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A B S T R A C T 

The objective of this study was to validate the discrete ele
ment codes MUDEC-linear and MUDEC (with the Barton - Bandis 
joint model) against a well controlled in situ test. The 
measured results obtained from the CSM block test by Terra Tek 
Inc., by Richardson and Brown (CSM) and Leijon (LUT) were com
pared with the numerical results. Equal biaxial, north-south 
and east-west uniaxial loading were applied to each type of 
model. The boundary conditions were varied from the simple uni
form stress boundaries of the linear joint model to the more 
realistic fluid pressurized boundaries, simulating the flat
jacks as rectangular slots. In addition, rigid boundaries pre
vented movement behind the flat-jacks. 

Comparison of the numerical results with the stress measure
ments performed by Leijon and Brown, with Terra Tek's measure
ments of shear displacement, shear stiffness and conducting 
aperture, and with Richardson's measurements of displacement 
vectors and shear displacements showed generally a good agree
ment. 

Excellent agreement was obtained for joint shear displacements 
and joint conductive apertures. 
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1. INTRODUCTION 

The realistic simulation of the mechanical and hydraulic pro

perties of rock joints has been an important goal of numerical 

modelling for many years. Even simplified constitutive models 

demonstrate the extreme importance of joint characteristics. 

For example, a simple change of friction angle from 40° to 30° 

may alter not only the magnitudes of deformation, but also the 

type of deformation experienced by an excavation. When joint 

modelling is designed to also include different degrees of 

joint roughness, dilation and joint aperture, it is clear that 

a realistic predicted response will be dependent on correct 

constitutive models, which describe the way these parameters 

interact with changes of stress. Numerical instability may be 

experienced if input parameters are not mutually compatible. 

Potential siting of nuclear waste repositories in jointed 

media such as granite, basalt, or tuff places added emphasis on 

the importance of joint properties. It is known from mining 

and tunelling practice, and from numerical models and physical 

models, that joint apertures vary in response to stress changes 

caused by excavation, to thermal loading and to dynamic load

ing. The potential migration of groundwater across a reposi

tory will be strongly influenced by the zones of reduced permea

bility caused by joint closure, and by the zones of increased 

permeability caused by shear displacement. 

The constitutive model of joint behaviour described in detail 

in this report and utilized in the modelling is designed to 

satisfy two imporant goals: 

1. Realistic simulation of observed phenomena 

2. Inexpensive joint data acquisition 

Preliminary modelling of repository response can be based 

solely on the characterization of joints recovered from 
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drillcore, together with the estimate of water conducting aper

ture obtainable from borehole pumping tests. Once access to 

the site is available, these preliminary joint characterization 

studies would be extended to obtain their directional 
variation. 

The validation of a discontinuum code is not a trivial task, 
due to the difficulty of carrying out and interpreting large 
scale tests on discontinuous bodies of rock. In this project we 
have utilized one of the best documented in situ tests, per
formed on 8 m3 of jointed gneiss. In the next chapter we sum
marize key aspects of this test and indicate how the input data 
is utilized in the performance assessment of the discontinuum 

code MUDEC (Micro Distinct Element Code for Personal Computer 
use only) which is a version of UDEC (Cundall, 1980). In other 
studies, the finite element code HNFEMP (Stephansson et al, 

1988) is validated against the same block test, in order to 
compare discontinuum and continuum type models. 

A series of MUDEC runs is reported in the Appendix of this 
report. 

2. CSM BLOCK TEST PHILOSOPHY 

The block test used in this code validation is located at 

Idaho Springs, Colorado in an experimental mine operated by the 

Colorado School of Mines. The block test facility was initially 
established by Terra Tek Inc, (Hardin, Barton, Lingle, Board 

and Voegele, 1982) and has since been utilized by a number of 

research scientists from CSM and also from LUT (Lulea University 

of Technology), Brown et al. (1986). 

This block test was designed to produce coupled stress

temperature-conductivity data for a selected joint crossing the 

loaded block. It was also designed to produce rock mass defor

mation data for a variety of loading scenarious (uniaxial, 
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biaxial, ambient and elevated temperature). The deformation 

characteristics of individual joints and of the block as a whole 

were each measured. 

The 8 m3 block incorporated at least thirty discrete blocks. It 

is the interaction of rock blocks which largely determines the 

degree of non-linear, size dependent behaviour typical of rock 

masses. The presence of joints and additional excavation

induced fracturing has obvious implications to the stability of 

shafts and repository tunnels prior to terminal waste storage 

and sealing. However, the most critical property of joints is 

that they probably penetrate the final barrier to radionuclide 

migration to the biosphere, and their permeability may be 

enhanced close to the excavations. 

The pervasiveness of joints and major discontinuities to 

several kilometers depth in the geosphere suggests that special 

attention be given to flow transport times, both in charac

terization, testing, and in the numerical modelling. Since flow 

velocities are proportional to the square of the effective 

joint conducting aperture, this geometrical property is of the 

utmost importance in site characterization. As an illustration, 

one of the test joints intersecting the test block showed 

variations in conducting aperture from 60 µm to 9 µm in 

response to stress and temperature perturbations of no more 

than 7 MPa and 60°c. This variation represents a potential 

45-fold increase in transport time for an equally stressed and 

heated region. Opposite effects of much larger magnitude may 

occur if shear displacements occur along the joint. These 

effects have to be accounted for in the proposed discontinuum 

modelling. 
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3. CSM BLOCK TEST DATA 

Figures 1 and 2 provide an overview of the test block location 

and an idealized 3 D view of the geometry of the block. The 

slots drilled in the floor of the test drift for the 2 m long 

flatjacks were drilled to a depth of 2.25 m. The flatjacks were 

greased prior to cement grouting in the slots. A grout-steel 

interface friction of about 10° maybe assumed, but this para

meter is a source of uncertainty. 

3.1 Joint Structure 

The summary of the joint structure presented here is relevant 

specifically to joints observed in the immediate vicinity of 

the block, since only these joints have relevance to the mecha

nical behaviour of the block during the loading and unloading 

cycles. 

The Precambrian granitic gneiss was interspersed with lenses 
of pegmatite, biotite schist and quartz, resulting in local 

variations in the foliation orientation. The predominant strike 
and dip of foliation joints at the block was 45o;aa 0 • Most of 
these joints appeared to be continuous over at least 1-2 metres 
and they crossed the block in an E -W direction (see Figure 3). 

Their average spacing was 60 cm. The major set of mineralized 

joints crossing the block diagonally had a predominant orien

tation of l06°/a9°. Most of these joints appeared to be con

tinuous over at least 2-3 metres, and had an average spacing of 

75 cm. 

A third set termed the longitudinal set since they strike 

parallel with the axis of the test adit, were predominantly 

oriented at 134°/a5°, with an average spacing of about 1 metre, 

and continuity 0.5-1.5 metres. 
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The stereo-plot of joints observed closed to the block (Figure 

4) indicated some minor joints of shallower dip, but their 

limited continuity of 0.5-1 meter probably made them of less 

sigificance to block deformability than the three sets depicted 

in Figures 2 and 3. One of the diagonal joints crossing the 

block almost from corner to corner (~1, Fig. 3) was the subject 

of the permeability measurements described later. 

Based on the above observations of significant jointing, the 

rock block size index (ISRM 1978) is approximately 75 cm, the 

volumetric joint count approximately 4.8 joints/m 3 (medium size 

blocks) and the rock quality designation (RQD) is 90-100%. 

There are a minimum of 30 discrete interlocked blocks within 

the loaded 8 m3 test block. Horizontal fracturing due to blast 

damage may effectively double or triple this number. 

3.2 Joint properties 

Careful recording of joint roughness profiles, and measurement 

of the joint wall strengths using a Schmidt hammer allowed 

estimates to be made of the peak shear strength of the joints 

(Barton and Choubey, 1977). Bandis (1980) has shown that the 

two parameters JRC (joint roughness coefficient) and JCS (joint 

wall compression strength) also control the normal closure of 

joints. Furthermore, JRC and JCS provide an accurate data base 

for predicting the dilation path during shearing - which has an 

enormous influcence on the joint aperture, and hence also on 

permeability, (Barton, 1981). Due to the powerful predictive 

properties of these two parameters, and the importance of 

numerical modelling to the design of geologic waste reposi

tories, considerable attention was paid to the joint charac

terization during the performance of this block test. 

Since the completion of the block test, the parameters JRC and 

JCS have been incorporated in a comprehensive numerical code 

capable of coupling the size dependent shear, dilation and con

ductivity behaviour, and the normal closure and conductivity 
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(Barton, Bakhtar and Bandis, 1985). The application of this code 
using block test parameters will be demonstrated in Section 4. 

3.2.1 _JCS_-_Joint Wall Compression Strength 

Schmidt (L) hammer rebound tests were conducted in large num
bers on the weathered, partly mineralized diagnoal joints, 
which are subject to shear when the N-S or E-W flatjacks are 
activated separately in the uniaxial loading tests. Rebound 
tests were also conducted on the generally less weathered 
foliation joints, and on fresh (blast induced) fracture sur
faces in the banded gneiss and quartz lenses. A summary of the 
results is given in Figure 5. Estimates of JCS and oc were made 
using Miller's (1965) correlation between the rebound number, 
the rock density (mean 27.8 KN/m 3 ) and the unconfined 
compression strength. The extremely high rebound numbers 
measured in the quartz explain the difficulties experienced 
during the flatjack slot drilling, Hardin et al., 1982. 

On the present report, the subscripts JCS 0 and JRC0 indicate 
the use of laboratory scale parameters for normal closure 
modelling. Scale effects are assumed to be of only minor con
sequence to normal closure due to the dominant effect of small 
scale rougr.ness. However, when shearing occurs scale effects 
may prove to be of extreme importance since the small scale 
roughness ceases to be in intimate contact. A value of JCS 0 = 

90 MPa was determined for the "laboratory scale'' value. 

The major, mineralized, weathered joint intersect the block 
diagonally, and also the subject of the permeability test 
(Figure 2) was assumed to be most closely characterized by the 
rebound tests on the weathered diagonal joints in the vicinity 
of the block. 
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SCHMIDT HAMMER REBOUND (r,R) 

Estimates of joint wall compression (JCS) and 
unconfined compression strength (oc) obtained 
from numerous Schmidt Hammer tests. 
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3.2.2 _JRC_-_Joint_Roughness_Coefficient 

Vertical and horizontal roughness profiles were recorded using 

a 15 cm long contour gauge. Figures 6 and 7 show that there was 
a fairly clear distinction between the foliation joints (mean 

JRC = 10) and the weathered diagonal joints (mean JRC = 13). 

Longer profiles were also recorded, in case larger scale wave
ness proved to be a factor in the mechanical behaviour of the 

block. The maximum amplitude (a) of the asperities over a 1300 

- 1600 mm base length (L) was in the range 31 - 38 mm for the 
case of the diagonal joints. The various measurements of a/L 

suggested a fullscale value of JRC of about 10, in comparison 
with the small scale value of 13. 

3.2.3 Tilt Tests of Jointed drillcore 

The three vertical boreholes drilled down the plane of the 

diagonal joint (Figure 2) produced several axially jointed 

pieces of core. These were profiled (Figure 8) and tilt tested, 

as shown schematically in Figure 9. Damage to the mineralized 

joint surfaces during core recovery was probably responsible 

for the reduced values of JRC (7.9-8.3) back-calculated from 
these tilt tests (see Barton and Choubey, 1977 for test 

details). 

Methods for correcting JCS and JRC for the observed scale 

effect on the shear strength of joints were applied to the 
above results, using the methods developed by Bandis et al. 

(1981). Significant values for interpreting the block strength 

and deformability are given below: 

Estimated Full Scale Values 

JCSn JRCn 
diagonal joints 50-65 MPa 6.7-10.0 
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TILT TESTS ON AXIALLY JOINTED CORE 
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Measured roughness profiles and tilt angles recorded 
on three pieces of axially jointed core obtained from 
the permeability test holes. 
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The peak shear strength(~) and the peak friction angles (~') 

for these major joints, which are loaded in shear during the 

uniaxial tests, are given by the following equations: 

where 

= o ' · tan~' n ~' = JRC log (JCS/on') + ~r 

o ' = effective normal stress n 
~r = residual friction angle 

( 1 ) 

The basic friction angle (~b) for planar, unweathered surfaces 

of the rock was obtained by conducting tilt tests on pieces of 

borecore, as illustrated in Figure 9. Tests run perpendicular 

to the foliation gave a mean value of ~b = 32.5°, and parallel 

to the foliation: 30.5°. Since the diagonal joints intersect 

the foliation at an acute angle, a representative value of 

~b = 31° was assumed. 

The value of the residual friction angle of the weathered 

joints (~ = 25°) was estimated from the results of Schmidt 
r 

hammer tests on the weathered joint wall (mean rebound r = 39), 

and on unweathered surfaces of the gneiss (mean rebound R = 

55), using the empirical relationship (Barton and Choubey, 

1977): 

4. NUMERICAL MODELLING OF JOINT BEHAVIOUR - BACKGROUND 

( 2 ) 

The method we have developed for obtaining realistic joint 

behaviour for input into discontinuum codes and the smeared out 

approach in the non-linear finite element code is based on the 

parameters: 

JCS0 = lab.scale joint wall compression strength (MPa) 

JRC0 = lab.scale joint roughness coefficient ( - ) 

~r = residual friction angle (degrees) 

E = physical joint aperture (mm) 

e = conducting aperture (mm) 
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4.1 Shear and Dilation Behaviour 

The peak shear strength given by equation 1 can be generalized 

to represent full-scale, displacement-dependent shear strength 
by the following equation: 

( 3 ) 

where the subscript (n) denotes full scale parameters (based on 

natural block size) and the subscript (mob) represents the 
roughness and friction mobilized after a specific displacement. 
The dilation angle mobilized at any given displacement is given 
by the following approximation: 

dn (mob) = 1/2 JRCn(mob) log (JCSn/on') 

The method of estimating JRCn and JCSn from the lab.scale 
values JRCo and JCSo is given in equation 5 and 6: 

JRCn = JRCo Ln )-0.02 JRCo 
Lo 

JCSn = JCSo ( Ln )-0.03 JRCo 
Lo 

( 4 ) 

( 5 ) 

( 6 ) 

The concept of JRC (mob) is explained graphically in Fig. 10. 

The above model for developing shear strength-displacement and 
dilation-displacement behaviour is explained more fully by Bar

ton, (1981) and the logic for numerical modelling by Barton and 

Bakhtar (1984). Examples of its application to individual 
foliation and diagonal joints in the block test will be given 

later in this chapter. 
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modelling, after Barton (1981). In this example 
<t>rli = 2. 
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4.2 Normal Closure Behaviour 

The normal stress-closure behaviour of the joints that is mod

elled in the block test validation is based on the Bandis 

(1980) hyperbolic function. The equation he developed gave an 

excellent fit to numerous experimental data, both for fresh and 

weathered surfaces: 

AVj 
= a - b A~ ( 7 ) 

On 

where A~ = joint closure 

On I = effective normal stress 

a, b = constants 

The asymptote to the hyperbole (a/b) is equal to the maximum 

joint closure (Vm), and the constant (a) is equal to the 

reciprocal of the initial normal stiffness (Knil• 

Expressions for Kni and Vm are based on the following empirical 

relationships derived by Bandis (1980), see Bandis et al.(1983) 

JCS 
0 

D 
) 

where A, B, C and Dare constants (varying with 

loading cycle) 

Eo = initial physical aperture 

The initial normal stiffness (at low stress) is given by: 

JCSo 
Kni = 0.02 (--) + 2JRCo - 10 Eo 
(units MPa/mm, GPa/m) 

( 8 ) 

( 9 ) 

An illustration of the typical shape of loading-unloading cur

ves from Bandis (1980) is given in Figure 11. Modified 

(reduced) normal stiffness values for increasingly mismatched 

(sheared) joints are incorporated in our model of joint beha-
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viour. Further details of normal closure behaviour are sum

marized in Fig. 12. 

4.3 Joint conductivity 

The ultimate barrier to radionuclide migration from a geologic 

repository is the rock mass. The fact that the rockmass is per

meable due to the presence of joints and major discontinutities 

adds emphasis to the importance of joint characterization. Pro

bably the single most important parameter to be characterized 

is the effective water conducting apertures of the joints that 

are intersected by the repository. It is therefore important to 

consider this parameter in some detail. 

