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FOREWORD

This report is an integral part of SKB’s engagement in the first part of the
DECOVALEX project (DECOVALEX I). The work, that was made 1992-
1994, is compiled in four reports and two articles.

The following SKB technical reports have been printed:

Borgesson, L. and Hernelind, J. (1995) "DECOVALEX I — Test Case 2:

Calculation of the Fanay-Augéres THM Test — Thermomechanical
modelling of a fractured rock volume,” SKB Technical Report TR 95-28.

Borgesson, L. and Hernelind, J. (1995) "DECOVALEX I — Test Case 3:
Calculation of the Big Ben Experiment — Coupled modelling of the
thermal, mechanical and hydraulic behaviour of water-unsaturated buffer
material in a simulated deposition hole,” SKB Technical Report TR 95-29.

Israelsson, J. (1995) "DECOVALEX I— Bench-Mark Test 3: Thermo-
Hydro-Mechanical Modelling,” SKB Technical Report TR 95-30.

Rosengren, L. and Christianson, M. (1995) "DECOVALEX 1 — Test
Case 1: Coupled Stress-Flow Model,” SKB Technical Report TR 95-31.

The following articles have been published:

Rehbinder, G. (1995) “Analytical Solutions of Stationary Coupled
Thermo-Hydro-Mechanical Problems,” Int. J. Rock Mech. Min. Sci. &
Geomech. Abstr. Vol. 32, No. 5, pp. 453-463, 1995.

Claesson, J., Follin, S., Hellstrom, G. and Wallin, N-O. (1995) ”On the
use of diffusion equation in test case 6 of DECOVALEX,” Int. J. Rock
Mech. Min. Sci. & Geomech. Abstr., Vol. 32, No. 5, pp. 525-528, 1995.



ABSTRACT

This report presents the results of the Coupled Stress- Flow Model, TC1
(Test Case 1) of Decovalex. The model simulates the fourth loading cycle of
a Coupled Stress-Flow Test (CSFT) and subsequent shearing up to and
beyond peak shear resistance.

The first loading sequence, termed “Sequence A”, consists of seven normal
loading steps: 0, 5, 15, 25, 15, 5 and 0 MPa. The second loading sequence
termed “’Sequence B”, consists of the following eight steps: unstressed state,
normal boundary loading of 25 MPa (no shearing), and then shearing of 0.5,
0.8,2.0,4.0,2.0 and 0 mm.

According to the problem definition, Decovalex (1991), the shearing was to
be made by changing the boundary stresses while keeping the joint normal
stress at a constant value of 25 MPa. It was found, however, that an applied
boundary stress of 25 MPa produces an average joint normal stress, at five
monitoring points along the joint, that is significantly greater. Further, it is
not possible to specify stress boundary conditions to produce a specific
amount of shear displacement after the joint reaches peak shear strength.
Therefore, displacement boundary conditions were applied so that the
average joint normal stress from the 25 MPa normal boundary loading step
was kept constant during shearing.

The normal stress along the joint is not constant, but higher at the joint ends
due to bending in the model. A higher normal stress results in a smaller
aperture at the ends of the joint. The ends of the joint will control the flow
rate for the entire joint. If the flow rate is used to determine an average joint
aperture, this will lead to errors.

Two different options regarding the rock joint behavior were modeled in
accordance with the problem definition. In Option 1 a linear elastic joint
model with a Coulomb slip criterion was used. In Option 2 a non-linear
empirical (i.e. Barton-Bandis) joint model was used.

The hydraulic condition during both Loading Sequence A and B was a
constant head of 5 m at the inlet point and 0 m at the outlet point.

All model runs presented in this report were performed using the two-
dimensional distinct element computer code UDEC, version 1.8.
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SAMMANFATTNING

Denna rapport redovisar resultatet fran den kopplade spannings-
flsdesmodellen, TC1 (Test Case 1) utford inom ramen for Decovalex.
Modellen simulerar den fjirde belastningscykeln av ett kopplat spénnings-
flodestest och efterfoljande skjuvning upp till och efter maximalt
skjuvmotstand.

Normalbelastningssekvensen, kallad ”Sekvens A”, utgdrs av sju
belastningssteg: 0, 5, 15, 25, 15, 5 och 0 MPa, och den efterféljande
skjuvsekvensen, kallad ”Sekvens B>, av foljande atta steg: obelastat tillsténd,
25 MPa normalbelastning pa rinderna (ingen skjuvning), och sedan skjuvning
pa 0.5, 0.8, 2.0, 4.0, 2.0 och 0 mm.

Enligt problemdefinitionen, Decovalex (1991), skulle skjuvningen utforas
genom att dndra normalspénningen pé rénderna under det att
normalspinningen i sprickan skulle héllas p4 ett konstant véirde av 25 MPa.
Men, resultaten frin modellerna visade att en normalspanning pa 25 MPa
randerna resulterar i en medelspinning vinkelritt mot sprickan som &r
betydligt stérre. Vidare, 4r det inte mdjligt att specificera spanningar som
randvillkor for att producera ett specifikt belopp pa skjuvrorelsen efter det att
sprickans skjuvhallfasthet uppnatts. Dérfor applicerades forskjutningar pa
rinderna p4 ett sidant sétt att medelspinningen vinkelrétt mot sprickan hélls
konstant under skjuvningen.

Normalspinningen ldngs sprickan 4r inte konstant utan hogre vid
sprickdndarna &n i mitten. Detta beror pa bsjning i modellen. En hogre
normalspénning resulterar i mindre sprickdppning vid sprickans &ndar, vilket
leder till att dessa kommer att bestimma flodets storlek léngs hela sprickan.
Om flodet genom sprickan anvéinds for att bestimma medelsprickdppningen
kommer detta att leda till avvikelser frén den verkliga medelsprick6ppningen.

I enlighet med problemdefinitionen modellerades sprickans uppforande pd tva
olika sitt, dels som linjdrelastisk med ett Coulomb skjuvningsvillkor, dels
med hjilp av en icke linjdr empirisk modell (d.v.s. Barton- Bandis
sprickmodell).

De hydrauliska villkoren for bada belstningssekvenserna var: konstant tryck
pé 50 kPa vid insldppspunkten och 0 kPa vid utsldppspunkten.

Alla modellkérningar presenterade i denna rapport utfordes med det

datorbaserade tva-dimensionella distinkta elementprogrammet UDEC,
version 1.8.
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SUMMARY AND CONCLUSIONS

This report presents the results of the Coupled Stress-Flow Model, TC1
(Test Case 1) of Decovalex. The model simulates the fourth loading cycle of
a Coupled Stress-Flow Test (CSFT) and subsequent shearing up to and
beyond peak shear resistance.

The normal loading sequence, termed “Sequence A”, consists of seven
loading steps: 0, 5, 15, 25, 15, 5 and 0 MPa. The shear sequence termed
”Sequence B”, consisted of the following eight steps: unstressed state,
normal boundary loading of 25 MPa (no shearing), and then shearing of 0.5,
0.8,2.0,4.0,2.0 and 0 mm.

Each loading sequence were performed with two different options regarding
the rock joint behavior. In Option 1 a linear elastic joint model with a
Coulomb slip criterion was used. In Option 2 a non-linear empirical (i.e.
Barton-Bandis) joint model was used.

The hydraulic conditions for all models presented in this report was a
- constant head of 5 m at the inlet point and 0 m at the outlet point.

Based on the modeling, the following general conclusions could be drawn
for Option 1 and 2:

* A boundary normal stress of 25 MPa produces an average joint normal
stress that is significantly greater than 25 MPa.

» It is not possible to specify stress boundary condition to produce a
specific amount of shear displacement after the joint reaches peak shear

strength.

e The normal stress along the joint is not constant, but higher at the joint
ends. This is due to bending in the model.

 The higher normal stress at the joint ends results in smaller joint
apertures at the joint ends than along the rest of the joint. The ends of the
joint will therefore control the flow rate for the entire joint. If the flow
rate is used to determine an average joint aperture, this will lead to errors.

» Normal stress boundaries produce more bending in the model compared
to displacement boundaries. This larger bending results in larger
difference in stress between the joint ends and the middle of the joint,
although the average stress is the same.

» The average normal stress could be held fairly constant during the
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The following specific conclusions could be drawn for Option 1:

*» The joint closes to it’s residual aperture at the joint ends for all loading steps except
for the case of 5 Map normal boundary loading.

* When shearing a non-dilatant joint as in this problem, the joint apertures should
remain constant during the shearing sequence. However, a slight change (<1 um) in
the average aperture occurs resulting in a slight change in flow rate. If the flow rates
are plotted in the same scale as for Option 2, they will appear constant. Consequently,
this minor change in aperture and flow can essentially be considered as noise.

The following specific conclusions could be drawn for Option 2:

» Because of dilation, it is difficult to maintain a constant average normal stress in the
joint during shear using a displacement boundary condition. A component of normal
displacement must be estimated and removed during shear. The sample is not
allowed to rotate when a displacement boundary is used so that any change in normal
stress distribution caused by rotation may not be evident.

* The use of relatively low joint stiffness limit (200 GPa/m) produces a more constant
stress distribution along the joint compared to Option 1 where a joint stiffness of 500
GP/m was used.

* In the Barton-Bandis joint model implementation in UDEC the joint dilation is a
function of the shear displacement and the mobilized roughness. It does not take into
account displacement from the original start point during shear reversal. This results
in the dilation being recovered immediately upon shear reversal since the mobilized
roughness goes to zero. The dilation is then accumulated during the reverse shear
displacement and is nearly the same as at the end of the original 4.0 mm shear. This
error in implementation has been fixed in the current UDEC version.
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INTRODUCTION

This report presents the results of the Coupled Stress-Flow Model, TC1, of
Decovalex. The model simulates the fourth loading cycle of a Coupled
Stress-Flow Test (CSFT) and subsequent shearing up to and beyond peak
shear resistance.

The normal stress boundary loading sequence is termed "Loading Sequence
A" and the subsequent shearing is termed "Loading Sequence B". Loading
Sequence A consists of seven loading steps, including the initial unstressed
state. The following boundary normal stress loading steps are included in
Loading Sequence A: 0, 5, 15, 25, 15, 5, and 0 MPa. Loading Sequence B
consists of eight steps, which are as follows: unstressed state, normal
boundary loading of 25 MPa (no shearing), and then shearing of 0.5, 0.8,
2.0, 4.0, 2.0 and 0 mm. The first values up to 4 mm, represent forward
shearing and the remaining values represent reverse shearing. The shearing
sequence was to be made under constant joint normal stress.

In the problem specification the shearing was to be made by changing the
boundary stresses. However, it is not possible to specify stress boundary
conditions to produce specific amounts of shear displacement after the joint
reaches peak shear strength. Therefore, displacement boundary conditions
were applied so that joint normal stress from the 25 MPa normal boundary
stress step was kept constant during shearing.

Two different options regarding the rock joint behavior are modelled in
accordance with the problem definition, Decovalex (1991). In Option 1 a
linear elastic joint model with a Coulomb slip criterion was used. In Option
2 a non-linear empirical (i.e. Barton-Bandis) joint model was used.

The hydraulic condition during both Loading Sequence A and B was a
constant head of 5 m at the inlet point and 0 m at the outlet point.

All model runs presented in this report are performed using the two-
dimensional distinct element computer code UDEC, version 1.8.



BRIEF MATHEMATICAL BACKGROUND
TO THE CODE

There are numerous references which describe the theoretical background
and numerical formulation used in UDEC. One of the most comprehensive
descriptions is given by Board (1989). The description of the mechanical
and hydromechanical code formulation presented here is adapted from Hart
(1991). The description of the thermomechanical code formulation is
adapted from Board (1989).

In the distinct element method, a rock mass is represented as an assemblage
of discrete blocks. Joints are viewed as interfaces between distinct bodies
—i.e., the discontinuity is treated as a boundary condition rather than a
special element in the model. The contact forces and displacements at the
interfaces of a stressed assembly of blocks are found through a series of
calculations which trace the movements of blocks. Movements result from
the propagation through the block system of a disturbance applied at the
boundary. This is a dynamic process in which the speed of propagation is a
function of the physical properties of the discrete system. The dynamic
behavior is described numerically by using a timestepping algorithm in
which the size of the timestep is selected such that velocities and
accelerations can be assumed constant within the timestep. The distinct
element method is based on the concept that the timestep is sufficiently
small that during a single step disturbances cannot propagate from one
discrete element in the model further than its immediate neighbors. This
solution scheme is identical to that used by the explicit finite difference
method for continuum numerical analysis. The timestep restriction applies
to both contacts and blocks. For rigid blocks, the block mass and interface
stiffness between blocks define the timestep limitation; for deformable
blocks, the zone size is used, and the stiffness of the system includes
contributions from both the intact rock modulus and the stiffness at the

contacts.

The calculations performed in the distinct element method alternate between
application of a force-displacement law at the contacts and Newton's second
law of motion at the blocks. The force-displacement law is used to find
contact forces from displacements. Newton's second law gives the motion
of the blocks resulting from the forces acting on it. If the blocks are
deformable, motion is calculated at the gridpoints of the triangular finite-
difference (constant-strain) elements within the blocks. Then, the
application of the block material constitutive relations gives new stresses
within the elements. Figure 2-1 shows schematically the calculation cycle
for the distinct element method.



This numerical formulation satisfies momentum and energy conservation
Jaws by satisfying Newton's laws of motion exactly. Although some error
may be introduced in the computer programs by the numerical integration
process, this error may be made arbitrarily small by the use of suitable
timesteps and high precision coordinates.
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Figure 2-1. Calculation Cycle for the Distinct Element Method (symbols
defined in the appendix I) [Hart, 1991]



2.1

Rock Joint Representation

A rock joint is represented numerically as a contact surface (composed of
individual point contacts) formed between two block edges. In general, for
each pair of blocks that touch (or is separated by a small enough gap), data
elements are created to represent point contacts. In UDEC, adjacent blocks
can touch along a common edge segment or at discrete points where a corner
meets an edge or another corner. For rigid blocks, a contact in UDEC is
created at each corner interacting with a corner or edge of an opposing block
(Fig 2-2). If the blocks are deformable (internally discretized into finite
difference elements), point contacts are created at all gridpoints located on
the block edge in contact. Thus, the number of contact points can be
increased as a function of the internal zoning of the adjacent blocks.

A specific problem with contact schemes is the unrealistic response that can
result when block interaction occurs close to or at opposing block corners.
Numerically, blocks may become locked or hung-up. This is a result of the
modeling assumption that block corners are sharp or have infinite strength.
In reality, crushing of the corners would occur as a result of a stress
concentration. Explicit modeling of this effect is impractical. However, a
realistic representation can be achieved by rounding the corners so that
blocks can smoothly slide past one another when two opposing corners
interact. Corner rounding is used in UDEC by specifying a circular arc for
each block comer. The arc is defined by the distance from the true apex to
the point of tangency with the adjoining edges. By specifying this distance
rather than a constant radius, the truncation of sharp corners is not severe.

In UDEC, the point of contact between a corner and an edge is located at the
intersection between the edge and the normal taken from the center of the
radius of the circular arc at the corner to the edge (Fig 2-3(a)). If two
corners are in contact, the point of contact is the intersection between the
line joining the two opposing centers of radii and the circular arcs

(Fig 2-3(b)). The directions of normal and shear force acting at a contact are
defined with respect to the direction of the contact normal (Fig 2-3).
Contacts along the edge of a deformable block are represented by corners
with very large rounding lengths.

Corner rounding only applies to the contact mechanics calculation in UDEC.
All other calculations and properties such as block and zone mass are based
on the entire block. Corner rounding can introduce inaccuracy in the
solution if the rounding is too large. If the rounding length is kept to
approximately one percent (1%) of the representative block edge length in
the model, good accuracy is achieved.

