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ABSTRACT

In the determination of crustal response and farfield stability
of a vault for radioactive waste, the rock mass may be modelled
either as a discontinuous or as a continuous medium. In this
report, we emphazise the "continuum" approach, where disconti-
nuities like joints and faults are smeared out in the rock

mass.

The purpose of this report is to validate the non-linear finite
element code HNFEMP against the Colorado School of Mines (CSM)
block test data at Edgar Mine, Idaho Springs, Colorado. Results
from mapping field tests and successive analyseis were used to
define three different material models with different normal
and shear stiffnesses. Altogether, 18 models of a block con-
sisting of three sets of joints under uni-axial and bi-axial
loading conditions were considered. The results from the numer-
ical modelling were subsequently compared with the measured
displacements, strains and stresses obtained from five field
tests on the CSM block.

There is fair agreement in the orientations and magnitudes of
the displacement vectors between the field test conducted by
Richardson (1986), and the HNFEMP-modelling. Good quantitative
agreement between the experimental and numerical results were
obtained in the modulus of deformation from four cormer mea-
suring stations in the block. Using the stiffness values sug-
gested by the Terra Tek research group, the overall block de-
formation modulus has been calculated and the numerical results
are in close agreement with the data obtained from the block
test. Monitoring of the principal horizontal stress by the USBM
borehole deformation gage gave the best agreement with the
applied loading and the numerical results.

Field test results have shown that the CSM block is larger than
the critical size needed for an eguivalent continuum approach.
Modelling with the smeared out method and HNFEMP is therefore
valid. The fair to good agreement between the field data and
the modelling results at low stresses means that the model with
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three intersecting joints and a linear joint stiffnesses is a
good representation of the CSM block.
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SUMMARY

The problem of long term stability and geodynamic processes of
the Baltic Shield has been addressed in the research plan for
the coming six years, 1987-1992, of the Swedish Nuclear Fuel
and Waste Management Company. The aims of the research activi-
ties are to quantify and delimit effects of earthquakes, gla-
ciation, and glacial rebound. This analysis must rely heavily

on numerical models.

The process of validation seeks to determine whether a proposed
model will accurately simulate the phencmenon for which it has
been designed. In general, such confidence can best be acquired
by designing experiments to test the models and their basic
assumptions. In rock mechanics, the validation and calibration
of numerical models entered the scene at a late stage, and the
opposite procedure must be applied, meaning that the field
experiments (block tests) are first designed conducted and
evaluated. The results obtained fram these experiments are then
used to test results from subsequent numerical models.

A key issue in the numerical modelling of rock masses is how to
predict the effects of joints, faults, shear zones, etc. on de-
formability and stability. The crustal response and far field
stability of a vault for radioactive waste, can in principle be
considered to either in a discontinuous or continuous rock
mass. In this report we emphasize on the continuum approach,
where the discontinuities are smeared out in the rock mass. A
parallel study is conducted by the Norwegian Geotechnical
Institute using a discrete approach (Barton and Chryssanthakis,
1988).

The purpose of this study is to validate the non-linear finite
element code HNFEMP against the Colorado School of Mines (CSM)
block test at the Edgar Mine, Idaho Springs, Colorado, USA. The
CSM block test was chosen because of extensive studies has been
conducted and it is possibile to apply a discontinuous and a
continuous modelling techniques to one and the same problem.



In Chapter 2 of this report, geological and mechanical data on
the CSM block is presented. From extensive laboratory tests on
the rocks, the elastic modulus of the intact rocks is assumed
to be isotropic and is taken to be E = 60 GPa and v = 0.25.
Three tests have been performed on the mechanical properties of
joints in the block. Two of these are based on results from
tests on the block under uni-axial and bi-axial loading condi-
tions. The stiffness data are presented in Table 2-1. The
method by which they were derived are presented in Chapter 2.

By using a fixed reference frame, a subsurface instrumentation
system and an automated data acquisition system, Richardson
(1986) developed a new method to measure displacements in a
block test. From fixed displacement instrumentation stations in
the block displacements, strains and deformability were deter-
mined. These data, together with overall displacement measure-
ments made by the research team of Terra Tek and borehole di-
latometer tests and stress measurements, form the basis for
camparison of the results between the experiments and the mod-

elling.

A brief description of the joint model and the numerical code
HNFEMP is presented in Chapter 4. The continuum model of the
CSM block containing the three intersecting sets of joints is
presented in Chapter 5. Six different model materials have been
tested under three different loading conditions, making a total
of 18 models. Results are presented as a set of graphical plots
of stresses and displacements (Figures 5-3, 5-4) and tabulated
values of maximm stress and displacement at specific instru-
mentation locations in the block. A sensitivity analysis of
displacement as a function of stiffness has been canducted.
Changes in shear stiffness at constant normal stiffness is
found to have a minor effect on the displacement , while
changes in normal stiffness (and under bi-axial conditions in
particular) affect the displacement data significantly.

Results fram different field tests have been used to demon-
strate the applicability of the smeared out approach to rock
mass modelling. In principle, there is a fair agreement in the
displacement vector orientations and magnitudes obtained from
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the field tests and the HNFEMP- modelling. Modelling results
always give smaller displacement magnitudes than those obtained
fraom the field data. An equivalent Youngs modulus of 12.4 GPa
for the CSM block was determined from calculated overall
strains between four block corners and fram discontinous de-
formation calculated by the DDA. This is found to be in close
agreement with the finite element modelling result of 12.0 GPa.

Two Stress measurement techniques were applied in the CSM block
tests. The direction of the principal horizontal stress for the
three loading situations was in fair agreement with the mod-
elling results. The magnitude of the average maximum horizontal
stress from the monitoring with the USBM borehole deformation
gage agreed best with the results of the modelling and the
applied loading from the flatjacks.

Field test results have shown that the CSM block is larger than
the critical size needed for an eguivalent continuum approach
(cf. Figure 6-2). Modelling with the smeared out approach using
HNFEMP is therefore valid. The fair to good agreement between
the field data and the modelling results at low stress levels
means that the model with three intersectiong sets of joints
and linear joint stiffnesses is a good representation of the
CSM block.



The Swedish Nuclear Fuel and Waste Management Company is stud-
ying the concept of nuclear fuel waste disposal in a vault deep
within granitic rock. An extensive research program is now
being undertaken as a continuation of the work presented in the
KBS I, KBS II, and KBS III reports (Swedish Nuclear Fuel and
Waste Management Co., 1986). An essential part of the Earth
science program is devoted to the stability of large rock
masses, i.e. neotectonic structures, glacial rebound, seis-
micity. A special program is set up for modelling large scale
rock masses and the farfield stability of vaults for radioac-
tive waste disposal.

In modelling crustal mechanical processes and the far field
stability of vaults, we are faced with new problems. Geametry,
structures, and the geomechanical parameters of large rock
masses and the boundary conditions which might be applied to
the models must be known. Here there are a limited number of
studies performed, in which the behaviour of very large jointed
rock masses are simulated. One example is the modelling of com-
paction and subsidence of the Ekofisk oil and gas field in the
North Sea (Barton et al., 1986). Generic, two-dimensional
models are now proposed for vertical and planar sections of a
traverse having a direction NW-SE in Northern Fennoscandia
(Stephansson, 1987). The influence of glaciation, deglaciation
and glacial rebound on hydrology and stability will be studied
in the modelling work.

However, a minimum requirement modelling of any crustal mechan-
ical problems is that mathematical models for simulation of
stresses and displacements of rock under various coupled and
uncoupled processes are verified and validated must be done.
The Swedish Nuclear Fuel and Waste Management Co. is now spon-
soring validation of two numerical approaches against a well
controlled in-situ block test. A group at the Norwegian
Geotechnical Institute is validating the discrete element
codes, WDEC-linear and pDEC with the Barton-Bandis joint model,



against the CSM block test (Barton et al., 1988), and the group
at Luled University of Technology is validating the non-linear
finite element code HNFEMP against the same block.

This report first describes briefly the CSM block and the rock
mechanics and hydrology studies and major results obtained
since the tests started 1979. Secondly it describes the
non-linear model for the mechanical behaviour of continuous
rock joints and the camputer code HNFEMP, and the tests per-
formed to check the code results against published analytical
and experimental data. Thirdly, the results of a major code
validation exercise involving the prediction of the stress,
strain and displacement of the CSM block under uni-axial and
bi-axial loading are presented. Finally, results fram the mod-
elling of the block are compared with data from five different
field tests reported in the literature. Agreement in the
results obtained is also discussed here.



