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Foreword

This report is the technical report for Task 1C of DECOVALEX II project. The
DECOVALEXII project investigated four tasks: TASK 1 - numerical study of the
shaft sinking at Sellafield by NIREX, UK; TASK 2 - numerical study of the in-situ T-
H-M experiments at Kamaishi Mine by PNC, Japan; TASK 3 - review of current
state-of-the-art of rock joint research and TASK 4 - report on the state-of-the-science
of coupled T-H-M processes related to performance and safety assessments of nuclear
waste repositories. Task 1 was divided into three stages: Task 1A, IB and 1C. The
Task 1A and IB concerned the blind predictions and model calibrations for the RCF 3
pump test undertaken at Sellafield in Borrowdale Volcanic Group (BVG) by NIREX.
Task 1C was defined to make predictions of the hydro-mechanical responses of the
rock mass to a shaft excavated down to 680 m bOD level in the BVG along the axis of
the RCF3 borehole.

Presented in this report are the descriptions of the project, tasks, approaches, methods
and results of numerical modeling work carried out by the research teams. The report
is a summary of the research reports written by the research teams and submitted to
the project Secretariat, and the discussions held during project workshops and task
force meetings. The opinions and conclusions in this report, however, are the authors
and not necessarily a collective view of the funding organizations of the project.

L. Jing
F. Kautsky
L. Knight
O. Stephansson
C.-F. Tsang

Stockholm, May 1998
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CHAPTER 1 INTRODUCTION

The DECOVALEXII project is an international co-operative research project
supported by eleven funding organizations from seven countries. The funding
organizations are AECB and OH (Ontario Hydro) of Canada, EA and Nirex of the
UK, ANDRA and JPSN of France, SKI and SKB of Sweden, ENRESA of Spain,
STUK of Finland and JNC (formerly PNC) of Japan. The project studied four tasks:

Task 1: numerical simulation of the RCF3 pump test at Sellafield, UK;
Task 2: numerical simulation if the in situ T-H-M experiment at Kamaishi Mine,

Japan;
Task 3: monitoring of current development in rock fracture research; and
Task 4: report on treatment of T-H-M processes in Performance Assessment works

for nuclear waste repositories.

The project started in 1995 and is scheduled to be finalised in June 1999. This report
concerns the Task 1 of the DECOVALEX II project.

Task 1 consists of three subtasks:

i) Task 1 A - the blind numerical prediction to the hydraulic response of the rock
mass of the in-situ RCF3 pump test in the BorrowdaleVolcanic Group (B VG)
at Sellafield, UK;

ii) Task IB -calibration of the numerical models of Task 1A against measured
results of the RCF3 pump test;

iii) Task 1C - the numerical predictions of the hydro-mechanical effects of the
BVG rock mass to the excavation of a shaft along the axis of the RCF3
borehole, without actual excavation of the shaft and associated experiments
and measurements.

The aim of the subtasks 1 (A+B) was to characterise the hydro-mechanical property
field of the fractured rock mass at the RCF3 test site, which could then be used to
predict the hydro-mechanical responses of the rock mass to the excavation of a shaft
centred on the RCF3 borehole. The task was performed through a blind prediction -
calibration cycle with support from extensive site data and measured results of the
RCF3 pump test. See Jing et al. (1998) for details.

Task 1C involves a numerical simulation of an assumed excavation of a single shaft
on the line of the RCF3 borehole used for Task 1 (A+B). The subtask is basically a
generic prediction, with realistic site geology and hydrogeology data but without
feedback from an actual excavation of the shaft and associated measurements. A
model calibration is not possible due to lack of measured results. On the other hand,
some additional components were introduced into the subtask, such as studies of EDZ
formation due to shaft excavation and a reinforcement study, which made the task
relevant to issues of constructability and repository design.

Presented in this report are the definition, conceptual models, comparison and
analysis of the numerical results and concluding remarks of Task 1C. There were six
research teams who participated in this task with different conceptual models and



numerical methods. They are PMS/JPSN, France, supported by IPSN; UPV, Spain,
supported by ENRESA; KJPH, Japan, supported by PNC (later renamed as JNC);
KTH, Sweden supported by SKI; JTASCA, Sweden, supported by SKB; and VTT,
Finland supported by STUK. The full names of above organizations are presented in
Appendix A.

The University of Newcastle, who worked on subtask 1A (Jing et al., 1998) did not
contribute to Task 1C.



CHAPTER 2 DEFINITION OF TASK 1C

2.1 Shaft Excavation

For the purposes of this exercise, the assumed shaft is excavated along the axis of
borehole RCF3. The diameter of the shaft is 5.4 m below 431.5 m bOD (below
Ordnance Datum) down to its total depth at 680 m bOD. The part of the shaft studied
by this task lies between 640 m to 680 m bOD within Sector 7, see Figs. 2.1 and 2.2.
The rock mass in this sector is unfaulted BVG. The depth considered is the same as
the source zone of the RCF3 pump test used in Task 1(A+B).

A detailed description of shaft sinking is given in the task protocol, see Stephansson
and Knight (1997). For the purposes of Task 1C the following assumptions were
made initially:

• excavation rate in numerical modelling - 4 steps of 10m excavation each
taking 8 days, note that actual excavation was likely to be 16 rounds of 2.5 m
each taking 2 days.

• grouting - the alternative procedures for grouting are set-out in Stephansson
& Knight (1998). For the purposes of Task 1C grouting is anticipated where
the inflow is greater than 25 1/min, estimated from advance probe holes at the
bottom of the shaft. (Note that Nirex adopted a different criteria based on 135
1/min cumulative inflow over the entire shaft as their grouting criteria.
However, this would be difficult to implement in the present task and the
simpler criteria described above was adopted.)

• reinforcement - while the shaft will be lined down to the top of the BVG, it is
not expected that the shaft will be lined in the BVG. However, rock bolting,
meshing or shotcreting may be applied as appropriate.

Where time-varying parameters are needed it was generally assumed that t = 0 is
when the shaft reaches 640 m bOD and that results should be presented beyond when
the shaft reaches 680 m bOD or until a steady state is achieved for flow analysis. The
total time for simulated shaft sinking between 640 - 680 m is 32 days.

2.2 Model Set-up and Parameterisation

In general, the data already released to Research Teams for Task 1 (A+ B) remained
relevant to Task 1C. However, Nirex also provided additional data in the following
areas (from Rock Mass Characterisation Data - Summary Sheet - Bulk Longlands
Farm Member Drg. No. PRED/GEO/006, May 1997, Issue 1, Rev.0).

2.2.1 Additional Material and Discontinuity Properties

Summary of additional material properties relevant to this task is set out below. Note
these are additional summary data, compared to data issued previously for Task 1
(A+B).
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1996).
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Material Properties:

Core Data:

UCS (MPa)
Young's Modulus (GPa)
Poisson's Ratio
Effective Porosity (%)
Saturated density (Mg/m3)
Hoek-Brown m value
Hoek-Brown s value
Apparent cohesion (MPa)

Wireline Data:

Young's Modulus (GPa)
Poisson's Ratio
Porosity (%)
Bulk density (Mg/m3)
Compressional Sonic

Velocity (km/s)
Shear Sonic Velocity (km/s)

Max

308.8
97.50
0.25
4.53
2.92
9.78
1.71
56.55

99.56
0.354
12.66
2.82
6.59

3.84

Min

29.1
73.80
0.22
0.05
2.66
3.171
0.63
11.32

31.17
0.168
0.01
2.58
3.89

2.11

Mean

157.0
84.60
0.24
0.86
2.75
7.453
1.062
30.0

69.08
0.263
5.19
2.69
5.60

3.18

Source

NDGD V3
NDGDV3
NDGDV3
NDGDV3
NDGD V3
NDGDV3
NDGDV3
Test data

NDGDV3
NDGD V3
NDGDV3
NDGD V3
NDGDV3

NDGDV3

Discontinuity Spatial Properties:
Data used for Borehole RCF3; Data Source: Geotechnical Database - VI

Setl
Set 2
Set 3
Set 4

Mean Dip/Did Dir.
(degree)

08/145
88/148
76/021
69/087

Max/Min
Spacing (m)
5.35/0
2.21/0
2.01/0
3.54/0

Mean
Spacing (m)
0.29
0.26
0.28
0.31

Rock Mass Properties:

Rock Mass Properties:

NGIQ value
RMR value
Calculated using RMR = 121ogio(Q)+52
Rock Mass Strength Parameters:

Hoek-Brown m value
Hoek-Brown s value
Calculated for 'undisturbed' rock
masses, assuming high quality blasting

BH RCF3
Mean

44.55
71.79

6.21
0.04

Data Source

NGI961020-10/3

Bieniawski Z.T.
Chap 22
Comp. Rock Eng.
Vol5



Rock Mass Deformability Parameters:

Interpreted E (masS) (GPa) 65.00

Rock Mass Hydraulic Parameters, Logi0k(EPM's only)

N
Mean logiok
Min
Max

5
-9.03
-10.92
-6.69

NGI961020-10/3

NDGD/NHD V3
NDGD/NHD V3
NDGD/NHD V3
NDGD/NHD V3

Discontinuity Mechanical Properties:

Residual
JRC300
JCS300

In-situ

Friction Angle

Stress

Setl
24.9
2.84
61

Set 2
28.0
4.20
196

Set 3
27.0
2.75
160

Set 4
31.0
3.00
220

Data Source
NGI(1997)

(2.1)

2.2.2

The in-situ state of stress is governed by the following equations:

(0.02494 ± 0.00025)D + (0.26622 ± 0.25326) MPa
(0.01996 ± 0.00113)D-(0.31619 ±1.15545) Mpa
(0.03113 ± 0.00227)D + (1.88747 ± 2.284202)MPa

where D = depth in m bGLxvD.(below Ground Level, true vertical depth). The
orientation of OHmax is 340° from North.