Contact points in UDEC are updated automatically as block motion occurs.
The algorithms to perform this updating must be computationally efficient,
particularly for dynamic analysis, in which large displacements may require
deleting and adding hundreds of contacts during the dynamic simulation.
UDEC takes advantage of a network of “domains” created by the two-



dimensional block assembly. Domains are the regions of space between
blocks which are defined by the contact points —e.g., D; and D, in Fig 2-4.
During one timestep, new contacts can be formed only between corners and
edges within the same domain, so local updates can be executed efficiently
whenever some prescribed measure of motion is reached within the domain.
The main disadvantage of this scheme is that it cannot be used for very loose
systems because the domain structure becomes ill-defined.

e Initial position.

“Seo_a— ofBlxk2

<~ Block Centroid

Figure 2-2. Contacts Between Two Rigid Blocks in UDEC (Block overlap
is exaggerated,) [Hart, 1991]
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Corner-to-edge contact (rounding length exaggerated); (b) smooth
interaction of corner-to-corner contact [Hart, 1991]



2.2
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Figure 2-4. Contacts and Domains Between Two Deformable Blocks
[Hart, 1991].

Rock Joint Behavior

Numerically, a joint is a special contact type which is classified as an edge-
to-edge contact. In UDEC, a joint is recognized when a domain is defined
by two point contacts. The joint is assumed to extend between the two
contacts and be divided in half with each half-length supporting its own
contact stress (Fig 2-4). Incremental normal and shear displacements are
calculated for each point contact and associated length (i.e., Lj, Lo and L3 in
Fig 2-4).

UDEC uses several joint behavior relations to describe the mechanical
response at the interface. The basic joint model used in the codes captures
several of the features which are representative of the physical response of
joints. In the normal direction, the stress-displacement relation is assumed
to be linear and governed by the stiffness k, such that

Oy = kyity 2-1

where o, is the effective normal stress, and
Uy, is the normal displacement.



There is also a limiting tensile strength, T, for the joint. If the tensile
strength is exceeded (i.e., if o, < - T), then 0, = 0. Similarly, in shear, the
response is controlled by a constant shear stiffness, k. The shear stress, T,
is limited by a combination of cohesive (C) and frictional (¢) strength.
Thus, if

’rslsCH}n tand =T,,,, 2-2
then

T, = kg us 2-3
or else, if

“s’ 2 Tmax 2.4
then

Ty = Sign (Aug ) Trax 2-5

where use is the elastic component of the shear displacement, and
Augis the incremental shear displacement.

This model is described as the Coulomb slip model. In addition, joint
dilation may occur at the onset of slip (non-elastic sliding) of the joint.
Dilation is governed in the Coulomb slip model by a specified dilation angle
i. The accumulated dilation is generally limited by either a high normal
stress level or by a large accumulated shear displacement which exceeds a
limiting value Ug. The limitation on dilation corresponds to the observation
that crushing of asperities at high normal stress or large shearing would
eventually prevent the joint from dilating.

In the Coulomb model, the dilation is restricted such that if
| T | < Tmax, then y = 0, and if | Ts | = Tmax and us = Ucs, then y = 0.

The Coulomb model can approximate a displacement-weakening response
which is often observed in physical joints. This is accomplished by setting
both the tensile strength, T, and cohesion, C, to zero whenever either the
tensile or shear strength is exceeded.

A more comprehensive displacement-weakening model is also available in
UDEC. This model, the continuously-yielding joint model (Cundall and
Lemos, 1990) is intended to simulate the intrinsic mechanism of progressive
damage of the joint under shear.
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UDEC also includes an empirical joint model described by Barton et al.
(1985). In this joint model, the effect of surface roughness on joint
deformation and strength is described in terms of empirical relations
between normal stress and closure, mobilized roughness and normalized
shear displacements, and a non-linear strength criterion.

Block Deformability

In UDEC, each block can be automatically discretized into triangular
constant-strain elements. These elements may follow an arbitrary, nonlinear
constitutive law (e.g., Mohr-Coulomb failure criterion with non-associated
flow rule). Other nonlinear plasticity models recently added to UDEC
include a ubiquitous joint model and strain-softening models for both shear
and volumetric (collapse) yield. The complexity of deformation of the
blocks depends on the number of elements into which the blocks are

divided.

Hydromechanical Coupling

UDEC has the capability to model the flow of a fluid through the fractures
of a system of impermeable blocks. A fully-coupled mechanical-hydraulic
analysis is performed in which fracture conductivity is dependent on
mechanical deformation and, conversely, joint water pressures affect the
mechanical behavior. Joint apertures and water pressures are updated at
every timestep.

The fluid logic takes advantage of the domain network logic used in UDEC
to monitor changes in contacts. The domains are considered to be fluid
volumes which fluctuate as a function of contact normal displacement at the
two ends of the domain. Each contact is assigned a conducting (hydraulic)
aperture, a, which is related to normal displacement by

a=a,+ Uy 2-6

where a, is the aperture at zero normal stress, and
u, is the joint normal displacement (positive denoting opening).

A minimum residual value, as, is assumed at higher confining stresses.
This allows for some fluid conductivity always to be maintained, in keeping
with experimental observation.



Joint dilation will modify the basic relation, and is assumed to be
irrecoverable. A maximum contact aperture is also defined which limits the
magnitude of the conductivity when the joint opens.

Flow in planar rock fractures is idealized as a case of laminar viscous flow
between parallel plates. In this model, the flow rate per unit width, g, if
given by

A
g=Ca’ {—1{3} 2.7
1
_L 2.8
¢ 12u

where C is the fluid flow joint property which is assumed to remain
constant,

u is the dynamic viscosity of the fluid,

Ap is the change in pressure across a contact between adjacent
domains, and

L is the length assigned to the contact.

The rate of fluid flow thus is assumed to be dependent upon the cubic power
of the aperture.

The domain pressures are updated by taking into account the net flow into
the domain and changes in domain volume due to incremental motion of the
surrounding blocks. The new domain pressure is

P=D, +KWQ[—AVE]—KW[—A\7:—} 2-9
where py is the domain pressure in the preceding timestep,
Q is the sum of flow rates into the domain from all surrounding
contacts,
K, is the bulk modulus of the fluid, and
AV=V-V,, V,,,=V;V0 2-10

‘where V and Vj are the domain volumes at the present and previous
timesteps. ~
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The domain pressures are resolved into forces exerted by the fluid at the
contacts and are added to the mechanical contact forces and external loads to
be applied at the block boundaries. Thus, total stresses will result inside the
impermeable blocks, while effective normal stresses are obtained for the

mechanical contacts.

Lemos and Lorig (1990) describe the following limitations of the current
procedure as well as an adaptive procedure for determining steady-state
condition. For transient flow analysis, the numerical stability requirements
may be rather severe, and may make some analyses very time-consuming or
impractical, especially if large contact apertures and very small domain areas
are present. A scheme that can be used to enhance computational efficiency
consists in assigning to domains at the intersection of the joints part of the
volume of the joints meeting at the point, and correspondingly reducing the
volume of the joint domains. Furthermore, the fluid filling a joint also
increases the apparent joint stiffness by Ky/a, thus possibly requiring a
reduction of the timestep used in the mechanical calculation.

In many studies, only the final steady-state condition is of interest. In this
case, several simplifications are possible which make the present algorithm
very efficient for many practical problems. The steady-state condition does
not involve the domain volumes. These can thus be scaled to improve the
convergence to the solution. A scheme that was found to produce good
results consists in assigning to a given domain a volume V that, inserted in
the timestep expression above, leads to the same timestep for all domains.
The contribution of the change in domain volume to the pressure variation
can also be neglected, thus eliminating the influence of the fluid stiffness in
the mechanical timestep. Furthermore, as the steady-state condition is
approached, the pressure variation in each fluid step becomes very small,
allowing the execution of several fluid steps for each mechanical step
without loss of accuracy. An adaptive procedure was implemented in
UDEC which "triggers" the update of the mechanical quantities, whenever
the maximum increment of pressure in any domain exceeds some prescribed
tolerance (for example, 1% of the maximum pressure).

11



2.5

Thermomechanical Coupling

The heat transfer in UDEC is based on conductive transfer within the
medium with the provision for temperature, flux, convective or radiative
boundaries. The standard equations for transient heat conduction can be
found in many texts, such as Karlekar and Desmond (1982), and are
reviewed here. The basic equatlon of conduction heat transfer is Fourier's
Jaw, which can be written in one dimension as

=-k,— 2-11
Q X ax

where Qy = flux in the x-direction (W/mz), and
ky = thermal conductivity in the x-direction (W/m °C).

A similar equation can be written for Q,. Also, for any mass, the change in
temperature can be written as

§Z=%_ 2-12
ot CPM

where Qqet = net heat flow into mass (M),
C, = specific heat (J/kg °C), and
M =mass (kg).

These two equations form the basis of the thermal logic in UDEC. Equation
2-12 can be written as

3
or__1 199, 2l 2-13
ot Cpp ay

where p is the mass density.

Combining this with Eq. 2-11,

T 1 a[ aT] or] 1 [ &' or

ol
—_— —_— — | = +k
ot Cpp ox | kx ox | y[ dy J [ Y ay?

2-14

if ky and ky are constant. This is the standard two-dimensional diffusion
equation.
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Temperature changes cause stress changes for fully-deformable blocks
according to the equation

Acy; = ~8; KBAT 2-15

where Aoy= change in ij stress component,
dij = Kronecker delta function,

[1 0]

[o71]

K = bulk modulus,
8 = volumetric thermal expansion coefficient B, and

AT = temperature change.
Note that B = 3, where o = linear thermal expansion coefficient.

Equatlon 2-15 assumes a constant temperature in each triangular zone which
is mterpolated from the surrounding gndpomts The incremental change in
stress is added to the zone stress state prior to application of the constitutive

law.

The mechanical changes can also cause temperature changes as en~ergy is
dissipated in the system. This coupling is not modeled in UDEC because
the heat produced in usually negligible for quasi-static problems.
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2.6

Performing Coupled Analysis

In performing coupled analyses, it is important to be clear about the relative
time scales associated with heat flow, fluid flow and mechanical loading.
Mechanical effects occur almost instantaneously in the real world —in the
order of milliseconds. Fluid flow effects in jointed rock usually take
somewhat longer, on the order of seconds, hours or even days, depending on
joint permeability. However, heat flow is a much longer-term process,
taking place over months and years.

As discussed previously, UDEC is an explicit code, which means that it
takes "timesteps" to solve a problem. Thus, although mechanical effects
take place almost instantaneously, UDEC takes a finite number of steps to
reach mechanical equilibrium. However, there is no true time period
associated with these steps; they are merely an internal mechanism for the
code to attain equilibrium. An alternative way in which to think of these
mechanical steps is to imagine that each step represents a microsecond or
less of time, so that, even if many steps are taken, almost no time elapses.

The procedure for running a coupled thermomechanical simulation is shown
in Fig 2-5. The fundamental requirement in performing the simulation is
that temperature increases between successive thermal time cause only
"small" out-of-balance forces in blocks. Out-of-balance forces are "small" if
they do not adversely affect the solution. For non-linear problems, some
experimentation may be necessary to obtain a feeling of what "small" means
in the particular problem being solved. This is performed by trying different
allowable temperature increases when running the problem. An important
point to note is that the same temperature increase is not necessarily
acceptable to all times in a problem. While the system is far from yield (i.e.,
inelastic behavior), large temperature changes may be acceptable but, near
yield, only relatively small increases can be tolerated.

In many studies involving coupled thermal, hydrological and mechanical
analyses, only the steady-state condition at specified times are of interest.
For these problems, the adaptive hydromechanical coupling scheme
described at the end of Section 2.4 can be used. If this procedure is used to
determine the steady-state fluid flow condition, then, again, no true time
period is associated with the fluid flow steps and the procedure for running a
coupled simulation is similar to that shown in Fig 2-3.
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Figure 2-5. Method of Running A Coupled Thermomechanical Simulation
with UDEC [Board, 1989]

The three main differences would be that:

(1) hydrologic properties and boundary conditions would be specified under
"input";

(2) mechanical analysis would be replaced by hydromechanical analysis;
and

(3) mechanical equilibrium would be replaced by mechanical and
hydrologic equilibrium.

This method of performing coupled analysis results in the following
interactions.

» Temperature change is not affected by fluid flow (convective heat
transfer).

»  Pore pressure in fractures is not affected by temperature change.
*  Mechanical stress is affected by temperature change.

»  Temperature is not affected by volume change.

*  Mechanical stress is affected by pore pressure.

* Pore pressure is not affected by aperture change.

*  Thermal conductivity is constant.
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CODE DESCRIPTION

Formulation and development of the distinct element method has progressed
for over 20 years, beginning with the initial presentation by Cundall (1971).
The method was created originally as a two-dimensional representation of a
jointed rock mass, but has been extended to applications in particle flow
research (Walton, 1980), studies on micromechanics of granular media
(Cundall and Strack, 1983) and crack development in rocks and concrete
(Plesha and Aifantis, 1983; Lorig and Cundall, 1987). The most recent two-
dimensional program, UDEC (Universal Distinct Element Code) was
developed in 1980 (Cundall, 1980; Lemos et al., 1985) to combine into one
code the formulation to represent both rigid and deformable blocks
separated by discontinuities. In 1983, work was begun on the development
of a three-dimensional version of the method. This work is embodied in a
computer program entitled 3DEC (3-Dimensional Distinct Element Code)
(Cundall, 1988; Hart et al., 1988). The chronology of development of the
distinct element method, and UDEC in particular, is shown in Fig 3-1.

Over the years, the performance of UDEC has been verified for specific
problems through through numerous studies (Board, 1989; Brady et al.,
1990a,b; Lemos and Lorig, 1990; Itasca, 1991). These verification studies
have shown reasonable agreement with analytical solutions and/or results

obtained using other codes.

UDEC has also been used to analyze the results of field tests (Brady et al.,
1985; Hart et al., 1985) and to predict the results of laboratory tests. UDEC
models of jointed rock problems involving response to storage of high-level
nuclear waste have been made by many investigators (e.g., Johansson et al.,
1991a,b; Board, 1989; Christianson, 1989; Lorig and Dasgupta, 1989).

16



9] — -——— UDEC Vers. 1.7 3DEC Vers. 1.3
1990 — -w————— UDEC Vers. 1.6 3DEC Vers. 1.2

89 —| <——— UDECVers. 1.5 3DEC Vers. 1.1

88 —| ~#—— UDEC Vers. 1.4 3DEC Vers. 1.0

(Cundall, 1988, Hart et al., 1988)
87 —| <¢—— UDEC Vers. 1.3
86 —| <&———— UDEC Vers.1.2

85 — -e—— UDECVems. 1.1 3DEC (test bed)

(Cundall and Hart, 1985)
84 -
83 —{ -€——— UDEC Vers. 1.0
82 -
81 —
1980 —1 <€—— UDEC (test bed)

(Cundall, 1980)
79 —| <€«—— TRUBAL

(Cundall and Strack, 1979)

78 —| ~€—— RBM, SDEM, DBLOCK (fortran)
(Cundall et ., 1978,

77 1 . Cundall and Marti, 1979)

76

75

74 — -€——— General DEM (machine language)
‘(Cundall, 1974)

73

72

71 —| <+—— DEM (speéial geometry)
(Cundall, 1971)

1970 —

Figure 3-1. Chronology of the Distinct Element Method
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4.1

COMMENTS ON THE GIVEN SPECIFI-
CATIONS OF COUPLED STRESS-FLOW
MODEL, TC1

General Comments for Option 1 and Option 2

General comments regarding the specifications for Option 1 and Option 2
are as follows.

1.

