
NUREG/CR--5426 

TI89 016813 

Examination of the Use of 
Continuum Versus Discontinuum 
Models for Design and- 
Perf ormance Assessment for the 
Yucca Mountain Site 

Manuscript Completed: July 1989 
Date Published: August 1989 

Prepared by 
M. Board 

Itasca Consulting Group, Inc. 
1313 5th Street SE, Suite 210 
Minneapolis, MN 55414 

Prepared for 
Division of High-Level Waste Management 
Office of Nuclear Material Safety and Safeguards 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 
NRC FIN D1016 

'c6 QISTRlEUTION OF THIS DOCUMENT IS UNLIMITU) 





DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or 
implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial 
product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by 
the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States 
Government or any agency thereof. 



i 

DISCLAIMER 

illegible Portions of this document may be 
in electronic image products. Images are 
produced from the best available original 
document. 



ABSTRACT 

This report examines the use of continuum and discontinuum numer- 
ical methods for analysis of the thermomechanical response of the 
rock mass at Yucca Mountain. Continuum numerical methods con- 
sider the rock to be a solid, unfractured body, whereas the dis- 
continuum method is formulated specifically to account for the 
effects of discrete fractures. The fractures within the rock in- 
troduce overall non-linear material response due to slip and sep- 
aration of rock blocks. Continuum models attempt to simulate 
this response through the use of non-linear constitutive laws. 
Discontinuum methods attempt to simulate the true response of the 
rock mass by correctly modeling the behavior of the joints as 
well as the deformability of the intact rock blocks. It is shown 
that, as the joint spacing, s, becomes small with respect to the 
size of the excavations, the behavior of the jointed rock ap- 
proaches that of a solid with a form of elasto-plastic constitu- 
tive behavior. 

It is concluded that a continuum model with a form of "ubiqui- 
tous" or "compliant joint" plasticity law is probably sufficient 
for analysis of the thermomechanical response of excavations in 
welded tuff. However, one of the questions concerning Yucca 
Mountain which remains is the effect of fault structures on the 
stability and performance of the repository, particularly under 
thermal and dynamic loads. Here, a true discontinuum approach 
seems necessary. 
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1.0 SUMMARY 

The disposal of high-level radioactive waste at the Yucca 
Mountain site in Nevada is proposed for the unsaturated Topopah 
Springs formation [U.S. DOE, 1988 (b)]. The Topopah Springs is a 
heavily fractured, welded tuff. The proposed repository location 
lies above the water table within a region cut by several known 
fault structures. The disposal area is bounded by fault struc- 
tures on several sides and is cut by the Ghost Dance fault which 
runs roughly through the center of the emplacement area. 

The design of the repository emplacement rooms and layout, the 
waste emplacement scheme and the thermal, mechanical and hydro- 
chemical performance of the rock mass will be accomplished 
through the use of models. "Modelsn1, here, refers not strictly 
to numerical models, but to any calculational procedure which at- 
tempts to represent the response of the rock mass through some 
mathematical or empirical formulation. Thus, a model may be an- 
alytical, numerical or empirical in nature. Empirical models 
tend to be used heavily in standard mine design, but are of lim- 
ited use here since there is no precedent for thermomechanical 
loading of rock masses, excavations, and their supports at the 
geometric scale considered. Therefore, to assess performance, 
and to accomplish the underground design to a great extent, math- 
ematical models are required. 

The tuffs comprising the Yucca Mountain site are heavily frac- 
tured on a small scale (i.e., meters) due to natural jointing of 
the rock, but they are also cut by numerous fault planes which 
can be continuous over thousands of meters. These two general 
classifications of fracturing (closely-spaced "ubiquitous" joint- 
ing and discrete faulting) may impact the repository design and 
performance in different ways. 
emplacement drift or borehole stability, as well as the movement 
of fluid through the rock mass. The presence of continuous fault 
structures may have a localized, but more severe, influence on 
opening stability. Problems such as wedge failure at fault-drift 
intersections may result from gravitational, thermal or seismic 
stresses. Fluid migration along fault planes may represent more 
closely flow in a conduit rather than percolation through a 
uniformly-fractured continuum. 

The tuff jointing may impact 

This report reviews the use of continuum (jointing or fracturing 
represented via an equivalent continuum material law versus dis- 
continuum (joints and fractures modeled as discrete interfaces 
which may close, slip or separate) representations of the tuff in 
numerical modeling at Yucca Mountain. Only the mechanical as- 
pects of.continuum and discontinuurn representations are discussed 
here. 
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It is shown that the type of modeling approach is largely depen- 
dent on the geometric scale of the problem to be analyzed. It is 
concluded that the closely-spaced jointing in the Topopah Springs 
formation is probably well suited to a continuum joint represen- 
tation; however, the predominant vertical orientation of the 
joints probably requires a model which can account for anisotropy 
in the rock mass response. 
rock stability around emplacement drifts and boreholes. 
faults or wedge failures could have some potential impacts on re- 
trieval operations or the functioning of seals. 
faults to gravitational, thermal and seismic stress changes can 
be assessed realistically only by models which can examine the 
response of discrete planes of weakness. This includes continuum 
models which incorporate frictional, slipping interfaces or a 
true discontinuum method. 

The faults may have an influence on 
Slip on 

The response of 
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2.0 APPROACH TO MODELING IN ROCK 

2.1 Introduction 

The use of models to simulate the mechanical behavior of rock is 
based on a knowledge of stress-strain behavior of the rock, which 
varies depending on the scale of the sample which is stressed. 
Figure 1 illustrates the progression in scale from blocks of in- 
tact rock to large volumes of the rock mass. The intact rock 
material may behave as an elastic solid under the applied stress 
state, with continued departure from linearity as the "sample" 
size increases. This is particularly true near the excavation, 
where confining stresses are low and non-linear response control- 
led by slip on joint surfaces may dominate. The type of mechani- 
cal model which may apply at any scale will depend on factors 
such as the size of the opening, the joint spacing, orientation 
and strength of the discontinuities, and the orientation and rnag- 
nitude of the stress field. 

underground 
excavation 

intact rock 

single discontinuity 

IWO discontinuities 

several diuontinuitie, 

rock mass 

Fig. 1 Illustration of a Jointed Rock Mass Showing the Transi- 
tion from Intact Rock to Rock Mass As a Function of Geom- 
etric Scale [Brady and Brown, 19851 
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The phenomena of concern to modeling for nuclear waste disposal 
are also a direct function of scale. 
placement boreholes requires simulation of a volume several 
meters on a side; the examination of room stability involves vol- 
umes of tens of cubic meters; and, the thermal and mechanical ef- 
fects of the repository involve volumes of hundreds to thousands 
of cubic meters. In each case, the volume of the excavation in 
relation to the discontinuity spacing must be examined to deter- 
mine the appropriate type of model to be used. 

The stability of the em- 

There are, in general, two approaches to modeling in rock. In 
the first approach, the rock mass may be considered to be a dis- 
continuum composed of individual blocks which interact with their 
neighbors via stiffness and plasticity, introduced by the inter- 
vening fractures. The second approach is to model the rock mass 
as a continuum in which non-linearities (if any) are accounted 
for through the material model chosen. In practical terms, the 
former approach allows yield to occur anisotropically or along 
specific structures within the rock mass (e.g., sliding of a 
wedge into an opening). The latter approach may allow complex 
non-linear material models but might not adequately represent 
discontinuum response such as slip and separation of blocks of 
material. In particular, wedges or blocks of material may be 
kinematically constrained with a continuum model due to the in- 
ability of the material to separate or slip along discrete'weak- 
ness planes. The type of approach to be used is a function of 
the scale of the problem (i.e., relation of spacing of discontin- 
uities to excavation size), the intact rock and joint properties, 
and the applied stresses. 

Figure 2 illustrates the problem of scale and suitable model type 
through a series of simple examples. The mechanical effects of a 
borehole in a hard rock with widely-spaced joints may be analyzed 
by ignoring the presence of the joints and assuming the rock is 
an elastic continuum. 
joint spacing of roughly 1/4 to 1/5 of the span may be character- 
ized by wedge failure. In this case, the failure mechanism is 
kinematically controlled by individual discontinuities and not 
particularly amenable to a continuum representation. If, how- 
ever, the rock mass is heavily fractured (the discontinuity spac- 
ing much smaller than the span), it will act roughly as a granu- 
lar medium and can be represented by a continuum model. A scheme 
is presented later which addresses the appropriate model based on 
the relationship of stress state, excavation dimensions, and 
joint spacing. 

The stability.of a room in rock with a 
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(a) to determine stress induced by 
hole excavation 
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PROBABLE SUITABLE MODEL TYPE 

continuum, elastic, analytic 
calculation 

(b) to determine stability of room 
roof and walls to sliding and 
gravity fallout 

discontinuum or possible 
analytical calculation 

continuum model with non- 
linear constitutive law 

(c) to determine general stability 

Fig. 2 

of opening 

Illustration of Relationship of Joint Spacing and Excava- 
tion Span to Model Methodology for Hard Rock 
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2.2 Model Types 

2.2.1 Discontinuum Modeling 

2.2.1.1 Basis of the Method 

The initial development of discontinuum analysis was conducted by 
Trollope (Stagg and Zienkiewiz, 1968), followed by a numerical 
modeling approach by Cundall (1971). The early models consisted 
of rigid blocks with intervening joint surfaces governed by the 
Mohr-Coulomb yield criterion. Further refinements in the method 
have led to the Universal Distinct Element Code (UDEC) [Itasca, 
19891 in two dimensions and the three-dimensional distinct ele- 
ment codes 3DEC (Itasca, 1988(a), Lemos, 1987), and CICE (Hocking 
et al., 1985). Some of these codes incorporate automated 
statistical generation of joints, various joint constitutive 
laws, internal discretization of blocks (i.e., deformability), 
dynamics, etc. In addition to the distinct element method, some 
continuum codes may include interfaces or joint elements upon 
which slip (and, in some codes, separation) may occur (e.g., 
Itasca, 1988 (b); Biffle, 1984; Stone et al., 1985). These ap- 
proaches are usually limited to a small number of interfaces 
which are not allowed to intersect. Therefore, interfaces in 
continuum codes are restricted, in practical applications, to 
modeling of a small number of discrete features such as faults or 
bedding planes. A brief description of the distinct element 
method follows. 

