near slope crest. Failureuoad aty=65°,

yp=20°, H=57.3 cm, and ##35 cm.
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Figure 4.9 Example of failure of slope model formed by4412 cm blocks under
submerged condition, showing combination of plalicirgy at slope toe

and toppling failure near slope crest. Failureuod aty=49°,y,=23°,

H=55.6 cm, and #=42 cm.
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Figure 4.10 Slope height (H) as a function of sliding plamsla (y,) for block
sizes of 44 cm (a), &4 cm (b) and 124 cm (c). Solid points

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

difference is less than 2-3 degrees.

45 Toppling failure simulation

Thirty seven toppling failures have been simuldtadall block shapes under
dry condition. The slope height varies from 2786, and slope face from 43-82
degrees (Appendix C). Each set of slope geomstgmiulated 3 times or until the
results are repeatable. Table 4.4 summarizes etbie parameters and results for
modeling. Figures 4.11 through 4.13 show exampidest arrangements to simulate
toppling failures with 44x4 cm blocks, 44x8 cm blocks, and >#x12 cm blocks.
Figure 4.14 shows the results from toppling failsmnulations in terms of slope
height (H) as a function of the angle of the bas@&g on which the toppling blocks
situate (). As expected the models with a gentle slope {agefail at a greater
slope height. At the same slope height, models aisteep slope face fails at a lower
yp. The slope height at failure decreases with esirgy,. The dependency of this
base plane angle becomes smaller for the slopepring taller and narrower rock

blocks.

Toppling failure determined by limit equilibrium analysis
Limit equibrium analysis of toppling on a steppese proposed by
Hoek & Bray (1981) can be written as:

P _ P,(M, —Axtan¢) + (W, /2)(y, Sina. — AX cosa.)
n-1—
L

(4.5)

n



Table4.4 Test parameters and results of toppling failureutation.

50

. No. of H Yt v
Block Size Testing (cm) (degrees) (degrpees)
4x4x4 cm 24 17-76 61-69 16-22
4x4X8 cm 53 27-75 43-82 5-19
4x4x12 cm 39 38-85 54-80 4-11

Figure4.11 Simulation of toppling failure for block sizex4x4 cm.
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(@)

(b)

(©)

Figure4.12 Simulation of toppling failure for block sizex4x8 cm. (a) Immediately

before failure { = 72°). (b) At failure. (c) After failure.
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Figure4.13 Simulation of toppling failure for block sizex4x12 cm. (a) Immediately

before failure §s = 63). (b) At failure. (c) After failure.
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Figure4.14 Results of toppling failures tested for blockes#i4x4 cm (top), 44x8

cm (middle), and 44x12 cm (bottom).
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where: R..= force preventing toppling of the nth block
P, = force inducing toppling of the nth block
W, = weight of nth block
M, = distance between block base and the point wheapplies
L, = distance between block base and the point whgerapples
Ax = width of each block
Yn = height of the nth block

o = plane angle.

Since our slope model does not have stepped bagmtign (4.5) requires some

modification as follows.

(P.M, —P,Ax tand) — (L , + Py Ax tang) +y2”wn sina —Azan cosa

P =
n,t Ln

(4.6)

where: R = force resisting toppling of nth block

Pr = accumulate resisting force

Equation (4.6) is used to evaluate stability ofpslaand to estimate the extent of
failure zone from slope toe. If,Pof any block is positive or greater than zero,

toppling of that block may occur.
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Figure 4.15 gives the parameters used in the ledilon of the
probability of failure for each block. Figures @.and 4.17 compare the calculated
results with the actual observations (Appendix Ghe observations onx4x8 cm
blocks and 44x12 cm blocks agree well with those calculated by #guation

modified from Hoek & Bray (1981).

4.6 Slope modelstested under dynamic loading

The dynamic loading is studied by considering ¢fffects of the horizontal
pseudo-static acceleration induced by cyclic matiaf the test platform in the
direction parallel to the dip direction of the stoface. These cyclic motions are used
to simulate the earthquake shaking. The verticegleration is assumed to be zero.

Over one hundred plane sliding failures have begnulated with the
horizontal pseudo-static accelerations between 30.§1and 0.225 g. These
accelerations are within the range tested and wbdeelsewhere (Kramer, 1996;
Maugeri et al., 2000; Hatzor et al., 2004). Thepkinde is maintained constant at
23.5 mm. The slope models have the sliding plagéearvaried from 1 to 22 degrees,
heights from 44 to 83 cm, and slope face angles 8 to 68 degrees (Appendix D).
Table 4.5 summarizes the test parameters andshise For all slope geometries the
duration for cyclic motion is maintained at one ota If failure does not occur
within one minute of shaking, the sliding plane lanig progressively increased by
one degree interval and the test is repeated. ré-igii8 shows an example of the
plane sliding failure for 4x4x8 cm blocks. It isrgerally observed that under similar
slope geometry and block arrangement the failune zoduced under dynamic load is

more extensive than those under static loading.
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Figure4.15 Parameters used in block toppling analysis.
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Figure 4.16 Results of observation (top) and calculation ta) of toppling

failure for block size 44x8 cm. Failure occurred at= 72°.

57
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Figure 4.17 Results of observation (top) and data calculafiomitom) of toppling

failure for block size 44x12 cm. Failure occurred gt = 63°.
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Table 45 Results of rock slope stability analysis undenadyic loading with

amplitude = 23.5 mm.

M odified

BI_ock No.of [Frequency] a Mer calli H (s Wy
Size Tests (H2) (9) I ntensity* (cm) | (degrees) | (degrees)
7 0.403 | 0.013 IV 69-83 | 40-44 15-18
3 0.504 | 0.017 IV 80-82 | 40-43 15-17
3 0.629 0.027 v 76-78 41-44 14-16
4x4 cm 4 0.700 | 0.033 V 44-53 | 33-44 12-17
og 7 0.833 | 0.046 Vv | 50-77| 31-41| 4-15
8 1.000 | 0.067 VI 46-75 | 28-38 1-12
4 1.233 | 0.102 VI 49-54 | 28-32 3-6
4 1.346 | 0.119 VI 46-62 | 28-32 1-4
1 1.833 | 0.225 VII 46 46 1
7 0.403 | 0.013 IV 55-58 | 61-67 16-21
7 0.504 | 0.017 IV 55-56 | 64-68 18-20
3 0.629 | 0.027 IV 54-56 | 63-68 18-19
8x4 cm 3 0.700 | 0.033 V 55-57 | 60-64 15-18
0 11 0.833 | 0.046 V 51-55| 57-63 10-16
8 1.000 | 0.067 VI 48-52 | 52-59 10-12
6 1.346 | 0.119 VI 45-48 | 48-54 1-5
1 1.700 0.193 VIl 45 51 1
1 1.833 | 0.225 VII 45 46 1
2 0.403 | 0.013 IV 58-59 | 66-67 21-22
4 0.833 | 0.046 \Y 55-57 | 60-63 15-18
12«4 cm 2 1.117 | 0.083 VI 52-53 | 58-59 12-13
%% 2 1.429 | 0.136 VIl 49-50 | 52-53 6-7
1 1.700 | 0.193 VII 45 46 1
1 1.833 0.225 VIl 45 46 1

* Modified Mercalli Intensity from Richter (1958nd Wald et al. (1999) as:
IV = Felt indoors by many, outdoors by few duritig day. At night, somg¢
awakened. Dishes, windows, doors disturbed; wailéke cracking

sound.