2.2.3 Hydrogeological Boundary Conditions

In view of the uncertainty over the boundary conditions appropriate for the top of the
BVG, research teams had the freedom to decide their own boundary conditions for the
top of BVG and to consider the impact of different boundary conditions (constant
head, no flow, leaky boundary) on the results.

2.3 Predictive Measures for flow, stress and deformation

The following predictive measures were specified for Task 1C.
• magnitude of water inflow to section 640 - 680 m bOD.
• pressure response in adjacent boreholes RCM1 and RCM2 (Fig. 2.2).
• displacement and convergence of the shaft wall and surrounding rock mass.
• temporal and spatial distribution of stress changes.
• extent of EDZ (hydraulic and mechanical).
• failure and reinforcement measures.

They are described in more detail below and summarised in Table 2.1.
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2.3.1 Magnitude of water inflow to shaft

During shaft sinking there will be water inflow to the shaft. The research teams were
asked to predict the inflow rate into the shaft over the following depth ranges:

window 1: 640 - 660 m bOD; window 2: 660 - 680 m bOD

Two values of the flow rate (unit: litre/ min) were requested: a) an initial flow rate
when the shaft is excavated to the base of the each window, and b) a steady state
inflow rate.

2.3.2 Pressure response in adjacent boreholes RCM1 and RCM2

Changes in water pressure (unit: MPa) were requested to be calculated in boreholes
RCM1 and RCM2, located adjacent to the shaft (see Figs. 2.1 and 2.2). Pressure
change versus time (days) were specified at depths of 640 m and 680 m bOD in these
two boreholes for shaft sinking from a depth 600 m (time = 0) at a sinking rate of 1.25
m/day. The results were to be given in a plot and tabulated data of pressure versus
time. Note in this case time zero represents the shaft at a depth of 600 m bOD, and
the plot should continue until a steady state is achieved with the shaft at a depth of
680 m bOD.

2.3.3 Displacement and convergence of the shaft wall and surrounding rock mass

A plot of displacement components versus time were be presented at the 660 m bOD
level at points on diagonals orientated parallel to a Hmax and a Hmin, named Diagonal 1
and Diagonal 3, respectively. They are just two of the originally proposed four
diagonals. The points to be calculated were to be at 0, 0.5, 1 and 2 times of the shaft
diameter outwards from the shaft wall along these diagonals, e.g 2,7 m, 5.4 m, 8.1 m
and 13.5 m from the shaft center, see Fig. 2.3a. The convergence of the shaft on the
two diagonals is defined as the difference between the radial displacements of the two
opposite points on the shaft wall at 660 m.

For the purposes of defining time, t = 0 is when the shaft is at 640 m bOD and the plot
should continue until the shaft reaches 680 m bOD.

2.3.4 Spatial distribution of stress changes

Radial and tangential stress were calculated at 660 m bOD along the two diagonals
orientated parallel to a Hmax and o Hmin and at same points as for displacement (see
§2.3.3). The values were calculated when the shaft reaches 680 m bOD.

2.3.5 Extent of the EDZ (hydraulic and mechanical)

Because of the different understanding of the definitions of EDZ, it was assumed that
for the purpose of Task 1C, the hydraulic EDZ should be defined as the area where



the hydraulic conductivity of the rock mass underwent measurable changes due to the
shaft excavation, according to the judgement of individual research teams. The area
where the hydraulic conductivity increased by more than two orders of magnitude
would be particularly significant.

For the mechanical EDZ, Martin (1997) assumed that the loss of cohesion of the rock
mass would indicate significant degradation of rock strength, based on the Hoek-
Brown criterion. For Task 1C, the EDZ by this concept was therefore defined as areas
where cohesive strength of the rock is lost, using failure criteria chosen by individual
research teams.

2.3.6 Failure and reinforcement issues

The research teams are asked to justify the failure criteria they used, such as the Hoek
and Brown, and Coloumb/Mohr, to evaluate the stability of the shaft wall and to
recommend rock reinforcement strategies. For this purpose, it was assumed that any
fracture inflow rate greater than 25 litre/ min should be grouted.



Table 2.1 Predictive measures

Measure

1/1/a
1/1/b

2/1/a
2/1/b

3/1
3/2

Prediction

Water inflow rate in windows 1 and 2
a) initial value at base of window
b) steady state value at base of window

Pressure (MPa) response in RCM1
and RCM2 vs. time (days)
a) at 640 m bOD
b) at 680 m bOD

Contours of displacement (mm) in
vertical planes through diagonals
diagonal 1 (aHmax)
diagonal 3 (aHmin)

Notes

Window 1: 640 - 660 m bOD
Window 2: 660 - 680 m bOD
(unit: litre/ min"1)

t = 0 when shaft reaches
600 m bOD, data continues
until steady state with shaft
stopped at 680 m bOD

Shaft reaches 680 m bOD

340°
070°

4/1/1
4/1/2
4/1/3
4/1/4

Plot of displacement (mm) vs. time (day)
at 660 m bOD along diagonals 1
and 3 (aHmin) at
0.0 shaft diameters from shaft wall
0.5 shaft diameters from shaft wall
1.0 shaft diameters from shaft wall
2.0 shaft diameters from shaft wall

5/1
5/2

Convergence (mm) of shaft along
diagonal 1 (aHmax)

diagonal 3 (aHmin)

At 660 m bOD level

6/1/1
6/1/2
6/1/3
6/1/4

Spatial distribution of
stress changes (aradiai (̂ tangential) along
diagonals 1 (aHmax) and 3 (aHmin)
0.0 shaft diameters from shaft wall
0.5 shaft diameters from shaft wall
1.0 shaft diameters from shaft wall
2.0 shaft diameters from shaft wall

(unit:MPa)

7

8

9

10

Extent of the EDZ (hydraulic)
change in hydraulic conductivity
before and after shaft sinking

Extent of the EDZ (mechanical)

Failure criteria
rock reinforcement strategy

Grouting needs

According to change of
hydraulic conductivity

According to Martin (1997)

10



i Diameter 2
«» (025°)

Diameter 3
O~Hmin
(070°)

Diameter 4

(115°)

Fig. 2.3 Locations of the two diagonals for stresses, displacements and shaft
Convergence
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CHAPTER 3 COMPUTATIONAL MODELS

Six research teams studied the Task 1C problem with different numerical methods. In
this chapter, the conceptualization and basic characteristics of their computational
models are summarized, based on the progress reports by Hakami (1998), Rejeb &
Bruel (1998), Kobayashi & Fujita (1998), Outters (1999), Gomez-Hernandez et al.,
(1998a, b) and Jukka Polla et al., (1999).

3.1 The ITAs model

Based on interpretation to the documents and data provided by Nirex for Task 1, the
main concept of the ITAs model regarding the rock mass of the shaft excavation site
(e.g. the RCF3 pump test site) are (Hakami, 1998):

• Although fractured at all scales, the the rock mass in B VG is basically high quality
rock with high values of Dynamic Rock Quality Indices (Ml - M8, with Ml
dominating), based on the Nirex data on Young's modulus, bulk modulus and
shear modulus obtained from laboratory tests on intact rock samples. The rock
mass was assumed to be an equivalent homogeneous and isotropic elasto-plastic
continuum, defined by a Mohr-Coulomb criterion applied to check the failure
situation and reinforcement needs.

• Groundwater flow is dominated by connected fracture networks.
• The mechanical and hydraulic processes were considered separately.
• The finite difference 3D code FLAC-3D was used for Task 1C study.

The modeling of Task 1C was divided into two steps: 1) by a simple continuum
model without any fracture as a "first approach", and 2) a refined model with the
addition of three significant major faults to enhance the hydraulic analysis. The first
approach was called the "Berkeley model" in Hakami (1998), since it was presented
in Berkeley, USA, in 1997 at a workshop of the DECOVALEXII project, and the
second, refined model with three major faults, was called the "Avignon model"
because it was first presented at the next DECOVALEX II workshop in Avignon,
France, 1998. In this report, both the "Berkeley model" and the "Avignon model" are
presented for comparison of basic concepts, model constructions, and numerical
results, for mechanical analysis with deformation and stresses, and water flow
analysis with inflow rate into the shaft and drawdown responses.

3.1.1 The "Berkeley Model"

a) Model size, geometry and boundary conditions
The "Berkeley" mechanical model assumed two vertical symmetric planes, thus
forming a XA symmetric model, as shown in Fig. 3.1. The size of the model was 264 m
x 264 m x 377.5 m (height), with the top surface at 425 bOD and the bottom surface
at 802.5 bOD, respectively. The top surface was specified with vertical stresses

12



Fig. 3.1 Geometry and mesh of the IT As model- the "Berkeley model" (Hakami,
1998).

corresponding to the gravitional loading by the overburden, and the other boundary
surfaces were specified with zero normal displacement conditions, based on the
assumption that the model size is large enough so that induced displacements by the
shaft excavation at the outer boundaries should be negligible.

For hydraulic analysis, the "Berkeley" model assumed that the rock mass is an
equivalent continuum of constant permeability, without any explicit fractures or
faults. The size of the "Berkeley" model was 528 m x 528 m x 802.5 m, with 9000
finite difference elements. The top of the model was still kept at 425 m bOD. The
hydraulic boundary conditions were hydrostatic pore pressure on all vertical boundary
surfaces, constant pore pressure on the top surface corresponding to its depth below
the ground surface, and on the bottom surface two alternative conditions: constant
head and no flow were applied.

b) Material properties
The material properties of the rock mass were based on the properties of intact rock
measured in the laboratory and in situ seismic tests by Nirex, without using formal
theoretical homogenization process, see Table 3.1.