The distinct element method is based on the notion that a rock 
mass is composed of a series of blocks which interact across the 
intervening joint planes. The stiffness, friction, dilation, and 
cohesion properties of these planes may be represented by consti- 
tutive laws of varying complexity-the simplest model being the 
standard Mohr-Coulomb model. This is represented in Fig. 3 as 
the spring-slider system which governs force transmission at 
block contact points. The simplest incremental force-displace- 
ment law assumes a linear relation for normal and shear compon- 
ents (Fig. 4): 

AFn = kn AUn 

AFs = ks Aus 

where kn,ks = normal and shear stiffness, respectively, and 

Aunt Aus = incremental displacements. 
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The maximum shear force is limited by the yield function:. 

IF, I s CA + F, tan($+i) 

where c = cohesion, 

A = joint area, and 

@,i = friction and dilation angles, respectively. 

Zkn k. I 

Fig. 3 Interaction Between Blocks Is Governed by the Normal and 
Shear Stiffness of Their Contacts As Illustrated by the 
Normal and Shear Springs 

NORMAL FORCE 

Fn ' Kn U 
FORCES RESOLVED INTO X and Y 

DIRECTION AND SUMMED INTO 

THREE RESULTANTS: 

MOTION LAWS: 

I M  . ;I := 6, +(*+@$AI 8 I* 8 4- I ~t 
N o r  Posillm, 

.L AF, a K, AU, 

IF,I S. F, tan c# (Frlctko Low) 

If no cohesion or 
dilation 

Fig.. 4 Simplified Force-Displacement Relations and Motion 
.Equations Used in the Distinct Element Method for Motion 
of Rigid Blocks 



-8 -  

Once the forces applied to the blocks have been determined, the 
law of motion is used to determine the block accelerations and, 
thus, their translations and rotations. Internal block deforma- 
tions may be calculated for any constitutive behavior using in- 
ternal discretization. From these values, the resultant forces 
can again be determined by Eqs. (1) and (2). This process is il- 
lustrated in Fig. 5 and is repeated until the body is at an equi- 
librium state or until such time as the system undergoes unstable 
deformation. 

BLOCX STRESS 
CONTrrcpSTRESS 

LAW OF MOTION 
u = F/m 

1 1 BLOCK STRlIN 
& 

CONTACT. 
DISPLRCMP(I 

I (u integrated twice11 

Fig. 5 Calculation Cycle for Explicit Distinct Element Code UDEC 

The advantage of this method is that the non-linearities and pos- 
sible fracture-controlled failure modes of the rock mass may be 
modeled explicitly, provided the geometry and properties of the 
joints are known. The problem lies in the determination of the 
level of detail necessary in the discretization of the rock mass 
to model the dominant mechanisms. It is not reasonable to at- 
tempt to model, over a large area, the complete rock structure of 
a heavily-jointed rock mass with distinct elements. 
run times, even on high-speed mainframe computers, may limit the 
problem size to several thousand blocks. Problems such as the 
stability of single excavations and boreholes, or of fault planes 
intersecting the repository horizon, may be modeled efficiently 
with this method. 

Reasonable 
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2.2.1.2 Models of Joint Behavior Used in Discontinuum Models 

Two approaches have been followed in formulation of descriptive 
models of joint behavior. In the first, results from laboratory 
tests, field observations or conceptual studies have been applied 
in the proposal of expressions reflecting the dominant aspects of 
joint behavior. Arbitrary constants appearing in the expressions 
are then derived from experiment or observation, reconciling re- 
manse Dredicted from the model with observed performance. Em- . 

plrical-models derived in this way may not satisfy the laws of 
deformable body mechanics, but they have the engineering utility 
of providing techniques for immediate practical solution of cur: 
rent engineering problems. 

An alternative to the empirical approach is the formal analytical 

equations of continuum mechanics are properly satisfied. This 
approach may seek to derive the constitutive relations from con- 
sideration of the morphology of a joint surface and the microme- 
chanics of surface deformation. Input experimental data to such 
a model.are the description of the joint geometry and the mechan- 
ical properties of the rock material. 

Because of the state of development of several empirical models 
of joint behavior, it is useful to consider the formulation of 
each model, and how well behaved each is, under the conditions of 
non-monotonic normal and shear loading characteristic of a load 
path experienced by a joint in situ. 

' development of constitutive equations for a joint, ensuring the 

(a) Mohr-Coulomb Model - In this simple model (described previ- 
ously), the joint behavior is described by linear shear and 
normal stiffness and constant friction and dilation angles. Be- 
cause the joint surface is rough and non-planar,.the normal 
stiffness will be non-linear and the asperities will shear off 
during shear deformation. This results in a peak shear strength 
followed by softening to some residual level. 
model has been criticized for its lack of ability of model these 
phenomena. 

The Mohr-Coulomb 

(b) Barton-Bandis Model - Starting from an expression proposed 
in the early 1970s, for shear strength of a joint, Barton et al. 
(1985) proposed a comprehensive empirical model for joint defor- 
mation mechanics. .For purposes of comparison with other joint 
models, the following summary is presented. 
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Closure Under Normal Stress: 

where On is the normal stress, 

AVj is joint closure, 

a and b are experimentally-determined parameters, 

a = l/Kni, and 

Kni is the initial stiffness. 

Behavior Under Shear Displacement: 
for shear strength of a joint was given by 

Barton's original expression 

JCS 
z = c + On tan (JRC log ( 4 )  

where JRC is the joint roughness coefficient, 

JCS is the joint-wall compressive strength, and 

$r is the residual angle of friction for the joint. 

For shear displ-acement less than that corresponding to peak 
strength, it was proposed that the mobilized angle of friction 
could be related directly to the mobilized roughness: 

Noting that over the range of the shear stress-shear displacement 
curve, the plots Of dRcmob/tJRcpeak and 6/6peak are Similar for 
different joints, Barton et al. (1985) proposed that a standard 
look-up table could be employed to interpolate JRCqob/JRCpeak 
from 6/6peak. Shear displacement 6peak correspondlng to peak 
shear resistance was proposed to be related to specimen dimen- 
sions by-the expression 
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where s u b s c r i p t  n relates t o  the f ie ld  scale shear u n i t ,  and L 
d e f i n e s  the  l e n g t h  of the  shear u n i t .  

S i z e  Effects: 
Barton-Bandis model i s  the  p o s t u l a t e d  e x i s t e n c e  of s i z e  o r  s c a l e  
efpects ( t o  be d i s t i n g u i s h e d  from t h e  s u r f a c e  roughness effects 
cdnSidered p r e v i o u s l y ) .  A series of shear tests on model j o i n t s ,  
i n  which some j o i n t s  were sec t ioned  and tested t o  assess n o t i o n a l  
effects of scale, suggested bo th  JCS  and J R C  were related t o  t he  
s i z e  of t he  shear s u r f a c e .  For s u b s c r i p t s  0, i n d i c a t i n g  labora-  
t o r y  s c a l e ,  and n, denot ing f ie ld  scale, the s c a l i n g  r e l a t i o n s  
between l a b o r a t o r y  and f ie ld  va lues  of JRC and J C S  are proposed 
t o  be 

One of t h e  more c o n t r o v e r s i a l  a s p e c t s  of  the 

-0. OZJRC, 
JRCn = JRCo 

Equations ( 3 ) - ( 7 )  i n d i c a t e  t h a t  from measured va lues  of a, b, 
JCS,  JRC and $r !which can be obta ined  i n  simple tests) ,  it i s  
p o s s i b l e  t o  predict t he  deformation of a j o i n t  through any i m -  
posed stress o r  displacement path (Some extens ions  of t h e  model 
provide information on j o i n t  hydrau l i c  p r o p e r t i e s  under load  as 
w e l l ) .  The model i s  w i d e l y  app l i ed  i n  p r e d i c t i n g  t h e  hydrome- 
chan ica l  behavior  of rock masses. 
p l i c a t i o n ,  some d i f f i c u l t i e s  w i t h  the model need t o  be recorded. 

T h e  f irst  problem involves  t h e  a r b i t r a r y  n a t u r e  of some of t h e  
parameter  d e f i n i t i o n s .  For example, Eq.  (4 )  is  u s u a l l y  c a s t  as 

I n  spite of i t s  widespread ap- 

where i is  the effective roughness angle  f o r  the  su r face .  
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Since i = J R C  lOg(JCS/On), it is  implied t h a t  i = JRC when 
On 3 0 .1JCS .  
of 1 could adequate1.y p r e d i c t  t h e  d i l a t i o n  angle  f o r  j o i n t s  under 
low normal stress, as i s  requ i r ed  by e s t a b l i s h e d  use  of the 
roughness ang le  concept.  

It  i s  improbable t h a t  such an a r b i t r a r y  d e f i n i t i o n  

A second d i f f i c u l t y  arises when On > JCS .  
comes negat ive ,  y i e l d i n g  an effective f r i c t i o n  angle  ($r + i) 
less than  the r e s i d u a l  f r i c t i o n  angle,  which i s  l o g i c a l l y  impos- 
sible. T h i s  sugges t s  t h a t  Eq. ( 3 ) ,  proposed from j o i n t  shear 
tests a t  r e l a t i v e l y  low normal stress, is  n o t  appropr i a t e  t o  t h e  
stress levels genera ted  i n  subsur face  engineer ing  p r a c t i c e .  