2.1

BRIEF DESCRIPTION OF MECHANICAL DATA FROM THE CSM BLOX

A series of mechanical and hydrological experiments is being
conducted with an in-situ block of fractured gneissic rocks at
the Colorado School of Mines (CSM) Experimental Mine at Idaho
Springs, Colorado. In recent years the project has included
studies of applied stresses versus deformation, stress and
fracture conductivity, together with studies of fracture defor-
mation versus fracture conductivity. The block and the special-
ly-excavated drift (the block location) have been the sites for
several rock mechanics and hydrology studies, see for example
the theses of El Rabaa (1981), and the papers by Montazer et
al. (1982), Jakubick (1983), Brown et al. (1985), Richardson et
al. (1985), Sour et al. (1987).

General description of the block

The test block is a two-meter cube of Precambrian gneiss that
was excavated by Terra Tek, Inc. in 1979. They subjected the
block to bi-axial and uni-axial loading at ambient and elevated
temperatures, using flatjacks and a line of borehole heaters
for measuring hydro-thermal-mechanical properties of the rock
mass. Joint permeability, static modulus, dynamic modulus,
joint normal and shear stiffness, coefficient of thermal expan-
sion, thermal conductivity and diffusivity were investigated
under various conditions of stress (0 - 6.9 MPa, uni-axial and
bi-axial) and temperature (12 - 74° C mean block temperature).
24 boreholes - 17 of EX size (3.8 cm diameter) and 7 of NX

size (7.6 cm diameter) - were drilled in the block, and another
10 EX holes were drilled outside the block. A full description
of the test series are presented by Hardin et al. (1981). A
summary of the most important results of the rock mechanical
characterization and tests are presented by Barton et al.
(1988) in their validation of puDEC against the CSM block. After
Terra Tek campleted their program, CSM began a second series of
experiments with the block, with W. Hustrulid as principal

investigator.



2.2

The block is defined by line-drilled slots which contain hy-
draulic flatjacks so that loading can be controlled indepen-
dently in two directions. Due to leakage, the original flat-
flatjacks installed by Terra Tek had to be replaced, Richardson
(1986), and the new slots were wider and permitted geological
mapping of the outside of the four slots. The top of the block
is a free surface, while the bottom joins continuously with the

surrounding rock mass.

Geology of the block

The geology of the test block has been mapped several times.
Mapping efforts have included detailed surface mapping, bore-
hole logging with TV equipment and detailed photography and
mapping of flatjack slots (Richardson, 1986). Two rock types
appear to daominate in the block; a banded quartz-biotite gneiss
and a light-coloured pegmatite, interfingered throughout the
test block and forming a migmatite rock type.

A very detailed geological characterization of the entire test
drift and the vicinity of the CSM block was conducted by
Rosasco (1985) and of the block surface by Hardin et al.
(1981), and Sour et al. (1987a, b). The results of four mapping
efforts of the surface geology of the block are shown in Figure
2-1. According to Richardson (1986), the difference in inter-
pretation by different geologists can be attributed to varia-
tions in measurement techniques, the level of interpretation
possible in characterizing the geology, and also the effort
denoted to the mapping. Fram all the geological information
available, Richardson (op. cit) applied a kriging algorithm for
interpolating contours between the two dominant rock types and
the results confirmed the camplex geology of the block.

In this study, where we use a "smeared out" approach in charac-
terizing the jointed block, the mapping of the joint sets in
the vicinity of the block is of great importance. The dominant
strike and dip of foliation joints in the block are 45° ang 88°
respectively. Most of these joints appear to be continuous



over 1-2 m, and their average spacing is 60 cm, Hardin (1981).
The major set of mineralized joints crossing the block diago-
nally have an orientation of 1060/89O an average spacing of 75
of and are continucus over distances of at least 2-3 meters.
The third set of joints is oriented at 134°/85° with an average
spacing of about 1 meter, and continuity over distances of
0.5-1.5 m. A schematic block diagram of the average joint
structure in the block is shown in Figure 2-2. This model will
be applied to the non-linear finite element modelling by means
of the HNFEMP.

(b)

Rosasco, 19685 A Hardin et al., 1981

(c) (d)

Sour, 1985 Sour, 1986
Figure 2-1 Surface geology of the CSM block after Richardson (1986).
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Figure 2-2 Schematic block diagram showing the relationship of the
average joint structure to the flatjacks, the line of borehole
heaters and the joint permeability test. After Hardin et al.

(1981).
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Mechanical properties of intact rock

All hard crystalline rocks are jointed over same scale. It is
the joints, rather than the rock matrix material that determine
the strength and the deformability of the rock mass at engi-
neering levels of loading. In modelling the CSM test block by
HNFEMP, an equivalent material is defined in which the proper-
ties of the joint system is smeared out over a unit volume of
the rock mass. This requires knowledge of the mechanical prop-
erties of the intact rock matrix material and the joints.

Extensive laboratory tests on intact rocks from the experimen-
tal mine have been conducted. From the test results reported by
four different researchers on rocks from the so-called CSM/OCRD
room, Richardson (1986) made a compilation. He recommended the
following values for the elastic constants of the intact rock

matrix:

ER

58.6 GPa for all rock types, all directions

= 0.25

<

55.2 GPa for pegmatite, no anisotropy

o Ty

62.1 GPa for gneiss, average

o)

51.7 GPa for gneiss perpendicular to foliation

79.3 GPa for gneiss parallel with foliation

o

As demonstrated by Richardson (op. cit.) for the CSM block and
also a number of studies on elastic modelling of rock mass
structures, minor variations in elastic constants have little
effect on the final results for stresses and displacements in
the structure. For the HNFEMP modelling of the block the fol-
lowing values for the (isotropic) elastic constants of the

intact rock were used

Er

A"

60 GPa

0.25
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The Young's modulus is about 2 percent larger than the value
for all rock types and all directions as is suggested by
Richardson (1986). The Poisson's ratio is identical with
Richardson's value.

Joint stiffnesses according to Barton & Bandis

Careful recording of joint roughness profiles and measurement
of the joint wall strengths using a Schmidt hammer on available
joint surfaces in the vicinity of the block, together with tilt
tests on jointed drill cores, enabled the two parameters, JRC
(Joint Roughness Coefficient) and JCR (Joint Wall Compression
Strength) to be estimated Hardin et al. (1981). These two para-
meters for the Barton system of joint characterization are
Kknown to control the normal closure of joints. They can be used
for prediction of the dilation path during shearing, the joint
aperture and the permeability. Based on the joint parameters
recorded in the field (Hardin et al., 1981) and the known
hydro-mechanical coupled joint behaviour, as described by
Barton et al. (1985), the input data assumed to best represent
the joint sets in the block are presented as stress-deformation
conductivity diagrams. These illustrate the non-linear behav-
iour of the rock investigated (Barton et al., 1988, Tables
1-4). The calculated average natural values for the foliation
joint set and the diagonal joint set were as follows:

JRC_ = 8.2
n
JCS = 62.2 MPa
n
_ o
e, = 26.5

The cohesion and the friction angle at a representative
normal stress level was calculated from to the equations

T = cé tan 3' (2.1)

%' = JRC log (JCS/OA) + §r (2.2)



where <t = peak shear strength
oA = effective normal stress
&' = peak friction angle at representative normal stress
@r = residual friction angle

For a representative normal stress level of 3.5 MPa, the

cohesion and friction angle is found to be

0.4 MPa

Q
1}

s = 32°

Tilt tests on jointed drill core run perpendicular to the
foliation gave a mean value for the friction angle of mb = 32.5°.
Parallel to the foliation, it was found that @_ = 30.5°

(Hardin et al., 1981).

The peak dilation angle, dn(peak), was calculated from the
empirical formula (Barton et al., 1988)

L e Jcs
dn(peak) =5 JRC * log (o,n)
For the normal stress interval 0.5-3.5 MPa, the calculated
dn(peak) = 6.70, and this value is also obtained from the
stress-deformation diagrams presented by Barton et al. (1988).