During surface borehole studies, estimates of the variation in 

aperture (e) for the different joint sets may be back

calculated from flow tests, using closely spaced double-packers 

coupled with a method for accurately locating the packer across 

joints. The estimates of (e) obtained from these tests could 

also be based on the statistical method proposed by Snow 

(1968), which provides a useful estimate of not only the con

ducting aperure (e), but also the mean spacing of the water 

conducting joints (S), assuming the rock mass can be idealized 

by a cubic network of joints. 

In each case the estimated apertures will reflect the effective 

normal stress levels operating across the joints at the various 

test levels. Care would need to be taken to inject water at 

very low excess pressures, so as not to significantly reduce 

the effective normal stress level and cause opening of the 

joints, close to the borehole walls. 

The consequence of shear displacement on repository stability 

and on joint permeability is also important. If the relevant 

joints are rough, with high wall strength, stability will not 

necessarily be reduced by the excavation or thermally-induced 
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shearing process, since roughness-induced dilation will lock 

the joints in some finite displaced position. The only serious 

consequence of this process is the joint "aperture strain". 

Permeability may be enhanced around the repository tunnels and 

shafts. 

Ambient temperature tests of joint permeability as a function 

of normal stress or aperture have been widely reported. There 

appears to be considerable discrepancy in the interpretation of 

results. Some authors (e.g. Witherspoon et al., 1979a) ini

tially suggested that the cubic law relating aperture and flow 

rate is valid even for rough fractures in intimate contact. 

Other authors (e.g. Kranz et al., 1979 and Walsh, 1981) have 

explained the measured flow reductions caused by tortuosity and 

roughness, by a modification to the law of effective stress. 

The possibility of a scale effect on joint permeability has 

been suggested by Witherspoon et al. (1979b). At present, the 

data base is too limited and diverse to make definite conclu

sions. It is often unreasonable to try to compare the per

meabilities of rough, fresh artificial fractures (a typical 

test configuration) with weathered natural joints of different 

roughness, since the degree of aperture closure under a given 

stress level will vary in each case. Barton (1981) suggested 

that scale dependent joint permeability will probably not be a 

significant factor under conditions of pure normal closure, but 

will be observed when shearing occurs. This is due to the 

scale-dependent dilation that occurs when joints of different 

length are sheared, as shown in a major test program reported 

by Bandis (1980), and Bandis et al. (1981). 

An attempt to collect together the limited data on joint con

ductivity under a variety of stress levels is usualy thwarted 

by insufficient information of the joint characteristics, and 

lack of deformation measurements. Figure 13 shows a compilation 

of available data at different stress levels where approximate 
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NORMAL CLOSURE OF JOINTS 

(HYPERBOLIC FUNCTION) Bandis, 1980 

CD 

NORMAL STIFFNESS OF JOINTS 
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K is proportional to CJ 
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Fig. 12 Summary of key aspects of joint closure behaviour. 
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JRC0 values are known. The bars marked NS, EW, B refer to the 

block test. B refers to equal biaxial loading, with no shear 

component on the diagonal joint used for conductivity moni

toring (Figure 2). Subsequent tests with the NS flatjacks 

alone, (or the EW flatjacks alone) caused slight shear and 

perhaps some debris development. Increasing values of ~E/~e 

are expected if contacting areas are fully sealed by debris, 

leaving only the tortuous channels between as conducting 

routes. 

An attempt to synthesise the data in Figure 13 into a form 

suitable for numerical simulation is illustrated in Figure 14. 

The empirical equation is used to convert physical or real 

aperture changes (~E) to conducting or theoretical aperture 

changes (be). These may be caused by normal stress changes, by 

dilation, or by pore pressure changes. Conductivity is given 

by 
k = e 2 /12 ( 1 0 ) 

4.4 Modelling Coupled Behaviour 

A straightforward application of the joint model to coupled 

behaviour is illustrated in Figure 15. The input data was 

obtained from characterization at a second block test site, the 

welded tuff in G-Tunnel, Nevada Test Site. The values of (E) 

and (e) shown at three different stress levels for fourth cycle 

loading demonstrate the manner in which the Figure 14 model 

keeps track of physical apertures and converts them to con

ducting apertures. 

Figure 16 demonstrates how equations 3, 4, 5 and 6 and Figure 

10, (together with Figure 14 and equation 10) are each coupled 

to provide the predictions of shear strength-displacement, 

dilation-displacement, and conductivity-displacement. The 

effects of varying normal stress from 10 to 30 MPa, and of 

varying block size from 100 to 250 mm are clearly demonstrated. 
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5. BLOCK TEST JOINT MODELLING FOR CODE VALIDATION 

The examples of hydro-mechanical coupled joint behaviour 

illustrated in Figures 15 and 16 were produced by an HP 41CV 

programmable calculator and peripherals using the programme 

developed by Bakhtar (Barton and Bakhtar, 1983). A Fortran 

version has since been developed by Christianson, M., Bandis s. 
et al. (1985) for use as a sub-routine in MUDEC, together with 

a LOTUS spread-sheet version to assist in selecting the most 

realistic input parameters for MUDEC modelling. The latter has 

been used in developing the input data reported on the 

following pages. 

5.1 Diagonal Joint Set 

Based on the joint parameters described in the preceeding 

paragraphs, we are now in a position to predict the behaviour 

of individual joints in the block. The input data assumed to 

best represent the diagonal joints are presented in Tables 1 

and 2. Figures 17 and 18 give corresponding sets of stress

deformation-conductivity diagrams, for visualization of the 

non-linear behaviour. 

5.2 Foliation Joint Set 

The input data assumed to best represent the foliation joints 

are presented in Tables 3 and 4. Figures 19 and 20 give 

corresponding sets of stress-deformation-conductivity diagrams, 

for visualization of the non-linear behaviour. 

5.3 Simplified data for preliminary modelling 

Several joint codes were used in the validation phase of this 

project. A useful starting point, common to each code, is the 

use of initial linear joint models utilizing single values of 

c, ~, Kn and Ks-
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Table 1. Input and output for shear-dilati'Jn-conductivity modelHng of 
diagonal joint set, at three nomia.l stress levels (0.5, 3.5 and 7.0 MPa). 

!DIAGONAL JOI!lT SCT 
1"1VT Pl,JJ.l'[tfll 11/U SCIJJ IAl.00115 
Jl(o ll II JICti 

' 11 I 00 = to DC 1"1 JCS. ' 5.241 lf'I IH 
lo I 10 I orw 2.1, u I 00 
U\ I IC" l:xxll II ll I II 
Ollr I! DC rr: lll:1 I 1M I 00 
mw 0 ID If I nu, LI I II &,I I 11 
S/Cl"J:: 220 t~ If a rrw ll.ll 11<1""' 
Alll!VU 1.11011 u l.llO lfl/U 

n:·u IOI 

'" rm / 00 
OISP u Sl.t!JO nc, sroo, orunar Ill 

"' I 00 I OD 1.00 1.00 u;;u Ill:. &!XII!. CDl1) I II 
"' I 00 I II ·12 ]) ·" •12SO I too I 000 ·I IM! II 00 
"' Ill 0 ID ·lOI 1.11 •I.II ., 099 1.000 •UIS 11.10 
"' 117 I 10 110 Ul 100 ·I Ill I.Me ·Ull 12 00 
"' I 01 I ll Ul l.:M UI 1.001 IOOD ·BIS ll 00 
'" l.:M I ID I IO I 41 117 I Ill ICll ·I.Ill II It 
"' UI 110 I II ' " I 21 I 114 I OIi -I 115 I! 00 

'" I JI I.DO I 07 I 0 I.II I 061 '· '" •UIS II N 
"' l l6 I II 1.11 ' " I.II I Ill 1.321 •I. Ill 11 DO 
'" I II I 00 '" ' u u, I. Ill 1111 .J Ill II II 
'" I 72 uo Ill I II 117 I JOI 1.111 ·l.llO II.II 
"' ' 116 

400 I.IS I.I! I II I.Ill I 06l ·I Ill 
'" ll II I.DI I.II I.Ii I.ID 1.104 1.5'7 ·2.111 

"' 17 ll I II I.II I.JI 104 I Ill I 191 ·I Ill 
'" ll 11 10 II Ul I :M I ID ,m 1.)1) ·llH 
'" II .II 20 10 lll 

' 12 
l 66 1.711 I.Ill •I.IOI 

"' 09 ll 10 00 I ll I II I 11 2 161 l.016 ·l.161 

"' Ill ll 10 00 I II l.ll I ll ).Ill 1.207 ·I.Ill 

'" 171 21 10 00 I II o.~ D 91 IOl ID MO ·I.Ill 
'" 2111110000 I.DO l.ll I.DO I. 711 ll.ll6 •I.Ill - -

INM fWHIHIS IVU 5CAU IW/!IW 
Jl:o ll 00 IICI 117 I 00 
x:s. to DO lf1 Jes. SI II lfl I tO 
lo I 10 I NI.Al 2.ll u I e, 
U\ I II ft l<l.QI II 66 l DI 
l'l!lr ~.oom Lll:1 I 11 1.00 
llC/1.U l so Nfl l'l!lr 11 I.II &,d I.II 
SICIIJ.: llO OD 1!11 ffW 25.66 11<1, ... 
Af 1111/U I.Ill u u I.Ill lfllU 

Jr.'2.S IOI 

'" 0111 l 00 
OISP 11 511110 nc. IIQUJ OIUIJCI Ill 

'" '00 I 00 IN I.It p;u Ill:. &!XII!. am I 00 
"' I Ill I II ·11.l7 .00 •12.SD I 000 I 000 -I.Ill II.ff 
"' f II I 20 ·l.ll I.II ·l II •f .191 I IOI -6.121 II 00 
'" 1.17 uo I.DO Ul I.DO ·I Ill IOOO -1.121 II DO 
"' I DI I IS Ul us 116 f 001 f IOI •I. Ill llDI 
"' I :M I II Ill 217 UI 1111 1111 ·S Ill II ff ... 1.71 I IO f. II I.II I.M toll f.lM7 -5 IOI ll DO ... I 21 IN 117 lll S.ll UJI I Oil -5.211 II II 
"' l.16 I .IO I II Ill 4.IO f .IOI I Ill ~ IOI II.DO 
"' I.II I 00 7.16 116 I.ID I.OIi 1.21] ~-'"' II ff 
"' UI l II 111 2 17 I.II f 17' 1111 •I.Ill II.DO 
"' I 116 I 11 Ill l.ll Ill 1117 1611 ·l Ill 
"' ll U Ill I II 2 II l It I.Ill f 901 •llll 
'" 17 ll I II I.II Ill in 1.251 I.ISO -1 Ill ... 2l II ID OI I.SI us 1.16 I %11 I.lit -2 711 ,n II 11 lD 00 l.ll I.II l.ll I.IU 2.lle .J.261 ... IUl ID 00 Ill I.II I.If 1661 I.Ill •I.Ill 
"' l:M ll ID II 111 1.n 1.17 1251 S.:MI •I.IOI 
"' 11'.II IO 00 "' 1.n f.Sl f Ill I.Ill ·1171 
"' 2lUI 11D II f.N 1.11 I.DO I.Ill I.Ill •I.W 

111111 PW!!IIIU l1U ICAIJ l'WIIIIIS 

'"' ll.et - Ul I.II 
xs. '° 00 •• .ICSI Sl 11 11'1 IN ... 1111 llf'W u,. IOI 
Lo I II I 10(1.1 l.ll Ill 
l'l!lr n 10 Ill: UICI IOI I II 
SICIIAI l II ltfl l'l!lr II f U lid I.II 
SltlUC m IOlfl PfW llfl i.,p,.. 
Art:MI I.Ill u u 1.12J 11., .. 

ru '" I.N 
11111 I.ID 
11st ■ SUIIO - SIIIW IIUTl!II Ill ... UD I 00 Ill I ID ui;U n: . .ICt\l. CDl1) I DO 

"' uo Ill -2111 .If •II.ID I 000 1100 -I.Ill II 00 
"' Ill D 20 .7.15 I.JI ·l ll ., ... I.IOI -I. Ill II 00 

'" 117 I JI UI l.2' uo ·I Ill I ooo •I.Ill II II 
'" I.II 115 1.51 117 , .. I Ill UDO •I.Ill ll 00 ... I :M I IO 110 Ill I tl 1111 f Ill ·I 001 1100 
'" I 1' 110 I II I II JI) lfll I.Ill •I Ill II II 
"' I.II IN ft) I.II l II llll 1111 ·I 111 II 00 ... I l6 I II I II I II ,S) 1171 I Iii •I Ill II DI ... I II I 00 

' 66 
Ul I.IS I 171 1111 •I !06 II II .. , I. 7l JOO IID 1.20 I 17 I Ill I. :Ml ·l 111 II.OD ... I 116 110 I.IS Ul 2 77 I Ill I ill ·llll 

"' ll II I 00 511 I.IO I.JI 1117 • 171 ·l 11,4 .. , 11.12 110 Ill l.11 2.11 I 166 I IU ·l 111 
"' ll II ID DO 1 ll 117 , . 1.171 1131 ·2 911 

'" II ll 20 DO J ll l 1l I.II I 771 I 107 -2 IOI 

"' ll ll iOID 2 71 l ll I .II I Iii Jtl7 .J 111 
"' Ill ll 10 DO I II UI 1.11 llll I Ill ·I Ill 

"' PI I• ID DO Ill l ll f II till I 517 ·1721 

"' Ill 0. IOD II 1.11 , .• uo l.l11 1.10) ·I .171 
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Table 2. Input and output for norITBl stress-closure-conductivity rra:l.elling 
of diagonal joint set. 

DIAGONAL JOINT SET I 
Barton Bandis Joint Hodel NORMAL CLOSURE CALCULATION 
II/PUT PARAMETERS SIIORM CYCLE 1 CYCLE 2 CYCLE 3 CYCLE 4 CYCLE 5 
JRC 13 LOAD 54 54 54 7 0 MPa 
JCS 90 UNLOAD 0 0 0 0 0 HPa 
SIGMAC 220 APERTURE 0.340 0.190 0.172. 0.162 0.158 JU 

KNP 
CALCULATED PARAMETERS 

LOAD 

UNLOAD 

KNI 
VMI 
AJ 
BJ 

KN!' 
VIRR 
DSH 
SIRR 
AJ' 
BJ' 
Vii!' 

A 
B 
C 
D 
Cl 
C2 

JRC'2.5 

4.1E+03 5.2E+04 9.1E+04 2.2E+03 2.6E+Ol 

20.28 23.98 24.90 25.44 
-0.203 -0.050 -0.036 -0.033 
0.049 0.042 0.040 0.039 
0.243 0.840 1.103 1 187 

23.98 24.90 25.44 25.71 
-0 .150 -0.019 -0.009 -0.004 
-0.150 -0.168 -0.178 -0.182 
-0.150 -0.168 -0.178 -0.182 
0.042 0.040 0.039 0.039 
1. 061 1.329 1.467 1.395 

-0.039 -0.030 -0.027 -0.028 

CONSTANTS 
CYCLE 1 CYCLE 2 CYCLE 3 CYCLE 4 
-0.2960 -0.1001 -0.1031 -0.1031 
-0.0056 -0.0073 -0.0074 -0.0074 
2.2410 1.0082 1.1350 1.1350 

-0.2450 -0.2300 -0.2510 -0.2510 
84.n 43.37 31.38 20.00 
0.02 0.01 0.01 0.01 
609 

25.71 MPa/m.m 
-0.032 mm 
0.039 
1.232 

25.71 MPa/mm 
0.000 mm 

-0 .182 
-0.150 
0.039 

ERR 
ERR 



36 

..- ..-.- --------::::--:.....:.- ::::.ir-:_.:::::, 

' I 
4.: ~ 

• 3.5 J .. 
::I ., 3 ., ... 
e: 2.5 

"' 
0: 2 
~ 
:t ., 

1.5 

0.5 

0 
0.00 2.00 4.00 1.00 1.00 10.00 12.00 14.00 11.00 , e.00 20.00 

SHEAR DISPU.CEWENT mm 

DILATION vs SHEAR 

2.eo 
Dlogonal 1olnt ••t 

2.40 

2.20 On= 0. 5 
2.00 

1.10 

E 1.80 
E 
z 1.40 

52 
1.20 3 

i5 1.00 

0.eo 

0.eo 

0.40 

0.20 

0.00 
0.00 2.00 4.00 1.00 a.00 10.00 12.00 14,00 11.00 18.00 20.00 

SHEAR DISPU.C[WENT mm 

CONDUCTIVITY VS SHEAR 
-,.00 

Dlo9onal folnt ••t 

-2.00 

On= 0. 5 
N On=3.5 E -3.00 . 
I: On=7.0 > 
i:: 
IJ -4.00 :, 
0 z 
0 
IJ 

" -5.00 
0 .., 

-1.00 

-7.00 

0.00 2.00 ,.oo 1.00 I.DO 10.00 12.00 ,,.00 11.00 11.00 20.00 

IIMLUI -U.CD!VfT ....., 

Fig. 17 Shear-dilation-conductivity coupling for 
diagonal joint set. 
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Input and output for shear-dilation-conduct: .vi ty rnc:x:l.e l ling of 
foliation joint set, at three norrral stress levels (0.5, 3.5 ano 7.0 
MPa). 

