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Abstract

Hydrogeological experiments have had an essential role in the characterization of

the drift site on the Stripa project. This report focuses on the methods employed

and the results obtained from inflow experiments performed on the excavated drift

in Stage V of the SCV programme.

Inflows were collected in sumps on the floor, in plastic sheeting on the upper

walls and ceiling, and measured by means 01 differential humidity of ventilated air

at the bulkhead. Detailed evaporation experiments were also undertaken on

uncovered areas of the excavated drift. The inflow distribution was determined

on the basis of a system of roughly equal sized grid rectangles.

The results have highlighted the overriding importance of fractures in the supply

of water to the drift site. The Validation Drift Experiment has revealed that in

excess of 99% of inflow comes from a 5m section corresponding to the 'H' zone,

and that as much as 57% was observed coming from a single grid square (267).

There was considerable heterogeneity even within the 'H' zone, with 38% of

such samples areas yielding no flow at all.

Model predictions in stage IV underestimated the very substantial declines in

inflow observed in the Validation Drift when compared to the SDE; this was

especially so in the 'good' rock areas. Increased drawdowns in the drift have

generated less flow and reduced head responses in nearby boreholes by a similar

proportion. This behaviour has been the focus for considerable study in the latter

part of the SCV project, and a number of potential processes have been proposed.

These include "transience", stress redistribution resulting from the creation of the

drift, chemical precipitation, blast-induced dynamic unloading and related gas

intrusion, and degassing. There is strong evidence, based on the presence of a

thin low-permeability skin around the site and on the localised fluctuation and

redistribution of inflows, to suggest that degassing is an important process when

pressures approach zero. Dynamic unloading may also be of some importance

and gas intrusion resulting from the blast could have had a short term effect on

permeability. The effects due to "transcience" may account for a small fraction of

the observed declines, but are not sufficient to explain the substantial changes

seen in the drift. Stress redistribution and chemical precipitation are not

considered important processes on the Stripa site.
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I . INTRODUCTION

1.1 Background

The Site Characterization and Validation (SCV) project formed a core part of the

third and final phase of the Stripa Project. The objective was to assess how well a

body of fractured rock could be characterized and how that characterisation linked

with fracture network models. The five year programme (1986-1991) was

subdivided into five stages arranged in two cycles of data gathering, prediction and

validation.

The first cycle (1986-1988) involved Stage I, II and III. Stage I formed the initial

stage of data gathering in which information was obtained from five boreholes

using geophysical (radar and seismics) and single borehole hydraulic testing

techniques. The first steps at predicting behaviour in the SCV block were

implemented in Stage II; this involved data analysis and the construction of a

preliminary numerical model to predict groundwater inflows to the site of the

"Validation Drift". The results of the initial predictions wrere validated for the first

time in Stage III. Six 100 metre long horizontal D-boreholes were drilled into the

heart of the SCV block (see Figure 1.1) and were arranged to form the outline of a

cylinder with a diameter of 2.4 metres. This arrangement was designed to simulate

the Validation Drift which was to be excavated for Stage V. Inflows to these

boreholes were measured and compared to the model predictions in Stage II.

The Second Cycle (1988-1991) involved Stages III, IV and V. Stage III formed the

second stage of data gathering in which five boreholes (the C -boreholes) were

drilled from the 360 m level towards the central portion of the site : detailed

investigations were undertaken within each to provide data for inflow predictions to

the Validation Drift. The findings in Stage III were used to help redefine the

conceptual model in Stage II and to make appropriate modifications to the numerical

models; this formed the basis for vork in Stage IV.

Validation of the revised model predictions occurred in Stage V. To achieve this the

Validation Drift was excavated at the start of Stage V and replaced the first 50 m of

D-borehole in Stace III. The various model predictions were compared to the

results of fracture mapping undertaken on the wall of the drift and to the

groundwater inflow and tracer transport measurements. Towards the end of the

Project other measurements were added to help provide a series of groundwater

responses to test the sensitivity of the models and understand some of the processes



occurring in the "disturbed zone" around the Drift. These included the opening of

the Tl borehole and the D borehole remeasurement.