Table 3.1 material properties of rock mass in the IT As "Berkeley Model"
Material

Mechanical

Hydraulic

Property
Young's modulus E, (GPa)
Poisson's ratio v(-)
Internal friction angle <(>, (°)
Cohesion C, (MPa)
Tensile strength <7r, (MPa)
Hydraulic conductivity k, (m/s)
Porosity n, (%)
Fluid density (kg 1 m3)

Fluid bulk modulus

value
65 GPa
0.24
35
11.3
IMPa

1.0 xlO"9

0.08
1000

1.0 XlO9

13



c) Simulation of shaft excavation sequence
The shaft excavation was simulated in the "Berkeley" model by eight steps of 5 m
interval. The upper part of the shaft between 425 m bOD and 640 m bOD was
"excavated" by two steps. Equilibrium was reached at each excavation step by
iteration.

3.1.2 The "Avignon Model"

a) Main conceptual variations
The main conceptual changes made in the "Avignon Model" compared to the
"Berkeley Model" were:

• Fully 3D non-symmetric model with the addition of three faults (F201, F202 and
F209), for hydraulic analysis, with 26000 finite difference elements in total, see
Fig. 3.2. 23% of the elements were taken up by the faults.

• The added faults were active only in the hydraulic analysis in that they were
specified a much larger hydraulic conductivity than the background. Mechanically
they have the same properties as the rest of the model.

• The boundary conditions were the same as for the "Berkeley Model".
• The simulated excavation sequence was the same as that used for the "Berkeley

Model".
• The modified Hoek-Brown brittle failure criterion was chosen for the detecting of

onset of tensile fracturing and EDZ effects, written as

»-r • •

- * ' r

' . ' * !

Fig. 3.2 The mesh and geometry of the ITAs model for Task 1C - the "Avignon
Model" (H. Hakami, 1998).

14



(3.1)

where m and s are material constants and the cohesion C is given by

(3.2)

Adopting the proposal by Martin (1997) that brittle failure is caused mainly by lose of
cohesive strength, and further assuming that no friction is mobilized for the newly
formed micro-fractures when cohesion was lost, i.e. <)) = 0 when fracturing occurs, the
cohesive strength of the rock mass becomes C = af 12.

b) Material property variations
The equivalent Young's modulus was re-evaluated according to the rock mass's RMR
value as provided by Nirex, by the following empirical relation

E = 2(RMR-100) (3.3)

where RMR = 71.9 from Nirex data, therefore E = 44 GPa. The other new parameters
are internal friction angle <J) = 0, tensile strength aT = 0 and cohesion C=26.2 MPa.

For flow analysis, the bulk fluid modulus was changed from 1.0 x 109 to 2.0 x 109,
and hydraulic conductivity and porosity of the faults were assumed to be
k = 1.0 x 10~7 (m/s) and n = 4%, respectively.

The in situ stresses are given by the following equations

<JV = (0.02494 ± 0.00025)Z) + (0.26622 ± 0.25326)

aHmin = (0.01996 ± 0.00113)D-(0.31619 ±01.15545) (3.4)

<yHmax = (0.03113 ± 0.00227)£> + (1.88747 ± 2.84202)

where D is the depth m bGL (below ground level = 85 m bOD). The orientation of
GHm2X is 340 ° from North.

3.2 The KIPH Model

a) Main conceptual assumptions
In the KIPH model for Task 1C, the rock mass was assumed to be continuous but
heterogeneous in its hydraulic permeability field (Kobayashi, 1998). The 3D FEM
code THAMES was applied to study this problem with use of the crack tensor theory
and non-linear permeability variation with fracture deformation, following the Barton-
Bandis model (Bandis, 1983). The change of fracture aperture and transmissivity were
also incorporated in the code. The initial permeability field was obtained by back-
analysis of the deterministic and heterogeneous permeability field for each element.

15



The FEM model mesh and geometry was also different from that used for Task 1
(A+B), with a fine mesh in the vicinity of the shaft. Fully coupled hydro-mechanical
processes were considered.

b) Model size, geometry and boundary conditions
Figure 3.3 illustrates the geometry and mesh of the FEM model used by the KIPH
team. The model contains 4607 20-noded tetrahedral elements giving a total of 20195
nodes. The model was cylindrical in shape, centred along the RCF3 borehole, with the
top surface located at 430 m bOD and the bottom at 830 m bOD, respectively. The
diameter of the model was 97.2 m. and The shaft was located between 640 and 680 m
bOD. The mechanical boundary conditions of the model were that all the boundary
surfaces have zero normal displacements. Hydraulically, the vertical boundary had a
constant hydrostatic head, corresponding to the 85 m aOD of the ground surface.

430m

800m

Number of Element :4607
Number ofNods : 20195

• Ux,Uy,Uz,P,T

O Ux,Uy,Uz

Fig. 3.3 Geometry and mesh of the KIPH model for Task 1C (Kobayashi and Fujita,
1998).
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c) Simulation of the shaft excavation.
The shaft excavation in the KIPH model was sunk in 10 m vertical intervals, from 640
to 680 m bOD. The part of shaft between 430 m bOD and 640m bOD was excavated
in the model by six steps with unequal intervals, see Fig. 3.4.

Time step 1
40 days

step 2
48 days

step 3
32 days

step4 /16 days

stepS /16 days

step6 /8 days
step7 /8 days
step8 /8 days
step9 /8 days
steplO /8 days
stepll /8 days

" - • — — ^

^ ~ ~ " " '

- - . — -

430 m boD

480 m

540 m

580m

600 m

620 m

630 m

640 m

650 m

660 m

670 m

680m

Fig. 3.4 Excavation steps in the KIPH model for Task 1C (Kobayashi and Fujita,
1998).

d) Material properties and approaches
The special features of the KIPH model for Task 1C were the inclusion of the Barton-
Bandis model of rock joints into the THAMES code and its coupling with the crack
tensor approach. The determination of EDZ was also included.

Crack tensor theory was used to quantify the effect of fractures on the hydro-
mechanical properties of fractured rocks. By this theory the equivalent elastic
compliance tensor is given by

(3.5)

and the equivalent permeability tensor is given by

(*) 12
(3.6)

where hk and gk are functions related to fracture stiffness for set (k), and ek is the
aperture of the set (k). The summation in equations (3.5) and (3.6) is over the number
of fracture sets (k). The tensors
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( 3-7 a )

(3.70

are all geometrical tensors determined by purely geometrical parameters of the
fractures: radius r (assuming fractures are circular disks) and unit normal vector n(., V

is the volume of the process domain and the summation in (3.7) is over the number of
fractures in each set. The fracture population can be either mapped or randomly
generated systems. During a deformation process, such as the excavation of a shaft in
multiple steps, the aperture of the set (i) is updated according to

ek=e[ni-Au (3.8)

where e™ is the initial aperture and Au is the change of aperture, given by the BB-

model as

(3.9)

where <7(
n

k) is the normal stress to the i-th fracture set and the normal stiffness

must be updated to the current normal stress level by the BB-model, given by

1
n0 (3.10)

where k^ is the initial normal stiffness of set (i).

The initial aperture value was related to the mean initial permeability, Kmean, of the
whole site

( 3 n )

where \i is the water viscosity and Kmem was determined at the start of the simulation

by back analysis using drawdown data at monitoring zones in boreholes RCF3,
RCM1 and RCM2. Figure 3.5 shows the complete coupling process for the above
algorithms. The calculations were repeated with increasing volume of the process
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domain, V, until a REV is reached. For Task 1C, the KIPH results indicated that the
REV is a cube with side length of 25 m.

The mechanical EDZ was studied in the KIPH model for Task 1C. An element
belongs to EDZ is its stress state satisfies the following criterion

(*) (3.12)

where %(k) and a{k) are the resultant shear and normal stress components on the

projection plane of the k-th fracture set, and the JRC(k), JCSik) and 0r
(i) are the Joint

Roughness Coefficient, Joint wall uniaxial Compressive Strength and the residual
firction angle of the fractures of the k-th set, respectively. The failure was examined
for each direction of the four fracture sets. The element was considered to be yielding
if the criterion was satisfied in all four set directions, thus causing irreversible
deformations.
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kmean distribution

Fracture Geometry
Information

V
f Crack Tensor for
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Mechanical 1
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BB Model for
each depth and set
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i
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I 1
BB Model

AVm change
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Permeability Tensor N
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Analysis
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Fig. 3.5 Flow chart of the determination of the non-linear hydro-mechanicai
properties of the rock mass using crack tensor, BB-model and back analysis
(Kobayashi andFujita, 1998).

19



3.3 The KTH Model

a) Main conceptual assumptions
The rock was assumed to be an equivalent homogeneous linear elastic continuum in
which the effect of distributed fracture sets were considered in the equivalent elastic
properties. The model considered only the mechanical deformation and stress
redistribution due to shaft excavation, using the code FLAC-3D. The problem was
assumed to be axi-symetric.

b) Model size, geometry and boundary conditions
The model is a parallelhedra of a horizontal square base of 50 m x 50 m in size, and of
a height of 140 m. The top of the model was at 600 m bOD, and the bottom at 740 m
bOD, respectively. The size of the model was chosen to minimize the boundary
effects caused by the shaft excavation. The model is lA symmetric with XA of the shaft
located at one corner of the model, Fig. 3.6. The vertical boundaries of the model
were so oriented that the maximum and minimum principal in situ stresses are
perpendicular to (or parallel) to them.