The specified normal stiffness (1 GPa/m) for the steel-epoxy interface
(I4) is too low. The specified maximum normal stress (25 MPa)
applied at the boundary produces a normal displacement of 25 mm,
which is 2.5 times greater than the steel thickness. In order to
overcome this difficulty, the normal stiffness for the steel-epoxy
interface was increased from 1 GPa/m to 100 GPa/m.

A similar problem arises at the epoxy-epoxy interface (I5). The
normal stiffness for this interface was not increased as it was assumed
that there is actually a gap between halves in the laboratory apparatus.

The problem specification implies that (i) normal stress along the
length of the rock joint from 25 MPa boundary loading is constant,
and (ii) that the average stress is 25 MPa. Neither of these statements
are correct. The normal stress varies considerably along the joint due
to bending in the epoxy which results in high normal stresses at the
joint ends and lower stresses at the middle of the joint. The bending in
the epoxy is due to the lower stiffness (compared to the rock joint
stiffness) in the epoxy-epoxy interface and to the lower stiffness of the
epoxy itself. From knowledge of the test set-up, the boundaries are
loaded only over a width which roughly corresponds to the diameter of
the specimen. In the specified model, however, the entire width of the
boundaries are loaded. This is the main reason that the average joint
normal stress in the model is much higher than the specified boundary

stresses.

The induced average joint normal stress from 25 MPa boundary
loading was taken as the stress which should be kept constant during
the shear sequence. Another way to perform this modelling would be
to determine the boundary stresses required to produce an average
joint normal stress of 25 MPa and then keep this stress value constant
during the shear sequence. This procedure was not used.

Displacement boundaries were used for the shear sequence since it is
impossible to obtain post peak results with pressure boundaries.
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4.2

4.3

4.  The properties for the rock-epoxy interface are not specified in the
problem definition. The following properties are used: cohesion,
C=1E6 MPa, friction angle, ¢=45 degrees, normal stiffness, Kn=500
GPa/m, and shear stiffness Ks=16 GPa/m.

Specific Comments for Option 1

Comments regarding the specifications for this problem are as follows.

1. The residual hydraulic aperture specified for the linear stiffness model
is 0.8 pm. At the normal loads at the ends of the joint and the joint
normal stiffness specified the joint will close to this value. The
hydraulic aperture for the Barton-Bandis joints at this stress level

would be 18 pm.

2.  There is no dilation angle specified for the linear joints. Since the
joint will not change in aperture during shear, Loading Sequence B
should not produce a change in flow rate.

3. Plane strain conditions are specified for this problem but not for
option 2.

Specific Comments for Option 2

Comments regarding the specifications for this problem are as follows.

1.  Onpage 16, it s stated that "the displacement needed to mobilize peak
shear strength of the rock joint is slightly above 0.8 mm." This
statement is true for values of JRC greater than 5. In this problem,
JRC is less than 5 and, hence, the displacement needed to mobilize the
peak shear strength is 2x0.84 mm = 1.68 mm.

2. Reference for the Barton-Bandis type of joint model (see page 11) is
not provided. The joint model used in this exercise is described by
Barton (1982) and Barton et al. (1985).

3. Onpage 11, it states "Each Research Team has therefore to decide
whether plane strain or plane stress conditions should be used in a
two-dimensional model." However, no information about end
conditions is provided. Specification of end conditions would allow
proper determination of whether plane strain or plane stress conditions
are appropriate. Plane strain was used to be consistant with Option 1.
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Page 12 provides the relation to be used between hydraulic aperture, €,
and mechanical aperture, b. This relation is defined by Barton et al.
(1985). However, this reference is not provided. It is believed that, in
this relation, b must be specified in microns. A value of JRCo used in
the relation is not specified. The value of JRCo = 1.95 was used (see
number 6, below). The relation also specifies that the hydraulic
aperture be less than or equal to the mechanical aperture. If JRCo =

1.95, then
e =0.19b°

Therefore, the hydraulic aperture will equal the mechanical aperture
for mechanical apertures greater than about 5 microns. In this
problem, mechanical apertures are greater than 5 microns; therefore,
the mechanical and hydraulic apertures are equal.

Gravity was neglected in the analysis presented here.

Values for JRCo and JCSo were not provided. In the analysis
presented here, these values were back-calculated based on joint
length. The following values were used in the analysis presented here:

JRCo =1.95
JCSo =156.21

The boundary conditions for the upper block for sequence B are
defined as 25 MPa +Ao. It is impossible to specify stress boundary
conditions to produce specific amounts of joint shear displacement
after the joint reaches peak shear strength. Therefore, displacement
boundary conditions were estimated for the analysis presented here.
However, difficulties arise when attempting to do this.

The problem specification states that joint normal stress be kept
constant during shearing (see page 15). This means that joint dilation
resulting from shear must be accounted for in the boundary conditions.
For the results shown here, it was assumed that a dilation angle of 0.5
degrees would result from shearing of the joint under constant normal
stress. This value was determined based on use of a joint exerciser
(i.e., spread sheet) assuming a joint normal stress of 25 MPa.

The problem specification implies that normal stress along the length
of the rock joint is constant (see page 20). However, the normal stress
varies considerably along the length of the joint. The highest normal
stresses are obtained at the ends of the rock joint. The lowest values
of normal stress are at the middle of the joint length. This result is
exactly what is expected, since the epoxy-epoxy interface at the joint
ends has a much lower normal stiffness than the rock joint. In order to
reduce the normal stress concentration, and at least try to approach a
condition of constant normal stress, the normal stiffness of the rock
joint was limited to a normal stiffness of 200 GPa/m. This will also
reduce problems with numerical stability caused by joint dilation.
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The use of this stiffness limit has relatively minor effects other than
reducing the variation in normal stress along the joint. The joint
aperture in the Barton-Bandis model in UDEC is calculated from the
joint normal stress using a hyperbolic stress displacement function.
The use of a stiffness limit in the normal direction, therefore, does not
affect apertures. The stiffness limit will result in a slightly greater
displacement of the blocks on either side of the joint. The magnitude
of this additional displacement is usually several orders of magnitude
less than the displacements due to elastic compression of the block.

The output specifications for the model ask for the "average” normal
stress across the joint. The concept of an "average" normal stress may
be misleading in the problem, since the maximum stresses may be of
importance in determining flow characteristics and shear
deformations.

The initial aperture is calculated from the Barton-Bandis model
assuming parameters previously given and assuming a rock
compressive strength of 240 MPa. The resultant initial unstressed
aperture is 81 microns. Initial closure at the beginning of the fourth
normal load cycle is 30 microns. Consequently, the initial unstressed
aperture at the beginning of normal loading sequence is 51 microns.
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HARDWARE - TIMING

The model runs were performed on different computers resulting in different
runtimes. Table 5-1 shows the different computers used and approximate

runtimes.

Table 5-1. Computers Used and Approximate Runtimes.

RUN COMPUTER RUNTIME
[h]

Option 1

Loading Sequence A Dell 325, 386, 25 Mhz 6

Loading Sequence B Dell 325, 386, 25 MHz 10

Option 2

Loading Sequence A Dell 310, 386, 20 Mhz 8

Loading Sequence B Gateway 2000, 486, 33 Mhz 4

All runs were conducted using UDEC version 1.8. The data files used are
given in Appendices II through V.
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6.1

RESULTS

Results According to Given Specifications

The results according to the given specifications are divided into four
groups, representing the different runs given in Table 5-1 above. Each group
of results consist of the following type of figures.

1.  Tables showing the value of a specific parameter at a specific point at
each loading/shearing step. The given parameters may be either rock
matrix parameters or joint parameters depending on where in the
model the actual point is specified. Points A through D refer to rock
matrix parameters such as the stress components SXX, SYY and
SXY, etc. (negative stresses are compressive), and points E through I
refer to joint parameters such as joint normal and shear displacement,
joint normal stress, pore pressure, etc. For the location of monitoring
points, see Fig 6-1. The tables are presented in Appendices VI through
X11I.

2. Diagrams showing relations between different parameters for the

different loading sequences, e.g. average normal stress versus average
normal deformation across the joint.

The following diagrams are presented for Loading Sequence A:

(i) Average normal stress across the joint as a function of the
average normal deformation between points A-D and B-C. The
average normal stress is the average of the normal stress values
at points E-I. The normal deformation is defined as the relative
displacement of the specified points in a direction orthogonal to
the joint. This implies that the orthogonal deformation of the
joint includes deformation of the joint and the intact rock
material between points A-D and B-C.

(ii) Average normal stress across the joint versus average
mechanical and conducting aperture. The stress and aperture

values are average values at points E-I.

(iii) Average normal stress across the joint versus flow rate at the
outlet point (E).
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For Loading Sequence B, the following diagrams are presented:

@)

(ii)

(iii)

Average shear stress along the joint as a function of the average shear
deformation between points A-D and B-C. The average shear stress, is
the average of the shear stress values at points E-I. The shear
deformation is defined as the relative shear displacement of points A-
D and B-C in a direction parallel to the joint. This implies that the
parallel deformation includes deformation of the joint and intact rock
material between point A-D and B-C.

Average mechanical and conducting aperture versus average shear
displacement along the joint. All values are average values at points

E-I1.

Flow rate at the outlet point (E) as a function of average shear
displacement along the joint.

Figure 6-1 Monitoring point locations.
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Plots provided directly from UDEC. The following UDEC plots are
presented for each option:

Loading Sequence A; (i) Model geometry prior to loading of the entire
model including finite difference zone dis-
cretisation

(ii) Vector plot of principal stresses for the case
of 25 MPa boundary loading

Loading Sequence B; (i) Model geometry prior to loading of the entire
model including finite difference zone dis-

cretisation

(ii) Vector plots of principal stresses at 0.0, 0.8
and 4.0 mm forward shearing
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Figure 6-2. Average normal stress versus the average orthogonal
deformation across the joint at points A-D and B-C, Option 1, Loading
Sequence A.
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Figure 6-3. Average normal stress across the joint versus average
mechanical and conducting aperture at points E-I, Option 1, Loading
Sequence A
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Figure 6-4. Average normal stress across the joint versus flow rate at the
outlet point (E), Option 1, Loading Sequence A.
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Figure 6-5. Model goemetry prior to loading of the entire model including
finite difference zone discretisation, Option 1, Loading Sequence A.
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Figure 6-6. Principal stress vectors for the case of 25 MPa boundary

loading, Option 1, Loading Sequence A.
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Figure 6-7. Average shear stress along the joint versus the average shear

deformation between points A-D and B-C, Option I, Loading Sequence B.
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Figure 6-8. Average mechanical and conducting aperture versus average
shear displacement along the joint at points E-I, Option 1, Loading
Sequence B.
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Figure 6-9. Flow rate at the outlet point (E) versus average shear
displacement along the joint, Option I, Loading Sequence B.
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Figure 6-10. Model geometry prior to loading of the entire model including
finite difference zone discretisation, Option I, Loading Sequence B.
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Figure 6-11. Principal stress vectors at 0.0 mm forward shearing, Option
1, Loading Sequence B.
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Figure 6-12. Principal stress vectors at 0.8 mm forward shearing, Option
1, Loading Sequence B.
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Figure 6-13. Principal stress vectors at 4.0 mm forward shearing, Option
1, Loading Sequence B.
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Figure 6-14. Average normal stress versus the average orthogonal
deformation across the joint at points A-D and B-C, Option 2, Loading

Sequence A.
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Figure 6-15. Average normal stress across the joint versus average
mechanical and conducting aperture at points E-I, Option 2, Loading

Sequence A.
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Figure 6-16. Average normal stress across the joint versus flow rate at the
outlet point (E), Option 2, Loading sequence A.
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Figure 6-17. Model goemetry prior to loading of the entire model including
finite difference zone discretisation, Option 2, Loading Sequence A.

33



JOB TITLE : TC1, BB Joint, Loading Sequence A, Sv=8h=25 MPa (step i)

T ¥

UDEC (Version 1.8) T o 3 =
N 1T i
L - RS- E - F- 8 YN

LEGEND -

40711992 13:43 -
cycle 30000 N
flow time = 1.177E-02 sec L
block plot s
principal stresses

minimum = -1.208E+02
maximum = 1.192E+02

SN N O W T A28
0 5E 2

\

AT RE TR RS TR A ) A

075

TF
X

l:l

Itasca Consulting Group, Inc.

i is, Mil
Minneapolis, Minnesota USA 3 ¥ o T 5 T e T 3 T

Figure 6-18. Principal stress vectors for the case of 25 MPa boundary
loading, Option 2, Loading Sequence A.
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Figure 6-19. Average shear stress along the joint versus the average shear
deformation between points A-D and B-C, Option 2, Loading Sequence B.
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Figure 6-20. Average mechanical and conducting aperture versus average
shear displacement along the joint at points E-I, Option 2, Loading
Sequence B. '
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Figure 6-21. Flow rate at the outlet point (E) versus average shear
displacement along the joint, Option 2, Loading Sequence B.
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Figure 6-22. Model geometry prior to loading of the entire model including
finite difference zone discretisation, Option 2, Loading Sequence B.
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Figure 6-23. Principal stress vectors at 0.0 mm forward shearing, Option
2, Loading Sequence B.
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JOB TITLE : TC1, BB-Joint, Loading Sequence B, 0.8mm Shear (steplil)

UDEC (Version 1.8)

LEGEND

3/24/1982 13:54
cycle 20800

block plot

principal stresses
minimum = -9.532E+01
maximum = 7.923E+01

 EEN S N O S
] 5E 2

itasca Consuiting Group, Inc.

Minneapolis, Minnesota USA

478

225

A75

125

075

025

Figure 6-24. Principal stress vectors at 0.8 mm forward shearing, Option

2, Loading Sequence B.
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Figure 6-25. Principal stress vectors at 4.0 mm forward shearing, Option

2, Loading Sequence B.
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Additional Results

In this section additional results are presented. Table 6.1 gives a description
of the plots presented here.

Table 6.1 Description of additional plots

PLOT FIGURE
Normal stress distribution along joint 6.26 (a)
at 25 MPa boundary loading, Option 1,

Loading Sequence A.

Normal stress distribution along joint 6.26 (b)

at 25 MPa boundary loading, Option 2,
Loading Sequence A.

Hydraulic aperture distribution along 6.27 (a)
joint at 25 MPa boundary loading,
Option 1, Loading Sequence A.

Hydraulic aperture distribution along 6.27 (b)
joint at 25 MPa boundary loading,
Option 2, Loading Sequence A.

Normal stress distribution along joint 6.28 (a)
at 0.0 mm shear, Option 1, Loading
Sequence B.

Normal stress distribution along joint 6.28 (b)
at 0.0 mm shear, Option 2, Loading
Sequence B.

Hydraulic aperture distribution along 6.29 (a)
joint at 0.0 mm shear, Option 1,
Loading Sequence B.

Hydraulic aperture distribution along 6.29 (b)
joint at 0.0 mm shear, Option 2,
Loading Sequence B.