1.2 Objectives

This repor» is primarily concerned with the results of inflow experiments performed

in the Validation Drift during Stage V. The principal aims are:

(i). to report on the results of the drift inflow measurements.

(ii). to evaluate the potential processes which govern the changes in

groundwater flow rates within the SCV block.

Data from the SDE. D-borehole remeasurements and other experiments have also

been incorporated into the report to help achieve the second aim.

1.3 Report Structure

The main theme of the report centres on a description of the design and layout of the

Validation Drift, the methods employed to measure inflows and a discussion of the

processes influencing groundwater behaviour on the basis of these results. In this

context the report contains a description of the drift excavation (November 1989-

January 1990) and its effect in changing the hydrogeological characteristics of the

surrounding rock. Also included here are the head responses at the time of ihe

excavation as observed in nearby boreho'es.

There then follows a description of the method, equipment and results obtained

from the two approaches designed to measure inflows to the Drift. The first

approach, which measured total inflow, is subdivided into three sections according

to the method employed for collecting water. The first involved sumps on the drift

floor, the second, a grid-based arrangement of plastic sheeting on the ceiling and

walls and the third, a system for measuring the change in humidity of ventilated air

(taken to represent inflows to unsheeted areas of rock). The second approach

involved detailed evaporation measurements, performed in 1991 and again in 1992,

using equipment designed by Professor Watanabe.
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Figure 1.1. The concept of the "Simulated Drift Experiment" (SDIC). (Black and others. 1990)



Large and unexpected reductions in inflow were observed between the SDE and

later experiments. In this connection there is a brief summan* of the SDE with

particular attention paid to the size and distribution of inflows in the context of

subsequent D-borehole and Validation Drift measurements. Part of the SDE

summary is devoted to a description of head variations in surrounding

boreholes.There is also a summary of the D-borehole remeasurement which were

performed two years after the SDE in the remaining 50 m of unexcavated drift, and

which were prompted in part by the uncertainties surrounding flows measured in

the original SDE.

A concluding section summarises the more important variations in inflow to the drift

and the contemporaneous head responses in nearby boreholes, in order to develop a

picture of behaviour in the surrounding rock. The pattern of inflows observed in

the drift were not unique, but were also evident in experiments performed on

borehole TI. T1. being of some relevance, is therefore incorporated in the

discussion. A range of mechanisms which may have caused the changes in inflow

observed at the site are investigated. The concept of transcience is discussed in this

context and alternative explanations such as the effects of blasting, stress

redistribution and chemical precipitation are considered.



2 . SIMULATED DRIFT EXPERIMENT (SDE)

2.1 Experimental Concept

The SDE was designed to simulate the presence of a drift, and involved the

measurement of inflows to '"s site and the determination of the hydrogeological

characteristics in the surrounding rock before the onset of excavation. The results

were to be used, firstly, in combination with the findings of surrounding boreholes,

to validate the Stage II model predictions and, secondly, by comparison with inflow

results to the Validation Drift (Stage V), to evaluate the influence of any disturbed

zone resulting from the excavation of the tunnel (Holmes et al., 1990).

2.2 The Equipment And The Experiment

The SDE was performed in March and April 1989 : inflows were measured at three

constant pressure steps (see Figure 2.1) in six 100 m long horizontal boreholes

which were designed to simulate a tunnel (see Figure 1.1). Inflows were measured

using a computer controlled focussed packer system. Each borehole was monitored

in tum over section lengths varying from 0.5 m up to 1.5 m according to the size of

the inflow. The mass flow meter which measured outputs from each borehole, had

a sensitivity range of 0.0008 1/min upto 2 1/min.

The pressure changes due to the opening of the D-boreholes were monitored in

boreholes Cl, C2 and C3 using individual pressure transducers. Pressure changes

were also monitored in open and packered sections of the N, W and R boreholes

using the Piezomac head measuring system.