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

D

VI = Felt by all; many frightened. Some heavyniture moved; a few
instances of fallen plaster. Damage slight.
VIl = Damage negligible in building of good designd construction; slight tp

moderate in well-built ordinary structures; consalde damage in
poorly built or badly designed structures; somenttays broken.
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4.6.1 Deterministic method calculation
To compare the test results with those calculbatethe deterministic
method, a closed-form solution given by Kramer @98 adopted here. The solution
offers a simple approach to calculate the factosafkty of plane failure per unit

thickness of slope mass under vertical and horag#eudo-static accelerations.

_ Resistingforce  ¢-1+[(W-F,)cosy, — Ry sinyp]tand

FS=— = _ (4.7)
Driving force (W-F,)siny, + R, cosy,

Fn=a W/g = KW (4.8)

F = a W/g = kW (4.9)

where F and K = horizontal and vertical inertial forces, a =ikontal pseudo-static
acceleration, @= vertical pseudo-static acceleration (assumed add), W = weight
of the failure massy, = angle of planar failure surface, g = gravitasibacceleration,

| = the length of the failure plane, ang &nd k = dimensionless horizontal and
vertical pseudo-static accelerations.

In relation to the earthquake phenomena Krame®gLPostulate that
the horizontal pseudo-static force decreases thwrfaof safety by reducing the
resisting force and increasing the driving forc&he vertical pseudo-static force
typically has less influence on the factor of safsince it reduces (or increases,
depending on its direction) both the driving foered the resisting force. As a result,
the effects of vertical accelerations are freqyenéglected in pseudo-static analyses

resolving the forces on the potential failure miasa direction parallel to the failure

surface.
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Figure4.18. Simulation of sliding failure for>84 cm blocks at a = 0.046and

amplitude = 23.5 mm.
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In this study the vertical pseudo-static accelenala) is assumed to be
zero, subsequently the vertical inertial forcg) (Becomes zero. This assumption

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

5o c-l1+[Wcosy, —F, siny ] tano
(Wsiny,, +F, cosy,)

(4.10)

4.6.2 Calculation results

By setting FS=1, the relationship between the lacagon, a, and the
angle of the failure plan&s, can be developed. Under this condition the acatbn
required to induce plane failure for a rock slomzrdases with increasing failure
plane angle (Figures 4.19 and 4.20). Figure 4A8ws how the acceleration
decreases with increasing the failure plane angtkeuvarious joint cohesions with a
constant friction angle of 26 degrees. The jowhasion is equal to zero in Figure
4.20 while the friction angles vary from 15 to 38gdees. Results of the test models
under dynamic loading are plotted in terms of theeteration as a function of the
sliding plane angle in Figure 4.21. A failure elope (line separating the stable and
failure conditions) can be drawn from the test Itsstor each block size, and is
compared with the results from the deterministidhrod using FS=1. It is clearly
shown that the deterministic method significantlyemestimates the actual
observations. Under the same sliding plane amgleéterministic solution gives the
acceleration at failure at more than twice of thobserved from the test models.
This is probably because the deterministic metheglimes a rigid and continuous

mass of rock above the incipient sliding plane wilile slope models are formed by
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y, (degrees)

Figure 4.19 Pseudo-static acceleration (a) that induces plaihee as a function of

sliding plane angley,) for various joint cohesions, fdr= 26°.

20
Y, (degrees)

Figure 4.20 Pseudo-static acceleration (a) that induces dhge as a function of

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

0.053 kPa.
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discrete rock blocks. The deterministic methoa a&ssumes that all relevant forces
pass through the centroid of the sliding mass. pitesence of interaction forces
between the blocks in the slope model could enhtiecshape effect of the individual
blocks above the sliding plane. This behavior tmaypetter demonstrated by a discrete
element analysis that can incorporate the effectyohmic loading. The discrepancy
between deterministic method and test models bezayreater for a lower sliding
plane angle, and patrticularly for the slope mod@isied by short blocks (x4 cm).

In addition the acceleration required to fail slopedels with the shorter blocks tends

to be lower than those with longer ones448 cm and 44x12 cm).



CHAPTER V

FINITE DIFFERENCE ANALYSIS

5.1 Introduction

This chapter describes the method and results of finite diffegnadation
for the slope models under dry and submerged conditions. The resutsrgrared
with those of the model test observations to reveal the predictaifiihe numerical

simulation and the performance of the physical modeling.

5.2 Finite difference simulation of plane dliding failure under dry

and submer ged condition

Finite difference analyses using FLAC_Slope code (ltasca, 1992)deen
performed to calculate the factor of safety of some slope mod&igelve finite
difference models have been constructed to represent the physieal geometry.
For the dry condition, the simulations use the sliding plane an{8 degrees with
slope heights varying from 21 to 70 cm, and slope face anglesSftam 72 degrees.
Under submerged condition the sliding angles are taken as 20 to Z%glegith
slope heights varying from 52 to 58 cm, slope face angles from @8 dlegrees, and
water level heights () from 30 to 69 cm. For all simulations the friction angle is
maintained constant at 26 degrees with cohesion equal to 0.053 kPa. uliseares
compared with those observed from the physical model tests. §ifureand 5.2

show examples of the shape the failure zone from the numericalaon results
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Figure5.1 Comparison of FLAC simulation with physical model testing for
4x4x4 cm block fory, = 25, y; = 51°, slope height = 36.2 cm,

and factor of safety = 1.07.
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Figure 5.2 Comparison of FLAC simulation with physical model testing for
4x4x8 cm block fory, = 25, yr = 52, slope height = 41.6 cm,

and factor of safety = 1.05.
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with the slope model observations for 4x4x4 cm 4x4x8 cm block size under dry
condition. Figure 5.3 compares the shape of failure zone from the nalmeric
simulation results with the slope model observations under dry and gdusmer
conditions. The FLAC_Slope can well predict the shape and extehe dailure

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

Figure 5.4 compares the factors of safety calculated byCFtéde and by
deterministic method with those of the physical model teststifersame slope
geometry under dry condition. The factor of safety of 1.0 is takeepresent the
condition at which failure occurs in the slope models. Assuming tttea plane
sliding mechanism follows the Coulomb criterion, the determinmsithod uses an
equation modified from Hoek & Bray (1981) to calculate the factorsafety
(equation 4.4).

The results from the three methods agree reasonably well. 3afeaji
discrepancies remain. Under dry condition, the deterministic mettedds ythe
highest factor of safety, which is about 10% greater than thosevetideom the test
models. The factors of safety from FLAC simulations are tlegs 5% greater than
the observations. This may be because the deterministic methodeasthat the
sliding block is a single and rigid mass lying on an incipientif@aiplane while the
actual test models are a discontinuous mass formed by rock blockse T

discrepancies become even smaller for a greater slope face angle.
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Figure 5.3 Comparison of FLAC simulations with physical model testglfatx12

cm blocks under dry condition (a) and submerged condition (b).
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Factors of safety determinated for 4x4x4 cm blocks (a4x8>xm

blocks (b), and 4x4x12 cm blocks (cjgtequal 25 degrees.



CHAPTER VI
DISCUSSIONS, CONCLUSIONS, AND

RECOMMENDATIONS FOR FUTURE STUDIES

6.1 Discussions

The simulation results indicate that the deterministic methoHosfk and
Bray over-estimates the stability conditions of actual slope modedler the test
parameters used here. This is probably due to the assumption offtmedoad and
shear on the incipient sliding plane used in the calculation. It does not imply dere th
the deterministic method is entirely not conservative for pladenglanalysis. One
should realize that the simulated plane sliding here is under esierplified
conditions, e.g. smooth joint with effectively no cohesion, continuous and easil
detached joint planes, and truly friction free on the releasedcgstf This means that
under more realistic or different test parameters and condittmsdéterministic
method may perform better in describing the factor of safetthe@fplane sliding
models.