The parameters associated with the joint-shear and normal stif-
fness properties will be described next. Figure 2-3A shows
shear stress versus shear displacement for the diagonal joint
set in the block camputed fram the joint input parameters and
at three normal stresses, o, = 0.5, 3.5 and 7.0 MPa. The shape
of the curves are defined by Barton. These emphasize first the
mobilization of friction in the joint, is followed by the mo-
bilization of the roughness of the joint. The peak quantity
shown in Figure 2-3B is the normalized maximum shear strength
for the given applied normal stress. Shear stiffness values
were derived fram tangent gradients of the linear portion of
the curves. The average shear stiffness of the foliation and
diagonal joint sets for the representative normal stress is
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found to be ng = 2.7 MPa/mm. The degree of joint closure
depends primarily upon the initial mechanical aperture (EO) and
secondarily upon the roughness (JRCO) and wall strength of the
(JCSO). Unloading is inelastic. A large hysteresis look and a
permanent set is obtained. The constitutive equations for load-
ing and unloading, and the empirical constitutive relationship
for maximum closure and initial joint stiffness is described in
a report by Barton et al. (1988). The cyclic joint behaviour
for the diagonal joint set is shown in Figure 2-3B. The non-
linear behaviocur of the joint closure is apparent and the
initial stiffness increases with the number of cycles of load-
ing. Average normal joint stiffness of the foliation and di-
agonal joint set for representative normal stresses in the
range 0-7 MPa is estimated to be kiv = 67.2 MPa/m.
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Figure 2-3 Predicted average joint stiffness of diagonal joint set for
CSM block. A, Shear stress versus shear displacement for
different normal stress. B, Normal stress versus closure
stress for four loading cycles. After Barton et al. (1988).
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Joint stiffnesses farm Terra Tek tests

During the first testing phase conducted by Terra Tek the
surface of the block was instrumented with some thirty pairs of
Whittmore pins. Several of these were located across visible
joints intersecting the block. Several gauges provided closure
data for the diagonal and foliation joints. By subtraction of
the deformation of the intervening intact rock from the overall
gauge response, the net joint deformation was obtained. The
average normal stiffnesses of the diagonal and foliation joints
for the first loading cycle (bi-axial) over the stress range
0-6.9 MPa were 117 MPa/mm and 57.5 MPa/mm respectively (Hardin
et al., 198l1). Following the bi-~axial load cycle, the block was
sub-jected to two uni-axial load cycles and again a bi-axial
cycle which indicated a normal stiffness of 150 MPa/mm. This
stiffness is larger than that obtained for the first load
cycle. The initial shear stiffness of the diagonal joint for an
N-S uni-axial loading cycle was ks = 4.8 MPa/mm, but above 1

1 MPa this increased to 84.6 MPa/mm. If a secant value, from O
to peak load is used, the shear stiffness is found to be 16.7
MPa/mm and almost the same secant value was also recorded
during the successive E-W uni-axial loading cycle.

Joint stiffnesses fram CM tests

Joint normal and shear displacement curves were also construc-
ted for the tests run by CSM using a field measuring system and
an evaluation technique described by Richardson (1986). In
principle, tests were selected for which there were two dis-
placement measuring stations on each side of a joint. This
yielded four possible txriangular rosettes. These were averaged
to give a single joint normal curve and a single joint shear
curve. Based on measurements of joint stiffness data for the
four major joints in the block conducted at three levels in the
block, Richardson (op. cit.), obtained an average normal stif-
fness of kn = 42.7 MPa/mm for the diagonal joint and kn = 28.0
MPa/mm for the dominant foliation joint. The average normal
stiffness then becames kiv = 35.4 MPa/mm. The shear stiffness



Table 2-1

13

for the major diagonal joints were 9.1 and 38.8 MPa/mm, re-
spectively, which gives an average value of k:v = 24.0 MPa/mm.

The normal and shear stiffnesses obtained by applying different
sampling methods and field measurements are summarized in Table

2-1.

Stiffness data obtained for the CSM block.

Stiffness Barton Terra Tek CsM

System | Field Field

Linear | Measurements* Measurementst

MPa/mm MPa,/mm MPa/mm
Normal 67.2 117.3 35.4
Shear 2.7 16.7 24.0

* Whittmores pins (Hardin et al., 1981)

t Triangulation array (Richardson, 1986)

The triangulation of the upper horizon tests of diagonal and
foliation joint sets conducted by CSM yielded the least normal
stiffness. If we consider all normal stiffness data for all
tested joints in the block, the value will increase. It be-
cames kn = 48 MPa/mm. This value is based on a linear regression
for the entire upload curve for each test. If the secant load
up to peak load of the stress versus displacement recordings
are used, the normal stiffness will increase and becames 68.8
MPa/mm. This is slightly larger than the value obtained fram
the Barton system. Richardson (1986) believes that the diffe-
rence between the CSM results and the Terra Tek results pre-
sented in Table 2-1 indicate the following: (i) possible
surface decoupling in the Terra Tek results, (ii) the lower
peak stress level (5 MPa versus 7 MPa) used in the CSM test,
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and (iii) broader array spacing for the deformation measure-

ments in the CSM test.

The difference between the stiffness results presented in Table
2-1 may also be due to increased stiffness resulting fram the
attached bottom (Hardin et al., 1981). This becomes most appar-
ent when field measured data for shear stiffness is campared
with calculated values according to the Barton system. The
situation is illustrated in Figure 2-4 (Barton and Bandis,
1982), where results from the block test are plotted together
with data of shear stiffness versus block length for different

values of normal stress.

The shear stiffness according to the Barton system is located
in the expected region of the diagram, whereas the large shear
stiffnesses fram the field measurements are more relevant for a
normal stress around 100 MPa. The effect of this on the
stresses and displacements in the block will be demonstrated
from the results of the modelling.
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after Barton and Bandis (1982).
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MECHANICAL TESTING OF THE BLOCK

The heated flatjack test series conducted by Terra Tek to
measure the thermomechanical and transport properties of in-
situ rock masses included several rock mechanical tests. Of
the many rock mechanics instruments installed in the block,
only the rod extensometers and the Whittemore pins provided
useful data. Results from these measurements have been applied
to the stiffness determination presented in Table 2-1.

The ambient temperature block test conducted by CSM incorpo-
rates a number of new features and new methods of data inter-
pretation. For this study, the investigation of applied stress
versus deformation of fractured rock and applied stress versus

measured stress within the block is of outmost interest.

Block displacement tests

Richardson (1985, 1986) developed a new method to measure dis-
placements in block tests through the use of a fixed external
reference frame, automated data acquisition system, and a sub-
surface instrumentation system, Figure 3-1. The fixed external
reference frame permits the measurements of absolute displace-
ment rather than just that of relative displacement. By sub-
surface instrumentation, displacement monitoring could be con-
ducted in the central portion of the block, away from the de-
coupled surface and attached bottom. The electronic monitoring
system with inductive proximity transducers attached to free-
standing rods anchored in the borehole enabled three-dimen-
sional displacement recordings to be made.

Displacement measurements were made in ten boreholes and at
three horizons within the block. The principal joints in the
block and the displacement instrumentation stations are shown
in Figure 3-2. Three load configurations, equal bi-axial, N-S
uni-axial and E-W uni-axial where applied to a maximum pressure
of 5.2 MPa. The test series conducted by Richardson (1986)
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involved 13 loading tests where each test yielded approximately
2500 displacement data points for a total of 32,500 readings.

From this large data base we select the vector plots for the
upper horizon showing the incremental displacements resulting
from each scan at every 0.5 MPa increment of loading, Figure
3-3. When the block is loaded at equal flatjack pressure on all
sides, the displacements are fairly symmetrical and point
towards the center of the block, cf. Figure 3-3A. The minor
"kinks" in the displacement vectors ocould indicate slip-stick
behaviour along the joints. Results from N-S and E-W uni- axial
tests show smooth displacements and the final directions for
most vectors differ little from the initial directions. The
magnitude of the maximum recorded displacement vector is
slightly more than 0.4 mm. Tilt vectors, representing the in-
cremental tilt of the anchor rod during the test sequence were
shown to behave in an unpredictable manner. The tilt vectors
were randomly distributed.

Vertical displacements were monitored by using a transducer
mounted vertically at each measuring station, cf. Figure 3-1.
As anticipated, the block bulged vertically during the flatjack
loading. The average vertical displacement for the equal bi-
axial loding was 104 microns (0.104 mm), while the average for
the N-S uni-axial was 50 microns and for the E-W uni-axial 66
microns (Richardson, 1986).