Average normal stress on joint versus 6.30
average shear displacement along joint
for Option 1 and 2, Loading Sequence B.
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(2)

JOB TITLE : TC1, Linear Joint, Loading Sequence A, Sv=Sh=25 MPa (step !if)

UDEC (Version 1.8}

(10" 1)
LEGEND
4/03/1882 10:40 7.0 J
cycle 30000
flow time = 3.278E-02 sec 6.0
joint endpoints :
a: 0.00E+00 0.00E+00 50

b: 2.60E-01 2.60E-01
normat stress
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max = 7.216E+01

3.0

20

5 107 15 20 25
(*107-1)
ttasca Consulting Group, inc.
Minneapolis, Minnesota USA
JOB TITLE : TC1, BB Joint, Loading Sequence A, Sv=8h=25 MPa {step Ill)
UDEC (Version 1.83)
10" 1)
LEGEND
4/07/1992 13:44 5.0
cycle 30000 : J
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Minneapolis, Minnesota USA

Figure 6-26. Normal stress distribution along joint at 25 MPa boundary
loading, Loading Sequence A: (a) Option 1; (b) Option 2.
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(2)

JOB TITLE : TC1, Linear Joint, Loading Sequence A, Sv=8h=25 MPa (step [ll)

UDEC (Version 1.8)
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Figure 6-27. Hydraulic aperture distribution along joint at 25 MPa
boundary loading, Loading Sequence A: (a) Option 1; (b) Option 2.
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(a)

JOB TITLE : TC1, Linear Joint, Loading Sequence B, (stepl)
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(b)

JOB TITLE : TC1, BB-Joint, Loading Sequence B, 0.0mm Shear (stepl)

UDEC (Version 1.8)
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Figure 6-28. Normal stress distribution along joint at 0.0 mm shear,
Loading Sequence B: (a) Option 1; (b) Option 2.
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(a)

JOB TITLE : TC1, Linear Joint, Loading Sequence B, (stepl)

UDEC (Version 1.8)
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Figure 6-29. Hydraulic aperture distribution along joint at 0.0 mm shear,
Loading Sequence B: (a) Option 1; (b) Option 2
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Figure 6-30. Average normal stress versus average shear displacement
along joint for Options 1 and 2.
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7.1

DISCUSSION OF THE RESULTS

General For Option 1 and 2

The results of the modeling raise the following interesting general points for
Option 1 and 2:

1.

A stress boundary condition cannot be used to determine post peak
behavior. If a load (or stress) boundary condition is used in a
laboratory test, the post peak data recorded will be wrong if the
loading mechanism has a lower stiffness than the failure curve of the
specimen. In this case the data will reflect the loading mechanism and
not the specimen. In a numerical simulation with a stress boundary
condition the loading mechanism has no stiffness at all so the applied
load will not drop off due to sample displacement. Also, if a stress
boundary is used in a shear experiment, the shear force generated
along the joint surface will have to be balanced by a change in the
distribution of joint normal stress.

The normal stress along the joint is not the same at all monitoring
locations. This is due to the bending in the epoxy itself and, the lower
stiffness in the epoxy-epoxy interface. The normal stress distribution
for Option 1, Loading Sequence A, (at 25 MPa boundary loading) and
B (at 0.0 mm shear) is shown in Fig 6-26 (a) and 6-28 (a) respectively.
As can be seen from these figures the stress distribution along the joint
is different, however the average normal stress is the same. The
difference in normal stress distribution is due to the different boundary
conditions used for the two models. Stress boundaries have been
applied to the Loading Sequence A model, whereas displacement
boundaries have been used for Loading Sequence B. Stress boundaries
give more bending in the model compared to the model with
displacement boundaries. This larger bending results in larger
difference in stress between the joint ends and the middle of the joint.
A higher normal stress results in a smaller aperture at the ends of the
joint. The ends of the joint will control the flow rate for the entire
joint. This will lead to errors if the flow rate is used to determine an
average joint aperture.

Neither of the models induce an average normal stress of 25 MPa at 25
MPa boundary loading as indicated in the problem definition. This is
mainly due to the fact that the model is loaded over its whole
boundary, while in reality, the flat jacks only load the portion of the
boundary which corresponds to the projection of the specimen.
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7.2

7.3

Figure 6-30 shows the average normal stress versus average shear
displacement along the joint. As can be seen from this figure, the
average normal stress could be held fairly constant during the shearing
sequence for both Option 1 and 2. The difference is less than 2 MPa or
roughly 4%. The lower stress level in Option 2 is due to the way
average stress is calculated. The average is calculated using only
points E-I. This gives too much weight to the stress peaks at the ends
of the joint. The distribution of stresses for Option 1 and Option 2 are
different because of different joint normal stiffness. However, a proper
average should result in the same average stress level.

The slight change in normal stress along the joint during the shearing
sequence is the reason for the changes in aperture and flow mentioned
in item 2., section 7.2 below.

Specific For Option 1

The results of this modeling raise the following interesting points for
Option 1:

1.

The joint closes to its residual aperture at the ends for all loading steps
except for the case of 5 MPa normal boundary loading.

When shearing a non-dilatant joint as in this problem, the joint
apertures should remain constant during the shearing sequence.
However, in the model presented here, a slight change (< 1 pm) in the
average aperture occurs resulting in a slight change in flow rate. If the
flow rates are plotted in the same scale as for Option 2, they will
appear constant. Consequently, this minor change in aperture and flow
rates can essentially be considered as noise.

Specific For Option 2

The results of this modeling raise the following interesting points for
Option 2:

L.

For Loading Sequence B displacement boundary condition was used.
However, displacement boundary condition has drawbacks as well. A
displacement boundary will result in less bending of the sample and
thus a different normal stress distribution along the joint. Also, it is
more difficult to maintain a constant normal stress if the joint is
dilatant. A component of normal displacement must be estimated and
removed during shear. The sample is not allowed to rotate when a
displacement boundary is used so that any change in normal stress
distribution caused by rotation may not be evident.
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The use of a relatively low joint stiffness limit (200 GPa/m) produces
a more constant stress distribution along the joint compared to Option
1 where a joint stiffness of 500 GPa/m was used, see Fig 6-26 a) and

b).

In the Barton-Bandis joint model implementation in UDEC the joint
dilation is a function of the shear displacement and the mobilized
roughness. It does not take into account displacement from the
original start point during shear reversal. This results in the dilation
being recovered immediately upon shear reversal since the mobilized
roughness goes to zero. The dilation is then accumulated during the
reverse shear displacement and is nearly the same as at the end of the

original 4.0 mm shear.
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RECOMMENDATIONS

1.  The boundary conditions for, Loading Sequence B, should be
specified. The boundary condition suggestions included in the
definition of the test were not compatible with the requested results.
This will lead to different modeling groups using different
assumptions to model the boundaries. The different boundary
conditions will lead to different results in the simulated rock joint

behavior.

2. There should be some mechanism in place to allow the various groups
to compare assumptions and results prior to final reporting. This
would help to ensure that the same problem is being solved by all

participants.

3. Examples of the requested output plots and diagrams would be useful
to allow a consistent reporting format.

4.  Ifthe Epoxy-Epoxy interface is actually supposed to be a gap, it
should be modelled as a gap. Currently, it is defined as a very soft
interface.
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NOMENCLATURE FOR FIGURE 2.1

Contacts:

Fn normal and shear forces
Aug, Aug increment normal, shear displacements
knks normal, shear stiffness

1} friction coefficient

Rigid Blocks:

F; block force vector

F contact force vector

I moment of inertia

M block moment

; translational acceleration
X; position vector

0 angular acceleration

€ij permutation tensor
Deformable Blocks:

CO) functional form of constitutive law
F¢ contact force vector

F¢ gridpoint force vector

u gridpoint velocity vector
Agj incremental strain in zone
Ojj stress tensor in zone

At timestep

m Zone mass

nA unit outward normal vector
ds incremental segment

Appendix [



Appendix II

DATA FILE FOR OPTION 1, LOADING SEQUENCE A

round 0.001
set ovtol 0.01

bl mat 2 0,0 0,.26 .26,.26 .26,0
*

*create metal platens
%

split .01 .00 .01 .26
split .25 .00 .25 .26
split .00 .01 .26 .01
split .00 .25 .26 .25
*

*trim ends
*

split .01 .02 .02 .01
split .01 .24 .02 .25
split .25 .24 .24 .25
split .24 .01 .25 .02
split .00 .02 .01 .02
split .02 .00 .02 .01
split .00 .24 .01 .24
split .02 .25 .02 .26
split .24 .25 .24 .26
split .25 .24 .26 .24
split .25 .02 .26 .02
split .24 .00 .24 .01
*

*discard corner pieces
*

del area=1.1e-3
*

*split epoxy block
%

split 0,0 .26,.26

*

*bottom half of sample

*

crack .062825,.062825 .116620,.031767
crack .116620,.031767 .228233,.143380
crack .197175,.197175 .228233,.143380
%

*top half of sample
*

crack .062825,.062825 .031792,.116645
crack .031792,.116645 .143380,.228233
crack .197175,.197175 .143380,.228233
*



Appendix II

*Generate finite difference zones
*

gen .09 .12 .13 .17 edge 0.02
gen .13 .17 .09 .12 quad 0.015
gen 0 0.5 0 0.5 edge 0.02

*Material properties
*

*Steel
prop mat=1 k=144.927e3 g=78.740e3 dens=7000e-6
*

*Epoxy

%

prop mat=2 k=8.333e3 g=3.846¢3 dens=2250e-6
%

*Rock

*

prop mat=3 k=36.667¢3 g=22.000e3 dens=2600e-6
*

*Interface properties
%

*Extra crack

prop jmat=3 jcoh=1e10 jtens=1e10 jfric=1 jkn=1e10 jks=1e10
*Steel-Epoxy

*

prop jmat=4 jcoh=0 jfric=.176 jkn=1.0e5 jks=1.0e3

*

*Epoxy-Epoxy

*

prop jmat=>5 jecoh=0 jfric=.0175 jkn=0.1€3 jks=0.1e3

%

*Rock-Rock (Linear)

*

*Mechanical properties

prop jmat=6 jeoh=0 jfric=.532 jkn=500.0e3 jks=16.0e3

*Fluid flow properties

prop jmat 6 azero=80e-6 ares=80e-8 jperm=8.33¢7 empb=1 expa=3
%

*Rock-Rock (Barton-Bandis)

*

prop jmat=7 JRC0=1.95212 JCS0=156.207 Ln=.200 Lo=.100 Phir=26.5
prop jmat=7 aper 0.080e-3 jkn=2.0e7 jks=15.8¢3 azero=80e-6
*

*Rock-Epoxy

*

prop jmat=8 jcoh=1e6 jfric=1 jkn=500.0e3 jks=16.0e3
*

*Assign Steel Properties

*

change .00 .01 .00 .26 mat=1
change .00 .26 .00 .01 mat=1



change .00 .26 .25 .26 mat=1
change .25 .26 .00 .26 mat=1

* Assign Rock Properties
*

change .09 .11 .14 .16 mat=3
change .09 .11 .06 .08 mat=10
change .14 .16 .09 .11 mat=10
change .18 .20 .14 .16 mat=10
*

*Joint Cons

*

:hange jeons 2

:Assign joint Steel-Epoxy

:hange interface 1,2 jmat 4
:Assign joint Epoxy-Epoxy
ihange interface 2,2 jmat 5
:Assign extra cracks

change interface 10 10 jmat 3
%

* Assign joint Rock-Rock
*

change interface 10 3 jcons 2 jmat 6 *linear

*

*change interface 10,3 jmat 7 jcons 7 *Barton-Bandis

*

* Assign joint Rock-Epoxy
*

change interface 2,3 jmat 8
change interface 2 10 jmat 8
change .09 .11 .06 .08 mat=3
change .14 .16 .09 .11 mat=3
change .18 .20 .14 .16 mat=3
*

*Histories

*Horizontal stress histories at points A, B, C, and D

his sxx .0734 .13 *A
his sxx .13 .1866 *B
his sxx .1866 .13 *C
his sxx .13 .0734 *D

*Vertical stress histories at points A, B, C, and D

his syy .0734 .13 *A
his syy .13 .1866 *B
his syy .1866 .13 *C
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his syy .13 .0734 *D
*Shear stress histories at points A, B, C, and D
his sxy .0734 .13 *A
his sxy .13 .1866 *B
his sxy .1866 .13 *C
his sxy .13 .0734 *D

*Minor principal stress histories at points A, B, C, and D
*his smax .0734 .13 *A

*his smax .13 .1866 *B

*his smax .1866 .13 *C

*his smax .13 .0734 *D

*Major principal stress histories at points A, B, C, and D
*his smin .0734 .13 *A

*his smin .13 .1866 *B

*his smin .1866 .13 *C

*his smin .13 .0734 *D

*Horizontal displacement component at points A, B, C, and D
his xdis .0734 .13 *A

his xdis .13 .1866 *B

his xdis .1866 .13 *C

his xdis .13 .0734 *D

*Vertical displacement component at points A, B, C, and D
his ydis .0734 .13 *A

his ydis .13 .1866 *B

his ydis .1866 .13 *C

his ydis .13 .0734 *D

*Normal stress at points E, F, G, H, and I

hist nstre 4104 *E

hist nstre 1604 *F

hist nstre 345 *G

hist nstre 2368 *H

hist nstre 3014 *I

*Shear stress at point E, F, G, H, and 1

hist sstr 4104 *E -
hist sstr 1604 *F

hist sstr 345 *G

hist sstr 2368 *H

hist sstr 3014 *I

*Normal displacement at points E, F, G, H, and I

hist ndis 4104 *E

hist ndis 1604 *F

hist ndis 345 *G

hist ndis 2368 *H

hist ndis 3014 *I

*Shear displacement at points E, F, G, H, and I

hist sdis 4104 *E

hist sdis 1604 *F

hist sdis 345 *G

hist sdis 2368 *H

hist sdis 3014 *I
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*Mean aperture for joint at points E, F, G, H, and I(contact offset 20)
hist addr 4104 20 *E

hist addr 1604 20 *F

hist addr 345 20 *G

hist addr 2368 20 *H

hist addr 3014 20 *I

*Domain pressure at points E, F, G, H, and
hist addr 4137 4 *E

hist addr 1206 4 *F

hist addr 6763 4 *G

hist addr 2477 4 *H

hist addr 1486 4 *I

*Flow rate at points E, F, G, H, and I
hist addr 4104 21 *E (outlet)

hist addr 1604 21 *F

hist addr 345 21 *G

hist addr 2368 21 *H

hist addr 3014 21 *I (Injection)

hist damp

hist unbal

*

*Bottom and Right boundary fixed in normal direction

*

bound -0.01 .2601 -0.01 0.001 yvel 0 *bottom boundary

bound .2599 .2601 -.01 .261 xvel 0 *right boundary

head

TC1, Linear Joint, Loading Sequence A, Sv=Sh=0 MPa (step 0)

save d:\tc1a0.sav
*

bound corner 3001 3264 stress -5 0 0 *left boundary
bound corner 3441 3579 stress 0 0 -5 *top boundary
*

mscale on

damp auto
%

*Fluid properties for water
*

fluid dens=1000e-6 bulkw=2e3
*

*Fluid condition=steady state
*

set sflow on
*

*Fix domain pressures at point E to 0 and 5m head at point I
*

pfix domain 4137 press 0 *point E
pfix domain 1486 press 49.05¢-3 *point I
*

*Fix domain pressure to 0 in domains adjecent to domain=1486 to avoid
fluid pressure
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*

pfix domain 3533 press 0
pfix domain 16948 press 0
pfix domain 3080 press 0

*Set maximum hydraulic aperture=ARES x CAPRATIO

*

set capratio=100
*

*GQet default material number for new contacts
*

set jmatdf 6 *linear rock joint properties

*

*Set default constitutive relation for new contacts
set jecondf 2 *Mohr-Coulomb joint, i.e linear