The comparisons of the test results with the deterministiciaodu(by Hoek
and Bray, 1981) and computer simulations (FLAC_Slope code) under the estme t
parameters (e.g., joint properties and slope characteristics)ydnealed significant
implications.  Under static condition the deterministic method and cemput

simulation over-estimate the factor of safety for the plaknglifailure by about 5 to
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10%, particularly for the slope models with shorter blocks. Thisabgily due to
the impacts of the block spacing, block shape and interaction forcesebetive
discrete blocks in the sliding mass. This implies that stalahilysis by assuming
that the sliding mass is continuous as used by the determinigtiodnmay not be
conservative, particularly for slope masses with short-spaced fmnipared to the

slope height.

6.2 Conclusions

A test platform has been constructed for use in the simulafisoaled-down
rock slope models comprising sets of cubical or rectangular tssedslocks. True
gravitational force is used to initiate the failure. Obseovatiof the failure behavior
during video playback reveal that for plane sliding the failurmitsated near the
slope toe. The failure occurs at sliding plane anglgy ¢onsiderably lower than
those determined from the tilt test and deterministic methodcplantiy for the slope
models comprising shorter blocks. This is probably because threndestic method
assumes uniform normal load and shear force along the sliding platee these
loads in the slope models largely concentrate near the slopexdoertually zero
near the upper slope face. This also implies that shorter blodbedl shaped) slide
easier than do longer ones (rectangular shaped) even though treeyhbasame
spacing (block height). For block toppling, the slope height at faihoreases with
decreasing the base plane anglg) @nd slope face angle). The observed zone of
instability agrees well with that determined by Hoek andyBranethod. Based on

the failure behavior observed during video playback, the physical npedigrms
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well in simulating the plane sliding and toppling under the simpglifijeint
characteristics and spacing.

The discrepancy between the deterministic method and theesestsrunder
dynamic loading is highly significant. The deterministic dolutproposed by
Kramer (1996) over-estimates the acceleration at failurenbse than twice those
observed from the test models. The discrepancy however reducgdedermodels
formed by larger sandstone blocks and under a greater sliding plgiee arhis is
again probably due to the assumption of the continuous mass imposed by the
deterministic method. These findings indicate that under dynéating plane
sliding analysis using the simple deterministic method for ramgbesl with small joint
spacing compared to the slope height will give a non-conservasivk. rén addition,
the deterministic approach for stability analysis of low-angléding planes under
dynamic loading may be inappropriate. In this case an additioyaicgh model
testing or discrete element analysis that is capable ofndgngimulation should be

performed.

6.3 Recommendationsfor future studies

The physical models tested here have a narrow range of éhargizshape of
the rock blocks used to simulate the joint spacing in the rastef Additional test
results obtained from slope models with larger blocks, probably up<@02fm, and
with smaller blocks, 22 cm, would provide a clearer indication of the effect of joint
spacing on slope stability. More testing is required to agkessffects of surface
roughness, submerging condition and static acceleration. Stutigimgpact of joint

roughness determined from the physical test models is alsalalesiit would reveal
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the adequacy or inadequacy of the deterministic methods and theviagrs the
induced acceleration to the joint roughness. This may be experilyassessed by

using cast cement blocks with various degrees of pre-defined rosgbneghe

surfaces.
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Figure A-1 Results of plane sliding failure simulation for48 cm blocks

size aty; = 51°.
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Figure A-2 Results of plane sliding failure simulation for4412 cm blocks

size aty; = 68.



84

3 Results of plane sliding failure simulation for444 cm blocks size

Figure A

atys = 63.
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Figure A-4 Results of plane sliding failure simulation for444 cm blocks size

aty; = 61°.
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Figure A-5 Results of plane sliding failure simulation fot448 cm blocks size

atys = 50.
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Figure A-6 Results of plane sliding failure simulation for448 cm blocks size

atys = 72.
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Figure A-7 Results of plane sliding failure simulation for448 cm blocks size at

yi = 70
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Figure A-8 Results of plane sliding failure simulation for4412 cm blocks

size aty; = 71°.
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Figure A-9 Results of plane sliding failure simulation for4412 cm blocks size

aty; = 52.
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Figure A-10 Results of plane sliding failure simulation for44&12 cm blocks size

aty; = 52.
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Figure A-11 Results of toppling failure simulation fox4x8 cm blocks size aj

=72.
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Figure A-12 Results of toppling failure simulation fox4x8 cm blocks size ajs

=76,
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Figure A-13 Results of toppling failure simulation fox4x8 cm blocks size aj

=73.
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Figure A-14 Results of toppling failure simulation fox4x8 cm blocks size aj

=57.
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Figure A-15 Results of toppling failure simulation fox4x8 cm blocks size aj;

=61°.
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Figure A-16 Results of toppling failure simulation fox4x12 cm blocks size aj;

=77.
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Figure A-17 Results of toppling failure simulation fox4x12 cm blocks size

yi =171

at
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Figure A-18 Results of toppling failure simulation fox4x12 cm blocks size

aty; = 65°.
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Figure A-19 Results of toppling failure simulation fox4x12 cm blocks size

aty; = 64.
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Figure A-20 Results of toppling failure simulation fox4x12 cm blocks size

aty; = 66°.
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Figure A-21 Results of toppling failure simulation fok4x12 cm blocks size aj;

=56.
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Figure A-22 Results of toppling failure simulation fox4x12 cm blocks size af;

=55,
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Figure C-1 Example of rock toppling failure analysis for4&8 cm blocks size,
rock unit weight = 23.8 kN/f

Modified limit equibrium analysis of toppling can be written as:

(P,M_ —P Axtan¢) — (PsL, + P;Ax tano) +y2”Wn sinoc—AZXWn cosa

I:)n,t - Ln
where
w , (AX cosa)
Pi=—"———7-—
Ln
and
P - w, (y,sina)

' L

n
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APPENDIX E

TECHNICAL PUBLICATIONS

(1) SSIMULATION OF PLANE SLIDING AND TOPPING FAILURE USING
SCALED-DOWN ROCK SLOPE MODEL
(2) PHYSICAL MODEL SIMULATION OF JOINTED ROCK SLOPES

UNDER DYNAMIC LOADS
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Abstract

A test platform was constructed for use in
the simulation of failure of scaled-down rock
slopes under real gravitational force. The
model capability is demonstrated by simulating
two-dimensional plane sliding and toppling
failure of rock slopes formed by cubical and
rectangular blocks of Phu Phan sandstone,
under various slope heights and face angles.
Results from over 200 tests suggest that the test
platform can realistically simulate the two
modes of failure. The factors of safety
calculated by deterministic method over-
estimate the actual observations of plane
sliding by as much as 30%, particularly for
slopes with low sliding plane angles. The
observed toppling failures agree well with
those determined by Hoek and Bray solution
when the friction between blocks is considered
in the calculation.

1. Introduction

Physical models or scaled-down models
have long been used to simulate the failure
behavior of rock slope in the laboratory. They
have been used as teaching and research tools
to reveal the two-dimensional failure process of
rock slopes under various geological
characteristics. They are sometimes employed
to gain an understanding of a unique failure
process under site-specific conditions. Perhaps
the most popular and widely used model is the
Goodman’s friction table [1]. Bray and
Goedmam [2] discuss the base friction
principle that it is commonly used to reproduce
‘the effects of gravity in two dimensional
physical models of excavations in rock. They
develop matheématical principles upon which
analogy between gravity and base friction can

be examined. = The friction table has been
evolved into several versions. Cement mixed
with sand, plaster or wooden blocks are
commonly used to form the slope models.
Teme [3] has used inclinable base-friction table
as a tool in modeling of excavations. It is
similar to that described by Goodman [1],
Hoek and Bray [4], and Hittinger [5]. Teme’s
machine can however be inclined to simulate
various dip angles in the field, and can test
rigid and non-rigid model materials. Recently
numerical analyses, primarily with distinct
element and finite element methods, have beén
employed to simulate the plane sliding and
toppling failures observed from the slope
rodels [6-8). Comparisons of the results from
the computations and observations are made to
verify the representative capability of the
computer modeling and to improve an
understanding of the actual behavior of rock
slope failure.