I FOLIATION JOH!T SCT 
INTVT IWJ<!TIIS ML !ClU 111/J!llll 
JICo 10 00 JICn 

' 25 
100 

JCSo llO 00 lfl 1'!• 1' ., .,. I GD 

Lo I IDN O!'IIJ I U u I 00 

1" UO" JQ/i:11 15 1l 110 

"''' 2100m 1111:1 UI 100 

SIWl'I I 101111 A!lr U I II lid uo 
SICIIA, 221.00111, m.u IUll<fr,.. 
&rlll\JU I.IIIU IS t.lMtl'IIU 

n:·u 11, 

'" 
Nil JCO 

Dl!P u SUIIO IICI IICIIAI DIUIICII 100 

"' I 00 ooo IOI I 00 111:u Ill:. ICtll!. Ctll1I ICO 

"' 100 100 -12 ,0 .II •II.II IOCO uoo -1121 11 oo 

"' I 11 1-20 ·Ill I It ,)!,I -1111 1 ooo -5 Ill II aa 
"' 112 I 10 I 00 1.21 1.00 ·I DIS 1 ooo ·1121 ll 00 ... I.II I 15 JU '·" !II I 000 UDO ·I 121 ll00 

'" Ill '"' I II I II I IO 1121 1121 -5 Ill II II 

'" I II 110 I.SI I ll l.OI tm 1.115 •4 9j6 15 00 

'" I 11 1 oa us I II Ill I 060 I.Ill •I Ill II II 

"' l62 110 ,.11 I.II l.01 1111 I.Jct -1111· 1100 

"' I.II 200 ,n I.II us 1111 1412 •!SIi 1100 

"' 1.21 J 00 $ II Ill s '° 1.211 I.Ill ·l%ll II 00 

"' I 61 1.10 Ill I II Ill I"' I.Ill •2. 991 

'" 1110 6 DO us I JI 1.n I 466 I.Ill ·ll!O 

"' llll 100 J II I l1 Ul ll99 1.1,1 -ZIil 

"' 1111 1000 111 I l6 2.91 '·™ 2.211 ·l>l! 

'" II ll 2000 1.90 I II us 1661 UIS •I.Ill 

'" 1666 1000 I.II l.ll l.l6 1 m I.Ill •I l>l 

"' 11100 1000 I.IS I.JO 117 1.991 1.521 ·I .106 

'" Ill ll llOO ,. 71 I ll 1.71 1.317 t Ill ·IOU 

'" 111.66 10000 1.00 1.27 I.It UM 11.511 -l.01' 

IIIM 111.WIW rvu sew 1W!!TW 
JIC. 1000 Jli:1 l" I 00 
JCSo l20 00 lfl Jes, JUI lfl I II 
h 1.10 I IKW 1.41 u 1.00 
1" • so" loo:II "' J 00 

"''' 21 00 01: UICI IOI I 00 
SIGPIAO J 10 lfl Plllr U I II hd Ill 
SICN.U: moo,.,, rrw Jl.11 De,, ... 
.lfllMI 1.104 • lS I.Ill 11'1/U 

JIC:'2.S 211 
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Table 4. Input and output for norrrel stress-closure-conductivity rrodelling 
of foliation joint set. 

jFOLIATION JOINT SETI 
Barton Bandis Joint Model NOP.HAL CLOSURE CALCULATION 
II/FUT PARAl1EiERS S!lORM CYCLE 1 CYCLE 2 CYCLE 3 CYCLE 4 CYCLE 5 
JRC 10 LOAD 72 72 72 7 0 11Pa 
JCS 120 UNLOAD 0 0 0. 0 0 HPa 
SIGMAC 220 APERTURE 0.250 0.147 0.132. 0.126 0 .124 llll 

KNP 
CALCULATED PARAl1ETERS 

LOAD 

UNLOAD 

KlH 
VHI 
AJ 
BJ 

KN!' 
VIRR 
DSM 
SIRR 
AJ' 
BJ' 
VMI' 

A 
B 
C 
D 
Cl 
C2 

JRC'2.5 

1.5E+04 1.2E+05 2.5E+05 3.3E+03 2.8E+Ol 

18.87 24.83 26.46 27.26 
-0.142 -0. 043 -0.028 -0.026 
0.053 0.040 0.038 0.037 
0.374 0.943 1.333 1.418 

24.83 26.46 27.26 27.60 
-0. 103 -0.015 -0.006 -0.002 
-0.103 -0.118 -0.124 -0.126 
-0.103 -0.118 -0 .124 -0.126 
0.040 0.038 0.037 0.036 
1.172 1.372 1.669 1.579 

-0.034 -0.028 -0.022 -0.023 

CONSTANTS 
CYCLE 1 CYCLE 2 CYCLE 3 CYCLE 4 
-0.2960 -0.1001 -0.1031 -0.1031 
-0.0056 -0.0073 -0.0074 -0.0074 
2.2410 1.0082 1.1350 1.1350 

-0.2450 -0.2300 -0.2510 -0.2510 
84.77 43.37 31.38 20.00 
0.02 0.01 0.01 0.01 
316 

27.60 MPa/c.m 
-0.025 u 
0.036 
1.457 

27.60 MPa/.m.1 
0.000 1111 

-0.126 
-0.103 
0.036 

ERR 
ERR 
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Fig. 20 Stress-closure-conductivity coupling for diagonal 
joint set. The first three load/unload consolidate 
the joint to give desired conducting aperture on 
fourth cycle. 
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A simplified block geometry based on key block interpretation 

of the absoute deformation magnitudes was used first, with the 

above linear joint data. This simplified geometry is shown in 

Figure 21. 

The approach adopted for developing representative linear input 

data, was to take average values of the input data represented 

in Tables 1 to 4. Average full scale data were given by the 

equations 2, 5 and 6. 

JRCn = 9.07, 7.25 

JCSn = 52.4, 74.0 MPa 

= 25.0°, 28,0° 

mean= 8.2 

mean= 62.2 MPa 

mean= 26.5° 

The values of Ln = 0.4 m and Ln = 0.5 m for the diagonal and 

foliation joints on tables 1 and 3 are derived as a statistical 

mean of the total intersected joint lengths of the two sets. 

In MUDEC this is done automatically. This means that we don't 

need to specify the Ln parameters as input data for the dif

ferent joint sets. 

A non-linear shear strength envelope developed from this mean 

data (using equation 1) gave the following representative 

values of cohesion and friction at a representative normal 

stress level of 3.5 MPa: 

c = 0.4 MPa 

~ = 32° 

The dilation curves given in Figures 17 and 19 were used to 

obtain a single value of the peak dilation angle for use in the 

linear joint models. The empirical formula giving the peak 

dilation angles is: (see also equation 4) 

JCSn 
dn (peak) = ½ JRCn (peak) log (c,1) 

n 
( 11) 



Fig. 21 
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SIMPLIFIED CSH BLOCK GEOMETRY (coordinates in meters) 

(0.35 , 2.01 

(0.6, 0.0) 

(1.1 , 2.0) 

(2.0, 05) 

(2.0 , 0.3) 

The block structure modelled is very simple, 
only the principle fractures are included. 
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and by using the Tables 1 and 3 for a normal stress range of 

on' = 0.5 - 3.5 MPa, we obtain a mean dn° (peak) of 6.7°. 

The peak dilation angle dn°= 6.7 is derived as follows: 

The equation (11) for JRCn = 8.2, JCSn = 62.2 MPA and 

on= 0.5 and 3.5 MPa gives: 

dn3,5 (peak) = 5.12°and dn0.5 (peak) = 8.59 

which are giving a mean of dn = 6.85~ 

The Table 1 for on= 0.5 and on= 3.5 MPa is giving peak 

dilation angles (dn) of 9.16 and 5.33, respectively. The 

mean (dn) for Table 1 is 7.25. 

The Table 3 for the same normal stress range is giving peak 

dilation angle of 7.07° and 4.80°. Mean of Table 2 is 5.93°. 

The mean for Tables 1 and 3 is 6,59°. Considering once 

more the mean values derived from the formula 11 and the 

mean from Tables 1 and 3, we are concluding in dilation 

angle 6.7°. 

The friction coefficient was derived by using tan(~r + dn) = 

tan 33.2°= 0.654. The stiffness value for the MUDEC linear 

model was calculated from Tables 1 and 3 for normal stress of 

3.5 MPa. Only the linear part of shear stress, shear defor

mation curve was used. 

For the diagonal joint 

For the foliaton joint 

Ks = 1.19/0.45 = 2.64 MPa/mm 

Ks = 1.34/0.48 = 2.79 MPa/mm 

The mean Ks value for foliation and diagonal joint is 2.72 MPa/mm. 

The normal stiffness value was derived by considering the 

tangent in the first cycle when loading the diagonal and 

foliation joints. Thus: 

for the foliation joint Kn= 3.5/0.08 = 43.75 
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for the diagonal joint Kn= 9.06/0.15 - 0.05 = 90.60 

which give a mean value of 67.2 MPa/mm. 

Figure 22 summarizes input data for the linear joint sub-routine 

in MUDEC. Figure 23 gives the assumed intact rock data for the 

preliminary modelling. 

The input data for the Barton - Bandis joint are derived from 

Tables 1, 2, 3 and 4. MUDEC is using the initial aperture 

value of the diagonal and foliation joint from Tables 2 and 4. 

The normal stiffness value on the third cycle is used as normal 

stiffness limit value (KNP = 2.5E8 and 9.1E7 MPa/m for the 

diagonal and foliation joint sets, respectively). 

The input data for the Barton - Bandis joint model was sum

marized in Figure 24. MUDEC uses laboratory scale input para

meters. On the basis of joint lengths, MUDEC computes the full 

scale joint parameters. 

5.4 Description of numerical models 

The numerical simulations are performed with two different 

boundary conditions. The first simulations were run with boun

dary stress conditions as shown in Figure 25, (Appendix 1.1-3.3 

and 4.1 - 6.6). It was also decided to use fixed boundaries 

with fluid pressure loading when modelling non-linear joint 

behaviour. (See Chapters 5.4.2. and Appendices 7.1 - 9.6.) 

Fixed boundaries with fluid pressure loading are described in 

Chapter 5.4.2. 

In all models the flatjacks are represented as blocks parallel 

to each CSM-block boundary. Both the CSM-block and the flat

jacks are modelled as fully-deformable blocks. This means that 

each block is discretized into constant strain finite dif

ference triangles, and arbitrary deformation of blocks is per

mitted. The CSM-block is divided into 161 zones for the linear 

joint model and 652 zones for the non-linear joint model. 
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3 

Main joint from CSM-block is called "real joint". Joint between 
flat-jacks and CSM-block is called "boundary joint". 

MAT= 3 

BOUNDARY 
JOINTS 

Normal stiffness (MPa/m) 67.18E2 
Shear stiffness (MPa/m) 2.72E2 
Cohesion (MPa/m) 0 
Dilation coefficient (tangent) 0 
Tensile strength (MPa) 0 
Friction coefficient (tangent) 0.176 

Derivation from: JRCn = 8.2 
JCSn = 62.2 MPA, dn = 6.7° 

4>r = 26.5° 

MAT= 4 

REAL 
JOINTS 

67.18E3 
2.72E3 
0.4 
0.118 
0 
0.654 

Fig. 22 Joint material properties for linear joint model. 
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1 or 2 

1 or 2 5 1 or 2 

1 or 2 
Flat-jacks are modelled as boundary blocks. Their material 
properties depends on whether they act as active or passive 
jacks. 

MAT= 1 MAT= 2 MAT= 5 

ACTIVE PASSIVE 
FLAT-JACKS FLAT-JACKS CSM-BLOCK 

Bulk modulus (MPa) 
Shear modulus (MPa) 
Density (10 6 kq/m') 

G = E/2(1-u) 
B = E/3(1-2u) 

4.0E3 4.0E2 * 4.0E4 
2.4E3 5.0ES 2.4E4 
2.SE-3 2.SE-3 2.SE-3 

where u = 0.25 
E = 60 GPa 

* The passive flat-jack properties have been changed during MUDEC 
runs of the appendices 4 - 9. For the boundary stress model 
with Barton - Bandis joint model the flat-jacks have the 
following properties: 

N - S uniaxial 
E - W 

Bulk modulus 
(MPa) 

8.0E4 
4.0E3 

Shear modulus 
(MPa) 

2.4E7 
2.4E5 

For the fluid pressure model with Barton - Bandis joints N-S 
loading and E-W loading, the passive flat-jacks have bulk modu
lus= 4.0E4 MPa and shear modulus= 2.4E7 MPa. 

Fig. 23 Intact rock material properties 
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3 

3 

For the Barton - Bandis joint model, the input data are different 
for the diagonal and the foliation joint sets. Laboratory scale 
input parameters are used. Data for the boundary joints (3) are 
given in Fig. 22. 

MAT= 4 

DIAGONAL 
JOINTS 

Joint Roughness Coefficient 13.0 
Joint Compressive Strength (MPa) 90.0 
Lo (m) 0.1 
SIGMAC (MPa) 220.0 
APERTURE INITIAL (mm) 0.340 
PHIR (degress) 25.0 
NORMAL STIFFNESS LIMIT (MPa/m) 9.1E7 
SHEAR STIFFNESS LIMIT (MPa/m) 11.2E5 

Fig. 24 Joint material properties for Barton - Bandis 
joint model. 

MAT= 6 

FOLIATION 
JOINTS 

10.0 
120.0 

0.1 
220.0 
0.250 
28.0 

2.5E8 
15.9E5 
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N-S and E-W displacement (x- and y-directions) histories are 

computed for 10 and 9 points in the CSM-block. The points have 

not exactly the same coordinates as the displacement instrumen

tation stations used in the physical test reported by A. Richardson. 

This is due to the fact that displacements are only computed in 

nodal points, and in MUDEC, generation of triangular zones and 

nodal points are done automatically. 

The CSM-block displacement instrumentation stations, nearest 

nodal points and history number are shown in Figure 26. 

The numerical models have peak stress levels of 5.4 MPa for the 

biaxial runs and 5.14 MPa for the uniaxial runs. These values 

are chosen because they can be directly comparable with the 

results reported by A. Richardson. (Ph.D. Thesis 1986.) 

5.4.1 Uniform stress boundary model ------------------
The load configurations are shown in Figure 25. The applied 

loads are represented as boundary stresses at the flatjacks. 

The "flatjack" blocks should behave softer than intact rock. 

Flatjacks with boundary stress are called active flatjacks and 

the bulk and shear moduli are 1/10 of the values for the CSM

block intact rock. Flatjacks with fixed outer boundaries are 

called passive flatjacks and the bulk and shear moduli are 

different from the values of the CSM-block intact rock, see 

Figure 23. 

For equal biaxial loading the unloaded edges of the flatjacks 

are fixed in the lateral direction. This is done to achieve a 

stable numerical model. 
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UNIFORM STRESS BOUNDARIES FLUID PRESSURE BOUNDARIES 

.'v-r~~==~==~:::\.- E-W un axial 

on= ox= 5.14 MPa 

N-S unaxial 

on = o y = 5 . 14 MP a 

O'n 

Equal biaxial 

an = a x = a y = 5. 4 MP a 

an 

Fig. 25 Load and boundary conditions. 
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Fixed boundaries are introduced at the outer edges of the flat

jack blocks and the oil pressure is representing internal 

pressure in slots in the flat-jacks. Fixed foundaries prevent 

large displacement of the model, which increases the numerical 

stability. Major rotations of the flat-jack blocks are also 

prevented. The 4 outer corners of the CSM-block are not 

allowed to suffer large displacements, which is realistic. 