The boundary conditions are shown in Fig. 3.6. The bottom surface and the two inner
vertical surfaces (symmetry planes) were specified with zero normal displacements.
The two outer vertical surfaces were specified with in situ horizontal stresses and the
top surface was specified with in situ vertical stress. The in situ stresses equation
given by Nirex (equation (3.4)) was simplified into

' <rv=0.025Z) + 0.266

^ ^ = 0 . 0 2 ^ - 0 . 3 1 6 (3.13)

<7//max=0.031D +1.887

c) Derivation of the equivalent elastic properties
The rock mass at the shaft site is highly fractured, with borehole data indicating four
sets of fractures. One set is sub-horizontal and other three sub-vertical, see Fig. 3.7.
The sub-horizontal set was considered implicitly by FLAC-3D as an ubiquitous joint
set. The effect of three sub-vertical fracture sets was simulated by a 2D UDEC model
for determination of the equivalent Young's modulus and Poisson's ratio. The elastic
properties of the intact rock are: Young's modulus = 84 GPa, Poisson's ratio = 0.24
and density = 2700 kg /m3, respectively. For the sets of fractures, their normal
stiffness =238 GPa/m, shear stiffness = 3 GPa/m, dilation angle tan(i)= 0.1 and the
friction angle = 28°. All these properties were determined by Nirex in laboratory tests.

To define the equivalent elastic properties of the rock mass intersected by three sets of
sub-vertical fractures, a 2D DEM was set up to simulate the deformation of a rock
mass of three sets of fractures with different loading directions, using the 2D DEM
code UDEC. The fractures in the UDEC model were all persistent fractures, and the
model was rotated in different orientations relative to the differential boundary
stresses. The variation of the Young's modulus calculated is shown in Fig. 3.8. The
magnitude of Young's modulus varied between 19.9 GPa - 28.5 GPa in different
orientations, but the two principal directions are close to the orientations of crHmax and
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100m
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50m
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Outer boundaries
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"Figure not at scale

Fig. 3.6 The geometry of the KTH model for Task 1C (Outters, 1999).

Set4 Dip=69/DD=87
RFA=31.0

Set1 Dip=8/DD=145
RFA=24.9

North

Set2 Dip=88/DD=148
RFA=28.0

Set3 Dip=76/DD=21
RFA=27.0

RFA=Residual Friction Angle (degrees)

Fig. 3.7 Idealised fracture set orientations at the shaft excavation site (Outters, 1999).
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Mean value E=25.1 GPa
Mean RockE=84.6 GPa (core)
Rock Mass E=65.0 GPa
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Fig. 3.8 Variations of Young's modulus (a) and Poisson's ratio (b) in the horizontal
plane, with effects of three sub-vertical fractures sets, obtained by a UDEC
nimerical model for Task 1C (Outters, 1999).
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aHmin • The variation of Poisson's ratio is shown in Fig. 3.9. The magnitude of the
Poisson's ratio varied between 0.12 - 0.22, and was smaller than that of the laboratory
data of intact rock. The degree of anisotropy obtained from the UDEC modeling was
averaged so that a mean constant equivalent Young's modulus E = 25.1 GPa and a
mean equivalent Poisson's ratio v = 0.17 were chosen for the fractured rock to
represent the effect of the three sets of sub-vertical fractures.

d) Simulation of the excavation sequence
The excavation of the shaft between 640 m bOD and 680 m bOD was simulated in
four steps of 10 m.

The hydraulic process and EDZ were not considered in the KTH model for Task 1C.

3.4 The PSM/IPSN Model

The mechanical and hydraulic processes were analyzed separately using different
conceptual models and computer codes. The mechanical effects (mainly the stress
change) was considered in the hydraulic analysis in an one-way H—>M coupling. For
the mechanical analysis the code used was a 3D FEM code VEPLEF. For the
hydraulic analysis, the discrete fracture network flow code FRACAS was used.

3.4.1 The mechanical model CIPSN)

a) Main conceptual assumptions
The rock mass was assumed to be a linearly elastic material, characterized by its
Young's modulus and Poisson's ratio. The model includes two major faults (F201 and
F203) intersecting the shaft. The behaviour of the faults was assumed to be elasto-
plastic, characterized by their normal and shear stiffness, friction angle, cohesion,
dilation angle and aperture. The chosen values of these properties were compared
with other models' parameters in Table 3.3. The fracture properties were obtained by
laboratory tests supported by Nirex. To investigate the mechanical EDZ, a Coulomb
failure criterion was used to check the occurrence of failure areas in the rock mass
where irreversible deformation was caused by the shaft excavation, in terms of

k^-Gs-RoO (3.14)

where parameters k and Re are material constants. An element (either solid rock or
thin layer fracture element) belongs to the EDZ if the equation (3.14) was met by its
principal stress components.

b) Model geometry, mesh and boundary conditions
The model geometry is cylindrical, Fig. 3.9, centred along RCF3, with a diameter
250m. Figure 3.10 provides detailed mesh geometry close to intersections of the shaft,
fault and rock mass of the model. The top of the model is at 500 m bOD, and the
bottom at 780 bOD, respectively. The shaft's diameter is 5.4 m, located between
600m and 680 m. The sizing and dimensioning of the model was chosen according to
the hydraulic analysis of Task 1 (A+B). The faults F201 and F203 were assumed to
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extend throughout the entire model to the outer boundary. The FEM mesh contains
21387 10-noded tetrahedral elements totalling 52866 nodes. The mesh was refined
close to the shaft and faults, and becomes coarser outwards gradually. A mesh-fitness
check was performed before the modelling began.

For the mechanical boundary conditions, the top surface was specified with 500 m
overburden. Infinite elements were used on the lateral and bottom boundaries, where
displacement vary on 1/r, to simulate the effect of the surrounding rock masses. The
initial stress field was the same as that provided by Nirex (cf. Equation (3.1)).

c) Material models and properties
The linearly elastic rock mass was characterised by its Young's modulus E, Poisson's
ratio v, uniaxial compressive strength ac and internal friction angle <|>. The faults

were assumed to follow a hyperbolic law defined by friction angle (p, cohesion C,
dilatatancy angle d, normal stiffness kn, shear stiffness ks and maximum aperture
m̂ax > respectively. The values of these parameters are listed in Tables 3.3 and 3.4,

together with hydraulic properties.

d) Simulation of the shaft excavation sequence
The excavation of the shaft was simulated from 600 m bOD to 680 m bOD in four
steps, of a 20 m rate of excavation, lasting for 64 days for a 1.25 m per day pull rate.

ECOLE DES MINES DE PARIS - C . G . E . S - CRCHE

flngles de prise de vue
Echelle t 1/ 25.00080

20.0 30.0

Fig. 3.9 Geometry and FEM mesh of the IPSN model for Task 1C (Rejeb & Bruel,
1998).
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Fig. 3.10 Details of FEM mesh at intersection of shaft, faults and rock mass by the
PSM model for Task 1C (Rejeb & Bruel, 1998).
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3.4.2 The hydraulic model (PSM)

a) Main conceptual assumptions
In the 3D discrete fracture network (FRACAS) model for flow analysis, the shaft was
explicitly represented. The stress field generated by the mechanical analysis at the end
of each excavation step was used as input information to the hydraulic model to
determine the change of fracture apertures according to the fracture stiffness. This
was achieved by calculating the normal stress of a fracture element in the hydraulic
model from the stress tensor of a tetrahedral element in the mechanical model at the
corresponding location. For this purpose, a refined interpolation was performed using
the stress field generated by the mechanical model so that each fracture element in the
hydraulic model can have a corresponding stress tensor at the same location as in the
mechanical model. After the normal stress in the direction normal to the fracture
element plane was determined from the local stress tensor, the aperture of the fracture
element was modified according to its normal stiffness, based on the Bandis's law, in
the same way as that done in the Task 1(A+B) (see Jing et al., 1998).

b) Model geometry and boundary conditions
The fracture network was built in the same way as the calibrated model used in Task
lBmdel, only the model size was reduced from 500 m to 250 m in diameter. The
model was cylindrical in shape and located between 540 m and 780 m bOD. It
includes a combination of large structures (> 100m in length), intermediate fractures
(10 - 50 m in length) and small fractures (0 - 10 m in length) in a smaller interior
region of 25 m in radius centred on the RCF3 borehole. The boundary conditions for
the hydraulic model were: hydrostatic on the top surface according to overburden,
hydrostatic at the vertical outer boundaries, and no flow on the bottom surface. The
exposed surface of shaft excavation was a moving boundary surface, which has a zero
pressure condition. An initial hydrostatic equilibrium was set for the model before
excavation. At each new excavation step, the fracture mesh corresponding to the
newly exposed shaft wall was renumbered and the hydraulic head results were used to
restart the calculation.

c) Material models and properties
To investigate the hydraulic EDZ, a separate cylindrical model of the rock volume
surrounding the shaft was defined with a thickness of 10.8 m and called the EDZ zone
model, between the 640m - 680 m bOD shaft interval. The changes of hydraulic
properties of fractures within this zone were examined. For the EDZ zone model, the
fractures in the volume were the same as those established at the end of Task IB,
mainly secondary scale fractures (length scale 0-10m) whose hydraulic properties
were calibrated against the RCF3 pump test. The boundary conditions of this EDZ
model were: inner and outer vertical cylindrical surfaces were impervious, and the top
and bottom horizontal surfaces were free for flow. A unit head gradient was applied to
cause a vertical flow, and the equivalent permeability of the rock was then calculated
from values of flow rates, using the area of cross section of the model (=550 square
meters). The simulations were performed for both with and without shaft excavation
effect. Table 3.2 compares the hydraulic properties determined by numerical
modelling with and without mechanical effects, mainly the stress redistribution
caused by shaft excavation. This table shows that excavation caused increase of
vertical permeability around the shaft by about one order of magnitude.
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Table 3.2 Determination of hydraulic permeability in the EDZ zone - PSM model
results from a set of 12 fracture network realizations.