P

head
TC1, Linear Joint, Loading Sequence A, Sv=Sh=5+ MPa (step I)
cy 10000

save d:\tclal.sav
*

*Increase bound stresses to 15 MPa by adding 10 MPa

*

bound corner 3001 3264 stress -10 0 O *left boundary

bound corner 3441 3579 stress 0 0 -10 *top boundary

head

TC1, Linear Joint, Loading Sequence A, Sv=Sh=15+ MPa (step II)
cy 10000

save d:\tclall.sav
*

*Increase bound stresses to 25 MPa by adding 10 MPa

*

bound corner 3001 3264 stress -10 0 0 *1eft boundary

bound corner 3441 3579 stress 0 0 -10 *top boundary

head

TC1, Linear Joint, Loading Sequence A, Sv=Sh=25 MPa (step III)
cy 10000

save d:\tclalll.sav

*

*Decrease bound stresses to 15 MPa by subtracting 10 MPa

*

bound corner 3001 3264 stress 10 0 0 *left boundary

bound corner 3441 3579 stress 0 0 10 *top boundary

head

TC1, Linear Joint, Loading Sequence A, Sv=Sh=15- MPa (step IV)
cy 10000

save d:\tclalV.sav

*

*Decrease bound stresses to 5 MPa by subtracting 10 MPa
%

bound corner 3001 3264 stress 10 0 0 *left boundary
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bound corner 3441 3579 stress 0 0 10 *top boundary

head

TC1, Linear Joint, Loading Sequence A, Sv=Sh=5- MPa (step V)
cy 10000

save d:\tclaV.sav

*Decrease bound stresses to 0 MPa by subtracting 5 MPa

*

pfix domain 1486 press 0 *point I

bound corner 3001 3264 stress 5 0 0 *left boundary

bound corner 3441 3579 stress 0 0 5 *top boundary

head

TC1, Linear Joint, Loading Sequence A, Sv=Sh=0 MPa (step VI)
cy 10000

save d:\tclaVI.sav

*

ret
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DATA FILE FOR OPTION 1, LOADING SEQUENCE B

* set rounding length to avoid contact type change during * * shear
*

round .0024
*

* define block

*

bl mat=2 0,0 0,.26 .26,.26 .26,0
*

* create metal plattens
*

split .01 .00 .01 .26
split .25 .00 .25 .26
split .00 .01 .26 .01
split .00 .25 .26 .25

*

* trim ends
*

split .01 .02 .02 .01
split .01 .24 .02 .25
split .25 .24 .24 .25
split .24 .01 .25 .02
split .00 .02 .01 .02
split .02 .00 .02 .01
split .00 .24 .01 .24
split .02 .25 .02 .26
split .24 .25 .24 .26
split .25 .24 .26 .24
split .25 .02 .26 .02
split .24 .00 .24 .01
*

* discard comer pieces
*

del area = 1.1e-3
*

* split epoxy block
*

split 0,0 .26,.26

*

* bottom half of sample
*

crack .062825,.062825 .116620,.031767
crack .116620,.031767 .228233,.143380
crack .197175,.197175 .228233,.143380
*

* top half of sample
*

crack .062825,.062825 .031792,.116645
crack .031792,.116645 .143380,.228233
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crack .197175,.197175 .143380,.228233

*

* zone model
*

gen 0.5 0.5 edge .02
P

* Material properites
%

* Steel
*

prop mat=1 k=144.927e3 g=78.740e3 dens=7000e-6
*

* Epoxy

%

prop mat=2 k=8.333e3 g=3.846e3 dens=2250e-6

%

* Rock

*

prop mat=3 k=36.667e3 g=22.000e3 dens=2600e-6
*

* Interface properties
%

* Steel-Epoxy

*

prop jmat 4 jcoh=0 jfric=.176 jkn 1.0e5 jks 1.0e3
%

* Epoxy-Epoxy

*

prop jmat 5 jcoh=0 jfric=.0175 jkn 0.1€3 jks 0.1e3
prop jmat 5 azero 80e-6 ares 80e-8 jperm 8.33e7 empb 1 expa 3
*

* Rock-Rock (linear)

*

prop jmat 6 jcoh=0 jfric=.532 jkn 500.0e3 jks 16.0e3 azero 80.0e-6
prop jmat 6 ares 80e-8 jperm 8.33e7 empb 1 expa 3
%

* Rock-Rock (Barton-Bandis)
%
prop jmat 7 JRC0=1.95212 JCS0=156.207 Ln=.200 Lo=.100 Phir=26.5
sig=240 &
jkn 2.0e5 jks 15.8e3 azero 80.0e-6

*

* Rock-Epoxy

*

prop jmat 8 jcoh=1e9 jfric=1.0 jkn 500.0¢3 jks 16.0e3
*

* assign steel properties

*

change .00 .01 .00 .26 mat 1
change .00 .26 .00 .01 mat 1
change .00 .26 .25 .26 mat 1



change .25 .26 .00 .26 mat 1
*

* assign rock properties

%

change .075,.175 .075 .175 mat 3
change .075,.150 .050 .100 mat 3
change .150,.225 .150 .200 mat 3
*

* joint constuitive model
*

change jcons 2
*

* assign joint steel-epoxy
*

change inter 1,2 jmat 4
*

* assign joint epoxXy-epoxy
*

change inter 2,2 jmat 5
*

* assign joint rock-rock

*

* linear

change inter 3,3 jmat 6 jcons 2
sk

* assign joint rock-epoxy

*

change inter 2,3 jmat 8
%

* make new contacts use epoxy-epoxy material type

*

set jecondf 2
set jmatdf 5
%

* avoid contact overlaps on epoxy-epoxy contacts

*

set ovtol .1
*

* set roller boundaries along bottom and right side

*

bound -0.01 .2601 -.01 .001 yvel=0
bound .2599 .2601 -.01 .261 xvel=0
*

* inhibit deletion of contacts
*

set delc off
%

* set histories
%

reset hist

hist nc 100
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hist unbal

hist damp

hist nstr 4104
hist nstr 1604
hist nstr 345
hist nstr 2368
hist nstr 3014
hist sstr 4104
hist sstr 1604
hist sstr 345
hist sstr 2368
hist sstr 3014
hist ndis 4104
hist ndis 1604
hist ndis 345
hist ndis 2368
hist ndis 3014
hist sdis 4104
hist sdis 1604
hist sdis 345
hist sdis 2368
hist sdis 3014

hist sxx .
hist sxx .
hist sxx .
hist sxx .
hist sxy .
hist sxy .
hist sxy .
hist sxy .
hist syy .
hist syy .
hist syy .
hist syy .
hist xdis
hist xdis
hist xdis
hist xdis
hist ydis
hist ydis
hist ydis
hist ydis

0734,.1300
1300,.1866
1866,.1300
1300,.0734
0734,.1300
1300,.1866
1866,.1300
1300,.0734

0734,.1300

1300,.1866

1866,.1300

1300,.0734

.0734,.1300
.1300,.1866
.1866,.1300
.1300,.0734
.0734,.1300
.1300,.1866
.1866,.1300
.1300,.0734

hist type 20
*

save tc1b0.sav

*restore tc1b0.sav (state before loading the boundaries)

rest tc1b(.sav

Appendix III

*use boundary stress loading to determine boundary displacements

*for use in velocity boundary condition

*
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bound corner 3001 3264 stress -25 0 0 *left boundary
bound corner 3441 3579 stress 0 0 -25 *top boundary
*

mscale on

damp auto

*

*Fluid properties for water
*

fluid dens=1000e-6 bulkw=2¢3
*

*Fluid condition=steady state
*

set sflow on
*

*Fix domain pressures at point E to 0 and 5m head at point I
*

pfix domain 4137 press 0 *point E

pfix domain 1486 press 49.05¢-3 *point I

*

*Fix domain pressure to 0 in domains adjecent to domain=1486 to avoid
fluid pressure

*

pfix domain 3533 press 0

pfix domain 10994 press 0

pfix domain 11493 press 0

*Set maximum hydraulic aperture=ARES x CAPRATIO

*

set capratio=100
%

head

TC1, Linear Joint, Loading Sequence B, Sv=Sh=25 MPa (step Ia)
cy 5000

save tclbla.sav

*

*data file for DECOVALEX TEST CASE 1

*Linear joint, loading sequence B.
%

*

*restore tcl1a0.sav (state before loading the boundaries)
rest tc1b0.sav

*use velocity boundaries to obtain an average normal stress
*of 49.7MPa, 358 cy is required

*

mscale on
damp auto
*

*Fluid properties for water
*

fluid dens=1000e-6 bulkw=2¢3
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*

*Fluid condition=steady state
*

set sflow on
*

*Fix domain pressures at point E to 0 and Sm head at point I
*

pfix domain 4137 press 0 *point E

pfix domain 1486 press 49.05e-3 *point I

*

*Fix domain pressure to 0 in domains adjecent to domain=1486 to avoid

fluid pressure

%

pfix domain 3533 press 0

pfix domain 10994 press 0

pfix domain 11493 press 0

*Set maximum hydraulic aperture=ARES x CAPRATIO

*

set capratio=100
*

bound corner 3001 3264 xvel 3.0 *left boundary
bound corner 3441 3579 yvel -3.0 *top boundary
cy 358

bound corner 3001 3264 xvel 0.0 *left boundary
bound corner 3441 3579 yvel 0.0 *top boundary
cy 5000

head

TC1, Linear Joint, Loading Sequence B, (stepl)
save tclblb.sav

* 0.5 mm shear forward

rest tc1bib.sav

boun corn 3441 3579 yvel -0.1617 *top bound
boun corn 3441 3579 xvel -0.1617 *top bound
boun corn 3001 3264 xvel -0.1617 *left bound
boun corn 3001 3264 yvel -0.1617 *left bound
his type 20

his ncyec 100

cy 3466

save tclbiia.sav

boun corn 3441 3579 yvel 0 *top bound

boun corn 3441 3579 xvel 0 *top bound

boun corn 3001 3264 xvel 0 *left bound

boun corn 3001 3264 yvel 0 *left bound

head

TC1, Linear Joint, Loading Sequence B, 0.5mm shear, (stepll)
cy 3000

save tc1bllb.sav

*0.8 mm shear forward

rest tc1biib.sav

boun corn 3441 3579 yvel -0.1617 *top bound
boun corn 3441 3579 xvel -0.1617 *top bound
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boun corn 3001 3264 xvel -0.1617 *left bound
boun corn 3001 3264 yvel -0.1617 *left bound
his type 20

his ncyc 100

head

TC1, Linear Joint, Loading Sequence B, 0.8mm shear, (stepIll)
cy 2068

save tclbiiia.sav

his ncyc 100

boun corn 3441 3579 yvel 0 *top bound

boun corn 3441 3579 xvel 0 *top bound

boun corn 3001 3264 xvel 0 *left bound

boun corn 3001 3264 yvel 0 *left bound

head

TC1, Linear Joint, Loading Sequence B, 0.8mm shear, (steplll)
cy 3000

save tc1blllb.sav

*2.0 mm shear forward

rest tc1biiib.sav

boun corn 3441 3579 yvel -0.1617 *top bound
boun corn 3441 3579 xvel -0.1617 *top bound
boun corn 3001 3264 xvel -0.1617 *left bound
boun corn 3001 3264 yvel -0.1617 *left bound
his type 20

his ncyc 100

head

TC1, Linear Joint, Loading Sequence B, 2.0mm shear, (stepIV)
cy 7193

save tc1biva.sav

his ncyc 100

boun corn 3441 3579 yvel 0 *top bound

boun corn 3441 3579 xvel 0 *top bound

boun corn 3001 3264 xvel 0 *left bound

boun corn 3001 3264 yvel 0 *left bound

head

TC1, Linear Joint, Loading Sequence B, 2.0mm shear, (stepIV)
cy 5000

save tc1bIVb.sav

*4,0 mm shear forward

rest tclbivb.sav

boun corn 3441 3579 yvel -0.1617 *top bound
boun corn 3441 3579 xvel -0.1617 *top bound
boun corn 3001 3264 xvel -0.1617 *left bound
boun corn 3001 3264 yvel -0.1617 *left bound
his type 20

his ncyc 100

head

TC1, Linear Joint, Loading Sequence B, 4.0mm shear, (stepV)
cy 7656

save tclbva.sav

his ncyc 100



boun corn 3441 3579 yvel 0 *top bound
boun corn 3441 3579 xvel 0 *top bound
boun corn 3001 3264 xvel 0 *left bound
boun corn 3001 3264 yvel 0 *left bound
head

TC1, Linear Joint, Loading Sequence B, 4.0mm shear, (stepV)

cy 5000

save tclbVb.sav

*2 .0 mm shear reverse
rest tclbvb.sav

boun corn 3441 3579 yvel 0.1617 *top bound
boun corn 3441 3579 xvel 0.1617 *top bound
boun corn 3001 3264 xvel 0.1617 *1eft bound
boun corn 3001 3264 yvel 0.1617 *left bound

his type 20
his ncyc 100
head
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TC1, Linear Joint, Loading Sequence B, reverse 2.0mm shear, (stepVI)

cy 14275

save tclbvia.sav

his ncyc 100

boun corn 3441 3579 yvel 0 *top bound
boun corn 3441 3579 xvel 0 *top bound
boun corn 3001 3264 xvel 0 *left bound
boun corn 3001 3264 yvel 0 *left bound
head

TC1, Linear Joint, Loading Sequence B, reverse 2.0mm shear, (stepVI)

cy 5000

save tclbvib.sav
*(0.0 mm reverse
rest tclbvib.sav

boun corn 3441 3579 yvel 0.1617 *top bound
boun corn 3441 3579 xvel 0.1617 *top bound
boun corn 3001 3264 xvel 0.1617 *left bound
boun corn 3001 3264 yvel 0.1617 *left bound

his type 20
his ncyc 100
head

TC1, Linear Joint, Loading Sequence B, reverse 0.0mm shear, (stepVII)

cy 11100

save tclbviia.sav

his ncyc 100

boun corn 3441 3579 yvel 0 *top bound
boun corn 3441 3579 xvel 0 *top bound
boun corn 3001 3264 xvel 0 *left bound
boun corn 3001 3264 yvel 0 *left bound
head

TC1, Linear Joint, Loading Sequence B, reverse 0.0mm shear, (stepVII)

cy 5000
save tc1bVIlb.sav
ret



DATA FILE FOR OPTION 2, LOADING SEQUENCE A

round 0.001

set delc off

set ovtol 0.01

bl mat 2 0,0 0,.26 .26,.26 .26,0
%

*create metal platens
*

split .01 .00 .01 .26
split .25 .00 .25 .26
split .00 .01 .26 .01
split .00 .25 .26 .25
*

*trim ends

*

split .01 .02 .02 .01
split .01 .24 .02 .25
split .25 .24 .24 .25
split .24 .01 .25 .02
split .00 .02 .01 .02
split .02 .00 .02 .01
split .00 .24 .01 .24
split .02 .25 .02 .26
split .24 .25 .24 .26
split .25 .24 .26 .24
split .25 .02 .26 .02
split .24 .00 .24 .01
*

*discard corner pieces
*®

del area=1.1e-3
P

*split epoxy block
*

split 0,0 .26,.26

*

*bottom half of sample
*

crack .062825,.062825 .116620,.031767
crack .116620,.031767 .228233,.143380
crack .197175,.197175 .228233,.143380
*

*top half of sample
%

crack .062825,.062825 .031792,.116645
crack .031792,.116645 .143380,.228233
crack .197175,.197175 .143380,.228233
*

*Generate finite difference zones

*
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gen .09 .12 .13 .17 edge 0.02
gen .13 .17.09 .12 quad 0.015
gen 0 0.5 0 0.5 edge 0.02

*Material properties
*

*Steel
prop mat=1 k=144.927e3 g=78.740e3 dens=7000e-6
*

*Epoxy

*

prop mat=2 k=8.333e3 g=3.846e3 dens=2250e-6
%

*Rock

*

prop mat=3 k=36.667¢e3 g=22.000e3 dens=2600e-6
*

*Interface properties
*

:Steel-Epoxy

Erop jmat=4 jcoh=0 jfric=.176 jkn=1.0e5 jks=1.0e3
:Epoxy-Epoxy

grop jmat=5 jcoh=0 jfric=.0175 jkn=0.1e3 jks=0.1e3
:Rock-Rock (Linear)

*Mechanical properties

prop jmat=6 jcoh=0 jfric=.532 jkn=500.0e3 jks=16.0e3

*Fluid flow properties

prop jmat 6 azero=80e-6 ares=80e-8 jperm==8.33e7 empb=1 expa=3

*

*Rock-Rock (BArton-Bandis)