Applying the oil pressure as a pore pressure into the slots 

permits local bending and rotations of the flatjack blocks; 

this is also true for a real flatjack. An important, realistic 

condition is that the model provides a decreasing, active nor

mal stress from the flat-jacks as the ends are approached. By 

using fluid boundaries we are simulating very closely what hap

pens during a real block test. 

The various load configurations are shown in Figure 25. 

Flat-jacks which have a slot with fluid pressure are called 

active, with no slot are called passive. The properties of the 

"flat-jack'' blocks are shown in Fig. 23. Different values are 

used for each type of run in order to achieve better numerical 

stability. 

6. RESULTS FROM NUMERICAL MODELS 

Results for a uniform boundary stress model with linear joint 

behaviour are found in Appendices 1 - 3. Results for the uni

form stress boundary model with the Barton - Bandis joint model 

are shown in Appendices 4 - 6. Finally, results received when 

using fluid pressure boundaries are presented in Appendices 7-9. 

Simulation was performed for the three load configurations 

(Figure 25) both for the linear joint model and the Barton -

Bandis joint model. Results from the 9 runs are presented in 

the Appendix. 
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11 

IP 

c, Displacement instrumentation 

point. (r-lumbers 2-201 

■ Nearest nodal point in 
fluid pressure boundaries model 

and stress boundary mod~l 

History variables and nearest nodal point for computing 

Point 
History) 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 

Fig. 26 

History Location Nearest nodal point 
type for computing 

xccoord Ycoord Xcoord Ycoord 
(m) (m) (m) ( m ) 

Damping factor 
XDIS 0,39 1.71 0.44 1.70 
XDIS 1.00 1.71 0.98 1.70 
XDIS 1.54 1. 71 1. 50 1.72 
XDIS 0.21 1.01 0.25 1.00 
XDIS 1.00 1.01 1.00 0.99 
XDIS 1.40 1.01 1. 37 1.06 
DXIS 1.79 1.01 1.78 1.06 
XDIS 0.39 0.31 0.46 0.33 
XDIS 1.00 0.31 0.97 0.32 
XDIS 1. 54 0.31 1.50 0.31 

YDIS 0.39 1.71 0.44 1. 70 
YDIS 1.00 1.71 0.98 1.70 
YDIS 1.54 1.71 1.50 1.72 
YDIS 0.21 1.01 0.25 1.00 
YDIS 1.00 1.01 1.00 0.99 
YDIS 1.40 1.01 1.37 1.06 
YDIS 1.79 1.01 1.78 1.06 
YDIS 0.39 0.31 0.46 0.33 
YDIS 1.00 0.31 0.97 0.32 

Coordinates for displacements points. Instrumentation 
stations for measuring and nodal points for computing. 
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MODEL APPENDIX LOADING CSM-BLOCK BOUNDARY 
NAME NO. CONFIGURATION JOINT BEHAVIOUR CONDITIONS 

Model 1 EQUAL BIAXIAL LINEAR UNIFORM STRESS 
A 2 N-S UNIAXIAL LINEAR UNIFORM STRESS 

3 E-W UNIAXIAL LINEAR UNIFORM STRESS 

Model 4 EQUAL BIAXIAL BARTON-BAND IS UNIFORM STRESS 
B 5 N-S UNIAXIAL BARTON-BANDIS UNIFORM STRESS 

6 E-W UNIAXIAL BARTON-BANDIS UNIFORM STRESS 

Model 7 EQUAL BIAXIAL BARTON-BANDIS FLUID PRESSURE 
C 8 N-S UNIAXIAL BARTON-BANDIS FLUID PRESSURE 

9 E-W UNIAXIAL BARTON-BANDIS FLUID PRESSURE 

For simplication the MUDEC runs with the linear joint are called 

MODEL A. The MUDEC runs with stress boundaries are called MODEL B. 

Finally, the MUDEC runs with fluid pressure boundaries are called 

MODEL C. 

For all tests the following plots are shown: 

1 - Displacement vectors and principal stresses. 

2 - x-direction and y-direction displacement histories for 10 and 
9 points. (Nearest nodal points for displacement computation 
according to Fig. 26.) 

3 - Block or zone rotations for fully deformable blocks. 

4 - Shear stresses contours (xy). 

s - Shear displacement on joints. 

Additional plots are shown for Appendices 4 - 9. 

6 - Mechnical aperture of joints. 

7 - Conducting apertures for joints. 

Table showing the automatically derived scale for the displace

ment vectors and principal stresses plots. 
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The uniform loading creates several point contact areas with sub

sequent rotation of the block. Model C represents best the 

actual testing conditions. 

6.1 Linear joint behaviour - stress boundary model - MODEL A 

The obtained results for the biaxial loading conditions and the 

linear joint model are shown in Appendix 1. Figure 1.1 shows 

the relative movement of the blocks. Note that the lower block 

is nearly immobile. The maximum recorded displacement is 0.10 

mm and the maximum principal stress 11,3 MPa. On the same 

figure, the zone rotation plot, the maximum rotation is occurring 

on the edges of the flat jack blocks in opposite directions, an 

indication that the maximum displacement is taking place in the 

middle of the flat-jack blocks. 

Figure 1.2 shows the shear stress and shear displacement plots. 

The maximum shear stress concentration is observed at the edges 

of the block, an indication that the shear displacement will 

also occur along the boundaries. Figure 1.3 shows the history 

plots of the nine points (instrumentation stations of Fig. 26). 

6.1.2 N-S uniaxial_loading 

Figure 2.1 shows that mainly the top right block is moving 

downwards when the system is loaded from the top and the bottom 

(N-S). The principal stresses developed under this loading are 

slightly higher than the principal stresses under E-W loading 

for the same number of cycles. The zone rotation plot on the 

same figure shows a significant rotation of the upper middle 

zones probably due to the movement of the top right block. 

Figure 2.2 shows the shear stresses developed in this block 

under N-S loading. High shear stress concentration is observed 

in the upper part of the joints of the central block but most 

of the shearing is occurring along the boundaries. 
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Maximum displacement Maximum principal 
Appendix vectors stress 

No. lenqth in (mm) length in (mm) 

1 5.5 5.5 
2 5.2 5.5 
3 5.2 5.5 
4 4.2 5.8 
5 5.8 5.8 
6 5.8 5.8 
7 5.8 5.8 
8 5.8 5.8 
9 5.8 5.8 

The Y-axis of the history plots is referring to displacement 

values in (m) unless otherwise specified. The horizontal axis 

is referring to calculation time used by MUDEC (timesteps x 

cycles). Some of the history plot in the Appendix are exhibiting 

a fluctuating behaviour (sudden kicks, weavy shape). It is 

believed that these changes are due to numerical "stick and slip" 

problems. The maximum values listed on the appendix figures are 

referring to the obtained values both in the flat-jacks and the 

CSM block. Table 5 shows the maximum values occurring inside 

the CSM block only. 

Unfortunately, and due ot the colour code used for the creation of 

the shear stresses iso-figures, it is not possible to reproduce the 

exact made plot. In principle, concentration of eccentric curves 

are showing shear stress increase. It must be remembered though, 

that MUDEC considers positive the shear stresses in anti-clockwise 

direction. The shear stress plots of Appendices 4 - 9 have been 

produced with zero countour lines omitted and labelled countours. 

From the numerical results it can be seen that Model C with the 

fluid pressure boundaries gives the most realistic results in terms 

of pricipal stresses, maximum displacement vectors, shear displace

ment in joints. The nature of the loading in Model B results in 

the creation of higher principal stresses inside the CSM block. 
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(0.13 mm). The mechanical and conducting apertures inside the 
CSM at a distance of 5 cm from the boundary joints show maxi

mum values of 137 µm and 36.9 µm, respectively. The maximum 
aperture values are occurring in the upper block flat-jack 

interface, see Fig. 4.4. 

Figures 4.5 and 4.6 show the history plots of ten instrumented 

points (x-direction) and nine instrumented points (y-direction). 

6.2.2 _N-S uniaxial loading with Barton - ~agd1s_j2igt_m2d~l 

Figure 5.1 shows the displacement vectors and the maximum prin

cipal stresses occurring inside the CSM block. The maximum dis

placement vectors are occurring on the top lef sub-block which 

is suffering most of the displacement (0.75 mm). The recorded 

on the graph maximum values are referring to maximum values 
induced on the flat-jack blocks. The maximum recorded prin

cipal stress (23.2 MPa) on the intersection of the foliation 

and diagonal joints is relatively high, probably due to rota

tion and corner loading of the blocks. 

Figure 5.2 show the rotations of the blocks, all in anticlock 
direction at different angles. The shear stresses and shear 

displacement plots on Fig. 5.3 show a maximum shearing of 

0.30 mm occuring along the main diagonal joint. The single 

line on the same plots indicates that shearing has exceeded a 

certain limit on these points. 

Figure 5.4 shows the mechanical and conducting aperture plots. 
Maximum values are 162 µm and 49.9 µm, respectively. E/e ratio 

is 3.24. The single line on the same figure indicates that the 

aperture values have exceeded a certain limit. 

Figures 5.5 and 5.6 show the history plots for x- and y-direction. 
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Figure 2.3 shows the history plot of the nine points (ref. Fig.26). 

6.1.3 E-W uniaxial_loading 

The E-W uniaxial loading (Figure 3.1) shows that the displace

ment occurring under the load is of the same approximate magni

tude as in the N-S loading. The principal stresses developed 

in this block are lower than those developed for the E-W load

ing. The rotation plot on the same figure shows the tendency of 

the system to rotate from left to right. 

The shear stress concentration shown in Figure 3.2 is resulting 

in shear displacement occurring mainly along the boundaries of 

the block and the flat jacks and the upper right subblock. 

Figure 3.3 shows the history plot of the nine selected 

measuring points. (See also Fig. 26.) 

6.2 Barton - Bandis joint behaviour model 
- stress boundary model - MODEL B 

The results obtained with 5.4 biaxial loading using the Barton 

- Bandis joint model and stress boundaries are shown in figures 

4.1 - 4.6. Figure 4.1 shows the displacement vectors and the 

maximum principal stresses. The maximum displacment vectors 

developed inside the CSM block is about 0.12 mm and is occurring 

near the center line between the right and the left flat-jacks. 

The maximum developed principal stresses inside the CSM block 

are 8.6 MPa. The higher recorded value of 16.S MPa is due to 

tensile stresses near the four corners. Figure 4.2 shows the 

rotation angles of the four main CSM sub-blocks. 

Figure 4.3 shows the shear stresses and shear displacements 

inside the CSM block. The shearing is occurring mainly along 

the foliation joint (0.11 mm) and the four boundary joints 
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The block rotation plot is shown on Figure 7.2. Due to the 

geometry of the block, all sub-blocks are rotated clockwise. 

Figure 7.3 shows shear stresses and shear displacement plots. 

The shear displacement is occurring both along the flat-jack/ 

block interface and the internal joints. The maximum shear 

displacement inside the CSM block is 0.13 mm. Figure 4.4 shows 

plots of the mechanical and conducting apertures along the 

joints. The maximum recorded mechanical aperture is 136 µm and 

the maximum conducting aperture is 34.7 µm. E/e ratio is 3.91. 

Figures 7.5 and 7.6 show the history plots of ten instrumented 

points (x-direction) and nine instrumented points on they

direction (see also Fig. 26). 

Figure 8.1 shows the displacement vectors and principal 

stresses plot. The maximum recorded displacement inside the 

CSM block is 0.32 mm and the maximum principal stress is about 

21.9 MPa, which is believed to be associated with rotations and 

corner loading inside the CSM block. 

The upper right sub-block seems to suffer most of the displace

ment, probably due to the closure of the joints on the lower 

right part. The block rotation plot, Fig. 8.2, shows that all 

blocks are rotated in an anticlockwise direction at different 

angles. 

Most of the shearing displacement is occurring along the diago

nal joints (Fig. 8.3) and partly on the right flat-jack boun

dary joint with a maximum value of 0.30 mm. Figure 8.4 is 

showing the maximum mechanical and conducting aperture of 152 µm 

and 49.6 µm, respectively. E/e ratio is 3.06. It is important 

to notice the scale describing the joint aperture as line thick

ness in micrometres (one line corresponds to 5 µm aperture). 

Figures 8.5 and 8.6 show the history plots for x-and y-direction, 

respectively (see also Fig. 26). 



58 

Figure 6.1 shows the maximum displacement vectors inside the 

CSM block (0.40 mm) which is mainly occurring on the upper 

right block. The maximum principal stress is 8.6 MPa, at a 
distance of 5 cm from the boundary joints inside the CSM block. 
The high recorded value of 26.3 MPa is tensile stress induced 
on the upper left corner. The upper right sub-block due to the 

geometry of the system is rotating most (Fig. 6.2). 

Figure 6.3 shows the shear stresses and shear displacement 

values across the joint of the CSM block. The most shearing is 
occurring along the main diagonal joint (0.33 mm). Along the 

boundary joints some shearing is also occurring. 

The mechanical and conducting aperture values (Fig. 6.4) inside 

the CSM block are 160 µm and 49.2 µm, respectively, and they 
are occurring on the intersection of the diagonal and foliation 

joint. 

Figures 6.5 and 6.6 show the history points for x-direction 
(ten points) and y-direction (nine points). 

6.3 Barton - Bandis joint behaviour model 
- fluid pressure boundary model - MODEL C 

The results obtained with 5.40 MPa biaxial loading using the 
Barton - Bandis joint model are shown in Figures 7.1 - 7.6. 

Figure 7.1 shows the displacement vectors and the principal 

stresses. The maximum displacement inside the CSM block is 

about 0.19 mm. The maximum tensile principal stress is 

15.9 MPa and is developed mainly around the four corners near 

the interface of the flat-jack boundary and the CSM sub-blocks. 
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following: 

• to provide absolute displacement measurements 
• to minimize the time required for data acquistion. 
• to measure accurately displacements on the block surface 

For this reason a unique instrumentation system was designed, 
fabricated and installed which enabled measurement of the three 
components of displacement (x, y and z) at ten locations and at 
three different elevations in the block interior (Figure 27). 
An external reference frame attached to the mine roof was out
side the area influenced by the flat jacks. This rigid frame 
was used to support the instrumentation system so that displa
cements in the block were referenced to a global x-y-z axis. 

A number of factors affecting block deformation in response to 
flat jack loading were also investigated by Richardson. The 
attached block bottom was shown to cause stiffer behaviour with 
depth. Friction along the flat jack block, caused differential 
deformation of the sides of the blocks. 

This phenomenon was mainly due to the bulging effect of the 

flat jacks when pressurized with oil. The mix of rock types of 
the block were found to have little influence on block defor
mation, the intact rock material contributed little to overall 
block strains. 

The scale effects during the block testing were also evaluated 
by Richardson (1986). A decrease in strain measurement scatter 

with increasing measurement length was noted. 

7.2 Terra Tek Block Test (Hardin et al., 1982) 

The Terra Tek block test was carried out before the Richardson 
test, in 1980 and 1981. Looking critically on the type of 
instrumentation used in this block test, we can conclude that 
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The displacement vectors for this run are shown on Fig. 9.1. 

It is noticeable the slightly higher value (0.37 mm) of displa

cement vectors inside the CSM block in comparison with the two 

previous runs. A reasonable explanation can be the fact that 

most of the joints have a vertical or sub-vertical direction, 

which is resulting in more deformation, more total joints clo

sure of the model block when loaded from x-direction. 

The principal stresses show a maximum value of about 7.9 MPa 

and some tensile stresses mainly on the top left and right cor

ners. 

Figure 9.2 shows all the blocks rotated clockwise at the same 

approximate angle, except the top right block that rotates in a 

greater angle. 

The shear stress plot is shown in Fig. 9.3. Maximum mechani

cal and conducting aperture is 158 µm and 48.6 µm, respectively 

(see Fig. 6.4). The E/e ratio is 3.25. 

The history plots of the ten instrumented sections are shown in 

Fig. 9.5 for the x-direction and in Fig. 9.6 for they-direction. 