The  friction table poses some
disadvantages. The driving force inducing
sliding or failure is not from true gravitational
force. Instead it largely depends on the friction
and velocity of the moving belt, and hence
additional calibration or correction is required
to reveal the actual slope behavior. A stick-slip
behavior between the belt and testing materjals
is common problem particularly under low
speeds, making the driving force by belt
moving unrealistic. In addition, since the
friction table is in horizontal or gently inclined,
assessment of the true effect of water can not
be made.

The objective of this research is to invent a
test platform for use in the laboratory
simulation of scaled-down rock slope models
under plane sliding and toppling failures and to

RECEIVED 6 December, 2007
ACCI:PTED 24 January, 2008
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compare the observed results with those
calculated by the deterministic methods [4].
The main tasks involve fabrication of the test
platform, preparation of rock blocks for use in
sfope simulation, demonstration of the physical
mode] performance, and calculation of the
slope model stability using deterministic
method.

2. Test Platform
2.1 Design Requirements and Components

The functional requirements for the test
platform are (1) to test slope models with a
maximum height of up to 1.5 m under varied
slope face angles, (2) to induce failure of slope
wodel using real gravitational force, and (3) to
allow continuous monitoring of the failure
process during testing.

To meet these requirements the test
platform comprises two main components: &
2.2x2.2 m test frame supported by a movable
stand. The frame is hinged through steel rods
in the middle to the stand (Figure 1) allowing
frame rotation fromn horizontal position (during
arranging and loading block samples) to
vertical position (for testing under true
gravitational force). The frame is made of four
5-cm wide C-shaped steel bars on each side
linked with a steel plate at the connected
comers. A custora-made 2x2 m clear acrylic
sheet with 10 nmun thick is placed in the front of
the frame, while an aluminum plate with the
same size is in the back. The clear acrylic
sheet allows visual observation of the slope
movement during the test. The gap between
the acrylic sheet and the steel plate is 5 cm.

All gaps and connections are water-tight.
They are sealed with quick-dried silicone gel.
When the frame is in horizontal position, the
aluminum plate in the back becomes a flat bed
supporting the tested rock blocks during
loading. The clear and removible acrylic sheet
is installed before rofating the frame to the
upright position to prevent the block samples
from tipping over.  The test frame can
accommodate 4 cm thick rock blocks arranged
with a maximum height up to 1.5 m. A
migimum clearange of 0.5 cm is maintained
between the front acrylic sheet and rocks
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Figure 1. Schematic drawing of test platform.

and between the rear aluminum plate and the
rocks to ensure that no friction is induced at
these interfaces (equivalent to the release
surface assumed in Hoek and Bray solution).

During the test a screw jack connecting
with steel cable placing on a pulley lifts one
end of a steel beam pre-installed underneath
and along the slope model. Since the beam is
securely hinged at the bottom near the slope
toe, the entire slope model can be slowly tilted
sideway toward the slope face, and eventally
inducing faiture (Figure 2).
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Figﬁre 2. Example of test arrangement; Cubical
blocks of Phu Phan sandstone placed
in test platform.

2.2 Calculation of Slope Height

After the rock blocks have been arranged
to form slope model in the test platform, the
initial angle of the tilting beam, slope face and
upper slope face are measured to the nearest 1
degree. Then the beam is slowly tilted toward
the slope face while the video image is
contimuously taken. Immediately after the
failure is initiated, the screw jack is secured to
hold the tilting beam in-placed. The final angle
of the tilting beam is measured. The siope
height (H) and slope face (wp at failure can
therefore be calculated ad follows (Figure 3).

He hsin(y¢g + (Wp —Wpo))

1
sin(y 0 —Wpo) ¢

W= W+ (Yp - W) 2

where:h = distance between base and top
of slope model
H = height of slope at failure
yro = initial slope face angle
yr = slope face angle at failure
Yoo = inifial sliding plane angle
y, = sliding plane angle at failure

RESEARCH AND DEVELOPMENT JOURNAL VOLUME 18 NO.3; 2008

Figure 3. Parameters nsed for caleulating -
height of slope model at fajlure,

The video recorder also provides redundant
measurements of the slope angle and height
immediately before and at failure. The video
playbacks are also very useful to identify the
location where the failure was initiated, and
how it progzessed.

3. Rock Block Samples

Phu Phan sandstone from Nakhon
Ratchasima province was selected for use as
rock samples primarily because it has highly
uniform texture, density and strength. It is
classified as fine-grained quartz sandstone with
72% Quartz (0.2-0.8 mm), 20% feldspar (0.1~
0.8 mm), 3% mica (0.1-03 mm), 3% rock
fragments (0.5-2mm), and 2% others (0.5-1
mm). The average density is 2.27 g/ece. To
form slope models - with two mutually
perpendicular joint sets, cubical (4x4x4 cm)
and rectangular (4x4x8 cm and 4x4x12 cm)
shaped sandstone blocks were prepared. The
cubical blocks were used to simulate joint sets
with equal spacing, while the rectangular
blocks simulated joint sets with different
spacings. A total of nearly 1000 blocks of Phu
Phan sandstone was prepared for rock slope
failure simulation.
4, Tilt Testing :

Tilt testing [4] was perforimed on the
sandstone blocks to determine shear strength of
the saw-cut surfaces. Size of the upper
(sliding) block was varied to produce different
contact arcas ranging from 4x4, 4x8 to 4x12

33




155

a w o o = o =
Imnssues atuitouasienn 19 19 21Ut 3 N.FL. 2551

cm’. The weight of the upper block was taken
into the calculation of normal load. The tests
were repeated 4 times for each block size.
Regression analysis on the resulis shows that
the basic friction angle of the Phu Phan saw-cut
surfaces 1s 26 degrees and cohesion is 0.053
kPa (Figure 4). The measured cohesion
obtained here was low and agreed with the
results obtained by Kemthong [9] and
Kemthong and Fuenkajorn [10].

5. Simulation of Plane Sliding
5.1 Test Results

Thirty-eight plane sliding failures were
simulated for dry slope models with heights

2.0

—
W
L 1 1

©= 0.4890,+0.053 kPa
(R =10.989)

Shear Stress, t (kPa)
5

0.0 T T ———r——T
00 05 10 15 20 25 30
Normal Stress, o, (kPa)

T 1

Figure 4. Results of tilt testing on bocks of
Phu Phan sandstone.

Figure 5. Simulation of sliding failure for block
size 4x4x8 cm. Failure occurred at
=71,
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varying from 16 to 77 cm and slope face angles
from 41 to 73 degrees. Each set of slope
geometry comprised sandstone blocks with the
same dimension, and was simulated at least 3
times to ensure the repeatability of the results.
Figure 5 shows an example of the plane sliding
failure for a slope model formed by 4x4x8 cm
sandstone blocks. Figure 6 shows simulation
results by presenting the slope height at failure
as a function of sliding plane angle. Since the
measured cohesion is very low and negligible,
the deterministic method simply yields the
sliding plane angle equal to the friction angle
of the block surfaces, as shown in the figure.
The observed sliding plane angles (y) tended to
be lower than those calculated by the
deterministic method or lower than the basic
friction angle obtained from the tilt test. This is
probably due to the non-uniform distribution of
the normal load and shear force on the sliding
plane.