Properties
Head gradient (m/m)
Mean flux (m3 / s)

Min-Max flux (m3/s)

Mean conductivity (m/s)

No mechanical effect
1
0.4 xlO"8

0.19xl0-8-1.85xl0"8

7.0xl0"12

With mechanical effect
1
3.3 xlO"8

o.sxio^-o^xio-6

6.0xl0~u

d) Simulation of shaft excavation sequence
For simulating the excavation sequence in the hydraulic model, the 32 day excavation
period from 640 m to 680 m bOD was divided into eight steps, 5 m excavation depth
per step. The flow analysis was performed by three alternatives: i) no mechanical
effect; ii) mechanical effects with analytical solution of hollow cylinder; and iii) direct
coupling with FEM mechanical model results. Only the last alternative is included in
this report.

3.5 The UPV model

The UPV study for the Task 1C consisted of two 3D numerical models: a hydraulic
model and a mechanical model. No coupling was considered between them.

3.5.1 The hydraulic model

The hydraulic model used the same calibrated stochastic FDM model and
permeability field developed for Task IB, with the additional simulation of the shaft
excavation. The rock mass was assumed fully saturated. The model had the same
geometry and mesh as that for Task IB (Gomez et al., 1998a; Jing et al., 1998). The
boundary conditions were that the hydrostatic head conditions for the bottom and
vertical side boundaries. At the top surface, constant hydraulic head was specified,
which resulted from a 2D steady-state flow analysis with prescribed heads at the four
outer boundary surfaces and atmosphere pressure in the elements forming the shaft
volume. For the transient 3D hydraulic model for Task 1C, the shaft excavation was
simulated by turning the pressures in the elements forming the excavated volume in
the shaft region into atmosphere pressure, thus creating a pressure gradient across the
wall of the simulated shaft for flow. See also Gomez et al. (1998a) or Jing et al.
(1998) for the governing equations and algorithms for the stochastic FEM model
techniques.

3.5.2 The mechanical model

a) The main conceptual assumptions
For mechanical analysis, the rock mass was assumed to be an equivalent
homogeneous continuum. The stress/deformation caused by the shaft excavation was
simulated by a 3D deterministic FEM model using the ANSYS 5.5 code. No fractures
were explicitly represented in the model. A series of 2D axi-symmetric trial
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simulations were performed in order to minimize and optimize the size of the 3D
FEM model without significant boundary effects, taking advantage of the simple shaft
geometry and homogeneous continuum assumption. The process of these 2D trial
exercises will not be presented in this report. Only the final 3D model and results are
presented.

The equivalent rock mass was assumed to be a perfectly elastoplastic material, with
application of the Hoek-Brown criterion for the detection of brittle failure and a
Mohr-Coulomb criterion for calculation of safety coefficients for shear failures. The
initial in situ effective stresses in the vertical direction, ov , longitudinal direction
(along the maximum horizontal stress) o\ and transversal direction (along the
minimum horizontal stress) oT, were given by

" o1" = (24940 - 1000g)D + 266330

<j\ =(31130- 1000g)Z> +1887470 (3.14)

aT =(19960 -1000g)£>- 316190

where D is the depth (m) and the unit of stress is Pa.

b) Model size, geometry and boundary conditions
The 3D FEM model assumes lA symmetry with a curved outer vertical boundary and
two horizontal (top and bottom) boundaries. The model size was determined by trail
exercises of the 2D axi-symmetric model, having a radius of 22.7 m and a height of
80 m. The top and bottom surfaces were located at 620 m bOD and 700 bOD,
respectively, with the shaft located between 640 and 680 m bOD as instructed. Figure
3.1 la shows the 3D model geometry and mesh, with 9352 nodes and 1920 FEM
elements in total. The 20-noded quadratic serendipitus solid elements were used to
build the FEM mesh, see Fig. 3.1 lb. The bottom surface is fixed with no
displacement, the normal stress corresponding to overburden was specified for the top
surface. Zero normal horizontal displacement was specified for the vertical outer
surface and radial and vertical displacements were allowed for the vertical symmetry
planes.

c) Material models and properties
The mathematical functions of the Hoek-Brown failure criterion, in effective stress
form, are written

°c
(3.14)

where <rc is the unconfined compressive strength of the rock mass, given by
empirical function

ac = 0.50779D04589 (3.15)

where RMR is a rock mass quality parameter, varying with depth. For Task 1C, the
mean value of RMR at 660 m was taken, as RMR = 83. The parameters m and s are
also expressed as empirical functions of RMR (Hoek & Brown, 1988).
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(a) (b)

Fig.3.11 Geometry and mesh of the 3D FEM model used by UPV for Task 1C (a)
and the 20-noded serendipitus elements (b). (Gomez-Hernandez et al.,
1998b)

and

(RMR-100)

' C X P l 1
(RMR-100)^1| J

(3.16)

(3.17)

where a and b are two empirical parameters. For undisturbed rock mass, a = 28, b=9
and m,, = 15, respectively.

When performing safety coefficient calculations, the internal friction angle, (|>, the
cohesion, C (function of the stress level), and the dilation angle d of the equivalent
rock mass are required. In the Task 1C model of UPV, they were given by (Serrano &
Olalla, 1994)

= arcsin<

2 °-—3 J 8
sm X + —

A 6 J 2j
(3.18)

where
8s

(3.19)
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(3.20)

2sin20
(3.21)

(3.22)

The symbol a stands for normal stress. The dilation angle d is given as function of
RMRas

100 100
(3.23)

The Mohr-Coulomb failure criterion used for safety factor calculation by the UPV
model is written in its usual form

C - T - O tan 0 (3.24)

where the shear stress x is given by

(3.25)

Table 3.3 lists all parameter values used by the UPV model for Task 1C.

Table 3.3 Mechanical properties of the UPV model for Task 1C.
Parameter
Young's modulus, E (GPa)
Hoek-Brown constant 1, m
Hoek-Brown constant 2, s
Internal friction angle, <j> (°)
Cohesion, C (MPa)
Dilation angle d (°)

"h
RMR

Value
25
see equation (3.16)
see equation (3.17)
See equation (3.18), RMR = 83
See equation (3.24)
16.11
15

83

The value of the Young's modulus was assumed to be the lowest reasonable value, in
order to see possible failure areas for EDZ analysis.

d) Simulation of the shaft excavation sequences
The shaft was numerically excavated by 40 steps of 1 m interval.
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3.6 The VTT model

The VTT model considered the separate hydraulic and mechanical responses of the
rock due to the excavation of the shaft centered at borehole RCF3. The mechanical
model is an equivalent continuum model and the hydraulic model used discrete
fracture system approach.

3.6.1 The mechanical model

a) The main conceptual assumptions
The rock mass was assumed to be a porous, elastic and homogeneous continuum with
a Hoek-Brown failure criterion adopted to examine possible failure zones. The effects
of fractures were considered in the equivalent elastic properties of the rock mass,
assuming that all fractures are uniformly distributed without any preferred directions.
No major faults or fractures were included. The main physical processes considered
are the stress redistribution, displacements and flow caused by the shaft excavation. A
2D analytical Kirsh solution was performed to compare the 3D numerical results for
the shaft convergence and stress redistribution, using the FLAC-3D code, to check if
the vertical stress field would exert significant influence over the mechanical
responses. The EDZ was not considered in the model.

The model was located entirely in B VG since there was no indication from the results
of the RCF3 pump test data showing flow exchange between the B VG and the
overlying St. Bees Sandstone formation.

b) Model size, geometry and boundary conditions
The mechanical model was contained entirely in the BVG, with a XA symmetric
simplification. The top of the model was at the 620 m bOD and the bottom at 700 m
bOD, respectively. The horizontal thickness of the model was 25 m, about 5 times the
shaft's radius (5.4 m), in both x- and y-directions, Fig. 3.12. This size was chosen
based on the effect of a hole in elastic plate should vanish about 5-6 times the hole's
radius. The model contains 17500 finite-difference elements with 19596 grid points.