7. DESCRIPTION AND COMPARISON OF BLOCK TEST RESULTS 

This chapter describes briefly the two previous block test 

series performed by Terra Tek Richardson and Leijon and co

workers at CSM, in terms of instrumenation and compares some of 

the results obtained. 

7.1 CMS - Block Test (Richardson, 1986) 

The block displacement monitoring apparatus presented in 

Richardson's thesis was designed and developed to satisfy the 
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despite the heavily instrumented block with a variety of 

instrumentation there is a lack of: 

• absolute displacement measurements. 

• reliable measurements taken on the block surface. 

The instrumentation of the block included: 

a. Surface Instrumentation 

Bonded surface strain gages. 
Horizontal Strain Indicators (HSI). 
Vibrating Wire Strainrneter (IRAD). 
Whittemore Strain gage measurements. 

b. Subsurface Instruments 

CSIRO Triaxial cells. 
Three component Borehole Deformation Gage (USBM). 
Vibrating Wire Stress Gages (IRAD). 
Multi-position Borehole Extensometers (MPBX). 

Suspect results were obtained from the use of bonded resistance 

strain gauges on the surface of the block which gave elastic 

modulus from 300 GPa to 3000 GPa. These values were 5 to 50 

times higher than the values obtained from the tests in the 

laboratory. The primary problem for these results appears to 

be twofold. 

a. The block surface may be decoupled from the zone of flat 
jack loading, or a horizontal fracture had occurred near 
the block surface. 

b. The block surface may have been curved in a convex upward 
manner. 

The most reliable data on overall block deformation in the 

Terra Tek tests was obtained from extensometers and from simple 

mechanical Whittemore gages. The latter were used across the 

whole block surface, and were also used to measure changes in 

flatjack slot aperture. The gage monitors the relative move

ment of pairs of pins located approximately 25 cm apart. 
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The use of relative measurements and limited measuring lengths 
made it difficult to analyse the block behaviour as a whole in 

the Terra Tek test series. On the positive side the Terra Tek 

Whittemore array was more dense and closer to the major joint 

sets than the sparce 10-position array used by Richardson. 

7.3 Comparison of Richardson and Terra Tek Results 

7.3.1 Normal and Shear Stiffness 

Using pairs of Whittemore pins across major surface joints the 
Terra Tek researchers obtained average joint normal stiffness 
values of 117.5 MPa/mm for the diagonal joint set and 57.8 MPA/rnm 

for the foliation joints over a stress range O - 6.9 MPa. On 
Fig. 28 the net joint deformation is estimated by subtracting 
the deformation of intact rock. 

The shear stiffness results for the main diagonal joint 

obtained from the Terra Tek tests (Figure 29) show a dramatic 
increase above 1 MPa loading. If the secant value from zero to 

peak load is used, the shear stiffness is estimated to be 16.7 
MPa/mm. The shear stiffness ranges in this case from 4.8 
MPa/mm to 84.6 MPa/mm. 

Richardson's results concerning the normal stiffness for the 
two diagonal joints on the upper horizon were about 42.8 MPa/rnm 

and 28.10 MPa/mm which give an average of 35.45 MPa/mm. He 

also calculated the average value for the shear stiffness (23.9 

MPa) for the two diagonal joints on the upper horizon which are 

ranging between 38.8 MPa/mm and 9.1 MPa/mm. 

It is believed that due to the increasing stiffness resulting 

from the attached bottom of the block, the obtained results 

are higher than those expected, i.e. from those of an uncoupled 

block, as modelled. 
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8. COMPARISON OF NUMERICAL RESULTS WITH EXPERIMENTAL RESULTS 

8.1 Comparison of numerical results with Terra Tek's 
and Richarson Joint aperture changes 

The changes of joint apertures measured in the Terra Tek block 

test for the biaxial loading, was AE = 59 µm for the diagonal 

joint, and the change in conducting aperture was 6e = 26 µm 

(Fig. 28). For the N-S uniaxial loading and the diagonal joint 

values of AE = 94 µm and 6e = 26 µm were reported. For the E-W 

uniaxial loading the corresponding values were 63 µm change in 

the mechanical aperture and 25 µm in the conducting. 

Richardson has also reported limited data for the mechanical 

aperture changes over comparable stress changes, which lie bet

ween 7 µm and 11 µm for the diagonal joint and between 2 µm and 

15 µm for the foliation joint for the different test conditions. 

For the main diagonal and foliation joint mechanical apertures 

of 106 µm and 28 µmare given respectively. Richardson reports 

no data for conducting aperture. 

It should be remembered though when comparing the joint aperture 

results that Terra Tek's tests were the first test done on the 

CSM block in 1982, therefore, higher joint apertures are 

expected. Richardson tests were performed on the same block in 

1985 and the rock joints were considerably tighter due to earlier 

tests. 

The rock block is considered as consolidated before the appli

cation of load. Therefore the above mentioned joint aperture 

changes is a result of loading after consolidation. 

The numerical results corresponding to the joint aperture 

changes of the diagonal joint are derived from the LOTUS runs. 

Consolidation in LOTUS is achieved after applying a cyclic load

ing equal to the 60% of the joint compressive strength values 

The numerical joint aperture changes are therefore the changes 
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8.1.2 Comparison of numerical joint apertures with 
Terra Tek's results 

Several sets of data mainly concerning changes in boundary con

ditions have been run through MUDEC. The joint properties as 

described in the previous chapters have been unaltered. rt is 

interesting to comment though on the following results: 

A biaxial loading of 5.4 MPa resulted in maximum mechanical and 

conducting apertures of 137 µm and 36.9 µm for Model B, and 

136 mm and 34.7 µm for Model C, respectively. 

The corresponding values for the N-S uniaxial loading were 

162 µm and 49.9 µm for Model B, and 152 µm and 49.6 µm for 

Model c. rt is important to note on the biaxial run of Model c 
that the maximum aperture values are occurring on the intersec

tion between the boundary joints and the block joints. On the 

contrary, in the N-S uniaxial run for Model B the maximum 

values are occurring along the diagonal joints. For ploting 

reasons the mechanical apertures have been plotted as a single 

line when a certain value is exceeded (Fig. 5.4). The fact 

that the diagonal joint gave experimental values of e varying 

from about 55 µm to 27 µm (at high stress) i.e. slightly larger 

than those modelled, may be evidence for the stiffening effect 

of the intact base of the block. Figure 13 shows experimental 

flow losses due to joint tortuosity and roughness, expressed as 

the ratio E/e. 

The E/e ratio for the numerical results, marked with an asterisk 

on Fig. 13, is about 3.9 for the biaxial run for Model c. 
Under the N-S uniaxial loading, the ratio E/e is about 3.1 for 

Model c. Finally, under E-W uniaxial loading E/e is 3.25 for 

the same model. 

In general the comparison of the numerical results such as 

shear displacement, displacement vectors and stresses are in 

good agreement with Terra Tek's results. (See Table 7.) 
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occurring on the fourth loading cycle. (After consolidation has 

been achieved.) Using the empirical formula of figure 14 the 

changes in conducting apertures are calculated 

e = 
E2 

JRc2,5 

A change of 29 µm in the mechanical joint aperture which is 

corresponding to 14 µm in conducting aperture is reported from 

the LOTUS runs of the diagonal point during the fourth loading 

cycle. For the foliation joint, the LOTUS derived values 

during the fourth loading cycle is 27 µm and 19 µm for the 

mechanical and conducting aperture change, respectively. Table 

6 summarizes the changes of joint apertures. 

Joint conductivity was monitored by the Terra Tek researchers 

by injecting water along the major diagonal joint. Flow rates 

were measured in parallel observation holes drilled to each 

side of the injection hole and at distances of 18.5 cm and 24 

cm. The injection pressures used for these tests was 0.14, 

0.24 and 0.34 MPa. Figures 30 and 31 summarize the results of 

the permeability tests. The numbers 1 through 8 indicate the 

order of testing. The conducting aperture (e) and permeability 

(K = e 2/12) are calculated from the well known equation for 

linear flow between parallel plates. The relationship between 

the conducting apertures changes (Ae), and the change of mecha

nical aperture AE measured during the various load cycles is 

shown in Figures 32 and 33. It is obvious that there is a lack 

of fit between changes in mechanical (AE) and conducting aper

ture (Ae). In effect the water conducting aperture of a joint 

according to Terra Tek' conclusions exhibits higher "normal 

stiffness" than the physical aperture. 
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Parameters such as mechanical joint apertures, and conductive 

apertures are obviously very sensitive to changes in load and 

boundary conditions. Therefore it is perhaps not surprising 

that some small discrepencies occur when the Terra Tek's and 

numerical results are compared. However, the non-attached 

nature of the modelled block should be remembered, before 

expecting exact correlations. 

8.2 Comparison of numerical results with Richardson's 
tests results 

A good agreement between the displacement vectors measured by 

Richardson and the numerical results was achieved for the 

biaxial loading state. Richardson reports maximum displacement 

vectors of about 0.5 mm for the upper horizon of the attached 

block (Fig. 34). The numerical result for the unattached block 

is about 0.19 mm for Model A, 0.12 mm for Model B, and 0.19 mm 

for Model c. This difference is reasonable. The corresponding 

values for the N-S uniaxial loading state are 0.6 mm and bet

ween 0.28 mm and 0.53 mm for the numerical simulations. The 

same order of discrepency is found between the in-situ, 0.6 mm 

and the numerical results that range between 0.29 and 0.40 mm 

in E-W loading. 

The shear displacement values reported by Richardson, are in 

very good agreement with the Terra Tek's results. Both 

researchers are reporting shear displacement values not 

exceeding 0.25 mm. (see Figures 28 and 29 and Table 7) in the 

end of the text. The numerical results obtained from Model c, 
(Appendix 7, 8, 9) are varying between 0.13 and 0.30 mm. 

Richardson reports about 0.225 mm and 0.20 mm shear displace

ment for shear stresses of 2 to 3 MPa (Fig. 35) during uniaxial 

loading. The corresponding numerical results for the unat

tached modelled block for Model Bare 0.11 mm for the biaxial 

loading conditions, 0.75 mm for N-S uniaxial loading, and 
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0.33 mm for E-W uniaxial loading. The obtained results from 
Model Care: 0.13 mm and 0.30 mm shear displacement for the 
biaxial and N-S uniaxial loading, and 0.29 mm for E-W loading. 
These appear very realistic. Once again the fact that the 
modelled results (for unattached blocks) show larger values of 
shear than measured on the attached block, is only to be 
expected. 

rt is important though to comment on the first set of figures 
concerning the biaxial loading (Fig. 35). The numerical normal 
displacement vs normal stress values are derived from the LOTUS 
run for the diagonal joint set after 3 consolidation cycles 
reaching a maximum value of 54 MPa (Fig. 18). The measurements 
Richardson is reporting are including the relaxation of the 
rock mass after the creation of the access tunnel and the 
digging of the flat-jack slots around the rock block. There
fore the higher values reported for normal displacement vs nor
mal stress are expected. 

8.3 Comparison of Terra Tek deformation measurement and 
Richardson's displacement vectors with numerical results 

Terra Tek's tests on the CSM block were the first tests per
formed after the creation of the flatjack slots. 

The Terra Tek researchers in an attempt to measure the defor
mation of the CSM block decided to monitor the boundary crack 
apertures when loading the block. The surrounding rock mass, 
which acts as a load plate, deforms under the flatjack 
pressure. As a result formation of boundary cracks in the 
grout above each flatjack occured. Whittemore pins were used 
across the boundary cracks so that opening and closures of the 
cracks could be monitored. The deformation modulus of the 
block is given by the formula: 

Eblock = 
~p • 1000 

6b 
= ~P · 1920 which is directly derived from 

(6m + 6b) 
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the elastic solution for the deformation of a vertical rec
tangle subject to uniform horizontal stress by Poulos and Davis 

(1973). 

Where 6P = horizontal stress increments 

and 6m and 6b are defined in Figure 36. 

The total deformation 6m and 6b measured across our two meters 

square boundary slots is composed of a deformation component 

for the block and a deformation component for the surrounding 
rock mass "load platen". At each crack the block deforms a 
little more than the surrounding rock mass in the ratio 1000/ 

920. 

Figure 37 shows block deformation measurements at ambient tem
perature using the boundary crack monitoring technique. The 
dotted lines represent the applied horizontal stress of 5 MPa 

and the mean boundary crack aperture in (mm). The real rock 

mass deformation for all types of loading is about 0.2 mm. 

If we try to compare the measured vectors by Richardson during 
biaxial run (e.g. a pair of those lying parallel to the dashed 
lined on the top left of Fig. 34) with the measured displace

ment values by Terra Tek (see Table 7) and the numerical results, 
we can consider the modulus of deformation from the displacement 

measurements at the centre line (Fig. 38) according to the for

mula 

"E" 

where 

0 
= a+b 

L 

o = applied load 
a,b = deformation vectors 

L = block size length 
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cr cr 
L 
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Fig. 38 Schematic representation of a biaxial loading 
condition and the deformation vectors along the 
centre line. 

Applying the above mentioned deformation formula for the 
biaxial loading conditions, we get a deformation modulus of 
14.9 and 23.5 GPa for Richardson and Terra Tek measurements, 
respectively, and 27.6 GPa for the numerically derived defor
mation vectors of Appendix 7. 

8.4 Comparison of numerical results with experimental results 
from Brown et al. (1986) 

Brown et al. (1986) has monitored the developed stresses in the 
jointed block under biaxial and uniaxial boundary loading by 

using two types of borehole gauges. The USBM Borehole Defor
mation Gauge (BDG) and the LuT triaxial strain cell. From the 

displacements and strains recorded as loads were applied, 

pointwise stresses were calculated assuming both isotropic and 
anisotropic rock behaviour. The results are characterized by 

large variations between the stress magnitudes, for both types 
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For better accuracy at each borehole a detailed estimation of 
the rock deformability proved to be necessary. Dilatometer 
tests using the CSM-cell were conducted at the block midplane 
for determination of Young's modulus, E, and the relative 
stiffness of the zones in the block. The wide variation in the 
Young's modulus results indicates a high degree of heteroge
neity, which is due to the pronounced foliation of the block. 

The mean value of modulus E was estimated at 22.9 GPa. The 
Young's modulus parellel to the foliation plane varied between 
9 and 80.3 GPa and perpendicular to the foliation between 6.2 
and 54.9 GPa. 

The peak load principal stresses obtained by the BDG and LuT 
gauges are given also in Figure 40a and b, and represent 
results obtained from the isotropic reduction procedure. 
(Merill and Pettersen 1962). From the results it can be seen 
that the stresses measured by BDG gauges are at least 20% 
higher than those obtained using the LuT-gauge, achieving a 
maximum value of about 20 MPa for the biaxial loading. 

The non-uniform pattern of stress magnitudes can be attributed 
to: 

• Shear forces developing at the block boundaries due to 
friction between the flatjack arrangement and the block. 

• Disturbance from discontinuities on different scales in the 
block. 

• Variation in the modulus of deformation between different 
parts of the block (zones of varying stiffness.) 



of borehole gauges. however, the measured stress directions 

are in close agreement with the directions of the applied boun

dary loads. Figure 39 shows the location of the drilled bore

holes (EX= 38 mm and NX = 76 mm) for instrumentation purposes. 

S-2 

H3 H4 • • 

Fracture 3 

Block North 

V"' North 

e EX Holes 
0 NX Holes 

0 0.5 

Fracture 2 

1.0 m 

Fig. 39 Surface plan of the tested block showing major discon
tinuities and vertical borehole locations. 
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For the numerical simulation in this report the value of Young's 
modulus was assumed to be 60 GPa and the Poisson's ratio 0.25. 

The maximum principal stress results derived from the numeri

cal simulation varied between 9.1 and 14.1 MPa, for the linear 
joint model with stress boundaries between 7.9 MPa and 12.9 MPa 

for the fluid pressure boundaries model with the Barton - Bandis 

joint model, and between 8.5 and 23.2 MPa for the stress boun

daries model with Barton - Bandis joint model. 

For improving numerical stability (block rotation problems) the 

flatjacks have been fixed on eight points around the block 

(Appendices 7, 8, 9). When loading the block, some small ten
sile stresses are developed on the four sides. It is believed 

that those tensile stresses are not affecting the joint beha
viour. 