I n  t h i s  case,  i be- 

An i n t e r e s t i n g  f e a t u r e  of t h e  model i s  t h a t  it assumes no reduc- 
t i o n  i n  roughness over a s i g n i f i c a n t  p ropor t ion  of t h e  prepeak 
range of s h e a r  displacement.  This imp l i e s  a j o i n t  cyc led  i n  
shear i n  t h i s  range would achieve a peak s t r e n g t h  una f fec t ed  by 
cyc l ing ,  when the  load  w a s  subsequent ly  monotonically increased .  
T h i s  i s  i n  direct c o n t r a s t  t o  the experimental  observa t ions  of 
Brown and Hudson ( 1 9 7 4 ) .  

A f i n a l  p o i n t  of concern about the  model i s  the  pronounced s i g -  
n i f i c a n c e  of  s c a l e  effects. Equat ions.  7 were derived from model 
tests i n  which j o i n t  specimens were sec t ioned ,  t o  determine the  
effect of t h e  same j o i n t  s u r f a c e  tested a t  d i f f e r e n t  l e n g t h  
s c a l e s .  T h e  d e s c r i p t i o n  of t h e  experiment, i n d i c a t e d  by Fig.  6, 
sugges ts  t h a t  specimen he ight /wid th  r a t i o  varied i n  t h e  test. It 
is  p o s s i b l e  t h a t  t h e  a s s o c i a t e d  change i n  loading  cond i t ions  f o r  
t h e  shear su r face ,  a r i s i n g  from specimen c o n s t r a i n t  and geometry, 
has c o n t r i b u t e d  t o  the purpor ted  s i z e  effects. 

Fig.  6 Experimental Determination of Scale Effects f o r  J o i n t  
Shear S t r eng th  [Barton e t  a l . ,  19851 
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(c) Cundall-Lemos Model -This is an empirical joint model, de- 
scribed bv Lemos (1987), intended to resolve some of the in- _ _ ~  ~ 

consisten&.es noted in- the Barton-Bandis scheme. 
accumulation model of joint shear, based on the principle that 
all joint shear displacement results in the progressive erosion 
of asperities and reduction in dilatancy. 
that followed by Barton and Bandis, the model is developed from 
experimental observations of joint performance under load. In- 
stead of an expression for peak shear strength, however, the ini- 
tial attention is with the stress-displacement relations for the 
joint. These are illustrated in Fig. 7 .  

It is a damage 

In a manner similar to 

ncw position 

Fig. 7 Normal and Shear Modes of Interaction of Jointed Rock 
Units [Brady and Brown, 19851 

Joint normal deformation in the model is related to normal stress 
through the relation 

where kn! the joint normal stiffness, is normal stress dependent, 
and is given by 

where an, en are model parameters. , 
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In a similar way, the shear stress increment is given by: 

Aos = Fks Aus 

where F is a factor which governs the instantaneous slope of the 
shear stress-displacement curve. The shear stiffness may be re- 
lated to normal stress in a manner similar to (10); where 

In Eq. 
ment of shear displacement which is elastic and recoverable 
remainder, AusP being assumed to involve plastic deformation of 
asperities and to be irrecoverable.) 
from the difference between the prevailing joint shear stress and 
the ultimate shear strength at the prevailing normal stress, 
shown in Fig. 8: 

(ll), F is a term representing the fraction of the incre- 
(the 

The value of F is obtained 

as 

The parameter r in Eq. (13) is introduced to ensure that F ap- 
proaches unity on reversal of shear load direction. 

SHEAR DISPLACEMENT ( u  s 

Fig. 8 Shear Stress-Shear Displacement Model and Bounding 
Shear Strength Curve for Continuously-Yielding Joint 
Model [Lemos, 19871 
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Normal and shear response are coupled in the model through the 
normal stress dependence of kn, kS and F. 
normal stress On, shear strength is given by 

Also, at any state of 

when Qm is the current ,friction angle. 

The friction angle Qm in Eq. 
tion and a component i related to roughness and dilatancy. 
latter component is assumed to be progressively reduced by shear 
displacement and erosion of asperities, according to 

(14) takes account of residual fric- 
The 

where AusP = (1-F)Aus, and 

R = a roughness parameter for the surface (having the 
dimensions of length). 

Inspection of Eqs. (9) - (15) indicates that seven parameters are 
required in this model to characterize a model: 
$m (initial), $r and R. No conceptual or experimental difficulty 
is presented for the first six. However, the roughness parameter 
R is not yet defined in formal detail sufficient to allow its ex- 
perimental determination. 

an, en, as! e,, 

The Cundall-Lemos model makes no explicit reference to a scale 
effect. 
the roughness parameter R is sufficient representation of such a 
phenomenon, if indeed it exists. 

However, it is possible that the length scale defined by 

Some exercises with the model to demonstrate its performances are 
shown in Fig. 9. It is seen that, for the particular joint para- 
meters selected, 

(1) peak-residual behavior for different initial roughness 
is modeled satisfactorily [Fig. 9 (a) 3 ; 

response; and 
(2) .a cycle of unloading-reloading shows suitable hysteretic 
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( 3 )  an episode of pre-peak cyclic loading results in pro- 
nounced modification of the shear-stress displacement 
response, with virtual elimination of peak-residual be- 
havior, consistent with the observations of Brown and 
Hudson (1974). 

h c 0.0 1 

1.b 4 . 2  

I I I . . . . . . . . ,  
1.b 2.0 3.0 4.0 5.0 S.0 7.0 I.:€-4 1.0 Z.0 3.0 4.0 5.0 1.0 I l l C - 4  I.( 8.0 a.l 4.0 a.0 1.0 7.0 we-u 

.war o l ~ # ~ Y l m I I t  CI twC O t 8 r l U l m t  w twY D l u l r l m t  w 

Fig. 9 Exercising of Cundall-Lemos Model: (a) peak-residual 
behavior; (b) hysteresis on load reversal; (c) load 
cycling [Lemos, 19871 

2.2.2 Continuum Models 

Continuum models include any numerical technique based on the 
equations of continuum mechanics in which the assumption is made 
that holes do not open in a body, or that slip or separation do 
not occur on discrete weakness planes. Obviously, non-linear be- 
havior of fractured rock is due primarily to slip along existing 
weakness planes. Continuum models attempt to represent this non- 
linearity through constitutive laws as described in the sections 
below. Typical continuum methods include the finite element 
method (e.g., Zienkiewicz, 1977), the finite difference method 
(e.g. , Cundall, 1976) and the boundary element method (e .g. , 
Banerjee and Butterfield, 1981). 
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2.2.2.1 Equivalent Elastic and Empirical Models 

Equivalent elastic and empirical models are often used for esti- 
mates by designers or constructors in the initial stages of a 
project where little physical property data are available. The 
principal stresses at varying points around the excavation are 
calculated using elastic models, and are then input to an empiri- 
cal failure criterion such as the Hoek-Brown equation: 

01 = 03 + (m oC03 + soc 2 ) 1/2 (16) . 

where m,s = empirical curve-fit constants, and 

bc = uniaxial compressive strength of intact rock. 

A "factor of safety" can be determined as the ratio of the 
calculated-to-failure stress as given by Eq. (16). 

This approach appears to be adequate for initial design studies; 
however, there are some problems associated with its use. The 
values of m and s are related to the properties of the in-situ 
rock mass and are not readily available. Hoek and Brown (1988) 
have presented a subjective list of values for these constants as 
a function of rock mass type and quality. The suggested values 
are purportedly conservative, but few field cases have been pub- 
lished in which this design technique has been compared to obser- 
vation and field instrumentation. It must also be kept in mind 
that the use of this model is presently considered useful for an 
estimation of conservatism in design-ut not a rigorous method 
of determining rock mass performance. 

A second commonly-used method is to assume that the rock mass be- 
haves as an equivalent elastic continuum (Fig. 10). Here, the 
presence of jointing or defects in the rock mass are assumed to 
result in a reduction of the elastic modulus as well as a reduc- 
tion in its ultimate compressive strength. Typically, the reduc- 
tion in elastic properties is determined by assuming the rock 
mass to be isotropic with joints at some spacing, s, with normal 
and shear stiffnesses, kn and ks, respectively. The equivalent 
elastic modulus may be determined by assuming that the jointed 
and equivalent mass undergo an equal displacement for equal ap- 
plied stress, 0 (see, for example, Singh, 1973; Goodman, 1981). 
The following relations may be derived: 
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1 - -  1 + - -  1 
_. 

1 - -  1 1 + - -  
Gxyi kss Gxye 

where Ei = intact Young's modulus, 

E, = equivalent Young's modulus, 

Gxyi = intact shear modulus, and 

Gxye = equivalent shear modulus. 

Fig. 10 Equivalent Elastic Continuum Determined by Treating the 
Mode1.a~ a Series of Intact Blocks Connected with Joints 
Treated as Shear and Normal Springs (One-, two- and 
three-dimensional regular and random jointed equivalent 
models have been developed.) 

A plot of the ratio of the elastic modulus to equivalent modulus 
as a function of normal stiffness and joint spacing is given in 
Fig. 11. Fossum (1985) and Gerrard [1982(a); 1982(b)] have given 
models for equivalent elastic continua for randomly and regularly 
jointed masses in two and three dimensions. Others have sug- 
gested relationships for empirical rock mass classifications and 
the elastic modulus. Bieniawski (1978) suggested that, for rocks 
with a rock mass rating (RMR) of 55 or greater, the deformation 
modulus could be approximated by 



E, = 2(RMR) - 100 

where E, = equ iva len t  modulus (GPa), and 

RMR = rock mass rat ing.  