The vertical stress due to overburden above the model, at the 600 m bOD, was
calculated to be 19.7 MPa, which was applied at the top surface of the model. The
bottom surface was specified with zero normal (vertical) displacement. The two
symmetric vertical boundary planes (cutting through the central axis of the model)
were specified with zero normal displacement conditions and the two outer vertical
boundaries had stress boundary conditions according to equation (3.1).

c) Material models and properties
The required equivalent elastic properties are the bulk modulus Kjointed, shear

modulus Gjoiated and Poisson's ratio vjoimed. They were determined according to

Fossum (1985) for uniformaly randomly distributed fractures in elastic rocks,

K;jo int

v)skn+2E
(3.26)
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Fig. 3.12 Geometry and mesh of the VTT mechanical model (Polla et al, 1999).
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E } 9(1 + v)(l - 2v)skn + (7 - 5v)E
(3.27)

jointed
jo int ed

joined + " j o in t ed )

(3.28)

where E and v are the Young's modulus and Poiusson's ratio of the intact rock,
resepctively, s the fracture spacing, and kn and ks the normal and shear stiffness of
the fractures. With the values of these parameters given by Nirex, the equivalent
properties are: KjoiDUd = 52.7 GPa, Gjointed = 20.4 GPa. The cohesion and internal

friction angle were 30 MPa and 27.7°, respectively.

d) Simulation of the excavation sequence
In the numerical modeling, the shaft was excavated in 10 m intervals from 640 m
bOD to 680 m bOD, as required by the protocol. Each round corresponds to 8 days of
excavating time of 1.25 m/day of the proposed actual pull rate.
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3.6.2 The hydraulic model

The VTT hydraulic model was created by using the three-dimensional flow and
advection-dispersion code TRINET (Karasaki, 1987; Segan & Karasaki, 1992), based
on discrete fracture system generated by code TRINP3D (Korkealaakso & Kontio,
1995). In this code, fractures are represented by lattices of 1-D rod elements of porous
material (Fig. 3.13), with hydraulic transmissivity and specific storage. Such a lattice
representation may not necessarily represent precisely the complex channel
distribution, but can represent equivalent conductance of several channels combined.
Nodes and 1-D rod elements can be distributed in one, two or three-dimensional
spaces, and the spacing of the rod elements may not need to be uniform. A Galerkin
FEM formulation for spatial discretization was used to solve the head distribution of
the whole lattice assemblage, and the time derivatives are calculated using a finite
difference scheme. For the flow problem, the properties needed are the locations of
each nodes, the transmissivity, T, and specific storativity S of each rod element, and
the flow equation was written at the nodes of each rod element

dh_ ^h_

dt dx2

where h is the hydraulic head. The element properties S, and T are constant for
uniform lattices, but varied with non-uniform lattice spacing with a proportional
constant factor (Doughty, 1995). In the VTT model for Task 1C, the fluid exchange
between fractures and rock matrix was not considered. The only physical process
concerned was the flow into the shaft after its excavation. No mechanical effect was
considered.

a) The main conceptual assumptions
The VTT hydraulic model for Task 1C was considered to contain all the likely major
water conducting fractures as the basis for the flow calculation, generating a three-
dimensional model of an assemblage of two-dimensional lattices formed by one-
dimensional conducting rod elements which lie on the fracture planes, Fig. 3.14.
The monitoring boreholes intersect the fracture planes at intersecting points which
serve as the packed-off monitoring zones. A 7 m grid spacing was chosen for all the
fracture planes for the Task 1C model. Smaller "fin" rod elements were added
wherever necessary to ensure the connectivity of monitoring zones in boreholes and
fracture planes.
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Fig. 3.13 The lattice model of fractures by one dimensional rod elements which
intersect the boreholes (Polla et al., 1999).

Fig. 3.14 Geometry, boreholes and major faults in the VTT hydraulic model (Polla et
al., 1999).
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The model region was also located entirely in the BVG, where fracture flow was
demonstrated to be the dominated mechanism. It was assumed that the flow was
dominated by large scale faults and flow zones. The model contained 12 major faults:
F2 (both upper and lower), F200, F201, F202, F203, F205, F209, F210, F212, F99U
and F99L. The last two faults were introduced to connect the source zone in RCF3
and the overall flow system. All faults were assumed to be rectangular planes of
constant hydraulic transmissivity and specific storativity.

b) Model size, geometry and boundary conditions
The size of the model was 400 m x 400 m x 800 m (height), located between 400
bOD and 1200m bOD. The RCF3 and the source zone for the pump test, RCF3-P3,
are located approximately at the center of the model. 17 other monitoring zones in 5
other boreholes (RCF1, CF2, RCM1, RCM2, RCM3) were all connected to fractures
or boreholes. The RCF3 pumping test was simulated and results calibrated against the
test results in the similar way as that for Task 1(A+B) to establish the hydraulic
property fields, and the boundary conditions which were generated as:

Constant head to both ends of fault F203, and no flow boundary conditions for all
other faults.

c) Material models and properties
The calibrated transmissivity and storativity, from simulating the RCF3 pump test
through a trial-and-error process, were: transmissivity = 1E-8 (m31 s) for F99U and
F99L, and 1E-7 (m3 / s) for all others. Storativity = 1E-5 for F99U and F99L, and
5E-7 for all other faults.

Tables 3.3 and 3.4 compares the key mechanical and hydraulic properties, including
the Young's modulus E (GPa), Poisson's ratio v, hydraulic conductivity K (mls),
normal stiffness of faults (or secondary fractures) kn (GPa/m), shear stiffness of faults

(or secondary fractures) ks (GPa/m) and transmissivity of faults (or secondary

fractures) T and aperture e (|im). They are compared with mean values of
experimental data obtained by Nirex (using the Wireline data).

Tablr 3.3

Rock

Fault

Key

E
V

K
K
K

mechanical pro]
EPSN
69
0.23
71.6

2

UAs
44
0.24

Deities of rock and fractures
KTH
25.1
0.17

PSM

5-100

20

UPV
25
0.25

Variable

VTT
52.75
0.31

Nirex
69.08
0.263

Table 3.4 Key hydraulic properties of rock and fractures

Rock

Fault
Fracture

K
e
T
e

ITAs
1E-9

1E-7

PSM

25-125

35

UPV
Variable

VTT

1E-8 - 1E-7
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CHAPTER 4 RESULTS AND COMPARISONS

This chapter compares the results produced by the IPSN/PSM, IT As, KTH, UPV and
VTT models. The final results by KIPH were not available due to numerical
difficulties and are therefore not included in this report.

4.1. Water inflow into shaft

Table 4.1 and Fig. 4.1 compare the results on the water inflow into the shaft, for both
initial and steady states (at t > 120 days), for monitoring window l(when shaft was
excavated from 640 m to 660 m bOD) and monitoring window 2 (when shaft was
excavated from 660 m to 680 m bOD), respectively. The two VTT values stand for
the estimated inflow to the shaft (VTT1) and inflow to the source zone in the RCF3
borehole (VTT2), respectively. For the discrete fracture network model of VTT, the
flow rate depends entirely on the connectivity of the water conducting fractures to the
RCF3 borehole or the shaft, the size of fractures and the transmissivity of fractures.
Since the fracture transmissivity properties were calibrated with the RCF3 pump test,
it might be that the poor connectivity of fractures to the RCF3 borehole is likely the
reason for the small, but perhaps reasonable, flowrate.

Table 4.1 Water inflow rate into the shaft (Iit./min.)
Window

1

2

Time
(day)
T = 0
T=16
T>120
T=16
T = 32
T> 120

ITAs

2.32
2.27

1.31
1.27

PSM

1.29003
2.082
2.0
0.5
1.39
1.42

UPV

0.276
0.199

0.404
0.401

VTT1

0
1.7821439
0.8228494
1.4261097
2.173442
1.0952727

VTT2

0
0.035643
0.016457
0.028522
0.043469
0.021905

4.2 Pressure at RCM1 and RCM2 at 640m and 680 m bOD

Figures 4.2 - 4.3 show the pressure behaviour for boreholes RCM1 and RCM2 at 640
and 680 m bOD levels, as drawdown versus time, assuming the initial drawdown at
640 m bOD level is zero. The computations were continued after the shaft reached the
680 m bOD level after 32 days until a steady state was estimated to be reached. The
discrepancies between the model results are obviously large, and the reasons for them
are many and complex. The results from the PSM model seem to give the upper
bound of the spectrum and the VTT results supply the lower bound, with the
difference of one order of the magnitude. This may support the general conclusions
reached at the end of Task IB that the dominating water conducting mechanism are
the secondary fractures, not the main faults. The agreement between the PSM and
IT As models (except in the RCM1 borehole at 640 m bOD) are fairly good.

36



Inflow rate - Window 1
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Inflow rate - Window 2

•T=16

•T=120

PSM UPV VTT1 VTT2

Fig. 4.1 The inflow rate results for the initial and steady states for monitoring
window 1 and window 2 by the ITAs, PSM, UPV and VTT models for
TasklC.
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38



90

Q

-30

drawdown in RCM2. 640 m bOD

o o o

A

D

O

A

-PSM

ITAs

UPV

VTT

0 20 40 60 80 100 120 140

Time (day)

/d
ow

n 
(m

)

I
Q

100 n

90 -

8 0 -

70 -

60 -

50 -

40 -

30 -

20 -

J

Drawdown in RCM2, 680 m bOD

D

/ o O O

/ ° A

0 20 40 60 80 100 120

Time (day)

O

o
A

140

-PSM

ITAs

UPV

VTT

Fig. 4.3 Drawdown in borehole RCM2 at 640 and 680m bOD, respectively.

39



4.3 Radial displacements along diagonals 1 and 3 at 660 m bOD

Figures 4.4 - 4.7 summarize and compare the radial displacement along diagonals 1
and 3 at 660 m bOD at time t = 8,16, 24, and 32 days, respectively. The positive
values imply inward displacement (toward shaft center) and negative values indicate
outward (away from shaft center) displacement. Because almost all mechanical
models were based on continuum representations, except the inclusion of two main
faults in the IPSN model, the general trend of deformation around the shaft should be
that the radial displacement should be directed inwardly towards the shaft center. The
displacement magnitude should decrease with increasing distance from the shaft
center after the shaft passes the monitoring point. The majority of the models behave
in this way. The reasons for the increasing radial displacement with increasing
distance from the shaft center in the KTH model along Diagonal 1 and Diagonal 3 at t
= 8 days are unknown. It is also difficult to interpret it because the shaft was being
excavated above (from 640 to 650 m bOD) the monitoring points (at 660 m bOD).

Radial diaplacement, Diagonal 1, t=8 (days)
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Radial displacement, Diagonal 1, t=16 days
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Fig. 4.4 Radial displacement along Diagonal 1, t = 8 and 16 days.
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Radial displacement, Diagonal 1, t = 24 day
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Fig. 4.5 Radial displacement along Diagonal 1, t = 24 and 32 days.