From the tested geometry the highest shear
force is probably near the slope toe while the
normal load largely concentrates near the
middle of the sliding plane. Such non-uniform
load distribution is probably similar to the
actual in-situ slope conditions.

5.2 Calculation of Factor of Safety

Based on Coulomb’s failure criterion a
factor of safety of the sliding failure of the
slope models was determined here to show the
discrepancies between the observations and the
calculations by the deterministic method. By
assuming that the plane sliding follows
Coulomb criterion, the factor of safety (F.S.) of
a slope model can be derived as follows [4]:

2
s

where: a = cot y, — cot yy
b=cot {ct - y,} + cot yp
¢ = cohesion of rock surface
¢ = friction angle
¥ = unit weight of rock
o= angle of the back of slope model
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Figure 6. Sliding failure of dry slope for block size 4x4x4 cm (a), 4x4%8 (b) and 4x4x12 cm (c)

Figures 7 through 9 compare the factors of
safety calculated from the model geometry at
failure (using Equation 3) with the actual factor
of safety observed at failure from the
simulation (F.S. = 1.0). It is clear that the
deterministic method by Hoek and Bray [4]
over-estimate the factor of safety at failure by
as high as 30% for the 4x4x4 blocks and about
10% for 4x4x12 blocks. This discrepancy is
enhanced when the sliding plane angles
become smaller. The calculated factor of
safety seems to be insensitive to the slope face
angle. The comparisons imply also that shorter
blocks (4x4x4 cm) tend to slide easier than do
longer ones (4x4x® cm and 4x4x12 cm).

blocks. Figure 11 shows the results from
toppling failure simulations in terms of slope
height (H) as a function of the angle of the base
plane on which the toppling blocks situate (yp).
As expected the models with a gentle slope
face (yy) failed at a greater slope height. At the
same slope height, models with a steep slope
face failed at a lower y,. The slope height at
failure decreases with increasing w,  The
dependency of this base plane angle becomes
smaller for the slopes comprising taller and -
narrower rock blocks,

Regardless the block dimensions, the ] e
difference between the calculated and observed 1.3 A g P
factors of safety becomes insignificant for {5 N T ———
higher sliding plane angles. a ] ¢ 1 5 4/24’253
o1 A K 26-27
] g e
6. Simulation of Toppling Failure 1.0 H 2
6.1 Test Results i
Thirty seven toppling failures were T
simulated for all block shapes under dry 038 S R A S '
30 40 50 60 70 80

condition. The slope height varies from 27 to
85 cm, and slope face from 43 to 82 degrees.

Each set of slope geometry was simulated 3
times or until the results are repeatable. Figure
10 shows examples of test arrangements for
toppling failure simulations with 4x4x8 cm

yr{degrees)

Figure 7. Factors of safety (F.S.} calculated
from Eqn. (3) plotted as a function of
yre for block size 4x4x4 cm.
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Figure 8. Factors of safety calculated from
Eqn. (3) plotted as a function of v
for block size 4x4x8 cm.
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Figure 9. Factors of safety calculated from
Egn. (3) plotted as a function of ys
for block size 4x4x12 cm.

6.2 Toppling Failure Determined by Limit
Equilibrium Analysis
Limit equilibrium analysis of toppling on a
stepped base proposed by Hoek and Bray [4] can
be written as:

_ P,(M, —Axtand)

P,_
n-1 Ln
+ (W, /2)(y, sina— Ax coso) @)
LI]
whetre: P,.;= force preventing toppling of the

n™ block

P, = force inducing toppling of the n™
block

W, = weight of the n" block

RESEARCH AND DEVELOPMENT JOURNAL VOLUME 19 NO.3, 2008

H=060.38 cm

Simulation of toppling failure for
block size 4x4x8 cm.

(a) Immediately before failure.
(b) At failure. (c) After failure.

Figure 10.

M, = distance between block base and
the point where P, applies

L, = distance between block base and
the point where P,.; applies

Ax = width of each block

ya = height of the n™ block

o = final plane angle.
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90 =61 - 69° where: ¢ =P, M, - P, Ax tand
80 d =Prlg+PrAx lan¢
70 1 P, = force resisting toppling of n™ block
A gg Pr = accumulated resisting force
2 o %
= 40 . . -
® Equation (5) is used to evaluate stability of
20 3 slope and to estimate the extent of failure zone
10 3 from slope toe. Figure 12 gives an example of
S the calculated results with the actual

0 5 10 15 20 25 30 observations for 4x4x8 cmn blocks. The test
, (degrees) results agree well with those calculated by the

equation modified from Hoek and Bray [4].

90 7 y=72-75°
© 80 1 54-61° 44-52° 7. Discussions and Conclusions

07 The simulation results indicated that the
deterministic method of Hoek and Bray over-
estimated the stability conditions of rock slope
models under the test parameters used here.
20 ] This was probably due to the assumption of the
10 uniform load and shear forces on the incipient
0 +———r+——r—rrrrrrrrr—— sliding plane used in the calculation.
0 5 10 15 20 25 30

, (degrees)

=7 788
90 1 ¥1\ 1" b6e, 54-56°

0 T T T T T T T T T T T

¢ 5 10 15 20 25 30
v, (degrees)

Figure 11. Results of toppling failures
tested for block size 4x4x4 cm
(top), 4x4x8 cm (middle), and
4x4x12 em (bottom).

Since the slope model in this research does
not have stepped base. Equation (4) requires

some modification as follows. | & C25
Ya ) Ax Figure 12. Observation (top). and (.talculation
iy ~ Wi BT =, S 5 (bottom) of toppling failure for
Pog = L, -G block size 4x4x8 cm. Failure

occurred at yp=72°.
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It does not however imply here that the
deterministic method is entirely not conservative
for plane sliding analysis. One should realize
that the simulated plane sliding here is under
simplified conditions, e.g, no cohesion
continuous and easily detached joint planes, and
truly friction free on the released surfaces.

This means that under more realistic or
different test parameters and conditions the
deterministic method may perform befter in
describing the factor of safety of the plane
sliding models.

Plane sliding and block toppling failures
were simulated with physical scaled-down
models. Observations of the failure behavior
during video playback revealed that for plane
sliding the failure was initiated near the slope
toe. The failure occurred at sliding plane
angles (W) considerably lower than those
determined from the tilt test and deterministic
method, particulaily for the slope models
comprising shorter blocks. This was probably
because the deterministic method assumes
uniform normal load and shear force along the
sliding plane while these loads in the slope
models largely concentrate near the slope toe
and virtually zere near the upper slope face.
This also implies that shorter blocks (cubical
blocks) slide easier than do longer ones
(rectangular shaped) even though they had the
same spacing (block height). For block
toppling, the slope height at failure increased
with decreasing the base plane angle (y;) and
slope face angle (ys). The cbserved zone of
instability agreed well with that determined by
Hoek and Bray’s method.
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Physical model simulation of jointed rock slopes under
dynamic loads

P. Pangpetch & K. Fuenkajormn
Geomechanics Research Unit, Suranaree University of Technology, Thailand

Keywords: Plane failure, friction, sandstone, dynamic load, acceleration

ABSTRACT: Plane failures of scaled-down rock slope models have been simulated under
real gravitational force and pseudo-static acceleration. The simulations involve two-
dimensional plane sliding of rock slopes formed by cubical (4x4x4 cm) and rectangular
(4x4x8 cm and 4x4x12 cm) blocks of sandstone, under various slope face angles with the
maximum slope height up to 1 m. The sandstone blocks prepared by saw-cutting are
arranged to simulate rock slopes with two mutually perpendicular joint sets. Horizontal
pseudo-static acceleration of up to 0.225 g with amplitudes between 24 to 64 mm is applied.
The observed sliding angles under dynamic loading are considerably lower than those
calculated by the deterministic method. The discrepancy becomes larger for slope models
formed by shorter sandstone blocks and under a higher acceleration. The results from the
physical model simulations under dry and submerged conditions agree well with those
obtained from finite difference analyses using FLAC code. The findings imply that for the
smooth, open and low-cohesion joints as simulated here, assessment of rock slope stability
under static and dynamic loading by using the deterministic method alone may not be
conservative, particularly for the slope mass comprising joints with small spacing.