Again, t h e r e  i s  l i t t l e  f ie ld  data which support  these r e l a t i o n s .  

Discontinuities Per 1.Sm Run 

0 .3 e 6  .9 t;l 1.5 
Discontinuity Spacing S (m) 

Fig .  11 Ra t io  of  Rock Mass Modulus (En) t o  I n t a c t  Modulus ( E r )  
As a Function of D i scon t inu i ty  Spacing and J o i n t  Normal 
S t i f f n e s s  [Kulhawy, 19781 

I n  gene ra l  practice, equ iva len t  moduli are o f t e n  determined from 
f i e ld  compression experiments such as block tests, borehole  jack- 
i n g  tests, f l a t j a c k  tests, o r  p la te -bear ing  tests. T h i s  method 
may work w e l l  i n  i n s t a n c e s  where the  rock mass response i s  t r u l y  
e las t ic  i n  the  working stress range, b u t  it can lead t o  s i g n i f i -  
can t  e r r o r s  i n  i n s t a n c e s  where t he  behavior  i s  non-e l a s t i c .  

Blanford and Key (1987)  used an equ iva len t  e las t ic  continuum 
model w i t h i n  the  SANCHO code (Stone e t  a l . ,  1985) t o  compare t o  
f ie ld  r e s u l t s  of  an 0.8m square f la t jack  s l o t  t es t .  T h i s  equi- 
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valent continuum model is a bit more elaborate in that the.norma1 
stiffness of the joints is assumed to be a non-linear function of 
normal stress. The following hyperbolic representation was de- 
veloped by Bandis (1980) and is based on laboratory testing of 
joints. 

where On = normal stress, 

6, = normal closure, and 

a,b = constants, reciprocals of the initial normal stiffness 
and half-closure stress, respectively. 

The normal stiffness is the slope of the On - 6, curve: 

The in-situ modulus can be found as before: 

1 1 1 
- = -  + -  

or 

The equivalent elastic models are attractive because the computa- 
tional requirements are not extensive, input properties are rea- 
sonably easily obtained from laboratory testing and/or empirical 
data. The interpretation of the results from an elastic model is 
also straightforward. As with any model, the equivalent elastic 
approach must be compared with field data to define the limits of 
its applicability. 
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2.2.2.2 Equivalent Non-Linear Models 

One of the most common modeling approaches is to assume that the 
rock mass behaves according to some non-linear constitutive law. 
The non-linearity in the constitutive law represents the effects 
of the defects (e.g., fractures) in the rock structure on its 
overall mechanical response. The various schemes of representing 
non-linear behavior in rock may be divided into the following two 
groups (Desai and Christian, 1977) : 

(1) representation of stress-strain curves by curve- 
fitting; and 

(2) plasticity theories. 

Curve-Fitt inq 

Curve-fitting is a common method of describing stress-strain be- 
havior for rock. The Hoek and Brown criteria described previous- 
ly is one example where a non-linear curve has been fit to exist- 
ing triaxial test principal stress data using two parameters, m 
and s .  In viscous rocks (e.g.I salt), power law functions com- 
prise one of the primary means of describing creep behavior. 

Yield can be simulated numerically by adjusting the elastic modu- 
lus of the material in a series of linear increments to model 
non-linear behavior. The simplest form is a bi-linear model 
(Fig. 12) which simulates hardening or yield by a stiffening or 
relaxation in the elastic modulus. 

e 

. Fig. 12 Simple Bi-Linear Stress-Strain Curve 
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Greater d e t a i l  may be obta ined  by us ing  a g r e a t e r  number of  
l i n e a r  segments t o  d e f i n e  the  s t r e s s - s t r a i n  curve.  A b i - l i n e a r  
model w a s  used by Hocking e t  a l .  (1985) t o  d e s c r i b e  the  stress- 
s t r a i n  behavior  of basa l t  a t  t h e  Near Surface T e s t  F a c i l i t y  
(NSTF) f o r  the  Basal t  Waste I s o l a t i o n  P r o j e c t .  An i n i t i a l  low 
modulus w a s  used t o  model the  c l o s i n g  of  j o i n t s  a t  low stress 
levels, followed by a modulus i n c r e a s e  as b locks  t e n d  t o  lock  up. 

There are two primary problems wi th  use  of  modulus adjustment t o  
describe non-l inear  s t r e s s - s t r a i n  curves .  F i r s t ,  t he  unloading 
behavior  i s  n o t  p rope r ly  modeled because unloading occurs  a long 
the load ing  l i n e  and no p las t ic  s t r a i n s  are accumulated. Second, 
t he  c u r v e - f i t t i n g  model does no t  reproduce the proper  flow r u l e  
upon y ie ld ,  r e s u l t i n g  i n  i n c o r r e c t  c a l c u l a t i o n  of s t r a i n  ra te  
magnitude and d i r e c t i o n  a f te r  y i e l d .  The degree of e r r o r  depends 
on the  e x t e n t  of y i e l d  i n  the  model. An important  p o i n t  i s  t h a t  
c u r v e - f i t t i n g  schemes do no t  attempt t o  model t h e  a c t u a l  deforma- 
t i o n  mechanisms; t h e r e f o r e ,  there is  o f t e n  l i t t l e  t h e o r e t i c a l  
basis f o r  them. 

P l a s t i c i t y  Models 

There are several forms of p l a s t i c i t y  which are used t o  r ep resen t  
rock behavior .  Typical  models i nc lude  (Fig.  13) : (1) r i g i d ,  
perfectly-plastic; (2 )  elastic,  p e r f e c t l y - p l a s t i c ;  and (3) some 
form of work hardening o r  so f t en ing .  I n  each case, a y i e l d  cri- 
t e r i o n  o r  func t ion  i s  used t o  describe the stress cond i t ions  un- 
d e r  which f a i l u r e  of  t h e  material occurs .  The two simplest y i e l d  
func t ions  ( the Tresca and t h e  von Mises) assume t h a t  the  material 
i s  n o n - f r i c t i o n a l  and are more a p p r o p r i a t e  f o r  metals. The two 
most common y i e l d  c r i te r ia  f o r  rock are t h e  Mohr-Coulomb and t h e  
Drucker-Prager cri teria.  H e r e ,  t h e  material i s  treated as fric- 
t i o n a l  and cohesive.  F igure  14 i l l u s t r a t e s  the Mohr-Coulomb cri- 
t e r i o n  given by: 

where 01~03 = maximum,minimum p r i n c i p a l  stresses, 

$ = f r i c t i o n  angle ,  and 

c = cohesion. 
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hardening 

(r softening 

Fig.  13 Three P l a s t i c i t y  Models Typica l ly  Used t o  Represent 
Rock: (a) r i g i d - p e r f e c t l y  p l a s t i c ;  (b) elastic- 
p e r f e c t l y  plastic;  and (c) strain-hardening/softening 

/ 

Fig.  14 Mohr-Coulomb Yield Cr i te r ia  

' .  , 
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The Drucker-Prager criterion is similar to the Mohr-Coulomb but 
includes an additional dependency on the intermediate principal 
stress: 

1 
6 

where J2 = - [ ( 0 2  - 0312 + (03 - 0 1 ) ~  + (01 - 0212], 

11 = 01 + 02 + 03, and 

K,a = constants, functions of $,c. 

The above yield criteria determine the limit condition; however, 
the strain (and displacement) of the body after yielding must 
consider some rule for relation of stress to strain in.crement. 
This relation is termed the "flow rule". An "associated" flow 
rule, or "normality", are the terms given to describe colinear 
stress and strain tensors. This is usually as shown it in Fig. 
15, where the strain rate increments are aligned to the outward 
normals of the yield criterion. The normality assumption re- 
quires that $=v (where v is the dilation angle). 
testing in rock has shown that associated flow overpredicts dila- 
tional strains. As a result, "non-associated" flow rules are 
often used in rock mechanics. Here, the dilation can be defined 
separately from the friction. 

Experimental 

'l"3 
2 

/-'. 

Fig. 15 .Strain 
(It is 
angle, 

' l+'3 
2 

Rate Increment Tensor For an Associated Flow Rule 
colinear with the stress tehsor; the dilation 
Y, must equal the friction angle, @.) 
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The standard plasticity formulations described here are isotropic 
-i.e., the yield response of a body will be the same in all di- 
rections, assuming uniform stress conditions. These models are 
therefore best-suited to conditions where the material is in- 
tensely jointed (i.e., where joint spacing is small in comparison 
to the excavation diameter and where several joint sets exist). 
In many cases, one, two or three regular sets of joints exist 
which may result in anisotropic yielding. If the joint spacing 
is significantly less than the opening dimension, a "ubiquitous" 
joint, or "compliant" joint, continuum plasticity model may be 
suitable for use. 

Ubiquitous joint models assume, as implied by the name, that one 
or more joint sets are very closely-spaced and exist everywhere 
in the rock mass. For an infinite number of these joint planes 
at all directions within the mass, this model reverts to an iso- 
tropic plasticity model. The usual ubiquitous joint model is im- 
plemented by first determining the stress state perpendicular and 
parallel to the structure. This stress state can be compared to 
the slip condition for the joint-if slip occurs, stresses are 
adjusted accordingly to keep the stress state for that element on 
the yield surface. A common limitation exists for the ubiquitous 
joint models: usually, the material behaves as the matrix in 
compression and the joint in shear. There is, therefore, no 
"load sharing" between the matrix and the joint, as stiffness is 
not assigned to the joints. For this reason, ubiquitous joint 
models are best applied where fracture frequency is high. Exam- 
ples of these models can be found in Zienkiewicz and Pande (1977) 
and Itasca 11988 (b) I .  