*
prop jmat=7 JRC0=1.95212 JCS0=156.207 Ln=.200 L0=.100 Phir=26.5
prop jmat=7 jkn=2.0e5 jks=15.8¢3 sig 240

prop jmat 7 empb=1 expa=3 ares=80e-8 jperm=8.33¢7

*

*Rock-Epoxy

®

prop jmat=8 jcoh=1e6 jfric=1 jkn=500.0e3 jks=16.0e3
%

* Assign Steel Properties

*

change .00 .01 .00 .26 mat=1
change .00 .26 .00 .01 mat=1
change .00 .26 .25 .26 mat=1
change .25 .26 .00 .26 mat=1



*

* Assign Rock Properties
*

change .09 .11 .14 .16 mat=3
change .09 .11 .06 .08 mat=10
change .14 .16 .09 .11 mat=10
change .18 .20 .14 .16 mat=10
%

*Joint Cons
*

change jcons 2
%

:Assign joint Steel-Epoxy
:hange interface 1,2 jmat 4
:Assign joint Epoxy-Epoxy
:hange interface 2,2 jmat 5
:Assign joint Rock-Rock

change interface 10,3 jmat 7 jcons 7 *Barton-Bandis
*

* Assign joint Rock-Epoxy
*

change interface 2,3 jmat 8
change interface 2 10 jmat 8

*change back blocks in lower half from mat=10 to mat=3

change .09 .11 .06 .08 mat=3
change .14 .16 .09 .11 mat=3
change .18 .20 .14 .16 mat=3
*

*Histories

*Horizontal stress histories at points A, B, C, and D

his sxx .0734 .13 *A

his sxx .13 .1866 *B

his sxx .1866 .13 *C

his sxx .13 .0734 *D

*Vertical stress histories at points A, B, C, and D
his syy .0734 .13 *A

his syy .13 .1866 *B

his syy .1866 .13 *C

his syy .13 .0734 *D

*Shear stress histories at points A, B, C, and D
his sxy .0734 .13 *A

his sxy .13 .1866 *B

his sxy .1866 .13 *C

his sxy .13 .0734 *D

*Minor principal stress histories at points A, B, C, and D
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*his smax .0734 .13 *A

*his smax .13 .1866 *B

*his smax .1866 .13 *C

*his smax .13 .0734 *D

*Major principal stress histories at points A, B, C, and D
*his smin .0734 .13 *A

*his smin .13 .1866 *B

*his smin .1866 .13 *C

*his smin .13 .0734 *D

*Horizontal displacement component at points A, B, C, and D
his xdis .0734 .13 *A

his xdis .13 .1866 *B

his xdis .1866 .13 *C

his xdis .13 .0734 *D

*Vertical displacement component at points A, B, C, and D
his ydis .0734 .13 *A

his ydis .13 .1866 *B

his ydis .1866 .13 *C

his ydis .13 .0734 *D

*Normal stress at points E, F, G, H, and I

hist nstre 4104 *E

hist nstre 1604 *F

hist nstre 345 *G

hist nstre 2368 *H

hist nstre 3014 *1

*Shear stress at point E, F, G, H, and I

hist sstr 4104 *E

hist sstr 1604 *F

hist sstr 345 *G

hist sstr 2368 *H

hist sstr 3014 *I

*Normal displacement at points E, F, G, H, and I
hist ndis 4104 *E

hist ndis 1604 *F

hist ndis 345 *G

hist ndis 2368 *H

hist ndis 3014 *I

*Shear displacement at points E, F, G, H, and I
hist sdis 4104 *E

hist sdis 1604 *F

hist sdis 345 *G

hist sdis 2368 *H

hist sdis 3014 *I

*Mean aperture for joint at points E, F, G, H, and I(contact offset 20)
hist addr 4104 20 *E

hist addr 1604 20 *F

hist addr 345 20 *G

hist addr 2368 20 *H

hist addr 3014 20 *I

*Domain pressure at points E, F, G, H, and I
hist addr 4137 4 *E
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hist addr 1206 4 *F

hist addr 6763 4 *G

hist addr 2477 4 *H

hist addr 1486 4 *1

*Flow rate at points E, F, G, H, and I
hist addr 4104 21 *E (outlet)
hist addr 1604 21 *F

hist addr 345 21 *G

hist addr 2368 21 *H

hist addr 3014 21 *I (Injection)
hist damp

hist unbal

*

*Bottom and Right boundary fixed in normal direction

*

bound -0.01 .2601 -0.01 0.001 yvel 0 *bottom boundary
bound .2599 .2601 -.01 .261 xvel 0 *right boundary

head

TC1, BB Joint, Loading Sequence A, Sv=Sh=0 MPa (step 0)

save tc2a0.sav
®

bound corner 3001 3264 stress -5 0 0 *left boundary
bound corner 3441 3579 stress 0 0 -5 *top boundary

*

damp auto
%

*Fluid properties for water
%

fluid dens=1000e-6 bulkw=2e3
*

*Fluid condition=steady state
*

set sflow on
sk

*Fix domain pressures at point E to 0 and Sm head at point I
%

pfix domain 4137 press 0 *point E

pfix domain 1486 press 49.05¢e-3 *point I

®

*Fix domain pressure to 0 in domains adjecent to domain=1486 to avoid
fluid pressure

%

pfix domain 3533 press 0

pfix domain 16948 press 0

pfix domain 3080 press 0

*Set maximum hydraulic aperture=ARES x CAPRATIO

*

set capratio=100
*

*Set default material number for new contacts
F
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set jmatdf 7 *BB rock joint properties
*

*Set default constitutive relation for new contacts

set jeondf 7 *BB joint, i.e unlinear

*

*turn on joint reversal logic

jhist on 0.1

head

TC1, BB Joint, Loading Sequence A, Sv=Sh=5+ MPa (step I)
cy 10000

save tc2al.sav

*

*Increase bound stresses to 15 MPa by adding 10 MPa

%

bound corner 3001 3264 stress -10 0 0 *left boundary

bound corner 3441 3579 stress 0 0 -10 *top boundary

head

TC1, BB Joint, Loading Sequence A, Sv=Sh=15+ MPa (step II)
cy 10000

save tc2all.sav
%

*Increase bound stresses to 25 MPa by adding 10 MPa

%

bound corner 3001 3264 stress -10 0 0 *left boundary

bound corner 3441 3579 stress 0 0 -10 *top boundary

head

TC1, BB Joint, Loading Sequence A, Sv=Sh=25 MPa (step III)
cy 10000

save tc2alll.sav
*

*Decrease bound stresses to 15 MPa by subtracting 10 MPa

*

bound corner 3001 3264 stress 10 0 0 *left boundary

bound corner 3441 3579 stress 0 0 10 *top boundary

head

TC1, BB Joint, Loading Sequence A, Sv=Sh=15- MPa (step IV)
cy 10000

save tc2alV.sav
%k

*Decrease bound stresses to 5 MPa by subtracting 10 MPa

*

bound corner 3001 3264 stress 10 0 0 *1eft boundary

bound corner 3441 3579 stress 0 0 10 *top boundary

head

TC1, BB Joint, Loading Sequence A, Sv=Sh=5- MPa (step V)
cy 10000

save tc2aV.sav
*

*Decrease bound stresses to 0 MPa by subtracting 5 MPa
*

bound corner 3001 3264 stress 5 0 0 *left boundary
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bound corner 3441 3579 stress 0 0 5 *top boundary

pfix domain 1486 press 0 *point I

head

TC1, BB Joint, Loading Sequence A, Sv=Sh=0 MPa (step VI)
cy 10000

save tc2aVl.sav

*

ret
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DATA FILE FOR OPTION 2, LOADING SEQUENCE B

* set rounding length to avoid contact type change during *shear
*

round .0024
*

* define block

*

bl mat=2 0,0 0,.26 .26,.26 .26,0
*

* create metal plattens
*

split .01 .00 .01 .26
split .25 .00 .25 .26
split .00 .01 .26 .01
split .00 .25 .26 .25

*

* trim ends

*

split .01 .02 .02 .01
split .01 .24 .02 .25
split .25 .24 24 25
split .24 .01 .25 .02
split .00 .02 .01 .02
split .02 .00 .02 .01
split .00 .24 .01 .24
split .02 .25 .02 .26
split .24 .25 .24 .26
split .25 .24 .26 .24
split .25 .02 .26 .02
split .24 .00 .24 .01
%

* discard corner pieces
*

del area=1.1e-3
*

* split epoxy block
*

split 0,0 .26,.26

*

* bottom half of sample

*

crack .062825,.062825 .116620,.031767
crack .116620,.031767 .228233,.143380
crack .197175,.197175 .228233,.143380
*

* top half of sample
*
crack .062825,.062825 .031792,.116645

crack .031792,.116645 .143380,.228233
crack .197175,.197175 .143380,.228233
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*

* zone model
*

gen0.50.5 edge .02
*

* Material properites
*

* Steel
*

prop mat=1 k=144.927¢3 g=78.740e3 dens=7000e-6
*

* Epoxy

*

prop mat=2 k=8.333e3 g=3.846e3 dens=2250e-6

*

* Rock

*

prop mat=3 k=36.667¢3 g=22.000e3 dens=2600e-6
*

* Interface properties
A

: Steel-Epoxy
ErOP jmat 4 jcoh=0 jfric=.176 jkn 1.0e5 jks 1.0e3
: Epoxy-Epoxy
grop jmat 5 jcoh=0 jfric=.0175 jkn 0.1e3 jks 0.1e3
: Rock-Rock (linear)
Erop jmat 6 jecoh=0 jfric=.532 jkn 500.0e3 jks 16.0e3 azero 80.0e-6
: Rock-Rock (Barton-Bandis)
prop jmat 7 JRCo=1.95212 JCS0=156.207 Ln=.200 Lo=.100 Phir=26.5
sig=240 &
jkn 2.0e5 jks 15.8e3 azero 80.0e-6

*

* Rock-Epoxy

*

prop jmat 8 jcoh=1e9 jfric=1.0 jkn 500.0e3 jks 16.0e3
*

* assign steel properties

*

change .00 .01 .00 .26 mat 1
change .00 .26 .00 .01 mat 1
change .00 .26 .25 26 mat 1
change .25 .26 .00 .26 mat 1
*

* assign rock properties
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*

change .075,.175 .075 .175 mat 3
change .075,.150 .050 .100 mat 3
change .150,.225 .150 .200 mat 3
*

* joint constuitive model
%

change jcons 2

*

* assign joint steel-epoxy
%

change inter 1,2 jmat 4
*

* assign joint epoXy-epoxy
*

change inter 2,2 jmat 5
*

* assign joint rock-rock

%

* linear

* change inter 3,3 jmat 6 jcons 2
* Barton Bandis

change inter 3,3 jmat 7 jcons 7

*

* assign joint rock-epoxy
*

change inter 2,3 jmat 8
*

* make new contacts use epoxy-epoxy material type
%

set jcondf 2

set jmatdf 5

*

* avoid contact overlaps on epoxy-epoxy contacts
* -

set ovtol .1
*

* set roller boundaries along bottom and right side
*

bound -0.01 .2601 -.01 .001 yvel=0

bound .2599 .2601 -.01 .261 xvel=0

*

* inhibit deletion of contacts
*

set delc off
*

* get histories
*

reset hist

hist nc 100
hist unbal



hist damp
hist nstr 4104
hist nstr 1604
hist nstr 345
hist nstr 2368
hist nstr 3014
hist sstr 4104
hist sstr 1604
hist sstr 345
hist sstr 2368
hist sstr 3014
hist ndis 4104
hist ndis 1604
hist ndis 345
hist ndis 2368
hist ndis 3014
hist sdis 4104
hist sdis 1604
hist sdis 345
hist sdis 2368
hist sdis 3014

hist sxx .
hist sxx .
hist sxx .
hist sxx
hist sxy
hist sxy
hist sxy
hist sxy
hist syy
hist syy .
hist syy .
hist syy .
hist xdis
hist xdis
hist xdis
hist xdis
hist ydis
hist ydis
hist ydis
hist ydis
hist type
£ 3

* set velocity boundary to load joint

*

bound corner 3441 3579 yvel =-3.0
bound corner 3001 3264 xvel = 3.0

0734,.1300
1300,.1866
1866,.1300

.1300,.0734
.0734,.1300
.1300,.1866
.1866,.1300
.1300,.0734
.0734,.1300

1300,.1866
1866,.1300
1300,.0734
.0734,.1300
.1300,.1866
.1866,.1300
.1300,.0734
.0734,.1300
.1300,.1866
.1866,.1300
.1300,.0734
4

damp auto

*

cycle 1090
%
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bound corner 3001 3264 yvel = 0 xvel =0
bound corner 3441 3579 yvel = 0 xvel =0

*

cy 2000
*

sav tc2bi.sav
*

* now do shear of joint
*

*0.5 mm shear forward
*

* shear (non dilatant)

*

bound corner 3001 3264 yvel =-0.22
bound corner 3001 3264 xvel =-0.22
bound corner 3441 3579 yvel =-0.22
bound corner 3441 3579 xvel =-0.22
*

cyc 4000
*

* shear (dilatant)

*

bound corner 3001 3264 yvel =-0.1960
bound corner 3001 3264 xvel = -0.2040
bound corner 3441 3579 yvel = -0.1960
bound corner 3441 3579 xvel = -0.2040
*

cyc 10710
save tc2bii.sav
*

*(.8 mm shear forward
%

cyc 3100
save tc2biii.sav
*

* 2.0 mm shear forward
*

cyc 10500

save tc2biv.sav
*

* 4 0 mm shear forward
E 3

cyc 18200

say tc2bv.sav
*

* do reverse shear
*

*2.0 mm shear reverse
jhist on 0.1
*

* shear (reverse dilatant)
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*

bound corner 3001 3264 yvel = 0.1980
bound corner 3001 3264 xvel = 0.2020
bound corner 3441 3579 yvel = 0.1980
bound corner 3441 3579 xvel = 0.2020
cyc 4000

*

* shear (non dilatant)

*

bound corner 3001 3264 yvel = 0.22
bound corner 3001 3264 xvel = 0.22
bound corner 3441 3579 yvel = 0.22
bound corner 3441 3579 xvel = 0.22
*

cyc 32200

sav tc2bvi.sav

*

* shear 0.0 mm (reverse)
®

cyc 16800

sav tc2bvii.sav

ret
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RESULTS AT MONITORING POINTS A-D, OPTION 1, LOADING
SEQUENCE A

Sh=Sv=0 initial state

POINT Sxx Syy Sxy St s2 Ux Uy
[MPa} [MPa] [MPe] [MPa] [MPa] XE4[m]  XE-4[m]

A 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cc 0.00 0.00 0.00 0.00 0.00 0.00 0.00

D 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sh=Sv=5MPa loading

POINT Sxx Syy Sxy Si S2 Ux Uy
[MPa] {MPa] [MPq] [MPa] [MPa] xE<4[m]  xE-4[m]

A -1.76 -5.91 -0.28 -7.80 -5.87 1.17 -1.14

B -5.88 =175 -0.32 -7.80 -5.83 1.15 -1.17

C -6.10 -6.26 0.91 -1.09 -5.27 1.00 -1.03

D -6.23 -6.04 0.90 -7.04 -5.23 1.03 -1.00

Sh=Sv=15MPa loading

POINT Sxx Syy Sxy St S2 Ux Uy
[MPa] [MPa} [MPa] {MPa] [MPaj xE~4 [m] xE-4 [m]

A -23.31 -17.76 -0.85 -23.44 -17.63 3.50 -3.42

B -17.68 -23.27 -0.97 -23.43 -17.52 3.44 -3.50

C -18.31 -18.80 271 -21.28 -15.83 3.00 -3.10

D -18.72 -18.11 2.69 -21.12 -15.71 3.09 -3.00

Sh=Sv=25MPa loading

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa] [Mpa] [MPa] XE-4[m]  xE-4[m]