2.3 The Results

The proportion of total inflows to each of the six boreholes remained constant for

the first two steps, but at the maximum drawdown (210 m) the inflow showed

some redistribution between the boreholes (Figure 2.2). Overall inflow increase for

each step showed a roughly linear trend indicating that each step approached steady

state inflow and that borehole related head loss was either linearly related to inflow,

or was negligible.
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Two zones of higher inflow were identified; one at about 25 m and the other at

about 90 m, and these relate to the 'H' and 'B' fracture zones respectively. There

were no measurable flows elsewhere in the boreholes (85% of 1.5 m packered

sections did not exceed the 0.0008 1/min minimum resolution) and an estimate of

flow distribution between fractured and good rock zones was achieved by

subtracting H' and B' zone flow from the total flow. Table 2.1 shows that the

fracture zones contribute 82% of total flow. Owing to of the uncertainties arising

from the measurement limits of the equipment, this figure was judged to lie within

an 8 % range of error.

Table 2.1 Contribution of 25 and 90 m zones to total borehole flow.

a) Direct Observation

Step

1
2
3

Both zones
flow

0.602
1.091
1.759

% of flow

82
82
102

25 m.zone
flow

0.229
0.432
0.993

90 m.zone
flow

31 0.373
32 0.659
58 0.766

51
49
44

b) Modified to account for flow redistribution

Step

1
2
3

Both zones
flow

0.602
1.091
1.359

% of flow

82
82
79

25 m.zone
flow

0.229
0.432
0.593

90 m.zone
flow

31 0.373
32 0.659
35 0.766

51
49
44

for transmissivity and storativity given in Table 2.2 (Holmes et al., 1990)

were derived for each step using the Cooper and Jacob (1946) distance-drawdown

method . However, these values represent the sum for all boreholes : their

variability and distribution within the D-borehotes was not determined

Table 2.2 Results from distance drawdown method

Step Q

1
3

1.056
2.462

t

day

37
10

m

140
150

T
m2/sec

1.3E-7

1.2E-7

S
none

4.9E"5

9.9E-6



Figure 2.3 (Haigh et al.. 1992) shows the groundwater head plot for three

representative borehole sections for the duration of the SDE. The response to the

SDE is apparent in all the boreholes, though the two nearfield borehole intervals

show the largest drawdowns and the three steps most clearly. The SDE caused

approximately 50 m drawdown in the near field borehole intervals over the 70 days

of its duration. Steady state conditions were not achieved during the timescale of

the experiment in the majority of zones monitored by Piezomac. When the D-

boreholes were closed the heads around the site recovered rapidly. Virtually all

Piezomac channels registered a response to the SDE indicating good connectivity

across the SCV block.

Predictions of the steady state drawdown caused by the SDE have been estimated

by recent analysis of the Piezomac data (Haigh et al, 1992). They range between

9.2 and 95.4 m with a mean of 46.9 m and this compares to values between 1 and

68 m and a mean of 28.8 m at the end of the final step of the SDE : these findings

are based on Piezomac measured drawdowns only (ie. excluding Dl-6, Cl, C2 and

C3 of Table 3.3. Holmes et al, 1990). The transmissivity and storativity values

calculated by Holmes et al (1990) are based on the latter range. In this context it is

worth noting the head trend prior to the first step of the SDE; they suggest that

recovery was not complete when pressures dropped in response to the SDE (Figure

2.4).

There has been some controversy over the methods employed to derive an estimate

for flow distribution in the D-boreholes. Subsequent VDE and D-hole

remeasurements have apportioned considerably less inflow to 'good' rock zones

(<1%) than is suggested by the SDE results. The following section describes two

approaches that have been employed to verify the original estimate.

2.4 Inflow distribution

The Jacob-Lohman free-flowing well method (Jacob and Lohman; 1952) can be

used to determine the proportion of total flow coming from the 'good' rock. Based

on the distribution of hydraulic conductivities in boreholes Cl and Wl (Holmes et

al; 1990), the D-boreholes are assumed to contain five components of

transmissivity, which add up to the SDE measurement (ie. lE-Tm^sec1). Of the

five 'components', the two largest correspond to the fracture zones 'B' and 'H', the

smallest three correspond to the 'good' rock.
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Results using the Jacob-Lohman method indicate that the original estimate of 18% is

perhaps overstated, and that, for the three "components" which have the lowest

transmissivity. a value of about 8% is more realistic.