Compliant joint models were developed in an attempt to overcome 
the above limitation of the ubiquitous joint models while provid- 
ing the computational efficiency of a continuum approach. 
general, compliant joint models explicitly account for the spac- 
ing of joints for multiple sets as well as non-linear variations 
of the shear and normal stiffness of the fractures. Examples of . 
compliant joint models can be found in Chen (1987), Costin and 
Chen (1988), Moreland (1974), and Blanford and Key (1987). In 
general, these models assume that the joint sets are parallel, 
continuous, and regularly-spaced. Additionally, it is assumed 
that the stress is appropriately uniform over the element and 
that the tractions over the joints within an element are sub- 
sequently the same. Thus, the dilation and slip displacement 
distributions are continuous across each element. The compliant 
joint model described by Chen (1987) is currently under consider- 
ation by-NNWSI for use in repository design and performance anal- 

In 
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ysis. This model presently assumes two perpendicular, regularly- 
spaced joint sets (Fig. 16) .subject to the assumptions described 
above. The joint normal and shear displacement behavior are 
shown in Figs. 17 and 18. The hyperbolic normal stiffness behav- 
ior of the joint follows Goodmand (1976) , and requires constants 
for the maximum joint closure (urnax) and the half-closure 
stress. The shear stress-shear strain behavior is bilinear, with 
the Mohr-Coulomb slip condition governing yield. 

Costin and Chen (1988) describe the use of this model for com- 
parison to the results of the G-Tunnel Heated Blofk Test 
[Zimmerman et al., 1986(a) 3 .  In this test, an 8m block of tuff 
was freed from the floor of a drift by line drilling. Flatjacks 
were used to load the block biaxially and uniaxially, and hori- 
zontal displacements were monitored by recording differential 
displacement between 1.5 m-long vertical posts grouted in the 
block (HSX gauges). 

Fig. 16 A Jointed Rock Medium [Chen, 19871 
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Fig. 17 Non-Linear Elastic Normal Joint Behavior [Chen, 19873 
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Fig. 18 Non-Linear Shear Behavior of Joints [Chen, 19871 
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- 9,0 L -Experimenl HSX 4 IN-SI 

Fig. 19 Comparison Between Calculated and Experimental Data for 
HSX #4  for Unstressed Aperture of 0.1 mm 
Chen, 19881 

[Costin and 
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Fig. 20 Comparisons of the Calculated and Experimental Data for 
Uniaxial Loading Conditions (HSX1 and 2) [Costin and 
Chen, 19881 



Figures 19 and 20 show comparison of applied stress-horizontal 
displacement measurements for selected biaxial and uniaxial pres- 
sure cycling. The biaxial compression results show that loading 
behavior can be predicted fairly well with the model. This is 
not surprising, as the block behaved more-or-less linearly in bi- 
axial compression where slip is minimized. The model does not 
reproduce the permanent deformations upon unloading. The uni- 
axial comparisons are fairly good, and illustrate the effects of 
joint shear displacement on the permanent deformation of the 
block. 

The joint properties which resulted in a best-fit of the data to 
the model were: 

shear stiffness 1010 GPa/m 

friction coefficient 0.8 (38.6') 

cohesion 0.003 MPa (essentially zero) 

unstressed aperture 0.05 mm 

half-closure stress 5.0 MPa 

Because the applied stress levels were so low, the prediction of 
response was found to be dependent only on the cohesion. 

It is noted that, at the second and third load cycles, the com- 
parison to the response of HSX2 is poor. 
the inability of a continuum model to adequately represent the 
kinematic response of a system of blocks. 
would be quite interesting if additional comparisons had been 
made in this paper to simple elastic, elastoplastic and ubiqui- 
tous joint models. 
loading conditions of the block test are simple by design (i.e., 
uniform biaxial and uniaxial loads). The rock mass surrounding 
excavations will be subjected to complex loading states in which 
large stress gradients are applied. The ability of the compliant 
joint model to determine rock mass failure under high stress gra- 
dients is not known at present. Blanford and Key (1987) compare 
a reduced elastic modulus, compliant joint and quasi-discrete, 
constitutive models for analysis of the stresses and displace- 
ments surrounding a pressurized s l o t  test. It was found that 
spacing of joints, in combination with applied loading condi- 
tions, can have a large effect on the predicted rock mass 
response from the models. In particular, it was found that a 
continuum joint response is riot appropriate in a case where joint 

This may be a result of 

Although not given, it 

It should also be noted that the applied 
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spacing is of the same order as the excavation, or length across 
which load is applied. 
a significant load-carrying function which a continuum joint 
model may not be able to adequately model. Here, the quasi- 
discrete (or distinct element) model is better suited. 

In such a case, the intact blocks perform 

2 . 3  Methodolosv for Choice of Model Type Under Varyinq Rock 
Conditions 

Various modeling techniques have been discussed in the previous 
sections. The question which arises is: Under what circum- 
stances can a rock mass be considered a continuum or a discon- 
tinuum? Starfield and Detournay (1981) examined various rock 
mass conditions typical in design and developed a tentative set 
of conceptual models for the design of tunnel supports. They 
identified five (5) typical tunneling conditions: 

(1) massive rock (no stress-induced failure, no joint 
stability problems); 

(2) overstress rock conditions (plastic and brittle 
failure mechanisms); 

( 3 )  stress-related failure in low cohesion rocks (shal- 
low and deep conditions); 

(4) blocky rock masses; and . 

( 5 )  swelling rock. 

These conditions are illustrated in Fig. 21. A sixth category 
is added here: 
an excavation. 
Starfield and Detournay (1981). 

isolated fractures which may or may not intersect 
The following descriptions are adapted from 

Model 1 pertains to a tunnel driven in a massive rock mass with 
few joints. 
stability problem. Support, if required, would be in the form of 
spot reinforcement. 

No rock failure is induced, nor is there a joint 

Model 2 pertains to a situation in which excavation of the tunnel 
leads to rock failure. The rock could either be massive or have 
a high density of joints. Failure can be brittle (slabbing, rock 
bumps, bursting) or plastic. If plastic failure is severe, it 
will lead to squeezing rock conditions. 
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Model 3 applies to a tunnel driven in a low cohesion 
which leads, in severe situations, to running ground 

Model 4 refers to a tunnel with potential structural 

rock mass 
conditions. 

instability 
(i.e., instability associated with movements or separation on 
joints, usually associated with roof problems). 

Model 5 characterizes a tunnel in a potential swelling rock 
(i.e., rock containing anhydrite or a certain amount of sensitive 
clay materials). 

Model 6 applies to a rock-with isolated fractures (i.e., a fault) 
which may or may not intersect excavations. 

For each model, the joint spacing, excavation diameter, rock mass 
stress conditions and rock mass strength parameters are required. 
Figure 22 provides an algorithm for use of the classification 
scheme. Three (3) of the models (1, 2 and 4) have the greatest 
potential for excavation in hard rock. Model 1 pertains to cases 
where the intact rock is elastic and the spacing of fractures is 
greater than the excavation span. This is of interest in only a 
limited number of applications where the rock may be considered 
an elastic continuum. 
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Fig. 2 1  Models Proposed f o r  Varying Rock Mass Condit ions 
[adapted from Starf ie ld  and Detournay, 19811. 

__- 

Prelimhay -rum of croluhnital Dab 
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Fig .  22 Model Se lec t ion  Algorithm 
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Model 2 pertains to overstressed rock in which failure is evident 
from plastic or brittle mechanisms. Severe plastic deformation 
leading to squeezing problems generally occurs in heavily frac- 
tured ground with multiple joint sets with ratio of spacing (S) 
to excavation radius (a) of 0.1 or less. In most cases, high in- 
situ stress or low friction and cohesion joint surfaces are pres- 
ent. Failure under these conditions may be amenable to isotropic 
plasticity models or ubiquitous joint models. 

Model 4, blocky rock mass classification applies most readily to 
the expected Topopah Springs excavation conditions. In this 
classification, instability is concerned with failure mechanisms 
controlled by the rock m.ass structure. In the case at Yucca 
Mountain, it would appear that structural response will be con- 
trolled by the predominant vertical joint set, as well as major 
discontinuities such as faults which may intercept the excava- 
tions. It may also be expected that the response will be aniso- 
tropic due to the preferred jointing direction. 

The response of a blocky rock mass and, thus, the proper choice 
of model depends on many factors, including: 

(1) the number of joint sets; 

(2) the spacing of the joints with respect to the 
radius of the excavation (S/a); 

(3 )  the orientation of the joint sets with one another 
and with respect to the in-situ stress state; 

(4) the magnitude and deviation of the principal 
stresses; 

(5) the friction, cohesion and, to a lesser extent, the 
dilation of the joint surfaces; 

( 6 )  the continuity or length of joints (i.e., are they 
continuous features over large distance?); and 

(7) the planarity of the joints (Items ( 6 )  and (7) are 
sometimes taken together to define,in loose terms, 
the "degree of interlocking". ) . 
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To our knowledge, no study has been published which attempts to 
quantify the above factors and how they relate the use of contin- 
uum and discontinuum models, and the proper choice of constitu- 
tive law. 

The discontinuum code UDEC (Itasca, 1989) was used to examine 
plastic yield around tunnels in jointed rock for varying spacings 
and orientations. The models involve static biaxial loading 
(ov/o~ = 2/1) of a circular tunnel of radius a in a rock mass 
with two distinct continuous joint sets with spacing S, oriented 
at angles fa from the vertical. Two basic joint spacings with 
S/a ratios of 0.333 and 0.083 (3 and 12 joints across the tunnel 
diameter) were used. The maximum principal stress direction is 
vertical, and joint sets are oriented at f45', -15'/-70° and 
65O/-6Oo. The results presented here compare the yield zone at 
equilibrium for the varying case studies. Figures 23 and 24 show 
the cases for joints oriented at f45' for S/a of 0.333(a) and 
O.O83(b). The yielded elements, shown by a cross at their cen- 
troid, are much the same for these joint spacings. 