For camparisons between the model calculations and the field
measurements presented by Richardson (op. cit.), peak load dis-
placement vectors, secant values of deformation modulii to peak
load and secant values at peak stress calculated fram discon-
tinuous deformation analysis (DDA) are presented and evaluated
in chapter 6 of this report.
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Figure 3-3 Incremental displacement vector plots for tests on upper
horizon in CSM block. A) Bi-axial loading to 5.17 MPa,
B) N-S uni-axial loading to 5.12 MPa, and C) E-W uni-axial
loading to 5.16 MPa. After Richardson (1986).
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Rock stress monitoring

Flatjacks surrounding the block enabled the application of a
uniform stress field along the block boundary. Assessment of
stress redistribution in the block is possible by measurement
of borehole deformations within the block. The stress distri-
bution can be determined together with an accurate measure of
the borehole deformability. Brown (1986) conducted a series of
rock deformability tests in 23 boreholes and 7 levels of the
CSM block. The CSM dilatometer system was used. Youngs modulus
(E) at the mid-plane of the block varied fram 8 GPa to 68 GPa,
Figure 3-4. Boreholes in the midstrip (H3-H7) of the block were
used as sites for heaters used by Terra Tek during the first
phase of the test program. These points also have the smallest
deformability moduli. This is probably caused by near-hole heat
damage to the rock (Sour et al., 1987).

The borehole strains induced by changes in the surrounding
stress field were measured alternately with the USBM borehole
deformation gauge and the Luled University of Technology cell,
LuT-cell (Brown et al., 1986). Fram the displacements recorded
by the cells major and minor principal strains in the mid-plane
of the block were determined, cf. Figure 3-5. Results showed a
rather non-uniform strain distribution. Some of these are elim-~
inated as principal stress are calculated at each hole and
normalized by that hole's deformation modulus.

In section 6.5 of this report, the camparison between numerical
model calculations and the field measurements presented by
Brown (1986) and Brown et al. (1986) for the magnitudes and
directions of mid-plane stresses are presented and evaluated.
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Figure 3-5 Major and minor principal strains at the mid-plane of the
CSM block determined fram USBM borehole deformation gauge.
A) Bi- axial, uploading to ~ 5.2 MPa, B) N-S uni-axial
upload to 5.3 MPa, and C) E-W uni-axial upload to 5.2 MPa.
After Brown (1986).
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JOINTED ROCK MODELS

In principle, two approaches can be used in modelling jointed
rock masses: continuum or discontinuum. The first approach uses
a material constitutive model that accounts for the properties
of the intact rock and the joints without including the joints
as separate entities. The joints are assumed to be planar and
the mechanical properties of the intact rock and joints are
averaged, and distributed throughout the rock mass in propor-
tion to the spacing of the defined joint sets. Since the joint
system consisting of one or several sets of joints are smeared
out in a unit volume of rock, the method is sometimes called
the "smeared out" approach or the "equivalent material ap-
proach", Zienkiewicz and Pande (1977), Pande (1985), Olofsson
(1985) and Zimmerman and Blanford (1985). In a recent paper by
Costin and Chen (1988), they evaluated the validity of the con-
tinuum approach for jointed rock masses from the G-Tunnel
Heated Block Experiment at the Nevada Test Site. Despite ex-
tremely high shear stiffness and low cohesion, they obtained
good quantitative agreement between the experimental and numer-

ical results.

The discontinuum approach implies that jointed rock masses is
modelled by describing the response of every joint separately.
Goodman (1976) developed a special joint element for rocks and
implemented it in a finite element program. The distinct
element method (Cundall, 1980) is another technique for analys-
ing problems in which fracturing or jointing controls the rock
mass response. This method models the rock mass as a series of
blocks which are separated by intervening joint planes. The
MUDEC code is based on the distinct element method and has been
applied to both loading tests on a large basalt block (Hart et
al., 1985) and to the CSM block, cf. Barton et al. (1988).

Jointed rock contimnm model, HNFEMP

A jointed non-linear rock continuum model has been formulated
by Olofsson (1985a,b) for use in modelling jointed rock mechan-
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ical response in continuum-based numerical codes. The joint
model has been implemented in a finite element code called
HNFEMP and applied to the CSM block. The recoverable normal and
shear joint deformations are assumed to depend linearly on the
applied stresses so that the joint elastic campliance is re-
garded as a constant property. The intact rock is considered to
be a linear elastic material and for an elastically isotropic
material the campliance matrix may be determined from the
Youngs modulus and the Poisson's ratio.

In the model of Olofsson (op. cit.) a joint has two failure
modes (i) shear failure, and (ii) normal failure. Shear failure
is initiated when the shear stress exceeds the frictional
forces in the joint plane. Normal failure can either be tensile
or campressive. The viscoplastic yield function, F, for a
single joint in the rock mass is illustrated in Figure 4-1.
This function depends on the following parameters:

- cohesion, ¢
o
- angle of dilation, @i
- basic friction angle, Qb
- asperity angle, @s
- normal camwpressive strength of asperity, N

Ton

— 10
’\cé o/
) Os .é-fk:’/
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5o, N
Co Caq
on < £ N
On !

Figure 4-1 Viscoplastic yield function, F, for a single joint. After
Olofsson (1985).
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The fundamental Mohr-Coulomb failure criterion in the

S~ Og co-ordinate system is transformed to the joint plane
to obtain the equations for the final yield function, for
details see Olofsson (1985). Figure 4-2 shows the viscoplastic
potential Q for a single joint. Differentiation of the visco-
plastic potential gives the viscoplastic flow tensor that con-
tains the unknown dilation angle, @i. Olofsson (op. cit.) pre-
sents equations to relate the dilation angle and other unknowns
to the well-known empirical formulations of joint shear and
normal behaviour by Barton and Bandis (1982) and Barton's para-
meters JRC, JCS and joint length, L. He also made a camparison
of the joint model with shear-box experiments and found that
the calculated total peak friction angles were in close agree-

ment with the measured values.

The equivalent rock mass model for the mechanical behaviour of
continuous rock joints have been implemented in a finite
element code called FEMP (Nilsson and Oldenburg, 1983) and the
special version containing the non-linear model of the rock
joints is called HNFEMP. This version also is capable of model-
ling rock bolts installed in the rock mass structure (Larsson
et al., 1985).

0n< O

Figure 4-2 Viscoplastic potential Q for a single joint. After Olofsson (1985).
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5 MODELLING OF CSM BLOCK WITH HNFEMP

A continuum model of the CSM block was constructed using the

code HNFEMP. The dimensions of the block, its orientation and
the three sets of continuous joints and their average spacing
are shown in Figure 5-1.

Based on the geological investigations presented in section
2.2, the rock block size index is approximately 75 cm, the
volumetric joint count approximately 4.8 joints m° (medium size
block), and the rock quality designation (RQD) is 90-100 %
(Hardin et al., 1981).

S T\\
\\\\\\0.60rn

W 20m E

Figure 5-1 Geametrical model for the CSM block containing three intersecting

sets of continuous joints.
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Material properties

The following six different material models were tested in the
HNFEMP modelling: 1, isotropic linear elastic solid; 2, joint
model according to Barton's system; 3, joint model with stif-
fness properties determined fram the Terra Tek field measure-
ments; 4, joint model with stiffness properties determined from
the CSM field measurements; 5 and 6, joint models with given
stiffness properties for sensitivity analysis.