1 INTRODUCTION

Physical models or scaled-down models have long been used to simulate the failure behavior
of rock slopes in the laboratory. They have been used as teaching and research tools to reveal
the two-dimensional failure process of rock slopes under various geological characteristics.
They are sometimes employed to gain an understanding of a unique failure process under
site-specific conditions. Perhaps the most popular and widely used model is Goodman’s
friction table (Goodman, 1976). Bray & Goodman (1981) discuss the base friction principle
that is used widely to reproduce the effects of gravity in two dimensional physical models of
excavations in rock. They develop mathematical principles upon which the analogy between
gravity and base friction can be examined. The friction table has later evolved into several
versions (e.g. Hittinger, 1978; Teme, 1987; Kim & Lee, 1992; Lanaro et al., 1997). The
slope modeling with friction table however poses some disadvantages. The driving force
inducing sliding or failure is not a true gravitational force. Instead it largely depends on the
* friction and velocity of the moving belt, and hence additional calibration or correction is
required to reveal the actual slope behavior. A stick-slip behavior between the belt and
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testing materials is a commen problem particularly under low speeds, making the driving
force by belt moving unrealistic. Since the friction table is horizontal, or gently inclined,
assessment of the true effect of water can not be made.

The objective of this research is to study rock slope failure under static and dynamic loads by
means of laboratory simulation of scaled-down models. The observed results are compared
with those calculated by deterministic methods and by numerical analyses. A vertical test
platform has been used to host the slope models formed by cubical and prismatic blocks of
Phu Phan sandstone to simulate two-dimensional plane sliding failure. The failure is induced
by true gravitational force and horizontal pseudo-static acceleration of up to 0.225 g. The
effect of water-submerging is investigated. Comparisons are made of the results from
physical model simulations and from numerical analysis.

2 SOME PREVIOUS FINDINGS

The seismic stability of earth structures has been analyzed by a pseudo-static approach in
which the effects of an earthquake are represented by constant horizontal and/or vertical
accelerations (Kramer, 1996). The first explicit application of the pseudo-static approach to
the analysis of seismic slope stability has been attributed to Terzaghi (1950). Giani (1992)
states that a pseudo-static analysis can be carried out by using the limit equilibrium method
and by schematizing the dynamic loading occurrence with a time constant force which is
proportional to the mass of the potentially unstable volume of rock, according to the seismic
coefficient. The database against which seismic slope stability analyses can be calibrated is
much smaller as compared to the database compiled for the static condition. Kramer (1996)
postulates that the analysis of the seismic stability of slopes is complicated by the need to
consider the effects of (1) dynamic siresses induced by earthquake shaking, and (2) the
effects of those stresses on the strength and stress-strain behavior of the slope materials.

Several approaches have been made to study the effects of dynamic loading on earth
structures, ranging from actual field testing and measurements, laboratory testing to
numerical simulations. Siad (2003) considers gravity and inertial forces developed in the
actual rock mass by the passage of seismic waves as the external forces. It is found that the
stability factor is very sensitive to variations of the horizontal seismic coefficient. The
impact is smaller as the friction angle of the fractures increases. The shaking table is
commonly used to simulate the dynamic load imposed on the test specimen. Maugeri et al.
(2000) simulate the failure of a shallow foundation subjected to an eccentric load by the
shaking table to obtain a critical horizontal acceleration coefficient of the structure. The test
allows varying the peak accelerations from £0.10 to £0.35g. Discrete element method
(DEM) is a common tool for the numerical approach to study the effect of dynamic loading
on geologic structures (Hatzor et al., 2004; Li et al,, 2007). The DEM is based on the
discontinuity analysis which can consider anisotropic and discontinuous deformations due to
joints and their orientations. They compared the effect of joints on the failure modes between
DEM simulations and experimental observations. It has been found that DEM predicts a
lower critical excavation height than that calculated from the limit equilibrium method.

3  TEST PLATFORM
. The test platform used in this research comprises two main components: a 2.2x2.2 m vertical

test frame supported by a movable stand (Pangpetch & Fuenkajorn, 2007). The frame is
hinged through steel rods in the middle to the stand allowing frame rotation from horizontal
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position during arranging and loading block samples to vertical position for testing under true
gravitational force (Figure 1). When the frame is in horizontal position, the aluminum plate
becomes a flat bed supporting the rock blocks during loading. The clear and removable
acrylic sheet is installed before rotating the frame to the upright position to prevent the block
samples from tipping over. It also allows visual inspection and monitoring of slope
movement during the test. The test frame can accommodate 4 cm thick rock blocks arranged
to a maximum height of up to 1.5 m to simulate two-dimensional jointed rock slopes. Steel
grooved rollers mounted underneath the stand are used for testing under dynamic loading.
The rollers will be placed on a set of steel rails equipped with a high torque motor, gear
system and crank arm to induce a cyclic motion to the entire test platform. The frequency
and amplitude of the horizontal pseudo-static acceleration can be controlled by adjusting the
rotational diameter of the flywheel and speed of the motor.

Figure 2 shows the crank arm components used to generate the horizontal acceleration to the
test frame. The acceleration at point B, represented by a, can be calculated using a set of
equations given by Riley & Sturges (1993).

a =R, cosO+ yoiy cosd — yo 45 Sind . ¢Y)

Fixed Pulley Aluminum Frame

e

Link Plate ]
[ Steel Cable

+  Steel Frame

¢ Acrylic Sheet (front) :
(Channel) e - L b

A\ S

\

Aluminum Plate (back);. ]|

AN ——E

Hinge

Roller

Figure 1. Schematic drawing of test platform used for physical model simulation.

133




163

Physical modef simulation of jointed rock siopes under dynamic ioads

Test Platform

Figure 2. Crank arm and flywheel used to induce dynamic loading to the test platform.
where R = radius of wheel, y = length of crack arm, wga and was = angular velocity of OA

and AB, 8 = angle between AQ and OB, asp = relationship between the acceleration of
points A and B, and T = duration of flywheel rotation. The angle ¢ can be obtained from:

7 Rsin6
0= sin“{ ]
y

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

2n Rwg, cosB
Wop =775 Opp =
T ycosd

The relationship between point A and B, and o.ag, is calculated by:

_ R}, sin8—ywy; sin¢
v cosd

U ap

The actual rotational duration (T) is monitored for each slope model because different slope
~ geometry and slope mass yield different weights, and hence change the speed of the test
platform and the flywheel rotation.
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4 ROCKSAMPLE

Phu Phan sandstone has been selected for use as rock sample here primarily because it has
highly uniform texture, density and strength. It is classified as fine-grained quartz sandstone
with 72% Quartz (0.2-0.8 mm), 20% feldspar (0.1-0.8 mm), 3% mica (0.1-0.3 mm), 3% rock
fragments (0.5-2mm), and 2% others (0.5-1 mm). The average density is 2.27 g/cc. To form
slope models with two mutually perpendicular joint sets, cubical (4x4x4 cm) and rectangular
{4x4x8 cm and 4x4x12 cm) shaped sandstone blocks have been prepared by 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 spacing. The friction angle and
cohesion of the saw-cutting surfaces of the Phu Phan sandstone determined by tilt testing are
26 degrees and 0.053 kPa (Pangpetch & Fuenkajorn, 2007). The simulated joints have their
strike parallel to the slope face, and hence represent a worst case scenario for the stability
condition.