The effect of joint orientation on yield is shown in Fig. 25 
for S/a ratio of 0.167 and joint set angles of -15O/-7Oo and 
65'/-60'. In the first case, the -15' joint set is aligned at a 
small angle to the maximum principal stress, resulting in a large 
shearing stress component. In this case, anisotropy in the yield 
zone occurs following along the direction of favorably oriented 
structures. In the second case, the two low angle joint sets 
promote a horizontal orientation of the yield zone. These re- 
sults indicate that, assuming the stress state is such that slip 
of joints will occur, the yield behavior of the rock mass is 
probably more sensitive to orientation than spacing. The aniso- 
tropy seen here is a result of a similar phenomenon to that seen 
by Graziev and Erlikhman (1971) when examining pressure "bulbs" 
(lines of equal pressure from model tests) beneath footings on 
bedded materials. Figure 26 shows the effects of primary joint 
orientation on the pressure distribution in the foundation. The 
stress tends to orient itself at right angles to the structure as 
a result of slip. For structures oriented at low angles to the 
applied stresses, joint slip can result in highly anisotropic 
stress fields. 
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Fig. 23 Yield Zone Around a C i r c u l a r  Tunnel for J o i n t s  
Or ien ted  a t  f45' and S / a  Ra t io  of 0 . 3 3 3  

I 

! 
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Fig.  24 Yield Zone Around a C i r c u l a r  Tunnel f o r  J o i n t s  Or ien ted  
a t  f45' and S/a Ra t io  of 0 .083  
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F ig .  25 Yield Zones Around a Circular  Tunnel f o r  J o i n t s  
Oriented a t  (a) -15'/-70' and (b) 65'/-60' f o r  the  
S/a R a t i o  of  0.167 

i 
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Fig. 26 Lines of Equal Stress (Bulbs of Pressure) Determined by 
Gaziev and Erlikhman [1971] From Models 

The spacing of joints will control, to some extent, the failure 
mechanisms. For large joint spacings (S/a > = 0.5), wedge fail- 
ures dominated by rotation of blocks will occur. For small ratios 
of S/a (< O.l), failure representing continuum yield will occur. 
Combinations of continuum failure and wedge failure resulting from 
joint slip will also occur. 

The final category, Model 6, regards isolated fractures, such as 
faults, in the rock mass. 
ing or may be isolated from excavations. Questions of concern 
here may include mining- or thermally-induced fault slip. 
eral, this type of problem is restricted to discontinuum methods 
or continuum models with interface elements. 

These fractures may intersect an open- 

In gen- 

Examples are presented later which illustrate the use of continuum 
and discontinuum methods as they apply to wste disposal problems 
in welded tuff . 
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3.0 THE YUCCA MOUNTAIN SITE 
i 

3.1 Geoqraphic Settinq 

The Yucca Mountain Site is located in Sc thern Nevada, rc ghly 
150 km north and west of Las Vegas, on land controlled by the 
U.S. Air Force, the. U.S. Department of Energy (DOE) I and the 
Bureau of Land Management (Fig. 27). 

Yucca Mountain lies in the Great Basin, a sub-province of the 
basin and range province. Yucca Mountain is an irregularly- 
shaped volcanic upland with elevations of about 1500 to 1930 m at 
the crest, with about 650 m of relief. The mountain is composed 
of eastward-dipping volcanic and volcaniclastic strata broken 
into echelon fault blocks (MacDougall et al., 1987). 

Fig. 27 Location Map for Yucca Mountain Site 
[U.S. DOE, 1988(b)l 
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3.2 Stratiqraphy and Litholosy 

Figure 28 shows a stratigraphic section taken North-South across 
Yucca Mountain produced by geologic correlations between drill 
holes. The rocks comprising Yucca Mountain are a 300-1000 meters 
thick sequence of tertiary silicic volcanic rocks consisting of a 
series of welded and non-welded ash-flow and ash-fall tuffs and 
lavas and volcanic breccias. The volcanic rocks at Yucca 
Mountain comprise seven formations, each containing several mem- 
bers differentiated on the basis of lithologic or physical and 
chemical properties or both. The units are laterally continuous 
and vary in thickness from 70 to approximately 370 meters. 

mm 

SWL-STATIC WATER LNp 
TO-TOTAL DEPTH 2 MILES 

2 KILOMETERS 0 1 

Fig. 28 North-South Cross-Section of Yucca Mountain Site from 
Drill Hole Correlation [MacDougall et al., 19871 
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Rock being considered for a repository at Yucca Mountain is the 
densely welded ash-flow tuff of the Topopah Spring Member, a mul- 
tiple flow unit of the Paintbrush Tuff, as shown in Fig. 28. The 
following description of the Topopah Spring flow is taken from 
the CDSCP (U.S. DOE, 1988(a), p. 1-62): a non-welded to 
partially-welded glassy basal zone, from 10 to 20 meters thick, 
grades upward by increased welding into a densely-welded basal 
vitrophyre from 10 to 25 meters thick. The basal vitrophyre 
grades abruptly upward into a densely welded, devitrified, un- 
vesiculated zone, the lower non-lithophysal zone, from 27 to 56 
meters thick. This zone grades upward into the lower lithophysal 
zone, from 43 to 117 meters thick. Overlying the lower 
lithophysal zone is the middle nonlithophysal zone, from 54 to 96 
meters thick, representing the vesiculated portion of the second 
eruptive phase. Finally, a third eruptive pulse of quartz- 
latitic ash-flow tuff forms the caprock zone, from 39 to 62 
meters thick. A thin (approximately 1 m) vitrophyre, occurring 
in most places in the uppermost part of the caprock, resulted 
from chilling at the upper surface of the ash flow. The proposed 
repository horizon lies within the lower non-lithophysal zone in 
the lower part of the member. This zone, 27 to 56 meters thick, 
is rhyolitic, devitrified, and moderately to densely welded. The 
percentage of lithophysae ranges from 0 to 2 percent. 

3.3 In-Situ Stress State 

Stress measurements have been conducted by hydraulic fracturing 
in exploration holes drilled within the Yucca Mountain Site. 
These are supplemented by past overcoring and hydraulic fractur- 
ing measurements in Ranier Mesa. The mean values and ranges are 
given in Table 1. 

Table 1 

MEAN VALUES AND'RANGES FOR PRINCIPAL STRESSES 
[MacDougall et al., 1987, Chapter 6, Table 6-10] 

Parameter Mean Value* 

oV (ma) 7.0 5.0 to 10.0 

Ohmin/% 0.55 0.3 to 0.8 

Bearing Of ohmin N57'W N57'W to N65'W 

ohmax/% 0.65 0.3 to 1.0 

Bearing Of Ohax N32'E N25'E to N40°E 

* mean value at depth of approximately 300 meters 
! 
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3.4 Rock Properties for the Topopah Sprinqs Formation 

The rock mass can be divided into the intact rock mass and the 
discontinuities. Formulation of a continuum or discontinuum con- 
stitutive model requires properties and constitutive relations of 
both. 

3.4.1 Intact Rock 

The intact rock properties of importance here include the stiff- 
ness, strength and thermal properties. Table 2 provides a sum- 
mary of the pertinent properties. 

Table 2 

INTACT ROCK MECHANICAL AND THERMAL 

[MacDougall et al., 1987, CDSCP, Chapter 61 
PROPERTIES OF THE TOPOPAH SPRINGS (TSW2) 

Property 

Young's Modulus (GPa) 

Poisson's Ratio 

Uniaxial Compressive Strength (ma) 

Cohesion (ma) 

Friction Angle (deg) 

Tensile Strength (ma) 

Thermal Conductivity (W/mo C) 

Coefficient of Thermal 
Expansion (/OC) 

Thermal Capacitance ( J/cm3K) 

Averaqe Value 

30.4 

0.24 

166.0 

34.0 

23.5 

15.2 

1.84 

8.8 X 10'6 

2.16 

Ranqe 

f 6.3 

f 0.06 

f 6 5 . 0  

f11.4 

f 0.15 

f 0.12 



-43- 

3.4.2 Jointing in the Topopah Spring 

In most instances, the properties and geometry of the joints con- 
trols the strength and failure modes of the rock mass. The pri- 
mary properties of interest include the cohesion and friction 
angle of the joint surfaces and their spacing and continuity. 
Table 3 gives properties of joints for the non-lithophysal 
Topopah Springs formation. 

Table 3 

JOINT PROPERTIES 
[MacDougall et al., 1987, CDSCP, Chapter 61 

Property Value 

- UB RV - LB - 
Shear Stiffness (MPa/m) 107 106 105 

Joint Cohesion (ma) 0.2 0.1 0 

Friction Angle (deg) 38 .'7 28.4 11.3 

Residual Friction Angle (deg) 38.7 28.4 11.3 

JCS 113.0 171.0 229.0 

JRC 12.0 9.0 6.0 

UB = upper bound 
RV = recommended value 
LB = lower bound 
JCS = joint wall compressive strength (NGI classification) 
JRC = joint roughness coefficient (NGI classification) 
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The fracture frequency in fractures per meter for various angles 
of inclination (in degrees downward from horizontal) is presented 
in Fig. 29. The data for this plot was derived from two surface 
drill holes (MacDougall et al., 1987, CDSCP, Chapter 6, Table 6- 
15). The figure shows a large number of sub vertical fractures 
present in the repository horizon with an average spacing of 
about 8 mm, but no other discernible sets. Because the counting 
of fractures in drill holes tends to bias the results away from 
fractures sub-parallel to the hole axis, these results may not be 
completely reliable; however, they indicate a strong vertical 
preferential jointing orientation. 