The intact rock properties for all models are as follows:
density: 2500 kg/m3
Young's modulus: 60 GPa

Poisson's ratio: 0.25

Following the description of the joint properties as presented
in section 2.4, the average characteristics for the three sets

of joints are as follows:
Joint roughness coefficient, JRC: 8.2

Joint campressive strength, JCS: 62.2 MPa

Residual friction angle, @r: 26.5°

Dilation angle, dn: 6.7°
Tensile strength, Tt 0 Mpa

Cohesion, c: 0.4 MPa

From the Barton's classification of joint characteristics,

the joint stiffnesses for the linear joint model are kn = 67.2
MPa/mm and ks = 2.72 MPa/mm, model 2. These data were derived
fram tangent gradients of the linear portions of the normal
stress versus closure displacement and shear stress versus
shear displacement in Figure 2-3. Evaluation of the field mea-
surements gave other average stiffness data for the joints in
the block. These have also been modeled in models 3 and 4.
Finally, two models with the same normal stiffness and extreme
shear stiffness were tested, models 5 and 6. The six different
models and their material properties are presented in Table
5-1.
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Table 5-1 Material models tested with HNFEMP.
Material Model
Joint 1 2 3 4 5 6
Stiffness
Isotropic|Field Data|Block Test|Block Test|Sensitivity Sensitivity
MPa,/rm Linear Barton |Terra Tek CsM Analysis Analysis
Elastic System
Normal o 67.2 117.3 35.4 117.3 117.3
Shear ) 2.7 16.7 24.0 2.7 100.0
5.2 Boundary conditions

Boundary conditions in this type of modelling is a difficult
problem, since there is no fixed point in the block. Further-
more, exact plane strain or plane stress conditions do not
exist. One way to handle these problems would be to fix the
centre point in the model and apply normal stresses to all four
edges of the block. This is a possibility in HNFEMP modelling,
but it would not allow correct camparison of the results those
from MUDEC modelling, where fixed boundaries are used at the
outer edges of the flatjack blocks, cf. Barton et al. (1988).
For future modelling a fixed centre point approch will be used.

East-West uni-axial loading (1), N-S uni-axial loading (2) and
bi-axial loading (3) directions were modelled and the peak
stresses were as shown in Figure 5-2. Each model tested is
assigned a two-digit number where the first digit stands for
the material number (1-6), and the second for the loading con-
ditions (1-3).
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Figure 5-2 Loading configurations (1-3), applied peak loads and boundary
conditions for finite element modelling.
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Results

A total of 6 x 3 models of the CSM block were analysed. Com-
plete graphical output for each model consists of the following

iterms:
- principal stress vectors
- displacement vectors

- contour plot of x-stress, y-stress, x-y shear stress

contour plot of x- and y-displacement

A selection of plots are presented in Appendices 1-4, starting
with results fram the elastic modelling and followed by jointed

models.

Principal stress vectors and iso-curves for the x-stress of
Model 2.3 (Barton's joint system and bi-axial loading) are
shown in Figure 5-3. Due to the anisotropy caused by the sets
of joints, the stresses are re-oriented (A) and the stress
magnitudes diminish in a direction towards the fixed, bottam

left cormer (B).

The displacements in the x- and y-directions for Model 2.3 are
shown in Figure 5-4. Iso-curves for the displacement are
slightly distorted compared with the straight isolines for the
elastic models, cf. Appendix 1. The anisotropic displacement,
with an excess in the y-direction, is due to a larger volume
density of E-W striking set of joints, cf. Figure 5-1.
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Figure 5-3 HNFEMP model of CSM block, Model 2.3, Barton's joint system
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Figure 5-4 HNFEMP model of CSM block, Model 2.3. A) x-displacement.
B) y-displacement. The larger y-displacement is due to
smaller spacing of E-W striking set of joints.
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Ten instrumentation locations were used in the CSM tests for
studies of load versus displacement and load versus stress,
Figure 5-5. Displacements at the ten locations for the three
loading conditions and the Barton's joint system (Models 2.1,
2.2, 2.3) are shown in Figure 5-6. Maximum x-displacement, 0.7
mm, is obtained for location point 7 at the eastern part of the
block (A), and since this point is located closest to the edge
of the block, it gives larger displacements than those at
points 1, 2 and 3.

Introduction of joints into the block model reduces its stif-
fness. This is illustrated in Figure 5-7, where x- and y-dis-
placements for ten ten instthe ntation locations in Model 1.3
(elastic) and Model 2.3 (Barton's joint system) are shown. The
modelling results for the maximum stress and displacement at
the instrumentation locations of the CSM block are presented in
Table 5-2. In the most cases, the maximum values for each
loading mode appear at the same location for the same joint
model. Models with a low shear stiffness (Models 2.1, 3.1, 5.1
and 2.2, 3.2, 5.2) tend to give large stresses perpendicular to
the direction of loading. This is an effect of the given bound-
ary conditions.

o DISPLACEMENT AND STRESS
INSTRUMENTATION POINT

Figure 5-5 Instrumentation locations for load-displacement and load-
stress studies.
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Table 5-2 HNFEMP modelling of maximum stress and displacement at the
instrumentation locations of the CSM block.
Loading Stress Material Model
Mode [MPa]
Displa + Elastic Joint
(mm]
1 2 3 4 5 6
x-stress  |5.16 (8) 15.20 (1) |5.30 (1) |5.70 (1) |5.20 (1) |5.60 (1)
y-stress 77 (8) |4.40 (1) |3.05 (1) |1.40 (1) |4.65 (1) [1.35 (1)
1 x-y-stress |0.002 (6)]0.03 (5) [0.08 (5) |0.25 (5) [0.02 (5) [0.20 (5)
E-W .
x-displace- |4 13 (7y l0.72 (7) |0.42 (7) |0.74 (7) |0.50 (7) [0.31 (7)
ment
%;ﬁqﬂ&ﬁ_(laDHS)Oinl(7)OID6(7)002(7) 007 (7)]0.006 (7)
x-stress .78 (8) |4.55 (1) |3.40 (1) |1.83 (1) |4.73 (10)|1.63 (10)
y-stress  |5.22 (8) |5.25 (7) |5.60 (10)|5.60 (10)|5.27 (10)|5.50 (10)
2 x-y-stress |0.002 (3)]0.05 (5) |0.12 (5) |0.27 (5) |0.03 (5) [0.21 (5)
N-S .
i;giSplace' 0.0001(5)]0.01 (2) |0.005 (2)[0.01 (2) |0.006 (2)]0.004 (2)
g;giSplace' 0.13 (3) |0.67 (3) |0.41 (3) |0.80 (3) |0.47 (3) |0.33 (3)
x-stress .40 (8) |5.50 (1) [5.65 (1) |6.10 (1) |5.50 (1) |5.95 (1)
y-stress .40 (8) |5.50 (10)|5.55 (10)|5.90 (10)|5.53 (10)|5.80 (10)
3
i x-y-stress |0.001 (6)]0.04 (5) |0.11 (5) |0.33 (5) [0.02 (5) [0.26 (5)
axial z;g§3pla°e’ 0.105 (7)10.36 (7) |0.26 (7) |0.60 (7) |0.25 (7) |0.26 (7)
z;giSplace' 0.105 (3)|0.43 (3) |0.28 (3) |0.71 (3) |0.29 (3) |0.28 (3)

( ) instrumentation location, cf. Figure 5-5
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In the modelling performed, the sensitivity of displacement to
changes in stiffness can be studied. Plots of the y-displace-
ment for instrumentation location 3 (close to the NE corner of
the block) for the different material models under bi-axial and
N-S uni-axial loading show that changes in shear stiffness at
constant normal stiffness has only a small effect on the mag-
nitude of displacement, Figure 5-8A. This is expected due to
the confinement from the fixed boundaries. Changes in normal
stiffness have a greater effect on displacements, particularly

for bi-axial loading, cf. Figure 5-8B.
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Figure 5-8 Stiffness versus y-displacement for instrumentation location
No. 3 (NE corner) of the CSM block. Bi-axial and N-S uni-
axial modelling. A) Shear stiffness vs. y-displacement.

B) Normal stiffness vs. y-displacement.
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Calculation of the effective Young's moduli

In the modelling of the CSM block with HNFEMP, the jointed rock

mass behaves like an eguivalent "continuum" material. Fram cal-
culated displacements corresponding to the overall block defor-
mation, the strains can be determined and from these strains
and the applied loading, the effectiv Young's modulus can be
calculated. To compare the results from the finite element

modelling with results fram the field tests and also to evalu-

ate

of these tests by alternative analytical methods, the four

corner displacement stations (stations 1, 3, 8 and 10) sug-
gested by Richardson were used, cf. Figure 5-5.

The

was

(1)

(2)

(3)

method used for calculating the effective Young's modulus

as follows:

The co-ordinates of the four corner stations were applied
to the calculated x- and y-displacement records from the
HNFEMP analysis and the strain was calculated, Figure 5-9.