The second approach is based on probability analysis using the data from packered

sections in the first step of the SDE. A complementary cumulative density function,

plotted in log-log form, was employed to predict the distribution of flows below the

mass flow meter's minimum resolution (Figure 2.5).

The 'good' rock zones of the Jacob-Lohman analysis account for approximately

86% of the length tested. The lowest inflows were summed from the smallest

values upwards until 86% of all interval lengths were included: the total amounts to

a projected 12% of total borehole inflow. Again this is rather less than that implied

by the original SDE (18%).
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3 . THE VALIDATION DRIFT EXCAVATION AND HEAD
RESPONSES IN PIEZOMAC BOREHOLES

3.1 The Excavation

The D-boreholes were opened on the 20th October 1989. Groundwater heads in the

vicinity fell over the next 32 days. Excavations began on 21st November (day 1086

from the start of head monitoring) with the first of twenty-two rounds of blasting.

Each round penetrated about 2.25m of rock and consisted of two blast rounds on

the same, or consecutive days. Blasting occurred regularly every two or three days

until the whole 50m had been excavated on 23rd January 1990 (day 1149); the D-

boreholes were later closed on 6th February 1990 (day 1163).

3 .2 Head Responses in Surrounding Boreholes

Groundwater heads have been monitored in a series of boreholes in the surrounding

SCV block since 1st December 1986; of these 46 were open for all or part o. the

period when excavation was in progress. This section is concerned with their

response for the period when blasting occurred, and when heads in the D boreholes

were lowered to the level of the drift.

The effects of dewatering the D boreholes are evident in surrounding Piezomac

boreholes, and those with sections that intersect the 'H' zone have been observed

more closely. There are several responses common to most boreholes and these are

discussed below and illustrated by the example in Figure 3.1.

Up until the start of the excavation the groundwater heads in the nearby boreholes

were steadily falling in response to the removal of the D-borehole packers. Head

losses ranged from small and gradual (eg. Nl) through to large and sudden, (eg.

W2-1), see Figure 3.1. On day 1086, the date of the first blast round, there is an

abrupt increase in the rate of decline in all boreholes; the cause for this change is not

known though it is almost certainly associated with the excavation event. However,

it serves to demonstrate the good connectivity between boreholes in the SCV block,

as the change occurs on day 1086 in all boreholes irrespective of their distance from

the drift.

The heads around the site, which had been falling in response to the D-borehole

opening, began to recover shortly after the start of blasting. The time delay between

the first blast event and the response in nearby boreholes varied between 1 and 2

days (eg. C3-1 and W2-1) up to 5 or 6 days (eg. C3-4 and W2-5). The recovery
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continued at a steady rate until the Validation Drift was cleaned out and the

remaining Dborehole packers reinstalled on 6 February. After this pressure levels

rose more steeply. The lag-time between the reinstallation event and the borehole

response is much shorter than at the start of the drift excavation: most borehole

sections show a steeper rise in pressure within one day of this event. The recovery

of the nearby monitoring points is in contrast to drawdowns in the Drift which were

constant whilst the excavation was in progress. Table 3.1 summarises this pressure

change in nearby Piezomac zones: head increases were observed in most monitoring

intervals. The largest increase was observed in borehole C3, approximately 20m

from the drift, where the head increased 73m. In borehole W2 at a distance of

approximately 70m from the drift the observed head increase was about 15m. The

increase of head observed after excavation is consistent with the reduction in flow to

the Validation Drift U02ml/min) compared to the equivalent part of the SDE.

There is a temporary decline in pressure midway through the excavation period seen

in most piezomac sections. This was due to the opening of borehole N4 in order to

replace a faulty packer (see Figure 3.1).