The UPV model predicted a small expansion (negative radial displacement) along the
direction of Diagonal 3, as shown in Figs. 4.6 and 4.7, respectively. This small
expansion may be caused by non-linear plastic behaviour of the rock as assumed in
the UPV model.
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Radial displacement, Diagonal 3, t = 24 days
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Fig. 4.7 Radial displacement along Diagonal 3, t = 24 and 32 days.
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4.4 Convergence of shaft along diagonals 1 and 3 at 660 m bOD

Figure 4.8 compares the convergence of the shaft along the diagonals 1 and 3 at the
660 m bOD as a function of time, as defined in the protocol. Expansion is taken as
negative. The results show close correspondence to the deformability of the rock mass
used by the teams. The KTH model provided the largest convergence because the
Young's modulus used is the lowest, while the IPSN team's convergence is the
smallest, corresponding to the largest Young's modulus used by the team (cf. Table
3.3). Because of the fact that there was no experimental data to support or refute any
numerical results, it is impossible to say which behaviour is more accurate than
others. All model results comply qualitatively with the continuum mechanics
principles, with constant mechanical properties and zero normal displacement
boundary conditions.

shaft convergence at 660 m bOD - Diagonal 1

-O-ITAs
-B-KTH
-A-IPSN
-e—UPV
- • - V T T

Time (day) 32

Shaft convergence at 660 m bOD - Diagonal 3
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-UPV

-VTT

16 24 Time (day) 3 2

Fig. 4.8 Convergence of shaft along Diagonal 1 and 3.
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4.5 Radial and tangential stresses along diagonals 1 and 3 at 660 m bOD

The radial and tangential stress along diagonals 1 and 3 at 660 m bOD at the end of
shaft excavation (at 680 m bOD) are compared in Figs. 4.9 - 4.10. Tensile stress were
taken as negative. Similar to the deformation cases, the stress pattern is complex, with
the additional complexity due to the application of several non-linear constitutive
models of rock masse behaviour in the numerical models, and inclusion of large scale
faults in the PSM model for mechanical analysis. For the continuum models (which is
the case of the majority of the models for Task 1C), the magnitudes of the radial stress
components should be zero at the wall of the shaft and gradually increases until
reaching the in situ level at a large distance from the shaft center, after the shaft
passed the level of the monitoring line at 660 m bOD. The tangential stresses,
however, are just the opposite. For an elastic model, its magnitude is largest on the
wall of the shaft and decrease gradually until reaching the in situ level at a large
distance from the shaft center, see Figs. 4.11.
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Fig. 4.9 Radial and tangential stresses along Diagonal 1.
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Radial stress, Diagonal 3
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Fig. 4.11 Elastic solutions of radial and tangential stresses by a hollow cylinder
(Brady and Brown, 1992).
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If plasticity models are used, the situation may change in the plasticity zone in which
tangential stress magnitude will be reduced to a certain extent according to the flow
rules used. The results produced by the majority of the numerical models seem to
follow this pattern, and most of them seem to behave elastically to a large extent. The
UPV mechanical model exhibits significant plastic behaviour, as is shown in the
model's tangential stress curves.

The IPSN mechanical model produced very small displacements in the vicinity of the
shaft. It may be related to the higher value of the Young's modulus than the other
teams (cf. Table 3.3). The model did not produce accurate stresses near the shaft wall
due to the fact that the size of the elements near the wall of the shaft were still very
large compared to the diameter of the shaft. Far from the shaft wall, stress results
agree well with other teams' results.

4.6 Mechanical and hydraulic EDZs

The ITAs and KIPH models produced mechanical EDZ zones, delineated by the
failure criteria used, the Hoek-Brown criterion with a zero tension cut-off by the ITAs
model, and Barton's shear strength criterion by KIPH model. Figure 4.12 shows the
failed finite difference elements on the wall of the shaft, showing that the majority of
the rocks close to the shaft wall would fail in tension. The EDZ in the ITAs model
extends throughout the whole length of the shaft up to the top of the numerical model,
not only the 640 m - 680 m interval. The extent of the EDZ, by the ITAs model is
closely related to the pull rate (excavating interval height), since the density of the
failed elements is smaller in the 640-680 m interval than that in the 425-640 m
interval. This is because the latter was numerically excavated with a much larger pull
rate by only two steps: 425-600m and 600 - 640 m.

Fig. 4.12 The Delineation of the EDZ by tensile failure in the IT As model.

47



The other teams either did not consider the mechanical EDZ (KTH and VTT), or their
results indicated no failure at all (IPSN, UPV).

Only PSM considered the hydraulic EDZ issue by a separate numerical model. The
model did not consider the mechanical failure and deformation, just the effect of the
redistributed stress field, produced by the team's mechanical model, resulting in an
increase of permeability by one orders of magnitude in a large area surrounding the
shaft. As pointed in the team's report, this simulation of EDZ may not reflect the
realistic physics of the hydraulic EDZ phenomena.
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CHAPTER 5 CONCLUDING REMARKS

After prediction and model calibration of the RCF3 pump test site at Sellafield, which
were the aims of Task 1A and IB, respectively. Task 1C is a natural extension of the
problem of Task 1. It required the research teams to predict the mechanical and
hydraulic responses of the rock mass at the test site due to excavation of a shaft with
known location, size, rock conditions and excavation technology. The defined
comparison measures cover the hydraulic (water inflow and pressure), mechanical
(displacement and stress), and construction (EDZ and reinforcement measure
recommendations) aspects for a preliminary, but realistic analysis for a shaft design.
It is a challenging problem, since there is no further data acquisition to support a
further prediction-and-calibration cycle. However, the problem was defined at an
extensively calibrated site. A successful modeling of Task 1C requires full
consideration of at least the following aspects of model construction:

• Conceptual and numerical model of the hydrogeology and mechanical behaviour
consistent with and calibrated from site investigation activities;

• Derivation of appropriate parameter values at a relevant scale;
• Continuity of the conceptual model of the rock/fracture system and the main

corresponding conceptual assumptions from Task 1 (A+B) to 1C;
• Proper understanding of the key physical processes governing the formation and

evolution of the EDZ, both mechanical and hydraulic, such as excavation methods
(shaft boring versus drill-and-blasting, powder density), pull rate, fracture
formation mechanisms around blasting holes, effects of local fracture geometry,
etc.;

• Access to appropriate computer code(s).
• Proper and robust treatments in the computer codes to handle the full coupling

between the hydraulic and mechanical property fields and the key formation and
evolution mechanisms of EDZ;

• Adequate rock engineering design and analysis knowledge regarding reinforcement
and proper numerical algorithms and computer codes for simulations of
deformation of fractured rock and support options;

There are many other important issues involved, but the above issues are the most
essential for a successful numerical study of Task 1C.

5.1 General survey of the numerical model for Task 1C

The numerical models developed for Task 1C, namely the IPSN, IT As, KJPH, KTH,
PSM, UPV and VTT models, are, on the whole, a positive and beneficial effort by the
six research teams to advance our understanding of the physics involved in the shaft
excavation process, and our capability to obtain approximate solutions to facilitate
engineering design. Different homogenezation techniques were applied to
characterize the mechanical properties of the site, such as Frosum's random fracture
system approach by VTT, the 2D UDEC numerical upscaling by KTH, and use of the
crack tensor theory by KIPH. The THAMES code was further developed to enhance
its numerical capacities for representing fully coupled hydro-mechanical modeling,
such as the introduction of the BB-model to consider stress-dependence of the fracture
transmissivity. The FRACAS code was enhanced t include one-way H—»M coupling
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and the KTH team made a considerable effort to develop capabilities of H-M coupling
simulations by combined applications of 3DEC-FRACMAN-MAFIC codes.

From the numerical method point of view, the mechanical models for Task 1C are
dominated by 3D continuum models using either the finite element method (KIPH,
IPSN, UPV, using THAMES, ANSYS and VIPLEF codes) or the finite difference
method (IT As, KTH and VTT, all using the same code FLAC-3D). The IT As and
IPSN models included two or three main faults. However, the faults in the FTAs
model were only hydraulically active. The UPV, KTH and VTT models assumed
radial symmetry, and the KIPH, IPSN and IT As models were full 3D models with the
inclusion of specially oriented faults (in the case of PSM and IT As models) or
property anisotropy in the case of the KIPH model.

From the coupled hydro-mechanical process point of view, only the KIPH model
considered the fully coupled hydro-mechanical processes through the crack tensor
approach and BB-model for non-linear fracture stress-deformation-aperture-
transmissivity relationships. The effects of the redistributed stress information
generated from the IPSN mechanical model was considered in the PSM hydraulic
modeling. Independent mechanical and hydraulic models were used by IT As, IPSN,
UPV and VTT teams. KTH and IPSN models considered mechanical behaviour only.

Hoek-Brown failure criterion was used for the first time in the DECOVALEX
projects, by IT As, UPV and VTT models for detecting continuum rock failure. The
IPSN and KIPH models used Coulomb type failure criteria. The mechanical EDZ was
considered by four models (ITAs, IPSN, UPV), but only the PSM model considered
the hydraulic EDZ in a separate numerical model. In all mechanical EDZ studies, the
failure zone by either yielding, shearing or tension were designated as the mechanical
EDZ zone, without considering its effect on the hydraulic EDZ.