Due to the non-uniform strain distribution in the models,
average strains between the four corners in the x- and

y-directions were determined.
From known loading conditions, oy, and the application of

the theory of elasticity, assuming plane stress conditions,

the Young's modulus was calculated as follows:

E-W uni-axial test
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Equal bi-axial test
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More precise calculations of the effective Young's moduli may
be performed, e.g. the rosette-analysis method applied to four
triangles determined by the four cormer array and its diago-
nals, see Richardson (1986). The calculated effective Young's
moduli in the x- and y-directions for the rock mass defined by
the four corner displacement stations in the CSM block are
shown in Table 5-3. Elastic anisotrpy is apparent, and models
having large stiffness parameters give large effectiv Young's
moduli.

Table 5-3 Calculated effective Young's moduli for the rock mass defined
by the four cormer displacement stations 1, 3, 8 and 10 in the
CSM block.
Effective Young's moduli, E [GPa]
Material 2 3 4 5 6
Model k = 67.2 k = 117.3 k =35.4 k = 117.3 k_ = 117.3
n n n n n
k = 2.7 k_ = 16.7 k = 24.0 k = 2.7 k = 100.0
s s s s s
Loading E, Ey E, Eg E, Ey E, Ey E, Ey
1, E-W 13.6 - 23.7 - 13.1 - 19.7 - 31.9 -
2, N-S - 13.4 - 22.7 - 10.9 - 18.9 -- 28.2
Bi-
3, axial 21.2 | 16.7 | 30.0 | 25.2 | 12.9 | 10.2 | 32.1 | 24.6 | 31.0 | 26.4
Av, Ex Ey 17.4 | 15.0 | 26.8 | 24.0 | 13.0 | 10.6 | 25.9 | 21.8 | 31.4 | 27.3
Av. E 16.2 25.4 11.8 23.8 29.4
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QOMPARISON OF NUMERICAL AND FIELD TEST RESULTS

For camparison of numerical results with data recorded in the
field, and results fram field data by techniques other than
finite element analysis, the following tests are used. The
principal investigator has also been cited:

1) Peak-load displacement vectors, CSM test (Richardson, 1986)
2) Effective Young's modulus, CSM test (Richardson, 1986)

3) Young's modulus for block, Terra Tek test (Hardin, 1981)

4) Young's modulus for rock, CSM tests (Brown, 1986)

5) Rock stresses, CSM tests (Brown et al., 1986)

Peak load displacement vectors, CSM test

With the fixed frame anchored into the mine back, absolute dis-
placements of station points at various depths within the block
during loading could be measured (Richardson, 1986), cf.
section 3.1. Upper horizon test results are considered to be
the most accurate and the least likely to be influenced by the
attached bottaom of the block. Peak load displacement vector
plots for the three loading conditions are shown in Figure 6-1.
To campare the calculated displacements with the measured abso-
lute vectors for tests with model material 4, the calculated
values were re-referenced with respect to a fixed point at the
center of the block. The E-W and N-S uni-axial vectors show the
results expected with displacement in the direction of the
loading and lateral expansion. Vectors from equal-bi-axial
tests show a general trend towards the centre of the block. The
calculated vectors are valid for material model 4 based on
parameters fram the CSM block tests by Richardson (1986). In
principle, there is fair agreement in vector orientation and
length for the field tests and the HNFEMP modelling. Station
No. 7 at the eastern end of the block showed greater tilting
and a more erratic behaviour than most other stations.
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Figure 6-1 Displacement vectors at peak loads from field tests and
modelling with material model 4, CSM test. A) E-W loading.
B) Uni-axial N-S loading. C) Bi-axial loading.
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According to Richardson (op. cit.) this is believed to reflect
intense fracturing of this borehole. The maximum horizontal
displacement at peak-load and the location of the corresponding
instrumentation station are listed in Table 6-1. Modelling
results always give smaller displacements than those obtained
fram the field tests. The discrepancies for the uni-axial
loading cases are due to boundary constrains. Other material
models give smaller displacement magnitudes, although vector
orientations are similar for all models tested.

Table 6-1 Maximum peak-load horizontal displacements (mm).
Loading CSM Block* Modelling
Upper Level HNFEMP, Material 4
x-displacement | y-displacement | x-displacement |y-displacement
1, E-W 0.34 (7) 0.14 (9) 0.33 (7) 0.02 (7)
2, N-S 0.16 (9) 0.46 (2) 0.01 (9) 0.37 (1)
3, Bi-axial 0.38 (7) 0.43 (2) 0.29 (7) 0.31 (1)
* After Richardson (1986)
( ) Instrumentation location
6.2 Effective Young's moduli, CSM test

The deformation of the block is camposed of an elastic and in-
elastic parts. Due to the stiff rock material, the low applied
stresses and the recording of very small permanent deformations
after each loading cycle, it is believed that linearly elastic
behaviour dominates. The four corner displacement stations 1,
3, 8 and 10 were selected for computation of the overall
strains in the block. This first was done for the CSM block
test and later the discontinuous deformation analysis
(Richardson, 1986) and also for the finite element analysis.
Values for the effective Young's moduli for the CSM test were
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portion of the stress-strain curve and secant values at peak-

load. These values campare favourably and average values of EX
and Ey have been calculated for each of the loading sequences,

cf. Table 6-2.

Table 6-2 Calculated effective Young's moduli from strain analysis, DDA
and HNFEMP analysis.
Effective Young's Moduli, E [GPa]
Strain Analysis Fram Block Corner
{ *
Stations Discontinuous Finite
Deformation Element
. .
Linear Secant Average Analysis Sggé{Sls
Regression Value at Value Material 4
Upload Peak Load eria
Portion (DDA) (HNFEMP)
Test E E E E E E E E E E
X Y X Y X Y X Y X Y
1, E-W 15.9 -- 16.4 - 16.2 - 12.0 - 13.1 -
2, N-S - 13.9 - 14.1 - 14.0 - 13.2 - 10.9
3, D) 2100 | 12.0 | 23.7 | 11.8 | 22.8 | 11.9 | 14.3 | 10.2 | 12.9 | 10.2
Av Ex, Ey 18.9 | 13.0 | 20.1 | 13.0 |} 19.5 | 13.0 | 13.2 | 11.7 | 13.0 | 10.6
Av. E 15.9 16.5 16.2 12.4 11.8

* After Richardson (1986)

An application of the Discontinuous Deformation Analysis method

(DDA) offers an alternative approach where all the available

displacement data from the measuring stations are used. The
single-block DDA model represents the unique, best-fit equi-
valent continuum model and the calculated properties are pre-
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sented in Table 6-2. Results from the DDA analysis are consi-
dered to be the most reliable equivalent rock mass properties
obtained by Richardson (1986). The average Young's modulus of
12.0 GPa and the moduli for bi-axial loading with the finite
element analysis agrees very closely with the results of the
DDA. This gives considerable confidence in the modelling of

regularly jointed rock masses with the smeared out approach.

If we assume the CSM block contained only the two orthogonal
sets of joints, the effective Young's moduli may be determined
by the following relations:

> 1 _ 1 _
Ex =1 1 T N T = 22.3 GPa (6.1)
E k_s 60 35.4 x 1.0
n "x
N 1 _ 1 _
Ey =T L1 =T N I = 15.7 GPa (6.2)
E k_s 60  35.4 x 0.6
n'y

where E is the Young's modulus of intact rock, kn is the normal
stiffness and s is the spacing. The values of the parameters
are those for model material 4. If we campare the results in
Egs. (6.1) and (6.2) with data from the HNFEMP modelling, Table
6-2, the introduction of the third diagonal set of joints will
reduce the effective Young's moduli of the block by EX/E; =
13.3/22.3 = 0.6 and Ey/Ey = 10.9/15.7 = 0.7 respectively.
Hence, diagonal joints have a significant effect on the overall
deformability of the block.

At present there is no analytical solution to the 2-dimensional
problem of three intersecting sets of joints in an elastic rock
mass. However, if it were solved, the constitutive equation
will contain same 13 independent elastic constants (Amadei,
personal coammunication).