The numerical fluid pressure boundaries represent more accura
tely the actual testing conditions. In this case the maximum 

values of the principal stresses lies very near the BDG experi
mental results and the LUT gauge results (see Fig. 40, Table 7). 

It is important to note that the intact rock has been modelled 
isotropically, the foliaton effect has not been taken in account, 

the study focusing primarily on the joint behaviour and the con

ductivity changes. Nevertheless, variations in stress magni
tude and direction were also seen in the modelling results 

resembling in several ways the variation measured in practice. 

Table 5 summarizes the obtained results from all MUDEC runs. 

Table 6 summarizes the experimental and numerical results for 

joint aperture changes. 

Table 7 shows an overview of numerical and experimental results 

concerning maximum displacement vectors, total block displace

ment, shear displacement and maximum principal stresses. 
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mation gauge and Lulea University of Technology 
gauge respectively. 

c) Principal stresses plots from numerical simulation 
(from Appendix 4 Biaxial loading, Appendix 8 N-S 
uniaxial loading and Appendix 9 E-W uniaxial 
loading (in MPa)). 
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joint 

Richardson's 
measurements 
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joint 
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joint 
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results 
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Surrrnary of the numerical and experimental results from 
Terra Tek and Richardson tests concerning changes in mechanical 
and conductive joint apertures. 

Stress Mechanical Conducting Mechanical Conductive 
range joint joint aperture aperture 

aperture aperture 
change change 

(MPa) (Ull) (Ull) (Un) (Um) 

(0-6.9) 59 BIAX 26 BIAX - 27-55 
94 N-S 17 N-S - 29-46 
63 E-W 26 E-W - 28-53 

(0-5.2) 7-11 BIAX - 106 BIAX -
- - - -
- - - -

(0-5.2) 2-15 BIAX - 28 BIAX -
- - - -
- - - -

(0-7) 29 B1a (d1ag) 14 (B1a d1ag) 137-142 B1a 34.7-36.9 Bia 
27 B1a (fol.) 19 (Bia fol.) 152-162 N-S 49.6-49.9 N-S 

MODELS A, B, C 160-164 E-W 48.4-49.2 E-W 
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Table 5 Surrrnary of the numerical results showing the maximum 
displacement vectors, the maximum shear displacements 

TYPE 
OF 

MODEL 

MODEL A 

Linear 
joint 
model 

MODEL B 

Stress 
boundaries 
model with 
Barton-
Bandis 
joint model 

MODEL C 

Fluid 
pressure 
boundaries 
model with 
Barton -
Bandis 
joint model 

on joints, maximum principal stresses and mechanical and 
conducting apertures inside the CSM Block. 

Appendix Direction Maximum Maximum Maximum Mechanical 
No. of loading displacement shear principal or real 

vectors displacment stresses aperture 
(mm) (mm) (MPa) Cun) 

1 BIAX 0.10 0.06 11.3 -

2 N-S 0.28 0.15 14.1 -

3 E-W 0.29 0.15 9.1 -

4 BIAX 0.12 0.11 8.6 137 

5 N-S 0.53 0.75 23.2 162 

6 E-W 0.40 0.33 8.5 160 

7 BIAX 0.19 0.13 15.9 136 

8 N-S 0.32 0.30 21.9 152 

9 E-W 0.37 0.29 7.9 158 

Conducting 
or theoretica 

aperture 
(Um) 

-

-

-

36.9 

49.9 

49.2 

34.7 

49.6 

48.6 
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9. SUMMARY AND CONCLUSIONS 

1. MUDEC-linear and MUDEC-BB codes have been validated against 

the measured results obtained from the CSM block test by 

Terra Tek Inc, and by Richardson (CSM) and Brown et al. 

For simplicity the block has been modelled with the four 

principal blocks. Equal biaxial, N-S and E-W uniaxial 

loading have been applied to each type of model. 

2. Boundary condition details have been varied in an attempt 

to more closely simulate flatjack loading. The linear 

joint model (MUDEC-linear) was loaded with simple uniform 

stress boundaries. Runs with the Barton - Bandis non

linear joint subroutine (MUDEC-BB) were also loaded with 

the simple uniform stress boundaries. (Appendices 4 - 6) 

More realistic boundary conditions were achieved by 

applying fluid pressure loading in rectangular slots simu

lating the flat-jacks, with rigid boundaries resisting 

movement behind the flat-jack slots. These boundary con

ditions were only applied to the MUDEC-BB models. (See 

Appendices 7, 8, 9.) 

3. Results have been presented in the form of graphic output 

for principal stresses, shear stresses, deformation vec

tors, shear displacements along the joints, and, for the 

case of MUDEC-BB (non-linear), also plots of joint mechani

cal apertures and conducting apertures. 

4. The principal stress plots indicate similar features to 

those measured in the CSM block, i.e. rotations from block 

to block when crossing a joint, particularly when shear has 

occurred. A representative example can be seen in Fig. 

4.1. In general, stress mangitudes were of the order of 4 

to 7 MPa compared to the maximum applied boundary stresses 

of 5.4 MPa. However, due to stress concentrations asso

ciated with rotations and corner loading, maximum single 
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Sunmary of the numerical and experimental results from 
Terra Tek, Richardson and Leijon tests concerning the 
maximum displacement vectors, total block displacement, 
shear displacement and maximum principal stresses. 

Maximum Total block Shear Maximum principal 
displacement displacement displacement stress (MPa) 

vector (mm) DBG results LUT results 
(mm) (mm) 

0.5 BIAX 0. 725 BIAX - BIAX 
0.6 N-S 0.225 (N-S) 
0.6 E-W 0.20 (E-W) 

* ~ 0.23 BIAX - BIAX 

* ~ 0.23 N-S 0.22 (N-S) 
* ~ 0.23 E-W 0.13 (E-W) 

Leijon et al. 20.0 BIAX 11.6 BIAX 
Stress 24.7 N-S 8.4 N-S 
measurements 16.3 E-W 11.8 E-W 

Numerical 0.10-0.19 BIAX 0.20-0.38 BIA> 0.06-0.13 BIAX 8.6-15.9 BIAX 
results 0.28-0.53 N-S - N-S 0.15-0.75 N-S 14.1-23.2 N-S 
from Models 0.29-0.40 E-W - E-W 0.15-0.33 E-W 7.9-9.1 E-W 
A, 8, C 

• The Terra Tek results concerning maximum displacement vectors 
were obtained by using the Whittemore strain gauges on the 
block surface and stress range between O and 6.9. They refer 
to average displacement values and therefore cannot be directly 
comparable. 
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tures (E) were only obtained with the MUDEC-BB non-linear 
models. Maximum values of (e) ranged from 36.9 to 49.9 mm 
in the uniformly stress loaded models, and from 34.7 to 
46.9 µm in the fluid-pressure models. Corresponding ranges 
of mechanical apertures were 137 to 162 µm and 136 to 158 µm, 
respectively. 

9. Joint aperture, the most sensitive single parameter that 
can be chosen to describe a rock mass (where water flow 
rate is proportional to aperture cubed) has modelled very 
close values ranging from 34.7 to 49.9 µm to the measured 
values of 27 to 55 mm which were obtained across a small 
area of the major diagonal joint. 
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values of principal stress ranging from 9.1 to 14.3 were 
recorded in the linear models, and from 7.9 to 23.2 in the 

non-linear models. 

5. Maximum deformation vectors ranged from 0.10 to 0.29 mm in 
the linear models, from 0.12 to 0.33 mm in the non-linear 

models (uniform loading), and from 0.19 to 0.37 mm in the 

non-linear models with fluid pressure boundaries. In 
general, as expected and measured in practice, the 

biaxially loaded models gave the minimum deformations. The 
above ranges of values are very close to ranges measured in 

practice both by Terra Tek and by Richardson. 

6. The total displacement of the block was measured by Terra 

Tek using the boundary crack analysis method. Richardson 

measured displacement vectors. The numerically obtained 

results are ranging between 0.24 and 0.38 mm and they are 

very close to the values measured by Terra Tek researchers 

and Richardson (0.2 mm and 0.72 mm, respectively). 

7. Shear displacements occurred principally along the diagonal 
joints, with related shearing along block boundaries and 

along parallel joints. Maximum shear displacements ranged 

from 0.06 to 0.15 mm in the linear models, from 0.11 to 
0.75 mm in the non-linear models (uniform loading) and from 

0.13 to 0.30 mm in the non-linear models with fluid pressure 
loading. In general, as expected, and measured in prac
tice, the biaxially loaded models showed less joint shear 
than the uniaxially loaded (N-S or E-W) models. Due to the 
attached nature of the block base in reality, neither Terra 

Tek nor Richardson and co-workers obtained more than 0.25 mm 
of shear along the diagonal joints. In other words the block 

was stiffer in practice than in our two-dimensional models. 

8. Joint apertures expressed as theoretical smooth-wall con

ducting apertures (e) and mechanical (or physical) aper-
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JOB TITLE , STI02000. YYY. C-FI ANALYZIS. ao JOINT FI•ID. SIGMAY•S. 1,. SICMAX• R. NGJ 87□,oa . 

NUD£C (Version J. OONJ 

LEGEND 

9/ 4/ 1987 20, ,o 
cycle 2000 
-3.200E-01 • x c 2.32CE•OO 
-3. 199E-01 c y • 2,320E•OO 

ZONES plotted In fdef block• 
ZOIIE r-otot I one 

Fig. 2 .1 

2.556£-02 

N-S uniaxial loading. 

cipal stresses plot. 

Displacement vectors and prin
Zone rotation plot. 



JOB TITLE , 5Tl02000. YYY. C-FI ANALYZIS. BO JOINT Fl•IO. SIGMAY•S. U, SIGMAX• It. NG! 870408 . 

MU0£C (Varsion 1. OONJ 

LEGEND 

9/ 4/1987 JS, 8 
cycle 2000 
-3.200£-01 c x c 2.320E•OO 

-3. lBliE-01 c y • 2.320E•OO 

81..0C'a< plat. 
XY-etra•• ccntoura 
Contour lnt.ar-val• 5.000E-01 

Nu•bar of contoura/color• 3 
Mln•-3.SOOE•OO Max• 3.000E•OO 

JOB TITLE , s:!'102000. YYY, C-FI ANALYZIS, 80 JOINT Fl•IO. SIGMAY•S. U, SIGMAX• R. NCI 870408 . 

MUOEC (Version 1. OONJ 

LEGEND 

9/ 4/1987 I la 4 

eye!•. 2000 
-3.200E-Ol • ~ • 2.320E•OO 

-3. 199E-OI •· y • 2.320E•OO 

SHEM OISPLACEMEtlTS ON JOINTS 

AREAS WITH Fn OR Sn•C ON JTS. 

MAX SHEAR OISP • 3.602£-04 

Fig. 2.2 N-S uniaxial loading. 

displacement plots. 

Shear stresses and shear 
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Fig. 2.3 N-S uniaxial loading. History plots of nine instru

mented points. (See also Fig. 26.) 
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JOB TITLE , s,ezooo. XXX, C-FI ANALYZIS. BO JOINT Fl•IO, SIQ4AX•5. "· SICMAY• R, NG! 870408 . 

MUOEC (VQrsion 1. OON) 

LEGEND 

9/4/1987 10,34 
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JOB TITLE, STB2000.XXX, C-FI ANALYZIS, BO JOINT Fl•IO, SIGMAX•S. 14, SlGMAY• R, NGI 870408 . 

NUOEC (V~rsion J. OON) 

LEGEND 

SI/ 4/1987 20, 3 
cycle 2000 
-3.20JE-Ol c x c 2.J20E+OO 
-3.20CE-OI • y c 2.J~;E+OO 

ZONES plotted In FdeF block• 
ZONE r-ototlona 

■a>e1rnu■ • 

Fig. 3. 1 

l. 518E-02 

E-W uniaxial loading. 

cipal stresses plot. 

Displacement vectors and prin

Zone rotation plot. 



JOB TITLE I ST82000.XXX. C-FI ANALY!IS. BO JOINT Fl•IO. SIGMAX-S. 14. SIGMAY• R. NG! 1170401 . 

I 
~UO£_C_(_/_/e_r_s_i_·a_n __ 1_. _o._'D._W._'.J~ 

LEGEND 

W 4/11187 111, 7 
eye! ■ 2000 
-l. 201E-Ol • x c 2, 320E•OO 
.-,, .. 200E-OJ c y c 2. 320E•OO 

iil..OCI< plot 
XY-atr••• contour• 
Contour Interval• 2.SOOE-01 
Mt.abet" al contO\W'•/color• 3 
Hln-2.000E+OO Max• 2,250E•OO 

f ~08·:~:(r'L~; STB2000. XXX, C-FJ ANALYZIS, BO JOINT Fl•IO, SIGMAX•S. 14, SlGMAY• R, NG! 870408 . 

MUDEC (Version J. OONJ 

LEGEND 

9/ 411987 12, 8 
eye! ■. 2000 
-3.20IE-OI < x < 2.320E•OO 
-3.200E-OJ • y < 2.320E+OO 

SHEAR OISPLACEHENTS ON JOINTS 
AREAS WITH Fn OR Sn•O ON JTS. 
MAX SHEAR OISP • 3. l03E-04 

Fig. 3.2 E-W uniaxial loading. 

displacement plots. 

Shear stresses and shear 
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Fig. 3.3 E-W uniaxial loading. History plots of nine instru

mented points. (See also Fig. 26.) 



[ J05 TITLE : CSM BLOCK BAFiTON 84NOIS JOINT MOOEL BU.XIAL LO.t.0 !5 .-A 80UN04RY STFiESSS 

NUDEC (Vers1on J. 0,?N) 

LEGEND 

15/3/1987 13:24 
cycle 8000 
-1.000E+OO < x < 3.000E+OO 
-1.oooe+oo < y < 3.oooE+oo 

BLOCK plat 
DISPLACEMENT vecto~• 

m■x1mum • 1.O66E-0S 

JOB TITLE CSM BLOCK BARTON BANJIS JOINT MOOE\. BIAXIAL I.DAD !5. -A 801.NJAAY STRESS$ 

NUDEC (Vers1on J. OEN) 

LEGEND 

15/3/1987 10:36 
cycle 8000 
-1.000E+OO < x < 3.000E+OO 
-1.000E-00 < y < 3.000E+OO 

BLOCK plat 
PRINCIPAL STRESSES 

maximum• 1.653E+01 

Fig 4.1 Biaxial Loading. Stress boundaries with Barton-Bandis 
joint model. Displacement vectors and principal stresses 
plots. 



J0S TITLE : CSM SKI! BARTON--6Al()IS JOINT NOOEL BIAXIAL LOAD !i.-• 801.N)ARY STRESS 

MUOEC (Version .1. 02N) 

LEGEND 

22/ 3/19B7 22:21 
cycle BOOO 
-1.000E+OO < x < 
-1.000E+OO < y < 

BLOCK plot 
BLOCK ~0ut10ns 

y.O#p...)(p#p#pB#p# 

3.000E+OO 
3.000E+OO 

Fig 4.2. Biaxial Loading. Stress boundaries with Barton-Bandis 
joint model Block rotation plot. 

, 



J08 TITLE : C~ BLOCK B4RTON B41'<1IS JOINT MOOEL BUXI.t.L LOAD !5. -• 80l.Nl4RY STRESSs 

MUDEC (Version J. OBN) 

LEGEND 

15/3/1987 13:55 
cycle 8000 
-1.000E+00 < x < 3.000E+00 
-1.000E+00 < y < 3.000E+00 

XY-stres ■ c0ntour1 
Contour interval• 5.000E-01 
Number at contoura/calar• 2 
Min-3.500E+00 Max• 2.000E+00 
(zero contour line omitted) 

B: -3. 000E+00 
L: 2. cc..:·E+CC 
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JOB TITLE : CSM 8UlCK BARTON B»llIS JOINT MCOEL 8I4XI.t.L L040 !5. -• 80Ul,04RY STRESSS 

MUDEC (Version 

LEGEND 

15/ 3/19B7 13:~2 
cycle B000 

J. OBN) 

-1.000E+00 < x < 3.000E+OO 
-1.000E+00 < y < 3.000E+OO 

SHE4R OISPLACEl«:NTS ON JOINTS 
AREAS WITH ~n OR Sn•O ON JTS. 
MAX SHEAR OISP • 1.35~E-O~ 

Fig.4.3. Biaxial Loading. Stress boundaries with Barton-Bandin joint 
model. Shear stresses and shear displacement plots. 