5.2 Discussions on model conceptualizations

a)Conceptual model continuity
The natural growth of Task 1 from IB to 1C requires a continuity of numerical
models from Task IB to 1C, both in the main conceptual assumptions/simplifications
and in the key hydro-mechanical properties of the rock mass. Maintaining this
continuity is important because the Task IB models were calibrated against in situ
experimental results and supposed to represent the teams' established understanding
of the physical behaviour of the site and key components of their mathematical
models. This included the simplification of the rock mass (equivalent continuum
versus discrete system), physical processes (e.g. dominant water conducting
mechanisms), numerical models (continuum methods or discrete methods) and ranges
of key property values (such as permeability for continuum models and, stiffness,
tansmissivity and aperture for discrete models). This continuity is especially
important because there is no further data acquisition for feedback and no shaft
excavation in practice. The RCF3 pump test is therefore the only experimental
support for the whole Task 1 to verify their numerical results.

The continuity from Task IB to 1C is maintained at different levels by the research
teams. The PSM, UPV and VTT models maintained the continuity to at least a
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significant degree. The continuity in the processes studied in the KTH model was not
maintained because the analysis of water flow in fault system, carried out in Task IB,
was not continued to Task 1C. Only the elastic deformation and stress analysis of an
equivalent continuum rock mass was considered in Task 1C.

The KIPH model for Task 1C has also limited links to its previous model for Task IB,
although the permeability field produced by their Task IB model was used as initial
conditions. The significant change in introducing the BB-model, and associated
fracture properties, which may affect hydraulic properties to a significant extent, was
not obtained from a calibration against the RCF3 pump test and therefore may or may
not be representative of the shaft excavation site conditions.

The IT As Task 1C model has also changed significantly from their Task IB model,
with changes from 2D axi-symmetric to full 3D non-symmetric and from continuum
without explicit fracture to inclusion of three main faults (for flow analysis).
Conceptually the Task 1C model of IT As is an improvement of its Task IB
counterparts. However, a new model with such significant change may need to be
validated against RCF3 pump test once more to establish important properties of
faults.

Ideally and if time and resources permit, the best solution for KTH and FT As models
would have been to re-run the Task IB problem with their Task 1C models and re-
calibrate their key assumptions and property fields. However, this cannot be achieved
within the scope of the project.

b) EDZ understanding and simulation.
EDZ is a difficult physical process to represent, quantify and simulate numerically.
From its literal interpretation, EDZ (Excavation Disturbed Zone) means the region
where the hydro-mechanical properties of rock mass are permanently changed by the
excavation induced re-distribution of stresses and displacements. Therefore,
quantitative characterization of the EDZ depends on a quantitative representation of
the property change as functions of stress, deformation and their evolution paths and
histories. It is closely related to formation and evolution of fractures caused by the
excavation method, such as drill-and-blasting or shaft boring, and the rate of the
excavation, such as the pull rate of the shaft (m/day). EDZ is also affected greatly by
the local in situ fracture geometry (which is one of the main reasons causing over-
blasting, thus different surface conditions) and other in situ factors such as intact rock
properties. A proper and in-depth study of EDZ requires an understanding of the
principles of blast mechanics, fracture mechanics and solid physics, and is still a
controversial issue in rock mechanics.

The study of the EDZ for Task 1C was dominated by the mechanical EDZ, which was
inevitably defined as the region delineated by zones of plastic yielding, loss of
cohesion or tensile failure, depending on the mechanical behaviour modeled. The
former indicates volume change and the later the formation of new tensile micro-
cracks. Due to the very high cohesion in the IT As model, their EDZ is exclusively the
zone of tensile failure because the tensile strength of the rock mass was set as zero.
No property change was considered in the EDZ study by the research teams for Task
1C, except the evaluation of the increase of permeability in the hydraulic EDZ model
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by the PSM team. It seems that the models adpted for Task 1C were not well
equipped to provide an in-depth study of the EDZ issue.

c) Suitability of numerical models for design and reinforcement studies
All the mechanical models for Task 1C used the equivalent continuum representations
with the exception of the IPSN's, which included two main faults, based mainly on
the "smeared-out" effects of the four sets of smaller fractures. However, considering
the shaft diameter and the spacing of the fracture sets, this equivalent continuum
simplification may not be very suitable to detect possible significant failure modes of
the shaft wall, such as squeezed-out wedges, block slip/burst, spalling, and rock
deformation along existing fracture planes. To properly simulate such deformation
modes, explicit representation of these numerous smaller fractures are needed, either
by FEM or DEM approaches, with a computer code able to simulate coupled hydro-
mechanical processes involving a large number of fractures and blocks. Such a code
can also consider reinforcement design with much more ease. No such code was
applied to Task 1C and the continuum models of Task 1C could not capture these
kinds of failure modes.

5.3 Discussions on effects of parameters on model results

Comparing the radial displacement results (cf. Figs. 4.4 - 4.7) and Tables 3.3and 3.4,
it can be found that the displacement magnitudes are more or less proportional to the
Young's modulus used by the teams. The KTH model has the lowest value of
Young's modulus and produced consistently the largest displacements. On the other
hand, the IPSN model used the largest Young's modulus value and its radial
displacement appears to be the smallest. All equivalent models produced smaller
Poisson's ratio than measured by Nirex, with the exception of the VTT model. The
UPV model also used very low Young's modulus, but its plastic analysis may have
modified the resultant magnitudes of radial displacement in complex ways. Generally,
the radial displacement behaviour can be explained by the values of Young's moduli
used in the numerical models in the direction of Diagonal 1. Along Diagonal 3,
similar trends can still be observed but the situation became slightly complex due to
predicted expansion of shaft by the UPV model, using plasticity analysis.

The radial and tangential stress behaviours are more consistent, except that produced
by UPV (due to plastic behaviour) and IPSN models, and the agreement is generally
very good. The difference, which is small, can be attributed to differences in the
elastic properties and boundary conditions.

5.4 Discussion on scientific lessons learned

The main scientific lessons learned from the Task 1C studies concern the
conceptualization of rock mass geometry and behaviour at a realistic site and selection
of proper computer codes to represent the most important processes and issues
identified from the conceptualization and parameterization processes.
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Although Task 1C and Task 1(A+B) were defined at the identical site, and therefore
have identical in situ rock mass conditions, the definitions of the problem are
different. For Task 1(A+B), the requirement was to characterize the rock mass for a
far-field problem, without consideration of any excavation related problems - stress
redistribution, induced deformation and failure, EDZ and reinforcement measures.
The later, however, are the focus of the Task 1C problem and requires a near-field
study whose initial and boundary conditions are also closely related to the hydro-
mechanical property fields determined by the calibration studies carried out in Task
IB. Studies of failure modes, EDZ and reinforcement measures in the vicinity of the
shaft wall require detailed representation or consideration of local fracture geometry
and their properties, and are best defined as a near-field problem with adequate
explicit (or implicit) representation of large and smaller fracture systems. The EDZ
study objective also requires study of coupled hydro-mechanical processes in the
near-field. In the conceptual models adopted by the Task 1C teams, these crucial
requirements were not fully accomplished. The majority of the models adopted
independent hydraulic and mechanical analyses so that interaction between the
hydraulic and mechanical EDZ cannot be properly investigated. All mechanical
models used equivalent continuum concepts for the rock mass with quite large model
sizes. Therefore, the detailed representation of local fracture geometry near the shaft
wall could not be done due simply to lack of computer resources. These large models
used up a lot more computing memory and time, but could not capture possible
mainly discontinuous deformation mode of the shaft wall due to the presence of
closely spaced intersecting sets of fractures.

The second lesson, the selection of proper computer codes, is related to the model
conceptualization. Under ideal circumstances, the research teams should have all
computer codes suitable for all different rock mass conceptual models. This is,
however, not realistic. Therefore some research teams used computer codes designed
for uncoupled hydraulic and mechanical calculations when the fully coupled hydro-
mechanical analysis was required (such as for EDZ study), or used continuum-based
codes when gross discontinuous deformation of fractured rocks near the shaft wall
needed to be simulated.

In summary, conceptualization, model parameterization and code selection are closely
related for numerical modeling tasks for fractured rock masses, and are the key
components for success in modelling coupled processes.
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Appendix A Full names and acronyms of Funding Organizations
and research teams for Task 1C

Table A.I Funding Organizations supporting research teams for Task 1C
Full name
Empresa Nacional de Residoos Radioactivds, S. A., Spain
Institut de Protection et de Surete Nucleaire, France. (Also research
team)
United Kingdom Nirex Limited, UK
Power Reactor and Nuclear Fuel Development Corporation, Japan
Swedish Nuclear Fuel and Waste Management Co., Sweden
Swedish Nuclear Power Inspectorate, Sweden
Center for Radiation and Nuclear Safety, Finland

Acronym
ENRESA
IPSN

Nirex
PNC
SKB
SKI
STUK

Table A.2 Research Teams for Task 1C
Full Name

ITASCA Geomekanik AB, Stockholm, Sweden
1) Div. of Global Environ. Engng., School of Civil Engng., Kyoto

University, Kyoto, Japan;
2) Dept. of Agricultural Engineering, Faculty of Agriculture, Iwate

University, Iwate, Japan;
3) HAZAMA Corporation, Technical Research Institute, Tokyo, Japan;
4) Geological Isolation Technology Section, Tokai Works, PNC, Tokai,

Japan
Division of Engineering Geology,
Royal Institute of Technology, Stockholm, Sweden
Centre d'Informatique Geologique (CIG),
Ecole Nationale Superieure des Mines de Paris, Paris, France
Technical Research Center of Finland,
Communities and Infrastructure, VTT, Finland
Departamento Ingenieria Hidraulica,
Universidad Politecnica Valencia, Valencia, Spain

Acronym
ITAs
KIPH

KTH

PSM

VTT

UPV
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