Young's moduli for the block, Terra Tek

In an attempt to measure the Young's moduli for the block, the
Terra Tek research group measured the aperture of the boundary
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crack in the grout above the flatjacks when the block was
loaded. Several Whittemore pins were located across these boun-
daries for monitoring the aperture. A soclution for the elastic
deformation of a vertical rectangle subjected to a uniform
horizontal stress, and the expression for the Young's modulus
of the block was presented by Hardin (1981). Values of the
Young's modulus for the block, included corrections for a de-
formation of about 25 cm of intact rock in each gauge, assuming
E (intact rock) = 50 GPa, are tabulated in Table 6-3. Although
there is obviously large scatter in the data, depending upon
loading level, loading and unloading, the average moduli for
each loading direction and for all recorded data have been cal-
culated. The data is very consistent with that from other field
tests in that loading in the N-S direction gives the least
value for Young's modulus.

Results from HNFEMP modelling using a model material and strain
determination for the overall block are tabulated in Table 6-3.
The values are found to be in close agreement with the data
fram the field tests conducted by Terra Tek. The stiffness
values that were used in the modelling are determined from
measurements of Whittemore pins located across visible joints
intersecting the block, cf. Table 5-1. Although the measuring
technique with the Whittemore pins is crude it proved to give
the most reliable field data of all the rock mechanics instru-
ments installed by Terra Tek.

In the validation of HNFEMP against field test results the most
reliable data from Terra Tek field tests were used. The cal-
culated Young's modulus for the block from overall block dis-
placement data obtained by modelling with HNFEMP was almost
idential to that derived from the analysis of boundary crack
aperture. The discrepancy in magnitudes between the Young's
modulus for the block (Table 6-3) and the effective Young's
(Table 6-2) could reflect some surface decoupling in the mea-

surements at one stage.
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Table 6-3 Young's modulus for the block obtained from monitoring
boundary crack aperture and HNFEMP modelling.
Young's modulus (GPa) for the block
Loading Terra Tek Finite
Boundary Crack Monitoringt Element
Analysis
Model
Loading (MPa) Unloading (MPa) | Average | Material 3
(HNFEMP)
0-3.45 13.45-6.9(6.9-3.45| 3.45-0
1, E-W 14.9 35.6 28.8 17.1 24.1 23.7
2, N-S 19.2 20.6 26.1 18.3 21.1 22.7
3, BiT 39.2" 18.6 34.7 17.8 27.6 25.6
axial
Average 24.2 24.0
" Av. of two tests
t After Hardin (1981)
6.4 Rock defarmation modulus, CSM tests

As part of the rock stress measurement program for the CSM
block tests, detailed definition of the rock deformability was
conducted (Brown, 1986). Dilatometer tests using the CSM-cell
were performed at the block midplane in each borehole to deter-
mine the rock deformability and the relative stiffness of dif-
ferent zones in the block. The results of these tests are shown
in Figure 3-4. Young's modulus for the rock varied from 8 GPa
to 68 GPa with an average value of 20.9 GPa. Only material
models with fairly large stiffness values can give an effective
Young's modulus in the range of 20 GPa, cf. materials 2, 3 and
5 in Table 5-3. But here we also have to consider volume

effects on Young's modulus for the rock. Figure 6-2 summarizes
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results from the CSM tests on the block where laboratory tests
on intact rock core samples give the largest modulus, cf.
section 2.3, followed by borehole dilatameter data recorded by
Brown (1986). In the diagram Young's modulus fram borehole
tests on migmatitic gneiss with a large dilatometer of diameter
45 cm (E1 Raaba, 1981) is also presented. The jump between the
laboratory test results and the dilatameter results represents
the change from intact rock modulus to rock mass modulus. The
step from dilatameter results to the overall block results
given by corner strain analysis, DDA and finite element modell-
ing indicates a change in the volume of the block. Data points
for relative strain from an array of 45 extensometers given by
the 10 monitoring stations (Figure 5-5) made it possible to
Galculate Young's moduli for stations with different lengths
and these data points and the results presented in Figure 6-2
enabled Richardson (1986) to draw the curve shown in the same
figure. These results suggest that the critical size for an
equivalent continuum approach of the block has been reached.

B LABORATORY TEST

O BOREHOLEHOLE DILATOMETER
+ 4 CORNERS STRAIN

0O DDA

® HNFEMP , MATERIAL 4

(0]
o
1

DEFORMATION MODULUS (GPa)

- RICHARDSON
%0 (1986)
- O
20+
1 I i i
0 1.0 20

DIAMETER OR LENGTH (m)

Figure 6-2 Measured and calculated Young's modulus versus diameter/
length for the CSM block test. Modelling results agree
with data presented by Richardson (1986).
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Rock stresses

An extensive effort was made to measure the stress distribution
in the CSM block tests using point measurements (Brown, 1986,
Brown et al., 1986). Although the tests were successful and the
USBM Borehole Deformation Gage (BDG) and the Luled University
of Technology gauge (LuT) operated satisfactorily, the results
exhibited large scatter. Incorporation of rock mass anisotropy
due to the major foliation and different rock mass modulus due
to variation in rock types into the analysis of stresses did
not affect the results significantly (Brown, 1986).

Peak-load principal stress in the horizontal plane from mea-
surements by the BDG and LuT method respectively are shown in
Figures 6-3A, B. Excluding the two measuring points in the
centre of the block (encircled), the directions obtained are in
fair agreement, while the BDG-tests gave stresses that were
about 20 % higher on average than those obtained with the LuT

gauge.

Simultaneous plotting permits direct camparison of the two
field methods and the results from the HNFEMP modelling, Figure
6-3A-C. Modelling the jointed block as an equivalent material
gives an uniform stress distribution and a very consistent
direction of stresses for the uni-axial loading cases. The most
striking difference between the monitored and the modelled
stresses is the low stresses recorded in the central portion of
the block. The origin of this variation is not fully under-
stood, although it is believed that decoupling effects caused
by discontinuities and highly localized variations of Young's
modulus are the most important contributing factors (Brown et
al., 1986).

To asses the modelling of the stresses in the CSM block the
recorded average maximum horizontal stress have been calculated
for the 13 (LuT) and 17 (BDG) borehole locations respectively,
Table 6-4. The results show that the average stress calculated
for the borehole deformation gauge (including the high values
in the centre) is in close agreement with the applied load. The
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Fig. 6.3 Horizontal principal stresses in the mid-plane of the CSM
block. A) Monitoring by USBM Borehole Deformation Gauge
(BDG). B) Monitoring by Luled University of Technology
Gauge (LuT). C) Modelling by HNFEMP, model material 4.
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average stresses for the LuT measurements are about 20 % less.
The stress magnitudes for HNFEMP model were determined at loca-
tions where corresponding field measurement were taken. The
average maximum horizontal principal stress slightly exceeded
the applied stress, cf. Table 6-4. This is due to a Poisson's
effect from the fixed boundaries in the cases of uni-axial

loading.

Brown et al. (1986) concluded that pointwise measurements of
the BDG and LuT types might not provide useful results when
they are used for stress monitoring in jointed rock masses sub-
jected to low stresses. This statement is supported from a
recent study by Leijon (1988), where he states that the measur-
ing error for the LuT method produces a standard deviation of 2
MPa for the mean stress independently of the stress level. He
also found that the Young's modulus does not have a significant
effect on the stress state in the rock mass when the LuT over-
coring technigue is used. For pointwise measurements with the
LuT gauge, the three-dimensional stress state was recorded and
the magnitudes of the least principal stress, Oy, were much
lower than the almost horizontal maximum and intermediate prin-
cipal stresses. Further-more, the sign of g changed non-
systematically between compression and tension. Hence, at present,
it is believed that stress monitoring with the USBM borehole
deformation gauge in the CSM block gave more reliable results,
and these should be used in a camparison with the modelling

results.

Leijon (1988), in a recent study, showed that a large data set
of stress measurements from individual locations (boreholes)
fitted normal distributions closely. This enables the applica-
tion of locationwise averaging of stress tensor camponents, and
it supports the method of averaging the maximum stresses used
in presenting data for the CSM block, cf. Table 6-4.