5 SLOPE MODELS TESTED UNDER STATIC CONDITION

Over one hundred plane sliding failures have been simulated under dry and submerged
conditions with the slope heights varying from 16 to 93 cm and stope face angles from 40 to
75 degrees. For submerged condition, the height of the water in the test models ranges from
7 to 60 cm. Each set of slope geometies is formed by sandstone blocks with the same
dimension, and is simulated at least 3 times to ensure the repeatability of the results. Video
records are taken during the test. Table 1 summarizes the test parameters and results for
modeling under dry and submerged conditions. Pangpetch & Fuenkajorn (2007) give
solutions to calculate the slope height and sliding plane angle at failure. Figures 3 and 4
show examples of the plane sliding failure for a slope model formed by 12x4 ¢m blocks
under dry and submerged conditions. The video recorder allows examining the failure
process of the slope models after the test. The failure usually initiates from the slope toe and
progresses upward to the crest. A combination of plane sliding near the slope toe and
toppling failure near the slope crest is often found for slope models formed by 4x4 cm blocks.

Figure 5 compares the simulation results by plotting the slope height at failure as a function
of sliding plane angle. Since the measured cohesion is very low and negligible, the
deterministic method simply yields the sliding plane angle equal to the friction angle of the
block surfaces. The observed sliding plane angles tend to be lower than the rock friction
angle. The discrepancy becomes larger for the slope models formed by shorter sandstone
blocks. The sliding plane angles () also seem to be independent of the slope height. As
expected, the observed sliding plane angles under submerged condition are lower than those
under dry condition. However under the same slope conditions (e.g., slope height, face
angle) the difference is less than 2-3 degrees.

6 FINITE DIFFERENCE ANALYSIS

Finite difference analyses using FLAC Slope code (Itasca, 1992) have been performed to
calculate the factor of safety of some slope models. Twelve finite difference models have
been constructed to represent the physical model geometry. For the dry condition, the
simulations use the sliding plane angle of 25 degrees with slope heights varying from 21 to
. 70 cm, and slope face angles from 51 to 72 degrees. Under submerged condition the sliding
angles are taken as 20 to 23 degrees, with slope heights varying from 52 to 58 cm, slope face
angles from 48 to 68 degrees, and water level heights (Hy) from 30 to 69 cm. For all
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Table 1. Test parameters and results of slope model simulations under dry and submerged

conditions.
Block Size No. of H {TH Y H,
Testing (cm) (degrees) (degrees) (cm)
Dry

4x4 cm 43 20-68 40-52 21-25 -

8x4 cm 53 16-77 49-75 23-27 -

12x4 cm 49 16-93 44-72 25-26 -

Submerged

4x4 cm 10 36-75 40-66 20-22 13-55

§x4 cm 10 20-91 45-71 21-23 7-60

12x4 cm 11 22-70 49-69 22-24 8-54

Figure 3. Simulation of sliding failure of rock slope formed by 12x4 ¢cm blocks of sandstone
under dry condition. Failure occurred at y=71°, y,=25°, and H=63.9 cm.

Figure 4. Example of failure of slope model formed by 4x4 c¢m blocks under submerged
condition, showing combination of plane sliding at slope toe and toppling failure

near slope crest. Failure occurred at w=63°, y,,=20°, H=57.3 cm, and H,=35 cm.
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Figure 5. Slope height (H) as a function of sliding plane angle () for block sizes of 4x4 ¢cm
(a), 8x4 em (b) and 12x4 cm (c). Selid points represent submerged condition.

simulations the friction angle is maintained constant at 26 degrees with cohesion equal to
0.053 kPa. The results are compared with those observed from the physical model tests.
Figures 6 and 7 compare the shape of the failure zone of the numerical simulation results and
the slope model observations under dry and submerged conditions. The FLAC_Slope can
well predict the shape and extent of the failure zone with the factor of safety close to those
observed from the tested models.

Figure 8 compares the factors of safety calculated by FLAC code and by deterministic
method with those of the physical model tests for the same slope geometry under dry
condition. The factor of safety of 1.0 is taken to represent the condition at which failure
oceurs in the slope models. Assuming that the plane sliding mechanism follows the Coulomb
criterion, the deterministic method uses an equation modified from Hoek & Bray (1981) to
calculate the factor of safety.

ty —cotwy, )
FS=2~c/{Y-H-sin2-wp'{(cotwp—cotwf)+( (cotyy —cotyy) H}+ o @)

cot(o —y,) +coty, tany,

where ¢ = cobesion of rock surface, ¢ = friction angle, H = slope height, o = angle of slope
back, and y = unit weight of rock (= 23.8x10° kN/m?® for Phu Phan sandstone).

The results from the three methods agree reasonably well. Very small discrepancies remain.
Under dry condition, the deterministic method yields the highest factor of safety, which is
about 10% greater than those observed from the test models. The factors of safety from
FLAC simulations are less than 5% greater than the observations. This may be because the
deterministic method assumes that the sliding block is a single and rigid mass lying on an
incipient failure plane while the actual test models are a discontinuous mass formed by rock
blocks. The discrepancies become even smaller for a greater slope face angle.
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36.2cm

(a) (b)

Figure 6. Comparisons of FLAC simulations with physical model tests for 4x4 cm blocks (2)
and 8x4 cm blocks (b).

7 SLOPE MODELS TESTED UNDER DYNAMIC LOADING

The dynamic loading is studied by considering the effects of the horizontal pseudo-static
acceleration induced by cyclic motions of the test platform in the direction parallel to the dip
direction of the slope face. These cyclic motions are used to simulate the earthquake shaking,
The vertical acceleration is assumed to be zero. Over one hundred plane sliding failures have
been simulated with the horizontal pseudo-static accelerations between 0.013 g and 0.225 g.
These accelerations are within the range tested and observed elsewhere (Kramer, 1996;
Maugeri et al., 2000; Hatzor et al., 2004). The amplitude is maintained constant at 23.5 mm.
_ The slope models have the sliding plane angles varied from 1 to 22 degrees, heights from 44
to 83 cm, and slope face angles from 28 to 68 degrees. Table 2 summarizes the test
parameters and the results. For all slope geometries the duration for cyclic motion is
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Figure 7. Comparison of FLAC simulations with physical model tests for 12x4 ¢m blocks

under dry condition (a) and submerged condition (b).

maintained at one minute. If failure does not occur within one minute of shaking, the sliding
plane angle is progressively increased by one degree interval and the test is repeated. Figure
9 shows an example of the plane sliding failure for 8x4 cm blocks. It is generally observed
that under similar slope geometry and block arrangement the failure zone induced under

dynamic load is more extensive than those under static loading.

To compare the test results with those calculated by the deterministic method, a closed-form
solution given by Kramer (1996) is adopted here. The solution offers a simple approach to
- calculate the factor of safety of plane failure per unit thickness of slope mass under vertical

and horizontal pseudo-static accelerations.

LA T S PO I N TN 0 W I R . i e i S e X T G T N
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Figure 8. Factors of safety determinated for 4x4 cm blocks (a), 8x4 cm blocks (b), and 12x4
cm blocks (¢} at y, equal 25 degrees.