..1011 TITLE , CSN 8U)CI( SAIITON IWEIS JQIHT M0DB.. BIAXlAL LOAD !I._,.,. 80lNlMl'f S"1lE!l8S 

MUDEC (Version 1. O.BN) 

LEGEND 

1!1/ 3/1987 1~: 2B 
cycle eooo 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

NECtWIICAL APERruRE OF .JODml I 
MX1- aper-ture • 1.!1321:-0~ 
- une th1cknaae• !l.oooe- , 

! 
I 

I 
! 

I JOf! TITLE CS~ BLOCK BARTON BANOIS JOINT ~OOEL BIAXIAL LOAD 5.~MPA BOUNDARY STRESSS 

NI.IDEC (Version 1. O.BN) 

LEGEND 

15/3/1987 15: 0 
eye le B000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

:~NDUCTING APERTURE OF JOINTS 
uaximum acerture • 3.852E-05 
one line :,icknes•• 5.000E-06 

l_ 
Fig.4.4. Biaxial Loading. Stress boundaries with Barton-Bandin joint 

model. Mechanical and conducting apertures of joint sets. 



JOS TIT!-E : 

HUDEC (Version 1. OEN) 

LEGEND 

1B/ 3/19B7 10: 2 
cycle B000 
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.JOI! TITLE : C~ 5KB BARTON-flAl'<JIS JOINT MODEL BIAXIAL LOAD !5. _ _.. IIOI.WARY STRESS 

4J(X 10E-5) 

NUDEC (Version 1. OEN) 

LEGEND E 
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Fig.4.5. Biaxial Loading. Stress boundaries with Barton-Bandis 
joint model. History plots of ten instruments points 
(x-di rection). 
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J0e TITLE : CSM 5KB B.t.RTON-!!.t....OIS JOINT MODEL BIAXIAL LOAD S. -• l!OU<).t.AY STRESS 

Ix 10E-5) 

NUOEC (Version 1. Oi?N) 
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LEGEND -----------------@ 
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e ~ u 
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Fig.4.6. Biaxial Loading. Stress boundaries with Barton-Bandis 
joint model. History plots of nine instruments points 
(y-direction). 



JOB TITLE CSM 5KB BARTON BAN!JIS JOINT MODEL N 5 LOADING 5.14MPA BOUNDARY STRESS 

MUDEC (Ver s Jon 1. OEN) 

LEGEND 

15/3/1987 16:48 
cycle 10000 
-1. OOOE+OO < x < 
-1. OOOE+OO < y < 

3.000E+OO 
3.000E+OO 

BLOCK plot 
DISPLACEMENT vector• 
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I JOB TITLE: CSM 5KB BARTON-6A1"lIS JOINT MODEL N-S LOADING 5.14NF'A BOUl'OARY STRESS 

MUDEC (Version 1. O,?N} 

LEGEND 

15/3/1987 16: 7 
cycle 10000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

BLOCK Plot 
PRINCIPAL STRESSES 

max1mum • 3.907E+01 

Fig.5.1. N-S Uniaxial 
joint model. 
plots. 

Loading. Stress boundaries with Barton-Bandis 
Displacement vectors and principal stresses 



JOB TITLE : CS>! SKB BARTON-BANC IS JOINT 1400El. ,.._5 l.OAOIN6 !5. 1'114PA BOUl<JARY STRESS 

MI.IOEC (Version .f. OEN) 

LEGEND 

1!5/ 3/1987 17: 6 
cycle 10000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

BLOCK plot 
BLOCK rotations 

Fig.5.2. N-5 Uniaxial Loading. Stress boundaries with Barton-Bandis 
joint model Block rotation plot. 



: JD8 TITLE CSM SKB B.lRTON-BANOIS JOINT MODEL N-5 LOAOIN6 !5. 14MPA BOUNDARY STRESS 

i 
MUOEC (Version 1. OEN) 

LEGEND 

15/3/1987 17:53 
cycle 10000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

XY-stre•• contours 
Contour interval• 2.000E+OO 
Nullber of contours/color• 3 
Min-1.600E+01 Max• 1.000E+01 
!zero contour line omitted) 

D: -1.000E+01 
I<: 4.000E+OO 

I JOB TITLE: CSM SKB BARTON-BANOIS JOINT MODEL N-S LOAOIN& 5.1-A BOUNDARY STRESS 

MUDEC (Version .f. 02N) 

LEGEND 

15/ 3/19B7 19: 1B 
cycle 10000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

SHEAR DISPLACEMENTS ON JOINTS 
AREAS WITH Fn OR Sn•O ON JTS. 
MAX SHEAR DISP • 7. 471E-04 ' 

Fig.5.3. N-S Uniaxial Loading. Stress boundaries with Barton-Bandis 
joint model. Shear stresses and shear displacement plots. 



i JOB TITLE CSM 5KB BA.>TON-BANOIS JOINT MODEL. N-5 L.Oi.OING !5. 1-A BOU-OARY STRESS 

HUDEC (Version J. OEN) l 

LEGEND 

15/ 3/1987 18: 6 
cycle 10000 
-1.000E+DO < x < 
-1.000E+DO < y < 

3.000E+OO 
3.000E+OO 

MECHANICAL. APERTURE OF JOINTS 
■ax1mum aoerture • 1.619E-04 
one line t~ickness- 5.000E-06 

'JOB T!TLE CSM 5KB BARTON-6ANOIS JOINT MODEL. N-S L.040IN6 !5.14MPA BOUNDARY STRESS 

MUOEC (Version 

LEGEND 

15/3/1987 1B: 25 
cycle 10000 

1. OENJ 

-1.000E+OO < x < 3.000E+OO 

-1.000E+OO < y < 3.000E+OO 

CONDUCTING APERTURE OF JOINTS 
maximum aoerture - 4.995E-05 
one line thickness• 5.000E-06 

Fig.5.4. N-S Uniaxial 
joint model. 
sets. 

Loading. Stress boundaries with Barton-Bandis 
Mechanical and conducting aperture of joint 



! JOB TITLE : CSM SKB BAATON-SANOIS JOINT MODEL N--S LOADING 5. 1-A BOUNDARY STt:IESS 

MUOEC (VersJon J. Oe?N) 

LEGEND 
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! JOB TITLE : CSM 5KB BA~TON-S4NOIS JOINT MODEL N-5 L040IN6 !5. UMPA BOLJNO,t.~Y STRESS 

NUDEC (Version .1. OEN) 

LEGEND 

1!5/ 3/1987 18:!59 
cycle 10000 

-6.97E-05 <HIST 
-3.55E-04 <HIST 
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JOB TITLE CSM BLOCK BARTON B4NDIS JOINT MODEL e-w LOADING LOAD 5.1~MPA BOUI-IJARY STRESSS 

NUDEC (Version 1. OON) ' 

LEGEND 
cycle 8000 
-1.000E+oO < x < 
-1.oooe+oo < y < 

3.000E+OO 
3.000E+OO 

BLOCK plot 
DISPLACEMENT vecto~s 

max 1mum • 1. 190E-03 1 

! JOB TITLE CSM BLOCK BARTON B4NOIS JOINT MODEL e-w LOADING LOAD 5.1~MPA 80Uf,Cl4RY STRESSS 

NUDEC (Version J. OON) 

LEGEND 
eye~ eooo 
-1.000E+OO < x < 3.000E+oO 
-1.000E+OO < y < 3.000E+OO 

BLOCK Plot 
PRINCIPAL STRESSES 

■ax1mue • 2.627E+01 

Fig.6.1. E-W Uniaxial 
joint model. 
plots. 

-- --
- -- --------- ------

- - -- .......... - .. 

Loading. Stress boundaries with Barton-Bandis 
Displacement vectors and principial stresses 



JOB TITLE : CSl4 BLOCK BARTON BANOIS .JOINT N0DEL f-11 LOAOIN& L0AO !5. 1-A IIOUl()ARY STI!ESSS 

NVOEC (Version J. OON J 

LEGEND 
cycle 8000 
-1.000E-K>O < x < 3.000E•OO 
-1.000E-K>O < y < 3.000E•OO 

BLOCK plot 
BLOCK rotat1ona 
BLOCK rotations , , 

Fig.6.2. E-W Uniaxial Loading. Stress boundaries with Barton-Bandis 
joint model. Block rotation plot. 



JOB TITLE : CSM BLOCK BARTON BAt<lIS JOINT MODEL E-W LOAOINli LOAO !5. 1-4MPA BOUl«>ARY STRESSS 

NUOEC (Versjon f. OON) 

LEGEND 
cycle B000 
-1.000E+oO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

XY--t1tre ■■ contour• 
Contour interval• 5.000E-01 
Nullller at cantaurs/calar• 3 
M1n•-3.500E+OO Max• 2.500E+OO 
(zero contour line 0111ttedl 

6: -5.000E-01 
K: 1.sooe+oo 

JOB TITLE : CSM BLOCK BARTON B»IJIS JOINT M00EI.. E-W LOAOINli LOAO !5. 1-A IICIUN)ARY STRESSS 

NUOEC (Version f. OON} 

LEGEND 
cycle eooo 
-1.000E+oO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

SHEAR DISPLACEMENTS ON JOINTS 
AREAS l'IIT'"i "n DR Sn•G o,; JTS. 

NAX SHEAR OISP • 3.2BBE-04 

Fig.6.3. E-W Uniaxial Loading. Stress boundaries with Barton-Bandis 
joint model. Shear stresses and shear displacement plots. 



Joe TITLE : CS>I BLOCK BARTON BANOIS JOINT >IOOEL E-W LO.WING LOAD !5. 14MPA BO\.Nl.lJ'IY STRESSS 

MUOEC (Vers1on J. OON) 

LEGEND 
cycle 8000 
-1.000E~O < x < 3.000E•OO 
-1.oooe+oo < y < 3.oooE+ao 

MECHANICAL APERTURE OF JOINTS 

maximum aperture - 1.614E-04 

one line thickne••- 5.000E-06 

f JOB TITLE : CS>I BLOCK B4RTON BANOIS JOINT MODEL E-W LO.WING L04D !5. 14MP4 BO\.Nl4RY STRESSS 
I 

I NUOEC (Vers1on J. OON) 

LEGEND 
cycle BODO 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E•OO 

CONDUCTING APERTURE OF JOINTS 

iaaximum aperture - 4.927E-05 
one line thickness- 5.000E-06 

Fig.6.4. E-W Uniaxial 
joint model. 
sets. 

Loading. Stress boundaries with Barton-Bandis 
Mechanical and conducting aperture of joint 



JOB TITLE : CSM BLOCK BARTON BAlollIS JOINT MCIJEL E-tl LOAOINI LDAO Ii. 1-A ll0lHlARY STRESS$ 

MUOEC (VersJon .t. OON) 

,sj 
I 

I 
cycle 

LEGEND 
8000 

-3.6BE-11 <HIST 2> 1.67E-04 
-9.SOE-06 <HIST 3> 2.63E-11: E 

10 ~ 
I 

-1.BOE-0-4 <HIST -4> -1. 16E-11 i-· 5 ~ 
4.BlE-10 <HIST 5> 2.20E-O.: ~ [ 
5.3BE-11 <HIST 6> 1.16E-04 ~ . .., ,. 

Ix 10E-S) 

/'-------------© 
I 

------------0 
r---------------© 

~ 0 7.-~--;:::======================-03)1 a I 

.. i 
I -~ 
I 

'---------------- © 

0.2 0.-4 0.6 0.8 1.0 1.2 

Tilllesteps x Cycles Ix 10£-41 

J08 TITLE : CSM 111..DCI< BARTON BAK>IS JOINT MOOE!.. E-tl LOAOINI LOAD 5. 1-A B0lN)AAY STRESSS 

I Ix 10£-51 
I 

MUOEC (VersJon .1. OON) I 10 • 
I 

I 
(!) 

s -

® 
0 

\ ® 
LEGEND \ 

cycle 8000 e·S - \ -1.6.otE-0-4 <HIST 7> -1. 0-4E-10 ...: 
C: 

-3.-43E-O<I <HIST B> -3.-41E-10 .., 
I 3.5-4:-11 <HIST 9> 7.90E-05 ~-10-

-1.161:-06 <HIST 10> 1.IISE-05 ,. 
-2.73E-05 <HIST 11> 1.02E-11 ~ "' i5 

-15- (D 

-20-

-25-

-30-

L-
© 

-35 
0.2 0 .... 0.6 0.8 1.0 1.2 

Timesteps " Cycles Ix 10E-41 

Fig.6.5. E-W Uniaxial Loading. 
joint model. History 
(x-direction). 

Stress boundaries with Barton-Bandis 
plots of ten instrument points 

( 



JOB TITLE : CSM BLOCK BARTON BAl<JIS JOINT MODEL E-W LOAOIM& LOAD 5. 1-A IIOU-l)ARY STilESSS 

Ix 10E-SJ 
MUOEC (Version .f. OON) 25~ 

LEGEND 
cycle 8000 

-1. 15E-11 <HIST 12> 
--4.24E-10 <HIST 13> 
-1.66E-11 <HIST 14> 

l.7.SE-11 <HIST 1!5> 
-1.26E-04 <HIST 16> 

6.99E-05 
1.36E-O.ol E 

15 ~ 
i 

10 

2.24E-04 c 
4.47E-05 11 

l.24E-07 , ~ 5 -,.., ' 

;-a ., 
.i:5 

I --------------@ 

! 
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@ 

----------------@ 

I 0--~----------------------------1 

-1Ch 
I 

---------------@ 
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0.2 0.4 0,6 O.B 1.'2 

Tillluteps x Cycles Ix 10E-4l 

JOB TITLE : CSM BLOCK BARTON BAl<JIS JOINT NOOEL E-W LOAOIM& LOAO 5. 1-A BOlt,llARY STRESSS 

/tfUOEC (Version .f. OON) 

I Ix 10E-SJ 
20~ 

LEGEND 
cycle BOOO 

-1.2.olE-10 <HIST 17> 5.42E-05 

' 15.: 

i 
,oJ 

' 

-2.4.olE-09 <HIST 18> 1.57E-04 
-2. 40E-05 <HIST 19> -E. 52E-11 , E:_ S 
-1.36E-O.ol <HIST 20> 7. 7.olE-09 : c ., 

E ., 

------------ @ 

-------@ 

~0--,@:;;----------------------------~ 

Fig.6.6. 

., 
,o 
I 

-10-

E-W Uniaxial Loading. 
joint model. History 
(y-direction). 

-----------------® 

-----------@ 
0.2 0.4 0.6 0.8 1.0 

Timesteps x Cycles 

Stress boundaries with Barton-Bandis 
plots of nine instrumented points 

1.2 

Ix 10E-4J 



JOB TITI.E: CSN 8LOCK BARTON BANDIS JOINT MOOEL'--'-8_1.U-'--"L.OAD=--;c_cSXXc..-_-15=-.<C-'-"SY-Y-!l-'-.'-<C'--------------------t 

NUOEC (Version .f. OEN) 

LEGEND 

<C/ <C/1988 21: !52 
cycle 8000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

BLOCK plot 
DISPLACEMENT vecto~• 

..,x;-.,■ • l.018E-03 

f JOB TITLE ; CSM a..00< 8.UITON a,.;,IS -,_;;;-~ ai~ LOAD SXX◄.~ SYY-!J ... r-· --- . -- - . -------- -- -- -- - -r· -- --- -- ----------
1 NUOEC (Version J. OEN) I 

LEGEND 

29/10/19B7 10: 55 
c,cl• 8000 
-1.000E•OO < x < 3.000E•OO 
-!.OOOE•OO < y < 3.000E•OO 

BLOCK plot 
PRINCIPAL STRESSES 

max1mYm • 1.657E~Ot 

i 
I 
I 

- --- -- - -- j --------------

Fig. 7. 1 Biaxial loading. Fluid pressure boundaries with 

Barton Bandis joint model. Displacement vectors and 

principal stresses plot. 

_j 



r-- . - . ·-- -· ------· 
JOB TITI..! : CSN IL.OCK !IAATCH IANDIS JOINT N00l!L IIAX UWI SXX◄. -4 SYY◄ .-4 - - - . - - -.. -··-· ·-· ·-·--r 

L.. 