A -38.92 -29.67 -1.45 -39.14 -29.45 5.83 -5.70

B -29.55 -38.84 -1.66 -39.13 -29.26 5.74 -5.83

C -30.52 -31.38 -4.51 -35.48 -26.42 5.00 -5.17

D -31.23 -30.18 -4.46 -35.20 -26.21 5.14 -5.00

Sh=Sv=15MPa unloading

POINT Sxx Syy Sxy St S2 Ux Uy
[MPa] [MPa] [MPa) [MPa] [MPa] xE-4{m}]  xE-4[m]

A -23.30 -17.75 -0.85 -23.42 -17.63 3.50 -3.42

B -17.68 -23.26 -0.97 -23.42 -17.51 3.44 -3.4%

C -18.30 -18.80 2.70 -21.26 -15.84 3.00 -3.10

D -18.72 -18.10 2.68 -21.11 -15.71 3.08 -3.00

Sh=Sv=5MPa unloading

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa] [MPa] [MPa] XE-4[m]  xE-4[m]

A -7.73 -5.90 -0.28 -7.78 -5.86 1.16 -1.14

B -5.87 -1.72 -0.32 -1.78 -5.81 114 -1.16

C -6.09 -6.26 0.89 -7.06 -5.28 1.00 -1.03

D -6.23 -6.02 0.88 -7.01 -5.24 1.03 -1.00

Sh=Sv=0MP2a unloading

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa} [MPa] [MPa] [MPa} [MPa] xE4[m]  XE-4[m]

A 0.00 0.00 0.00 0.00 0.00 -0.02 0.02

B 0.00 0.00 0.00 0.00 0.00 -0.02 0.02

C 0.00 0.00 0.00 0.00 0.00 -0.02 0.02

D 0.00 0.00 0.00 0.00 0.00 -0.02 0.02
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RESULTS AT MONITORING POINTS E-1, OPTION 1, LOADING
SEQUENCE A

Sh=Sv=0 initial state

POINT Sn Ss Un Us b e P Q
[MPa] [MPa] xE-6 [m] XE-6 [m] XE-6 [m] xE-6 [m] XE-2 [MPa] xE-6 [m"3/s]
E 0.00 0.00 0.00 0.00 80.00 80.00 0.00 0.00
F 0.00 0.00 0.00 0.00 80.00 80.00 0.00 0.00
G 0.00 0.00 0.00 0.00 80.00 80.00 0.00 0.00
H 0.00 0.00 0.00 0.00 80.00 80.00 0.00 0.00
1 0.00 0.00 0.00 0.00 80.00 80.00 0.00 0.00

Sh=Sv=5MPa loading

POINT Sn Ss Un Us b e P Q
[MPa] [MPa) XE-6 [m] xE-6 [m] XE-6 [m] XE-6 [m] xE-2 {MPa] xE-6 [m"3/s]
E 14.25 -0.27 -28.41 16.79 51.59 51.59 0.00 537
F 7.50 -0.14 -15.00 8.48 65.00 65.00 1.49 5.37
G 5.83 0.00 -11.65 0.01 68.35 68.35 2.54 5.37
H 7.48 0.14 -14.95 -8.54 65.05 65.05 3.61 5.37
I 14.19 0.27 -28.29 -16.80 51.71 51.71 4.91 5.37
Sh=Sv=15MPa loading
POINT Sn Ss Un Us b e P
[MPa] [MPa] xE-6 {m] XE-6 [m] XE-6 [m] xE-6 [m] xE-2 [MPa] xE-10 [m"3/s]
E 43.01 -0.82 -85.29 50.75 0.80 0.80 0.00 1.96
F 2251 -0.41 -45.03 25.61 3497 34.97 2.47 1.97
G 17.50 0.00 -35.03 0.11 44.97 44,97 2.47 1.85
H 22.50 0.41 -45.02 -25.62 34,98 34.98 247 1.95
I 42.98 0.81 -85.26 -50.58 0.80 0.80 491 1.93
Sh=Sv=25MP2 loading
POINT Sn Ss Un Us b e P Q
[MPa} [MPa] XE-6 [m] XE-6 [m] XE-6 [m] XE-6 [m] xE-2 [MPa] xE-11[m"3/s]
E 72.16 -1.38 -142.50 85.35 0.80 0.80 0.00 2.60
F 37.55 -0.69 -75.08 42.99 4.92 4.92 247 2.60
G 29.16 0.00 -58.37 0.25 21.63 21.63 247 2.56
H 37.54 0.69 -75.06 -42.85 4.94 4.94 2.47 2.57
1 72.09 1.37 -142.40 -84.90 0.80 0.80 4.91 2.57
Sh=Sv=15MPa unloading
POINT Sa Ss Un Us b e P
[MPa] [MPa] xE-6 [m] XE-6 [m] XE-6 [m] xE-6 [m]} xE-2 [MPa] xE-10 [m"3/s}
E 43.12 -0.82 -85.17 50.68 0.80 0.80 0.00 1.96
F 22.49 -0.41 -45.01 25.54 34.99 34.99 2.47 1.96
G 17.50 0.00 -35.02 0.07 44,98 44.98 247 1.98
H 22.48 0.41 -45.00 -25.61 35.00 35.00 247 1.90
I 43.04 0.82 -85.10 -50.57 0.80 0.80 4.91 1.93
Sh=Sv=5MPa unioading
POINT Sn Ss Un Us b e P Q
[MPa] [MPa] xE-6 {m] XE-6 [m} xE-6 [m} xE-6 [m] xE-2 [MPa] xE-6 [m"3/s]
E 14.47 -0.28 -28.17 16.67 51.83 51.83 0.00 5.40
F 7.46 -0.13 -14.97 8.36 65.03 65.03 1.49 5.40
G 5.80 0.00 -11.64 -0.03 68.36 68.36 2.54 5.40
H 7.42 0.14 -14.91 -8.50 65.09 65.09 3.61 5.40
1 14.34 0.27 -28.04 -16.74 51.96 51.96 491 5.40
Sh=Sv=0MPa unloading
POINT Sn Ss Un Us b e P
[MPa] [MPa] xE-6 [m] XE-6 [m] XE-6 [m] xE-6 [m] XE-2 [MPa] XE-6 [m”3/s]
E 0.00 0.00 1.03 -0.02 80.00 80.00 0.00 0.00
F 0.00 0.00 1.00 -0.03 80.00 80.00 0.00 0.00
G 0.00 0.00 0.94 -0.01 80.00 80.00 0.00 0.00
H 0.00 0.00 0.90 -0.02 80.00 80.00 0.00 0.00
1 0.00 0.00 0.85 -0.01 80.00 80.00 0.00 0.00



Appendix VIII

RESULTS AT MONITORING POINTS A-D, OPTION 1, LOADING
SEQUENCE B

Shear=0mm

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa] [MPa] [MPa] xE<4[m]  xE<4[m]

A -36.55 -30.66 7.00 -41.21 -26.01 6.59 -6.45

B -30.25 -36.29 6.44 -40.38 -26.16 6.54 -6.58

[} -36.75 -30.68 6.87 -41.23 -26.21 5.56 -5.71

D -30.33 -36.53 6.34 -40.49 -26.38 5.61 -5.57

Shear=0.5mm forward

POINT Sxx Syy Sxy S1 S2 Ux Uy
(MPa] [MPa] [MPa] {MPa] [MPa] xE-4fm]  xE-4[m]

A -27.66 -31.26 9.46 -39.09 -19.83 1.54 -11.35

B -29.58 -44.99 3.96 -45.95 -28.62 1.63 -11.62

C -27.67 -31.02 9.14 -38.63 -20.05 4.25 -7.16

D -29.83 -45.39 4.08 -46.39 -28.83 4.15 -6.88

Shear=0.8mm forward

POINT Sxx Syy Sxy St S2 Ux Uy
[MPa] [MPa] [MPa] [MPa] [MPa] XE4[m]  xE-4[m]

A -22.68 -31.68 11.02 -39.08 -15.28 -1.46 -14.26

B -29.16 -50.21 2.45 -50.49 -28.88 -1.28 -14.63

C -22.55 -31.28 10.57 -38.35 -15.48 3.47 -8.05

D -29.51 -50.73 2,70 -51.06 -29.18 3.27 -7.66

Shear=2.0mm forward

POINT Sxx Syy Sxy st s2 Ux Uy

[MPa] [MPa] [MPa] [MPa] [MPa] XE-4[m]  xE4 [m]
A -16.15 -35.14 12.73 -41.53 -12.82 -12.45 24.90
B -28.80 -64.01 232 £4.17 -28.65 -11.95 -25.67
o -15.33 -34.15 12.34 4027 -12.37 1.24 -10.57
D -28.87 -64.85 -1.81 -64.94 -28.78 0.71 -9.78

Shear=4.0mm forward

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] {MPa} [MPa] [MPa] [MPa] XE-4[m]  xE-4[m]

A -16.04 -33.99 12.92 -40.75 -12.51 -26.48 -39.14

B -28.81 -63.27 -2.22 -63.41 -28.67 -26.11 -39.77

C -15.22 -33.12 12.55 -39.59 -12.08 1.32 -10.28

D -28.92 -64.06 -1.73 -64.15 -28.83 0.91 -9.63

Shear=2.0mm reverse

POINT Sxx Syy Sxy s1 s2 Ux Uy
[MPa] [MPa] [MPa] [MPa] [MPa) xE-4{m]  xE-4[m]

A -47.68 -31.02 434 -48.74 -29.95 -5.90 -19.05

B -31.12 -26.55 845 -37.59 -20.08 -6.08 -19.07

C -47.34 -30.70 4.73 -48.59 -29.45 6.91 -4.15

D -30.72 ~26.20 8.52 -37.27 -19.65 7.09 -4.13

Shear=0.0mm reverse

POINT Sxx Syy Sxy s1 s2 Ux Uy
{MPa] [MPa) [MPa] [MPa] [MPa} XE-4 [m]  xE-4 [m]

A -65.99 -30.63 -1.70 66.08 -30.55 11.57 -1.93

B -35.47 1567 11.85 41,02 -12.78 10.94 -1.61

c 66.46 -30.03 -131 66.50 29.98 9.74 -0.86

D 34.67 -15.14 11.80 40.22 1245 10.38 121
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RESULTS AT MONITORING POINTS E-I, OPTION 1, LOADING
SEQUENCE B

Shear 0 mm
POINT Sn Ss Un Us b [ P Q
[MPa] [MPa} XE-6 {m] XE-6 [m] XE-6 [m] XE-6 [m] xE-2 [MPa] xE-11 [m"3/s]

E 63.89 0.00 -127.80 -0.26 0.80 0.80 0.00 1.60

F 43,79 0.01 -87.62 -0.52 0.80 0.80 1.47 1.60

G 37.72 -0.01 -75.50 0.30 4.50 4.50 2.46 1.60

H 43.72 0.00 -87.48 0.17 0.80 0.80 2.99 1.60

1 63.75 -0.01 -127.50 0.44 0.80 0.80 4.91 1.60

Shear 0.5 mm forward

POINT Sn Ss Un Us b € P Q
{MPa] [MPa] XE-6 [m} xE-6 [m} xE-6 [m] XE-6 {m] xE-2 [MPa] xE-11 [m"3/s]
E 64.39 8.06 -128.80 -503.90 0.80 0.80 0.00 1.61
F 43.96 8.01 -87.99 -500.70 0.80 0.80 1.48 1.61
G 37.63 8.02 -75.28 -501.40 4.72 4.72 2.48 1.61
H 43.50 8.00 -86.95 -500.00 0.80 0.80 2.98 1.61
1 63.49 8.05 -127.00 -503.30 0.80 0.80 4.91 1.61
Shear 0.8 mm forward
POINT Sn Ss Un Us b e P Q
[MPa) {MPa] xE-6 [m] XE-6 [m] XE-6 [m]) XE-6 [m] xE-2 [MPa] xE-11 {m"3/s]
E 64.35 12.86 -128.70 -803.50 0.80 0.80 0.00 1.56
F 44.12 12.77 -38.28 -798.00 0.80 0.80 143 1.56
G 37.73 12.79 -45.47 -799.20 4.53 4.53 2.55 1.56
H 43.40 12.76 -86.74 -797.00 0.80 0.80 3.04 1.56
I 63.04 12.84 -126.10 -802.50 0.80 0.80 491 1.56
Shear 2.0 mm forward
POINT Sn Ss Un Us b e P Q
[MPa] [MPa] xE-6 [m]) xE-6 [m] xE-6 {m] XE-6 [m] xE-2 [MPa] xE-11 [m"3/s]
E 60.31 32.07 -120.60 -2017.00 0.80 0.80 0.00 1.14
F 45.53 2412 -91.04 -2011.00 0.80 0.80 1.04 1.14
G 39.57 20.90 -79.17 -2019.00 0.83 0.83 2.31 114
H 4430 23.37 -88.41 -2011.00 0.80 0.80 . 355 1.14
1 60.23 3171 -120.50 -2012.00 0.80 0.80 491 1.14
Shear 4.0 mm forward
POINT Sn Ss Un Us b € P Q
MPa] {MPa] XE-6 [m] XE-6 [m] xE-6 [m] xE-6 [m] xE-2 [MPa] xE-11 [m"3/s]
E 62.99 33.51 -126.00 -4018.00 0.80 0.80 0.00 1.15
F 45.08 23.85 -90.16 -4015.00 0.80 0.80 116 1.15
G 39.18 20.65 -78.24 ~4023.00 1.76 1.76 2.44 1.15
H 43.98 23.14 -87.77 -4015.00 0.80 8.00 343 1.15
I 63.03 33.19 -126.10 -4013.00 0.80 0.80 491 1.15
Shear 2.0 mm reverse
POINT Sn Ss Un Us b e P Q
[MPa] [MPa} xE-6 [m] xE-6 [m} xE-6 {m] xE-6 [m] XE-2 [MPa] xE-11 {m"3/s]
E 60.85 0.82 -121.70 -1975.00 0.80 0.80 0.00 1.40
F 43.61 -8.55 -87.26 -1991.00 0.80 0.80 127 1.40
G 38.21 -11.74 -76.33 -1998.00 3.76 3.76 2.45 1.40
H 43.72 -9.20 -87.44 -1994.00 0.80 0.80 324 1.40
1 62.64 0.61 --125.30 -1978.00 0.80 0.80 491 1.40
Shear 0.0 mm reverse
POINT Sn Ss Un Us b e P Q
[MPa} [MPa] XE-6 [m] XE-6 [m] xE-6 [m] xE-6 [m] xE-2 [MPa] xE-11 [m"3/s]
E 57.26 -30.21 -114.50 13.84 0.80 0.80 0.00 1.13
F 44.79 -23.62 -89.57 11.82 0.80 0.80 1.04 1.13
G 40.91 -21.60 -81.82 21.62 0.80 0.80 2.30 1.13
H 45.27 -24.00 -90.54 14.19 0.80 0.80 3.55 1.13
1 57.65 -30.67 -115.30 21.12 0.80 0.80 4.91 1.13



Appendix X

RESULTS AT MONITORING POINTS A-D, OPTION 2, LOADING
SEQUENCE A

Sh=Sv=0 nitial state

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa} [MPa} [MPa] xE-4 [m] XE-4 [m}

A 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C 0.00 0.00 0.00 0.00 0.00 0.00 0.00

D 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sh=8v=5MPa loading

POINT Sxx Syy Sxy S1 52 Ux Uy
[MPa] [MPa} [MPa] {MPa] [MPa] XE-4 fm] XE-4 [m]