10-20 30-40 50-60 70-80 
Dip from Horizontal (degrees) 

Fig. 29 Fracture Frequency in the Topopah Springs Formation as a 
Function of Angle of Inclination Downward from Horizon- 
tal [Data from four vertical boreholes from MacDougall 
et al., 1987, CDSCP, Chapter 61 
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3.5 Rock Mass Properties 

Several in-situ tests have been conducted in the G-Tunnel facil- 
ity in the Grouse Canyon welded tuff for determination of large 

Diameter Heater Experiment [Zimmerman et al., 1986(a)] and the 
Heated Block Experiment [Zimmerman et al., 1986(b)]. The results 
of these tests showed that fracturing has little effect on the 
thermal properties of the rock mass and that laboratory-deter- 
mined thermal properties are sufficient for design. The heated 
block experiment was used to determine equivalent elastic proper- 
ties for the rock mass. A 2 m by 2 m by 2 m cube of welded tuff 
was biaxially compressed by flatjacks as displacements of the 
block were measured. Based on these measurements, the design 
value for deformation modulus was reduced by 50% to 15.2 GPa 
f 4.2 GPa. The Poisson's Ratio, however, is estimated to be the 
same as the intact value. These estimates of in-situ properties 
were made by fitting a straight line to field loading data. 

scale or "rock mass" properties. These tests include the Small . ,  

The strength properties (uniaxial compressive strength, cohesion, 
friction) of the rock mass were determined simply from personal 
judgment by reducing the uniaxial compressive strength by 50%. 
There is no specific theoretical or field justification given for 
these values. 

3.6 Faults in the Near Vicinitv of the Yucca Mountain Site 

The structural geology of the area in and around the Yucca 
Mountain site is complex. One expression of this complex struc- 
ture is the faulting of the silicic tuffs composing Yucca 
Mountain. Two phases of faulting are identified in the Site 
Characterization Plan (SCP) [U.S. DOE, 1988 (b) ] : (1) older ex- 
tensional faulting associated with silicic volcanism from about 
11 to 7 million years ago; and (2) basin-and-range faulting for 
about the past 7 million years. Yucca Mountain is a series of 
north-trending structural blocks that have been tilted eastward 
along west-dipping, high-angle normal faults. The proposed re- 
pository is to be excavated in a block which dips eastward at 5' 
to 10'. The block is bounded on the west by the Solitario 
Canyon fault, on the northeast by the Drill Hole Wash structure, 
and on the east and southeast by the western edge of the Im- 
bricate normal fault zone. One known fault, the Ghost Dance 
fault, transects the central portion of the proposed repository 
area in, roughly, a north-south fashion. Figure 30 is a plan 
view of the area around Yucca Mountain showing the surface loca- 
tions of faults. Figure 31 shows an east-west section across 
the northern portion of the proposed repository block illustra- 
ting the location of faults with respect to'the repository 
horizon. 

i 
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a. 

Fig. 30 Faults in the Vicinity of Yucca Mountain 
[U.S. DOE, 1988(b)] 
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W E 

Fig .  31 East-West Geologic Cross-Section f o r  t he  Yucca Mountain 
S i t e .  This  f i g u r e  shows t h e  relative p o s i t i o n s  of  
v a r i o u s  t u f f  u n i t s  a t  t h e  site, inc lud ing  t h e  u n i t  
proposed f o r  t h e  r epos i to ry ,  and t h e  f a u l t  zones t h a t  
are c l o s e s t  t o  t h e  s i te .  [U.S .  DOE, 1988(b ) ]  

Vertical  o f f s e t s  of  these f a u l t  s t r u c t u r e s . h a v e  been measured. 
Most of  t he  s t r u c t u r e s  r epor t ed ly  show o f f s e t s  of  15 feet o r  
less, wi th  the except ion  of  t h e  Ghost Dance and S o l i t a r i o  Canyon 
f a u l t s .  The Ghost Dance f a u l t  shows an o f f s e t  o f  38 meters a t  
t h e  sou theas t  end of  the  r e p o s i t o r y  area. T h e  S o l i t a r i o  Canyon 
f a u l t  shows offsets  ranging t o  213 meters a t  the northwest 
corner .  Quar t e rna ry  movement r epor t ed ly  is seen on the  Windy 
Wash, S o l i t a r i o  Canyon, Bow R i d g e ,  Pa in tbrush  Canyon and B a r e  
Mountain f a u l t s  i n  the  v i c i n i t y  of the  Yucca Mountain s i te  [U.S.  
DOE, 1988 (b) I .  

S e i s m i c  r eco rds  from the  past  150  yea r s  ( inc lud ing  r e c e n t  seismic 
monitoring) show the  Yucca Mountain area t o  be relat ively q u i e t  
s e i s m i c a l l y  [U.S .  DOE, 1 9 8 8 ( b ) ] .  I t  has no t  been p o s s i b l e  t o  
c o r r e l a t e  s e i s m i c i t y  w i t h  specific f a u l t s  o r  s t r u c t u r e s .  DOE'S 
c u r r e n t  estimates f o r  the  seismic design i s  based on a f u l l -  
l e n g t h  r u p t u r e  on t h e  B a r e  Mountain f a u l t ,  r e s u l t i n g  i n  a mag- 
n i t u d e  6.8 ear thquake w i t h  expected peak ground a c c e l e r a t i o n  of  
0 .4  g. 
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Geoengineering questions which currently remain regarding fault 
structures at Yucca Mountain are their effects on stability of 
the underground openings, their stability under seismic loading 
from earthquakes and/or nuclear testing at the Nevada Test Site, 
and their stability under thermally-induced loads. Also of po- 
tential importance, but beyond the scope of this discussion, is 
the influence of faulting on water movement through the beds 
over- and underlying the repository horizon. 

3.7 Summary 

At present, the structure of the Topopah Springs at the reposi- 
tory location is know only from surface-based diamond drill 
holes. In the SCPCDR [McDougall et al., 19871 and the SCP [U.S. 
DOE, 1988(b)], and their supporting documents, there is no con- 
sistent definition of the mechanical constitutive model presently 
in use for performance assessment and design. In various loca- 
tions, the rock is considered to be an elastic (with use of the 
Hoek-Brown empirical criterion), Mohr-Coulomb or compliant joint 
material. There does appear to be a general consensus that the 
rock'mass can be treated as a' homogeneous linear thermal material 
with conductive heat transfer mechanisms in the rock mass. A 
significant amount of laboratory and in-situ thermal and mechani- 
cal testing has been performed. Most of this testing has been 
directed toward intact rock, with few tests of natural joints. 
The compliant joint models suggested for use in performance as- 
sessment in many NNWSI documents require detailed information on 
the initial aperture and mechanical behavior of joints. Much of 
the required data for these models has yet to be gathered. 
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FOR THE 

4.1 Model Geometric Scale 

YUCCA MOUNTAIN SITE 

The choice of continuum versus discontinuum modeling approach and 
constitutive model type suitable for use at Yucca Mountain 
depends heavily on the geometric scale of the analyses to be per- 
formed. Three general scales of analysis have been used for 
repository thermomechanical modeling: 

(1) canister scale - includes detailed studies of the 
response of the canister borehole, liner, and the 
intersection of the hole to the emplacement room; 

(2) room scale - includes determination of the stabil- 
ity of the emplacement rooms and the region within 
about 10 room diameters surrounding them. At this 
scale, the canisters are usually represented by 
line or multiple point heat sources. 

( 3 )  regional scale -includes analysis of the thermo- 
mechanical effects of the repository on the rock 
mass surrounding the repository to the ground sur- 
face. This may include an analysis of disturbed 
zone, stability of service structures such as 
shafts and ramps, fault stability and its effects 
on performance, and possible thermal convective me- 
chanisms for groundwater transport. 

As the geometric scale of the analyses changes, the scale of the 
features of importance changes as well. Table 4 summarizes the 
dimensions of openings in relation to the physical scale of rock 
structure at each of the analysis scales. Using the approach of 
Starfield and Detournay described previously, a model type is 
suggested for each analysis scale. . 



Analysis 
Scale 

canister 

room - 

resional 
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Table 4 

MODEL TYPE FOR VARIOUS ANALYSIS SCALES 

Principal 
Excavation 
Radius, a (ml 

canister 
borehole 
a = 0.37 

emplacement 
room, vertical 
emplacement 
a = 3 m  
(average) 
set) 

Fracture 
Spacing, S* 

(m) 

jointing, S: 
= 0.07 - 0.1 

jointing, S 
= 0.07 p 0.1 
(major 
vertically- 
oriented 

Suggested 
Modeling Approach 

possibly distinct 
element to examine 
liner loading from 
wedge failure 

= 0.25 compliant joint: 

= 0.03 continuum model: 
anisotropic plasti- 
city, such as ubi- 
quitous joint. or 
compliant joint. 
Elastic model with 
in-situ modulus 
reduction may work, 
depending on joint 
friction, cohesion. 

repository, faults treated 
1000's of treated as 
meters discrete features 

discont inuum: 
faults must be 
treated as discrete 
features; includes 

(i) distinct ele- 

(ii) interface ele- 

ment, 

ments in con- 
tinuum codet 

*For all scales, the possibility exists for a continuous, through-going 
structure (fault) to shafts and ramps (see room-scale analysis). 
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4.2 Canister Scale 

For the canister scale, the principal excavations of concern are 
the emplacement boreholes. The physical scale of the analysis is 
the near field surrounding a borehole and, mechanically, includes 
roughly 10 borehole radii. The principal structural feature at 
this scale is the jointing which, from site characterization 
studies to date, has a primary vertical orientation. The ratio 
of joint spacing, S, to the radius of the borehole, a, is approx- 
imately 0.25. 