MUOEC (Version f. OEN) I 

LEGEND 

29/10/1987 11: 32 
cycle 8000 
-1.000E+00 < x < 3.000E+00 
-1.000E+00 < y < 3.000E+00 

BLOCK plat 
BLOCK rotat 10ns 

V, 0fpJpfpfpTp1pf 

I 

Fig. 7.2 Biaxial loading. Fluid pressure boundaries with 

Barton Bandis joint model. Block rotation plot. 

I 
I 
I 
I 

J 



M.OEC (V11rsion J. 02N/ 

LEGEND 

1/ 1/ 19110 0: <46 
cycle aooo 
-3.200E-01 < K < 2.320E+00 
-3.200E-01 < y < 2.320E+00 

BLOCK plot 
XY-etre■■ contour• 
contour interval• 1.000E+oo 
Nullll•r of contoure/color• " 
M1n--S.OOOE+00 Max• 1.000E+01 
(zero contour- l1ne 0■1ttedl 

F: -3.000E+oo 
..t 1.oooe+oo 

L.JOII TITLE : CSM BLOCK BARTON BAKIII JOINT M00EL IIIJt LOAD SXX-11.4 SYY-11 ... 
; 
I 
I 

NUOEC (Version 1. OEN/ 

LEGEND 

29/10/1987 11: 58 
cycle 8000 
-1.000E>OO < x < 3.000E•OO 
-1.000E+OO < y < 3.000E+OO 

SHEAR DIS?LACEMENTS ON JOINTS 
AREAS WITH Fn OR sn-o ON JTS. 
~AX SHEAR OIS? • 1. 442E-04 l 

I 

l 

Fig. 7.3 Biaxial loading. Fluid pressure boundaries with 

Barton Bandis joint model. Shear stresses and shear 

displacement plots. 



!~~ -~-ITI..f : CSM BLOCK _BJ.ATON 84NDI!I JOINT 1o1001!L l!IAX LOAD !IXX-!5.4 !IYY-!5.4 

' 

NUDEC (Version 1. 02NJ 

LEGEND 

29/10/1987 12: 11 
cycle 8000 
-!.00OE+00 < x < 3.000f+00 
-1.000E+00 < y < 3.000E+00 

MECHANICAL APERTURE OF JOINTS 

Maxlmua 1perture • 1.~19E-04 

one line tn1ckneaI• 5.000E-06 

------------i 
!Joa _TI~~ : ~514 BLOCK. BARTON BANC IS .JOINT MODEL BIA:_X~L:::0'.:A:!'.0...:S::!XX=•.=5.:._-4::_::S:..:Y..:.Y_-5=-:.::. 4:___ _______ _c__ ________ ---i 

MUOEC (Version 1. 02N) 

LEGEND 

29/10/1987 12: 29 

cycle 8000 
-1.000E+00 < x < 3.000E+00 
-1.000E+00 < y < 3.000E+00 I 

CONDUCTING APERTURE OF JOINTS 1 

max 1mum acerture • 3. 477E-0~ ; 

one l lne tn rcknes ■ • 5. 000E-06 ' 

: 
I 
I _ 

______ _J 

Fig. 1.4 Biaxial loading. Fluid pressure boundaries with 

Barton Bandis joint model. Mechanical and conducting 

aperture of joint sets. 



~-T!TLE ~~ ~~ Ill.ATON ~Atl>I~_~INT NIIDEl. IIAJC LOAD IXX-8."' IYY-9.(1 

(•10u-5) 
NUJcC /Version 1. O,?N} 

LEGEND 

29/10/1987 13: 1-4 
cycle 8000 

-l.70E-11 <HIST 2> 6.7BE-0!5 
-9.29E-07 <IIIST 3> 3. 75E-05 
-3.26E-05 <HIST 4> -2.19E-15 
3.36E-12 <HIST 5> 1.23E-04 
◄ .17E-12 <HIST 6> 5.3BE-0!5 

10 

8 

6 

r--------------(5) 

0 !I 1.0 l.!I 2.0 2.!I 3.0 
TIMESTEPS x CYCLES ::: ~:.:: ·:~:~r £',:;:: "~ ~ =~ . m~.• 

------·-------, 

I 4 ~-----------

LEGEND 

I 
I E 

29/10/1987 13: 32 
I ►-~ 
~( 

·cycle 8000 

-1. 17E-O!I <HIST 
-1. 12E-O◄ <HIST 

2.33E-13 <HIST 
-9.4BE-07 <HIST 
-1. 74E-0!I <HIST 

Fig. 7. 5 

I :i: 

7> -7. 24E-l1 I § 
B> 6.06E-13 I a.. 4 
9> 4.31E-05 ~ 

10> B.90E-06 I ,,. -,.,,,-,. I I 

8 

---------------------<B 
0.5 1.0 1.!5 2.0 2.!I 3.0 

TIMESTEPS x CYCLES. 

----- -- -· -- -·- ··- -----~ 

Biaxial loading. Fluid pressure boundaries with 

Barton Bandis joint model. History plots of ten 

instrumented points (X-Direction). 



-----------------------------------, 
.JOI_TJTLE_: CSM ILOCI< BARTON IIW«JII .JOINT NDDIL IIAX LIMO sxx-e.4 IYY-e.4 r- - -- (~ ,u~-:-s1 

• ----------------! 

Nl.lOEC (Version f. Ot?NI I 6 

I 
---------------------'16 

LEGEND 

29/10/1987 13:52 
cycle 8000 

-t.0BE-05 <HIST 12> l. ◄6E-05 

-S.45E-05 <HIST 13> 3.55E-l2 
-5. IIE-05 <HIST I ◄> -I.B?E-12 
-◄. !6E-13 <HIST 15~ 2.02E 05 
-4.5BE-11 <HIST 16> 5.83E-05 

E 
,_· 
z 
LU 

4 

2 

~o-k"'===-f------------------------------1 
u 
<( _, 
0. 
V, 

B 
2 

4 

6 

r-------------------'14 

~----------------~1 

1.0 1.5 2.0 2.5 3.0 

TIMES TEPS " CYrLES 
·---- ------------------------------~ 

~ _!~TLE : _ CSM _ BLOCK BARTON BAND IS JO~T MODEL BUX LOAD SXX-!!. ◄ 9YY•5. ◄ 

NUOEC (Version f. O,?N} 
(x10xx-5) 

10 

------------------'2 

LEGEND 

29/10/1987 I ◄: I a4 
cycle 8000 ,_· 

z 
w 

-1. 89E-05 <HIST 17> 1. B3E-07 l: 
LU 

-2.27E-05 <HIST IB> l.47E-OB ~2 -4.22E-13 <HIST 19> l.66E-05 _, 19 -2.63E-13 <HIST 20> 9, ◄ IE-05 
0.. 
V, 

Fig. 7.6 

B 

0.5 1.0 l.!5 2.0 2.5 3.0 

TIMES TEPS x CYCLES 

Biaxial loading. Fluid pressure boundaries with 

Barton Bandis joint model. History plots of instru

mented points (Y-Direction) 



J08 TITU! : _CSM kOCK 8AIHOH 8AICJII JOINT MIID!L ~ LIWI IXX-fl IYY-11. l-'~----

MUDEC (Version 1. O.?N) 

LEGEND 

1/ 1/1980 O: !59 
cych B000 
-1. OOOE+OO < lC < 
-1. OOOE+OO < y < 

3.000E+OO 
3.000E+OO 

BLOCK plot 
DISPLACEMENT sectore 

eaxlaue • 9.23!!E-O~ 

JOB TITLE CSM ~()C~~°'!!!ON_~ANDIS JOINT MODEL N-1 LOAO SXX-fl IYY-!!I. U 

NUDEC (Version 1. O.?N) 

LEGEND 

1/ 1/ 19B0 O: 25 
cycle eooo 
-1. OOOE+OO < lC < 
-1.000E+OO < y < 

BLOCK plot 
PRINCIPAL STRESSES 

111ax1111u11 • 

3.000E+OO 
3.000E+OO 

2.269E+01 

Fig. 8. 1 N-$ loading. Fluid pressure boundaries with Barton 

Bandis joint model. Displacement vectors and prin

cipal stresses plot. 



.J0II TITLE : CSM BLOCK BAATOH a»DIS .JOINT NaJEL M--1 UJAO SXX◄ SYY◄. l .. 

NUOEC (Version f. OZNJ 

LEGEND 

1/ 1/1980 1: 13 
cycle 8000 
-1.000E•00 < x < 3.000E•00 
-1.000E•00 < y < 3.000E•00 

BLOCK plot 
BLOCK ratatlans 

Y. 0ID...J<PIDIPTDIP# 

------------ -------------·-·------ ______ __, 

Fig. 8.2 N-S loading. Fluid pressure boundaries with Barton 

Bandis joint model. Block rotation plot. 



Nt/O£'C rn,rsion J.02N/ 

LEGEND 

1/ 1/ 1980 0: 26 
cycle 8000 
-3.200E--<11 < X < 2.320E+oo 
-3.200E--<11 < y < 2.320E+OO 

IILOCK plot 
XY-stre■• contou,... 
contour interval- 1.000E+oo 
Nullber of contoure/color- 3 
M1n-5.000E+OO M■x- 7.000E+Oo 
(zero contour line o■1tted) 

1:: -1. oooe+oo 
H: 2.000E+OO 

J08 TITLE : CSM 8LQCI( &ARTON BANOIS JOINT MOOE\. H-S LOAD SXX-R SYY-5. t~ 

MUDEC (Version J. OEN) 

LEGEND 

1/ 1/1980 1: 29 
cycle 8000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

SHEAR DISPLACEMENTS ON JOINTS 
AAcAS WITH Fn OR Sn•O ON JTS. 
MAX SHEAR OISP • 3.057E-O~ 

Fig. 8.3 N-S loading. Fluid pressure boundaries with Barton 

Bandis joint model. Shear stresses and shear displa

cement plots. 

/. 



~ _!I~~..:_~ ~CJO< _!!~!__~-~~!__-~ N--S 

MUOEC (Version f. 02N) / 

LEGEND 

1/ 1/1980 1: 40 
cycle 8000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

MECHANICAL APERTURE OF JOINTS 
•aximum aperture • 1.525E-04 
one line th1cknes■• 5.000E-06 

I 

~ - - ·r·---------

! MUOEC (Version 

LEGEND 

1/ 1/1980 2: 0 
cycle 8000 

f. 02NJ 

-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

CONDUCTING APERTURE OF JOINTS 
maximum aperture • 4.965E-05 
one line th1CKne••· 5.000E-06 

' 
! 
i 

! 

LOAD SXX-fl SYY-!!I. U ----- --- --·· - - - -------1 

Fig. 8.4 N-S loading. Fluid pressure boundaries with Barton 

Bandis joint model. 

ture of joint sets. 

Mechanical and conducting aper-
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~ ~i~-;-~~-;,~ ;~ON-,~~ JO~.;:~ 1H LOAD SXX-1'1 SYY-e. U 

!•10o-Sl 
NUOEC /Version J. Ot?NJ 

LEGEND 

1/ 1/1980 2: B 
cycle 8000 

-7. 82E-O!I <HIST 2> - 3. 70E-07 
-2.59E-06 <HIST 3> 5.0?E-05 

8 

6 

4 

e 
~-2 
UJ 
::i:: 
UJ 

• 

-6.59E-09 <HIST 4> 1.16E-04 
-7.4!E-05 <HIST 5> -l.41E-11 sot-------~~::::::::======?=:::-=-------------! 
-3.60E-05 <HIST 6> -5.52E-07 

c.. 
Vl 
a 

4 

6 

0.2 1 .6 

TIMESTEPS x CYCLES 

- ----------- --- - ------ - - ---- --------------·--------~ 
JOI TITLE: CSM BLOCK BARTON BAt-llIS JOINT MDOEL N-1 LOAD BXX-R BYY-tl.U 

NUDEC (Version J. Ot?N) 

LEGEND 

1/ 1/1980 2: 21 
cycl■ 8000 

3.74E-15 <HIST 7> 1.SOE-04 E 
!1.93E-16 <HIST 8> 2.05E-04 ~- 8 

-2. 59E-05 <HIST 9> -4. 59E-07 w 
-5.95E-06 <HIST 10> - 1.26E-07 i!:i 
-1. 74E-12 <HIST 11> I. l4E-05 ~ 

Fig. 8.5 

...J c.. 
6 4 

N-S loading. 

(x10u-S) 

0.2 0.4 0.11 0.1 1.0 1. 2 1.4 1.1 

TIHESTEPS x CYCLES 

Fluid pressure boundaries with Barton 

Bandis joint model. History plots of ten instru

mented points (X-Direction). 



f~ -~~~ : ~~-~~ IIART~ ll4NJII -:;;IHT N0D!L ,.._, LOAD IXX~ IYY◄. U 

(x10xx-5) 
.VUDEC (Version 1. OEN) 

I ,-··-- 10 

.,....---116 

LEGEND 

1/ 1/1980 2: 31 
cycle 8000 

..... 91E··O!I <HIST 12> -2. 15E-ll 
-i.63E-04 <HIST 13> -6.02E-l4 
-2.37E-04 <HIST 14> -6.52E-20I 
-!.53E-05 <HIST 15> -2.21E-06 
-l.82E-l3 <HIST 16> l.23E-04 

5 
E , _ _. 
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~ ot----"""'lll~;;'.=--====----=================:::11~~ 
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...J 
a. 

•c.11 
a 5 

15 ---113 

2 

--,14 
0.2 0.4 0.6 0.11 1.0 1.2 1.4 1.6 

·----------------------'TIMESTEPS X (YCl[S ________ _ 

NUOEC (Version f. OEN) 

LEGEND 

t/ 1/1980 2: 47 
cycle 8000 

-7.0SE-05 <HIST 17> -2.B4E-l5 
-l.46E-04 <HIST 18> -9.B9E-l6 
-l.56E-12 <HIST 19> 3.82E-05 
-8. l2E-15 <tt!ST 20> I. 7~E ·04 

15 

E 5 
,_
z ----~19 
<.LI 
::i: 
w ~o~----...:::;._,._~----------------------1 
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a. 
c.11 
a 
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0. 2 0.4 
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--~1 --.--------.- ----r------- - r----·-r------,- · 
O.B 1.0 1.2 1.4 1.6 0.6 

TIMES TEPS x CYCLES 

Fig. 8.6 N-S loading. Fluid pressure boundaries with Barton 

Bandis joint model. History plots of instrumented 

points (Y-Direction). 



JOB TITLE : C94 BLOCK BARTON B.U-OIS JOINT MODEL f--W L040 SXX-e. 1• SYY-R 

MUDEC (Version 1. OON) 

LEGEND 
cycle 12000 
-1.000E+OO < x < 
-1.000E+OO < y < 

3.000E+OO 
3.000E+OO 

BLOCK plat 
DISPLACEMENT vecta~• 

JD8X lmum • 1. 075E-03 

JOB TITLE : CSM BLOCK BARTON BA>IJIS JOINT MOOEL E--W LOAD SXX-9. U SYY-R 

NUDEC (Version .f. OON) 

LEGEND 
eye le 12000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

BLOCK plat 
PRINCIPAL STRESSES 

maximum• 2.282E+01 

Fig. 9.1 E-W Uniaxial loading.Fluid pressure boundaries with 

Barton Bandis joint model.Displacement vectors and 

principal stresses plots. 



JOI TITLE : CSM BLOCK BARTON BAKIIS JOINT N0D!L E◄ LDAO SXX-11. 1• SYY-fl 

HUDEC (Version J. OON J 

LEGEND 
eye le 12000 
-1.000E+OO < x < 3.000E+OO 
-1.000E+OO < y < 3.000E+OO 

BLOCK plat 
BLOCK ratatiana 
BLOCK ratationa , 

Fig. 9.2 E-W Uniaxial loading.Fluid pressure boundaries with 

Barton - Bandis joint model. Block rotation plot. 



HUDEC (Vers1on .1. OON) 

eye le 12000 
0.000E+00 < x < 2.000E+00 
0.000E+00 < y < 2.000E+00 

XV-stress contours 
Co~tour 1nterval- 5 OOOE-01 
Number o~ contours/cclor• 2 
M1n•-3.500E+OO Max• 2.000E~OO 
(zero contour l1ne omitceol 
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