It can be concluded that the BDG gauge provides the most reli-
able stress monitoring method. The CSM block is sufficiently
large to be representative of the rock mass (cf. Fig. 6.2), and
stresses are therefore assumed to be normally distributed and
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Table 6.4 Applied stress and recorded average maximum horizontal stress
in mid-plane of CSM block.
Test USBM Borehole Luled University HNFEMP
Deformation of Technology, Material Model 4
Gauge (BDG) Gauge (LuT)
Applied | Av. max.| Applied | Av. max.| Applied | Av. max.
Load Horizon. Load Horizon. Load Horizon.
Stress Stress Stress
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
1, E-W 5.2 5.5 5.2 3.5 5.1 5.4
2, N-S 5.3 4.9 5.3 3.9 5.1 5.4
Bi-
3, axial 5.4 5.7 5.4 4.2 5.4 5.5
After Brown (1986)
" After Brown et al. (1986)

the arithmetric means of maximum horizontal stress can be cal-
culated. Average maximum horizontal stresses from BDG measure-
ments are in fair agreement with applied loads as are those
fram the HNFEMP modelling.



53

CONCLUSIONS

1. A series of mechanical and hydrological experiments is
being conducted on an in-situ block of fractured gneissic
rock at the Colorado School of Mines Experimental Mine at
Idaho Colorado ~ the CSM block. This block was selected
for the following reasons:
i) numerous studies and careful documentation of results have
been performeed, ii) superior three-dimensional mechanical
(displacements and stresses) monitoring of any block test,
and iii) a joint structure that allows modelling of the
block by an eguivalent continuum approach, where the joints
are smeared out in the rock mass, and also by a discontinuum
approach where discrete joints are simulated. In this report,
we use the continuum approach to simulate the response of the

CSM block subjected to mechanical loading.

2. The mechanical properties of the CSM block and their method
of determination form an important task of this study. Based
on nunerous laboratory tests, the values of the elastic pro-
perties of the intact rock for the modelling are taken to be
E = 60 GPa and v = 0.25. Joint strengths are taken fram the
determination by Barton and reported by Hardin (1981). The
average parameters for the three sets of joints are as

follows:
Joint roughness coefficient, JRC 8.2

Joint compressive strength, JCS 62.2 MPa

Residual friction angle, &_ 26.5°
Dilation angle, d_ 6.7°
Tensile strength, T 0 MPa
Cohesion, ¢ 0.4 MPa

These values were assumed constant throughout the study of
the equivalent continuum models.

3. Six material models were tested. One of these is a linearly

elastic solid. The others are equivalent continuum models
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Joint Material Models
Stiffness
MPa/mm 1 2 3 4 5 6
Isotropic |Field Data|Block Test|Block Test|Sensitivity|Sensitivity
Linear Bartons |Terra Tek CsM Analysis Analysis
Elastic System
Normal o 67.2 117.3 35.4 117.3 117.3
Shear o 2.7 16.7 24.0 2.7 100.0

with different stiffnesses, as presented above.

Material model

2 has stiffnesses obtained from the linear

portion of the shear stress versus shear displacement curves

and the normal

stress versus closure respectively, according

to the Barton and Bandis joint modelling system, cf. section
2.4. Results from block tests by Terra Tek and CSM form the
basis for stiffnesses of material models 3 and 4. To conduct
a sensitivity analysis, two additional models were added to
this study, models 5 and 6.

In Chapter 4 the two principal approaches applied in modell-

ing jointed rock masses are discussed. A jointed non-linear
rock continuum model formulated by Olofsson (1985) has been
used in this study. This model describes a representative
two-dimensional element of a jointed rock mass containing any
nunber of continuous sets of joints with any orientation.
Any set of joints can fail in shear or normal failure, and
the parameters governing the yield function are extracted
from the classical parameters of Barton (JCS, JRC, L). The
joint model itself is tested against simple shear-box
experiments results are obtained. The eguivalent rock mass
model for the mechanical behaviour of continuous sets of
joints have been implemented into a finite element code
called FEMP, and the version containing the non-linear
model of the rock joints is called HNFEMP (Hans Non-linear

FEMP) after the late Hans Larsson.
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5. A continuum model consisting of two orthogonal joint sets
with joint spacings of 0.6 m and 1.0 m and one diagonal set
with a joint spacing 0.75 m has been applied to the CSM
block. The six different material models were tested for
east-west uni-axial loading, north-south uni-axial loading
and bi-axial loading at peak-load. Three-sides rigid bounda-
ry were applied to the uni-axial loadings and two-sides to
the bi-axial, cf. Figure 5-2. In future modelling we would
suggest that a symmetry point is fixed inside the model and
appropriate boundary conditions are applied.

6. Results fram a total of 18 different models are presented as
graphical output in following forms:

- principal stress vectors
- displacement vectors

contour plots of x-stress, y-stress and x-y-shear stress

contour plots of x-, and y-displacement

Plots for selected models are shown in Appendix 1. Anisotropy
in displacements due to different joint spacing is clearly
shown. Displacements at discrete points corresponding to
instrumentation locations in the CSM test are presented. A
model with Barton joint properties (model 2) show displacement
magnitudes double those for the linearly elastic model.

7. A sensitivity analysis of displacement as a function of
stiffness has been conducted. For models under N-S uni-axial
loading and bi-axial loading, changes in shear stiffness at
constant normal stiffness is found to have only a small
effect on the y-displacement. Changes in the normal stiffness
have a significant effect on he displacement data especially
for bi-axial loading, cf. Figure 5-8.

8. From displacements modelled by HNFEMP, strains from four
corner instrumentation stations have been calculated. The
effective Young's modulus is determined fram the known
applied stresses. The Young's modulus in the N-S direction
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of the block is 20-30 % less than the Young's modulus in the
E-W direction. The average Young's modulus, (EX + E)/2,
varies between 29.2 GPa (model material 6) and 12.0 GPa
(model material 4), cf. Table 5-3.

. To demonstrate the applicability of the smeared out approach

to rock mass modelling, comparison between model predictions
of the block behaviour and the recorded and analysed field
data is essential. The following tests are used for the
validation. The principal investigators are also cited:

Peak-load displacement vectors, CSM test (Richardson, 1986)
Equivalent modulus of deformation, CSM test (Richardson, 1986)
Block deformation modulus, Terra TeK test (Hardin, 1981)
Rock deformation modulus, CSM tests (Brown, 1986)

Rock stresses, CSM tests (Brown et al., 1986)

In principle there is a fair agreement in the magnitude and
orientation of the displacement vector obtained fram the
field tests and the ENFEMP modelling. Modelling results
always give smaller magnitudes in displacement than those
obtained from the field data. Maximum displacement at peak-
load for the upper horizon in the block was 0.46 mm. This
was recorded for instrumentation station NO. 2 during N-S
loading. Maximum displacement from HNFEMP modelling was 0.37
mm and appeared at instrumentation station No. 1, cf. Table
6-1 and Figure 5-5.

The effective Young's modulus of the CSM block was deter-
mined from the calculated overall strains between four block
corners and discontinuous deformation analysis (DDA). The
average Young's modulus of 12.4 GPa calculated fram DDA is
found to be in good agreement with the result (12.0 GPa) of
the finite element modelling with the stiffness parameters
suggested by Richardson (1986), material model 4.

Closed form expressions for the effective elastic moduli of
a rock mass containing two sets of orthogonal joints can be
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found. At present, there is no analytical solution to the
corresponding problem for a rock mass with three intersect-
ing joints sets. Fram the modelling results, it is demon-
strated that the introduction of a third, diagonal set of
joints to the CSM block will cause a reduction in the effec-
tiv modulii of by a factor of 0.6 in the x-direction and 0.7

in the y-direction respectively.

The Terra Tek reserch group measured the aperture of the
boundary crack in the grout above the flatjacks. They cal-
culated the effectiv elastic modulus of the block. Using the
stiffness values suggested gested by Terra Tek, material
model 3, the modulus was calculated and the results are in
close agreement with the field data, cf. Table 6-3.

The effectiv elastic modulus of the rock is known to depend
on the volume of the rock considered. Elastic modulus versus
diameter/length fram different tests on the CSM block were
collected and plotted. The result suggest that the critical
size for an equivalent continuum approach of the block had
been exceeded and the modelling approach applied in this
work is therefore valid.

Stress monitoring during flatjack loading of the CSM block
was conducted with two instrumentation systems - the USBVM
Borehole Deformation Gauge (BDG) and the Luled University of
Technology gauge (LuT). Excluding a few measuring stations
at the centre of the block, the monitored directions of the
principal horizontal stress were in fair agreement with the
modelled results. Further, the magnitude of the average
maximum horizontal stress from the BDG monitoring agreed
best with the results of the modelling and the applied
loading from the flatjacks.
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