Of greatest importance at the canister scale is the ability of 
the rock mass to dissipate the heat generated by the waste and 
the stability of the boreholes. Present vertical emplacement de- 
signs (MacDougall et al., 1987) call for a lining only in the up- 
per portions of the emplacement hole. Therefore, even small 
amounts of debris resulting in failure of wedges in the walls of 
the holes can create difficulty in retrieval of the canisters. A 
method is necessary which can examine the potential for wedge- 
type failure of the hole and the loading of the canister (or 
liner,, if present).. Since local geology will play such an impor- 
tant role in hole stability, it is questionable how representa- 
tive any model will be in examining this problem. 
can, however, provide some insight into the extent of failure un- 
der the potential best and worst conditions. A compliant joint 
type model may provide insight into the extent of failure-i.e., 
whether a problem exists or not. Detailed examination of decrep- 
itation mechanisms and possible loading of the liner would appear 
to be restricted to a large deformation discontinuum approach. 

The models 

4.3 Room Scale 

Sample analyses of emplacement room response to vertical emplace- 
ment of waste over the proposed retrieval period were given by 
Brandshaug (1989). A ubiquitous joint model was used to repre- 
sent the Topopah Springs formation with intact rock and joint 
properties and in-situ stress state taken from the CDSCP [U.S. 
DOE, 1988(a)]. The ubiquitous joints were assumed to be oriented 
vertically with a friction angle of 28' and cohesion of 0.1 ma. 
A commingled array of spent fuel and defense high-level waste was 
assumed to be placed vertically with an initial power of 3.2 kW/ 
canister for spent fuel and 0.42 kW/canister for DHLW. Spacings 
of the waste canister were as given in Chapter 4 of the SCPCDR 
(MacDougall et al., ,1987) to create an overall gross thermal 
loading of 57 kW/acre. 
excavation only, and for 50 years after waste emplacement. 

Regions of joint slip are predicted for 
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Figures 32-34 show areas of predicted joint slip and contours of 
the stress state after excavation and joint slip regions just 
prior to and following retrieval. Regions of slip are confined 
to within about one radius of the emplacement room, and are con- 
fined primarily to the room corners and walls. There is very 
little additional slip as a result of heating. The closure of 
the room (Fig. 35) does,not indicate.instability, and is little 
more than those expected from elastic response of the rock only. 

The prediction of the extent of yield in the rock mass is highly 
sensitive to the value chosen for cohesion. In the range of 
joint properties given in the SCP [U.S. DOE, 1988(a)], the fric- 
tion angle can vary from approximately 11' to 39', and cohesion 
from 0.0 to 0.2 ma. Christianson (1989) examined the effect of 
this range of properties on the response of disposal rooms to 
vertical emplacement for the same waste properties and loading 
density as in the SCPCDR. 
cohesion, the yield zone at 50 years is far more extensive (over 
2 diameters), yet the system is not unstable, and displacements 
are within the design criteria established'in the SCPCDR (See 
Fig. 36). These runs indicate that, over the range of properties 
given, and assuming a single vertical joint set, instability of 
the openings is probably not a great concern over the entire 
retrieval period. It is estimated that only light support, in- 
cluding bolts and wire mesh, is required. It is noted, however, 
that these calculations are based on the assumption of a single 
set of closely-spaced vertical joints. Experience with continuum 
joint models has shown that stability of the openings is very 
sensitive to the number and attitude of joints sets. If the 
above simulations were performed using an isotropic plasticity 
formulation (i.e., a standard Mohr-Coulomb type model), complete- 
ly different yield patterns would be seen, and unstable deforma- 
tions would result for a cohesion of zero. 

For the case of 11' friction and 0' MPa 

For the room-scale analyses, it would appear that a continuum 
model can be used, but a constitutive law consistent with the 
structure of the Topopah Springs is probably a ubiquitous or com- 
pliant joint model. The results given in Br-andshaug (1989) indi- 
cate that, for the average laboratory-determined Topopah Springs 
properties, and the assumed vertical joint orientation, that the 
rock mass deformations are not significantly different than would 
be provided by an elastic model. 
change significantly, however, if number and attitude of the 
joint sets are changed. The applicability of the model ultimate- 
ly will be determined from underground site characterization and 
comparison to instrument data form the ESF. 

The results of the model may 
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Excavation of the Waste Disposal Room for Vertical 
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Fig. 33 Predicted Shear and Horizontal Stresses as a Result of 
Excavation of the Waste Disposal Room for Vertical 
Emplacement [Brandshaug, 19891 
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4 . 4  Reqional Scale 

The regional-scale modeling pertains primarily to performance as- 
sessment studies involving radionuclide transport. 
the discussion of performance assessment is the estimation of 
thermomechanical disturbance to the surrounding rock mass. A 
commonly accepted definition of the disturbed zone or its impact 
on fluid transport in an unsaturated rock mass has not been es- 
tablished. The regional-scale models can provide some insight as 
to the thermal and mechanical effects in the far field resulting 
from waste disposal. In the regional scale, model dimensions are 
of the order of thousands of meters. The non-linear response of 
the rock mass directly surrounding an opening is of little impor- 
tance, and the excavation itself is not modeled. Heat sources 
often are modeled as point sources which are "smeared" out across 
the repository plane to provide the correct gross thermal load. 
At this scale, joints cannot be taken into account explicitly, 
but their effects may be examined empirically. 
(1989) have examined the extent of mechanical and thermal distur- 
bance around a repository at Yucca Mountain using the thermoelas- 
tic boundary element program HEFF (Brady, 1988). Although HEFF 
does not simulate inelastic'rock behavior associated with opening 
or slip on jointing in the far field, a first-order engineering 
estimate of the extent of joint opening and slip were inferred by 
using empirical equations describing the joint deformation under 
normal and shearing stresses (Bandis et al., 1983). The poten- 
tial slip and aperture changes can then be calculated and related 
to their effects on fluid transport through the medium. Figures 
37 to 39 show regions in which the apertures of vertically- 
oriented joints have increased or decreased by a factor of two or 
more for 25, 100 and 500 years after waste emplacement. A ratio 
of vertical-to-horizontal stress of 1.67 was used in these runs 
with a gross thermal loading of 80 kW/acre. Regions of induced 
slip on vertical'joints for the same case are shown in Figs. 40 
to 42. These plots indicate significant mechanical disturbance 
to the joints ex.tending to the ground surface. This is a result 
of the thermally-induced tension which exists around the reposi- 
tory at increasing radial distance with time. 
joint aperture increase, or joint slip in an unsaturated medium 
where matrix flow may dominate [ U . S .  DOE, 1988(b)] fluid flow is 
not examined in the study by Mack et al. (1989). 
question will need to be addressed, however, in the license re- 
view process and may require similar forms of regional scale an- 
alyses. 

Inherent in 

Mack et al. 

The effect of 

This type of 
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The Yucca Mountain site is bounded by fault planes on its north- 
eastern and western boundaries and is cut by the Ghost Dance 
fault in a rough northwest-southeast direction down its center. 
Some of these structures indicate significant past displacement. 
The existence and location of other fault structures within the 
proposed repository boundaries is unknown and will be explored 
during site characterization. Several important points need to 
be addressed regarding the stability of these fault structures: 
(1 )  thermally-induced stresses; and (2) dynamic loads from earth- 
quakes and underground nuclear events at the adjacent Nevada Test 
Site. 
as a function of time, as well as the radius of slip. Examples 
of modeling of fault slip behavior can be found in Lemos et al. 
(1987) and Hart et al. (19b8) .  Models used for examination of 
fault stability must have the ability to explicitly include the 
fault in the model. This can be done using a true discontinuum 
(distinct element) approach, or through the use of interface ele- 
ments in a continuum code. Whatever approach is used, the fault 
planes need to allow friction and cohesion along fault surfaces. 
Because dynamic loading of the faults is of importance, the par- 
ticular code used needs to allow dynamic wave input to the model. 

The maximum slip on these features needs to be determined 

I .  



5.0 CONCLUSIONS 

The basic approaches to representation of fractured rock response 
through modeling were reviewed. In the discontinuum approach, 
the fractures in the rock mass and the intervening rock blocks 
are represented explicitly. In the continuum approach, the 
response of the fractured rock is represented through constitu- 
tive models which attempt to account for the important features 
of the rock response. A continuum approach often is simpler and 
more efficient to use and, therefore, is desirable if it can ade- 
quately represent the true rock behavior. It was discussed that 
as the ratio of spacing of the jointing with respect to the ex- 
cavation diameter gets smaller, and as the number of joint sets 
gets larger, the failure modes should approach those predicted by 
isotropic plasticity models. However, the behavior of rock 
masses with limited number of joint sets can be complex, and is 
determined by the spacing of the joints, the angle of the sets 
with respect to the principal stresses and the frictional and 
cohesive properties of the joint surfaces. Depending on these 
factors, particularly the joint orientation, the behavior can 
range from an elastic response to one in which wedge failures oc- 
cur. 

In the case of Yucca Mountain, the type of model most suitable 
for use depends largely on the purpose and geometric scale of the 
analysis. Site characterization activities thus far have shown 
that jointing in the Topopah Springs is primarily near vertically 
oriented with very close spacing. It would appear that this 
structure will result in some degree of anisotropy in rock re- 
sponse. The degree of anisotropy in the response will be domi- 
nated by the properties of the joints and the direction and ratio 
of the principal stress components. It was shown that, for ver- 
tical joints with the assumed range of’properties from the SCP, 
only a limited non-linear response is expected. A ubiquitous or 
compliant joint representation appears to be adequate for prelim- 
inary calculations prior to detailed site characterization in the 
ESF. 

Fault structures which bound and intersect the repository area 
represent another scale of discontinuity whose response to heat- 
ing and dynamic loading needs to be examined. 
proach in which the faults are represented explicitly is required 
in this case. 

A modeling ap- 
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