_ Resisting force _ © 1+ [(W - Fy)cosy - Fy siny, Jtan

FS — : €)
Driving force (W —Ty)sinyy +Fy, cosy

Fh =a W/g — khW (4)

. Fy=a, Wig=kW )
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Tablé 2. Results of rock slope stability analysis under dynamic loading with amplitude =

23.5 mm.
Block Size | No. of | Frequency a Modified H Y Yy
Tests (Hz) (® Mercalli | (em) | (degrees) | (degrees)
Intensity*
7 0.403 0.013 v 69-83 | 40-44 1518
3 0.504 0.017 v 80-82 | 40-43 15-17
3 0.629 0.027 IV 76-78 | 41-44 14-16
4x4 cm 4 0.700 0.033 v 44-53 | 33-44 12-17
oo 7 0.833 0.046 Vv 50-77 | 31-41 4-15
oo 8 1.000 0.067. VI 46-75 | 28-38 1-12
4 1.233 0.102 VI 49.54 | 28-32 3-6
4 1.346 0.119 Vi 46-62 | 28-32 1-4
1 1.833 0.225 VI 46 46 1
7 0.403 0.013 v 55-58 | 61-67 16-21
7 0.504 0.017 IV 55-56 | 64-68 18-20
3 0.629 0.027 IV . 54-56 | 63-68 18-19
8x4 cm 3 0.700 0.033 v 55-57 | 60-64 15-18
11 0.833 0.046 v 51-55 | 57-63 10-16
== 8 1000 | 0.067 VI 4852 | 52-59 10-12
6 1.346 0.119 VI 45-.48 | 48-54 1-5
1 1.700 0.193 ViI 45 51 1
1 1.833 0.225 VII 45 46 1
2 0.403 0.013 IV 58-59 | 66-67 21-22
12x4 cm 4 0.833 0.046 \% 55-57 | 60-63 15-18
2 1.117 0.083 VI 52-53 | 58-59 12-13
| 2 1.429 0.136 VI 49-50 | 52-53 6-7
eI 1 1.700 0.193 VI 45 46 1
1 1.833 0.225 VI 45 46 1

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

IV = Felt indoors by many, outdoors by few during the day. At night, some awakened. Dishes,
windows, doors disturbed; walls make cracking sound.

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

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

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

Where F, and Fy = horizontal and vertical inertial forces, a = horizontal pseudo-static
acceleration, a, = vertical pseudo-static acceleration (assumed here = 0), W = weight of the

failure mass, y, = angle of planar faiture surface, g = gravitational acceleration, 1 = the length
of the failure plane, and ky and k, = dimensionless horizontal and vertical pseudo-static
accelerations
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Direction of
¢ Loading

Figure 9. Simulation of sliding failure for 8x4 cm blocks at a = 0.046 g and amplitude=23.5
mm.

In relation to the earthquake phenomena Kramer (1996) postulate that the horizontal pseudo-
static force decreases the factor of safety by reducing the resisting force and increasing the
driving force. The vertical pseudo-static force typically has less influence on the factor of
safety since it reduces (or increases, depending on its direction) both the driving force and the
resisting force. As a result, the effects of vertical accelerations are frequently neglected in
pseudo-static analyses resolving the forces on the potential failure mass in a direction parallet
to the failure surface.

In this study the vertical pseudo-static acceleration (a,) is assumed to be zero, subsequently
the vertical inertial force (F,) becomes zero. This assumption conforms to Kramer’s
conclusion above. The above equation is therefore reduced to:

N c-1+[Weosy, —F, siny ]tan¢

FS (6)

(Wsiny, +F, cosw )

By setting FS=1, the relationship between the acceleration, a, and the angle of the failure
plane, yp, can be developed. Under this condition the acceleration required to induce plane
failure for a rock slope decreases with increasing failure plane angle (Figures 10 and 11).
Figure 10 shows how the acceleration decreases with increasing the failure plane angle under
various joint cohesions with a constant friction angle of 26 degrees. The joint cohesion is
. equal to zero in Figure 11 while the friction angles vary from 15 to 35 degrees.
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Figure 10. Pseudo-static acceleration (a) that induces plane failure as a function of sliding
plane angle (y,) for various joint cohesions, for ¢ = 26°
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Figure 11. Pseudo-static acceleration (a) that induces plane failure as a function of sliding
plane angle (y,,) for various joint friction angles, for cohesion = 0.

Results of the test models under dynamic loading are plotted in terms of the acceleration as a
function of the sliding plane angle in Figure 12. A failure envelope (line separating the stable
and failure conditions) can be drawn from the test results for each block size, and is
compared with the results from the deterministic method using FS=1. It is clearly shown that
the deterministic method significantly over-estimates the actual observations. Under the
same sliding plane angle the deterministic solution gives the acceleration at failure at more
than twice of those observed from the test models. This is probably because the deterministic
method assumes a rigid and continuous mass of rock above the incipient sliding plane while
the slope models are formed by discrete rock blocks. The deterministic method also assumes
that all relevant forces pass through the centroid of the sliding mass. The presence of
interaction forces between the blocks in the slope model could enhance the shape effect of the
individual blocks above the sliding plane. This behavior may be better demonstrated by a
discrete element analysis that can incorporate the effect of dynamic loading. The discrepancy
between deterministic method and test models becomes greater for a lower sliding plane
angle, and particularly for the slope models formed by short blocks (4x4 cm). In addition the
. acceleration required to fail slope models with the shorter blocks tends to be lower than those
with longer ones (8x4 cm and 12x4 cm).
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Figure 12. Pseudo-static acceleration (a) as a function of sliding plane angle (y;,) at failure
for 4x4 cm (a), 8x4 cm (b), and 12x4 cm (c) blocks.

8 DISCUSSIONS AND CONCLUSIONS

It is recognized that the joints simulated in the slope models here are very smooth and clean
with low cohesion and friction angle, which may not truly represent most actual rock joints
found in in-situ rock slopes. Nevertheless the comparisons of the test results with the
deterministic solutions (by Hoek & Bray, 1981) and computer simulations (FLAC_Slope
- code) under the same test parameters (e.g., joint properties and slope characteristics) have
revealed significant implications. Under static condition the deterministic method and
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computer simulation over-estimate the factor of safety for the plane sliding failure by about 5
to 10%, particularly for the slope models with shorter blocks. This is probably due to the
impacts of the block spacing, block shape and interaction forces between the discrete blocks
in the sliding mass. This implies that stability analysis by assuming that the sliding mass is
continuous as used by the deterministic method may not be conservative, particularly for
slope masses with short-spaced joints compared to the slope height.

The discrepancy between the deterministic method and the test results under dynamic loading
is highly significant. The deterministic solution proposed by Kramer (1996) over-estimates
the acceleration at failure by more than twice those observed from the test models. The
discrepancy however reduces for slope models formed by larger sandstone blocks and under
a greater sliding plane angle. This is again probably due to the assumption of the continuous
mass imposed by the deterministic method. These findings indicate that under dynamic
loading plane sliding analysis using the simple deterministic method for rock slopes with
small joint spacing compared to the slope height will give a non-conservative result. In
addition, the deterministic approach for stability analysis of low-angled sliding planes under
dynamic loading may be inappropriate. In this case an additional physical model testing or
discrete element analysis that is capable of dynamic simulation should be performed.

The physical models tested here have a narrow range of the size and shape of the rock blocks
used to simulate the joint spacing in the test frame. Additional test results obtained from
slope models with larger blocks, probably up to 20x20 ¢m, and with smaller blocks, 2%2 cm,
would provide a clearer indication of the effect of joint spacing on slope stability. Studying
the impact of joint roughness determined from the physical test models is also desirable. It
would reveal ihe adequacy or inadequacy of the deterministic methods and the sensitivity of
the induced acceleration to the joint roughness. This may be experimentally assessed by
using cast cement blocks with various degrees of pre-defined roughness on the surfaces.
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