A -8.32 -5.38 -0.49 -8.33 -5.38 1.39 -1.38

B -5.35 -8.04 -0.53 -8.31 -5.35 1.38 -1.39

C -6.46 -5.70 0.53 -7.39 -4.77 1.01 -1.04

D -5.67 -6.39 0.52 -7.32 -4.74 1.03 -1.01

Sh=Sv=15MPa loading

POINT Sxx Syy Sxy Si S2 Ux Uy
[MPa] [MPa] [MPa] [MPa] [MPa} XE-4 [m] xE-4 [m]

A -24.59 -16.02 -0.10 -24.59 -16.02 4.07 -4.01

B -15.95 -24.55 -0.22 -24.55 -15.94 404 407

C -19.68 -17.04 3.83 -2241 -14.31 3.04 -3.13

D -16.96 -19.46 3.80 -22.21 -14.21 312 -3.04

Sh=Sv=25MPa loading

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa} [MPa] [MPa] [MPa] [MPa] xE4[m]  xE-4[m]

A -39.82 -26.24 0.27 -39.82 -26.31 6.74 -6.65

B -26.12 -39.74 0.07 -39.74 -26.12 6.68 -6.73

C -33.09 -28.96 5.97 -37.34 -24.70 5.07 -5.24

D -28.83 -32.73 5.93 -37.02 -24.53 5.21 -5.07

Sh=Sv=15MPa unloading

POINT Sxx Syy Sxy Si S2 Ux Uy
{MPa) [MPa} [MPa] [MPa] [MPa] XE~4 {m] xE~4 [m]

A -24.61 -15.99 -0.09 -24.61 -15.99 4.06 -4.00

B -15.91 -24.56 -0.22 -24.57 -15.90 4.02 -4.05

C -19.70 -17.00 3.82 -22.40 -14.30 3.04 -3.13

D -16.93 -19.48 3.80 -22.21 -14.19 311 -3.04

Sh=Sv=5MP3 unloading

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa] [MPa] [MPa) XE4 [m]  xE-4[m]

A -8.35 -5.33 -0.08 -8.35 -5.33 1.37 -1.35

B -5.30 -8.33 -0.13 -8.34 -5.30 1.36 -1.37

C -6.48 -5.65 1.24 -7.37 -4.76 1.01 -1.04

D -5.63 -6.40 1.24 -7.31 -4.72 1.03 -1.01

Sh=Sv=0MPa unloading

POINT Sxx Syy Sxy Si S2 Ux Uy
[MPa] [MPa] {MPa] [MPa} [MPa] XE~4 [m] xE-4 [m]

A 0.00 0.00 0.00 0.00 0.00 -0.51 0.54

B 0.00 0.00 0.00 0.00 0.00 -0.53 0.55

C 0.00 0.00 0.00 0.00 0.00 -0.39 0.39

D 0.00 0.00 0.00 0.00 0.00 -0.39 0.39



Appendix XI

RESULTS AT MONITORING POINTS E-I, OPTION 2, LOADING
SEQUENCE A

Sh=Sv=0 initial state

POINT Sn Ss Un Us b e P Q
[MPa] [MPa} xE-6 [m] xE-6 [m] xE-6 [m] xE-6 [m} xE-2 [MPa] xE-6 [m"3/s]
E 0.00 0.00 -30.00 0.00 51.00 51.00 0.00 0.00
F 0.00 0.00 -30.00 0.00 51.00 51.00 0.00 0.00
G 0.00 0.00 -30.00 0.00 51.00 51.00 0.00 0.00
H 0.00 0.00 -30.00 0.00 51.00 51.00 0.00 0.00
I 0.00 0.00 -30.00 0.00 51.00 51.00 0.00 0.00

Sh=Sv=5MPa loading

POINT Sn Ss Un Us b e P Q
[MPa} [MPa] XE-6 [m] xE-6 [m] XE-6 [m] xE-6 [m] xE-2 [MPa] xE-6 {[m"3/s]
E 12.06 -0.37 -59.44 16.92 21.52 21.52 0.00 0.27
F 7.79 -0.12 -57.58 8.62 23.44 23.44 1.39 0.27
G 6.50 0.00 -56.60 0.02 24.41 2441 2.55 0.27
H 7.76 0.12 -57.56 -8.65 23.46 23.46 3.52 0.27
I 12.00 0.37 -59.42 -16.90 21.54 21.54 491 0.27
Sh=Sv=15MPa loading
POINT Sn Ss Un Us b € P Q
[MP2] [MPa} XE-6 [m] xE-6 [m] XE-6 [m] XE-6 [m] XxE-2 [MPa] XxE-6 [m"3/s]
E 36.20 -2.87 -£2.25 4319 19.42 19.42 0.00 0.18
F 23.41 -0.91 -61.62 21.22 20.19 20.19 1.32 0.18
G 19.58 -0.00 -61.14 0.14 20.60 20.60 2.56 0.18
H 23.39 0.91 -61.63 -21.26 20.19 20.19 3.58 0.18
1 36.14 2.86 -62.24 -43.06 19.42 19.42 491 0.18
Sh=Sv=25MPa loading
POINT Sn Ss Un Us b e P Q
[MPa} [MPa} XE-6 [m] XE-6 [m] XE-6 [m] XE-6 [m] XE-2 {MPa] xE-6 [m"3/s]
E 58.42 -6.30 -62.86 58.56 19.48 19.48 0.00 0.17
F 38.56 -2.04 -62.57 28.47 19.92 19.92 1.28 0.17
G 3245 -0.01 -62.27 0.19 20.16 20.16 2.53 0.17
H 38.54 2.02 -62.59 -28.55 19.92 19.92 3.56 0.17
1 58.37 6.27 -62.86 -58.39 19.48 19.48 491 0.17
Sh=Sv=15MPa unloading
POINT Sn Ss Un Us b e P Q
[MP3} [MPa] XE-6 [m] xE-6 [m] xE-6 [m] xE-6 [m] XE-2 (MPa] xE-6 [m"3/s]
E 36.19 -2.87 -62.20 43.15 20.78 20.78 0.00 0.22
F 23.37 -0.91 -61.52 21.18 21.58 21.58 1.36 0.22
G 19.63 -0.01 -61.03 0.15 22,63 2263 2.55 0.22
H 23.34 0.91 -61.53 -21.23 21.58 21.58 3.55 0.22
I 36.10 2.86 -62.19 -43.06 20.79 20.79 491 0.22
Sh=Sv=5MPa unloading
POINT Sn Ss Un Us b [ P Q
[MPa] [MPa] XE-6 [m] XE-6 [m] XE-6 [m] XE-6 [m] XE-2 [MPa] xE-6 {m"3/s]
E 12.05 -0.38 -58.87 16.96 24.65 24.65 0.00 042
F 7.74 -0.12 -56.75 8.63 26.84 26.84 141 0.42
G 6.55 -0.00 -55.55 0.14 28.54 28.54 2.58 0.42
H 7.7 0.12 -56.74 -8.56 26.86 26.86 3.49 0.42
1 11.96 0.37 -58.83 -16.85 24.68 24.68 4.91 0.42
Sh=Sv=0MPa unloading
POINT Sn Ss Un Us b [ P Q
[MPa] [MPa] xE-6 [m} XE-6 [m] xE-6 [m] XE-6 [m] XxE-2 [MPa] xE-6 [m"3/s]
E 0.00 0.00 -22.01 3.41 61.57 61.57 0.00 0.00
F 0.00 0.00 -22.32 3.40 61.27 61.27 0.00 0.00
G 0.00 0.00 -21.07 3.55 63.43 63.43 0.00 0.00
H 0.00 0.00 -22.33 3.55 61.27 61.27 0.00 0.00
I 0.00 0.00 -22.00 3.51 61.57 61.57 0.00 0.00



Appendix XII

RESULTS AT MONITORING POINTS A-D, OPTION 2, LOADING
SEQUENCE B

Shear=0.0mm initial state

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa} [MPa] [MPa] XE-4[m]  xE-4{m]

A -37.63 -28.54 6.63 -41.12 -25.05 7.34 -7.20

B -28.19 -37.36 6.11 -40.41 -25.14 7.30 -7.32

Cc -37.04 -27.84 7.36 41,12 -23.76 5.40 -5.51

D -27.52 -36.80 6.87 -40.45 -23.87 542 -5.41

Shear=0,5mm forward

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa] [MPa} [MPa] xE-4 [m] xE~4 {m]

A -16.58 -31.86 12.54 -38.90 -9.54 -0.78 -14.55

B -25.88 6243 -1.87 -62.53 -25.78 -0.28 -15.27

C -15.53 -31.17 12.06 -37.72 -8.98 1.33 -9.99

D -26.47 -61.80 -0.77 +£1.82 -26.45 0.78 -9.22

Shear=0.8mm forward

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] {MPa] {MPa] [MPaj [MPa] xE-4 [m] XE~4 {m]

A -16.11 -31.78 12.27 -38.50 -9.39 -2.95 -16.63

B -26.09 -63.40 -2.25 -63.53 -25.96 -2.41 -17.40

C -15.59 -31.29 12.12 -37.88 -9.00 1.32 -10.00

D -26.32 -61.91 -1.04 -61.94 -26.29 0.75 -9.22

Shear=2.0mm forward

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa] [MPa] [MPa) xE-4[m]  xE-4[m]

A -16.31 -30.74 12.62 -38.06 -8.99 -11.46 -25.04

B -25.55 -61.96 -1.92 -62.06 -25.45 -11.03 -25.68

C -15.26 -30.08 12.08 -36.84 -8.50 131 -9.79

D -26.14 -61.26 -0.83 -61.28 -26.12 0.83 -9.10

Shear=4.0mm forward

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa] [MPa] [MPa] {MPa] XE-4[m]  xE-4[m]

A -16.03 -29.00 12.66 -36.74 -8.29 -25.66 ~39.08

B -24.98 -60.02 -1.65 -60.10 -24.90 -25.38 -39.55

C -14.97 -28.34 12.14 -35.51 -7.80 1.37 -9.31

D -25.56 -59.33 -0.66 -59.34 -25.55 1.03 -8.78

Shear=2.0mm reverse

POINT Sxx Syy Sxy S S2 Ux Uy
[MPa] {MPa] [MPa] [MPa] [MPa] XE4[m]  xE-4{m]

A -62.58 -25.92 -1.36 -62.63 -25.87 -2.90 -17.46

B -31.29 -15.39 11.08 -36.98 -9.70 -3.67 -16.94

C -61.38 -26.36 -0.47 -61.39 -26.35 8.92 -0.73

D -31.03 -26.36 10.95 -39.89 -17.50 9.70 -1.26

Shear=0.0mm reverse

POINT Sxx Syy Sxy S1 S2 Ux Uy
[MPa] [MPa} [MPa] [MPa] {MPa] XE~4 [m] xE~4 [m]

A -62.78 -26.38 -1.22 -62.82 -26.34 11.21 -3.21

B -30.84 -15.60 11.46 -36.98 -9.46 10.52 -2.77

C -61.75 -26.83 -0.24 -61.75 -26.83 893 -2.77

D -30.66 -15.02 11.36 -36.63 -9.05 9.63 -0.94



Appendix XIII

RESULTS AT MONITORING POINTS E-I, OPTION 2, LOADING
SEQUENCE B

Shear=0.0mm initial state

POINT Sn Ss Un Us b € P
[MPa] [MPa] xE-6 [m] xE-6 [m] xE-6 [m] xE-6 [m] xE-2 [MPa] xE-7 [m"3/s}
E 54.92 -0.16 -62.66 1.42 18.26 18.26 0.00 1.40
F 42.90 -0.03 -62.39 0.34 18.54 18.54 1.21 1.40
G 38.60 -0.03 -62.25 0.40 18.68 18.68 2.45 1.40
H 42.87 0.03 -62.39 -0.38 18.48 18.48 3.69 1.40
1 54,88 0.10 -62.66 -0.89 18.27 18.27 491 1.40
Shear=0.5mm forward
POINT Sn Ss Un Us b 3 P Q
[MPa] [MPa) XE-6 {m] XE-6 {m] xE-6 [m] XE-6 [m] XxE-2 {MPa] xE-7 [m"3/s]
E 54.64 27.98 -62.66 -500.70 18.40 18.40 0.00 1.45
F 43,63 22.47 -62.41 -499.30 18.68 18.68 1.22 1.45
G 39.28 20.30 -62.28 -509.80 18.85 18.85 2.46 1.45
H 4222 21.78 -62.37 -509.60 18.74 18.74 3.70 1.45
1 50.76 26.06 -62.58 -520.90 18.51 18.51 491 1.45
Shear=0.8mm forward
POINT Sn Ss Un Us b e P Q
[MPa} [MPa] xE-6 [m] xE-6 [m] XE-6 {m] XE-6 [m} XE-2 [MPa] xE-7 [m"3/s]
E 53.73 27.72 -62.64 -803.50 18.94 18.94 0.00 1.61
F 43.12 22.40 -62.39 -802.30 19.35 19.35 1.22 1.61
G 39.20 20.44 £2.28 -812.30 19.57 19.57 2.46 1.61
H 42.56 22.13 -62.38 -811.10 19.40 19.40 3.69 1.61
I 51.45 26.59 62.60 -822.00 19.05 19.05 491 1.61
Shear=2.0mm forward
POINT Sn Ss Un Us b € P Q
[MPa] [MPa} xE-6 [m] xE-6 [m] xE-6 [m] XE-6 [m] xE-2 [MPa] xE-7 [m"3/s]
E 54.14 27.97 -62.65 -1995.00 21.82 21.82 0.00 275
F 43.15 22.47 -62.40 -1994.00 23.05 23.05 127 2.75
G 38.89 20.32 -62.26 -2005.00 23.70 23.70 2.49 2.75
H 41.82 21.80 -62.35 -2005.00 2327 23.27 3.69 2,75
I 50.33 26.07 -62.57 -2015.00 2226 22.26 491 275
Shear=4.0mm forward
POINT Sn Ss Un Us b e P Q
[MPa]} [MPa]} xE-6 [m] xE-6 {m} XE-6 [m] xE-6 [m] xE-2 [MPa] xE-7 [m"3/s}
E 54.28 27.93 62.66 -4006.00 27.63 27.63 0.00 6.22
F 42,29 21.93 -62.37 -4007.00 30.44 30.44 125 6.22
G 37.94 19.73 -62.22 -4018.00 30.65 30.65 2.49 622
H 41.17 21.36 -62.32 -4017.00 3049 30.49 372 6.22
I 50.49 26.03 -62.57 -4026.00 28.61 28.61 491 6.22
Shear=2.0mm reverse
POINT Sn Ss Un Us b e P Q
[MPa] [MPa] XE-6 [m] xE-6 [m] xE-6 [m] xE-6 [m] xE-2 [MPa] xE-7 [m”3/s}
E 50.20 -25.77 -62.57 -2006.00 21.49 21.49 0.00 2.47
F 41.27 -21.30 -62.35 -2016.00 22.37 22.37 1.23 247
G 3832 -19.81 -62.24 -2014.00 22.79 22.79 2.45 247
H 41.65 -21.49 -62.35 -2025.00 22.14 22.14 2.66 247
I 51.53 -26.43 -62.61 -2024.00 21.37 21.37 491 2.47
Shear=0.0mm reverse
POINT Sn Ss Un Us b e P Q
[MPa}] [MPa] XE-6 [m] xE-6 [m] XE-6 [m] XE-6 [m] xE-2 [MPa] xE-7 [m"3/s]
E 4941 -25.29 -62.55 -0.90 27.98 27.98 0.00 582
F 41.43 -21.29 -62.36 -8.11 30.13 30.13 1.26 5.82
G 38.67 -19.90 -62.26 -5.20 30.62 30.62 2.44 582
H 41.53 -21.34 -62.32 -16.62 30.10 30.10 3.62 582
I 51.41 -26.29 -62.32 -18.90 27.51 27.51 491 5.82
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