The 'H' zone in the D-borehole occurs at a 26m depth with 'wet' rock (based on

subsequent Validation Drift observation) extending form 24m to about 30m. These

fissures were first intercepted on the 19 December with the twelfth blast round;

excavation of the 'wet' rock lasted until 30 December. There is no apparent

response to this event in surrounding boreholes.
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Table 3.1: Piezomac recoveries observed during the excavation of the Validation Drift

Increase in
Hed

(m H2O)

Channel No.

1*
2 *
3*
4

5*
6 *
7**
8**

9
10***

11
12
13
14
15
?6

17***
18
19
20

21 *•*
22***

23
24
25
26
27
28
29
30
31
32

33*
34*
35*
36*
37*
38
39
40
41

42***
43
44
45
46

47***
48
49
50
51

52***
53

StripaZone
Sepf89-Mar"90

111
11-2

Il-3( top)
I3-5(top)

-

12-3
12-4
13-1
13-2
13-3
13-1
PI
Rl
R2
R3
R4
R6
R7
R8
R10
R5

Nl-1
Nl-2
Nl-3
Nl-4

Air Pressure
W2-1
W2-2
W2-3
W2^1
W2-5
C4-1
C4-2
C4-3

-
N4-1
N4-2
N4-3
N4-4
N4-5
N3-1
N3-2
N2-I
N2-2
N2-3
N2-4

Reference
C3-I
C3-2
C3-3
C3-4

19.4

11.0
10.3
8.5
9.7
10.3
6.8

9.4
6.8
0.5

7.5
8.5
6.1
3.9

19.2
14.7
15.0
15.0
14.5

13.6
17.3
9.4
2.2

20.9
11.6
10.7
21.7

5.1

72.6
18.1

29.3

* Disconnected for all or part of the excavation.
** Response exaggerated by II dcpressurisation.
**• Unreliable data.
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4 . THE DRIFT INFLOW MEASUREMENTS

4.1 Background

The original plan for collecting inflows of water to the Validation Drift were given

in May 1987 (SKB; 1987), this was subsequently revised and then approved at the

TSG meeting in spring 1989.

The concept of measuring inflows using a grid-based network of plastic sheets was

introduced in the original plan; this was later modified to improve on the techniques

for measuring total inflow, inflows to the floor and their spatial variation within the

drift. The programme can be subdivided into five principal headings:

1. Creation of a grid System

2. Installation and Operation of Plastic Sheeting

3. Lower Wall and Floor Inflow Measurements

4. Installation of a Ventilation Bulkhead

5. Evaporation Measurements.

4.2 Experimental Procedure

4.2.1 The Grid System

The completed drift was first cleaned and then painted with a grid-network of

regularly sized rectangles. There was some variation in dimension along the length

of the drift to allow for the slightly irregular circumference, but all rectangles

approximated to lm x lm. Since the drift is 50m ! -ng and 9m in circumference

there were a total of 450 grid cells.

4.2.2 Installation and Operation of Plastic Sheeting

Plastic sheeting covered the upper 5m of drift surface (sec Figure 4.1) for most of

the experiment; only in the latter pan (May-June 1991) were portions between the

'H' zone and the end of the drift uncovered to enable the second evaporation

measurement to proceed (Watanabe; Dec. 1991). The majority of sheets were lm x

2m, but were reduced to lm x 1m in the 10m section corresponding to the H'

zone. All of the sheets were glued in place in the first instance; however, leakage

was observed between the sheets located in the 6m wide fracture zone and these

therefore required modification. The inflow experiment was halted for six weeks
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according to the roughness of the drift, were cut into the base of the sampling area.

Steel plates were bonded into place with sealant which was introduced to a series of

small holes spaced at lm intervals. Sheets overlying relatively high inflow points

(>2 ml/hr) were connected to automatic samplers. The water was collected in test

tubes which were switched once every eight hours.

D2 *(

D6

Dwg. 9052032.8 | 6.1.92 Dm by CW|

24m y \

3m A \

Figure 4.1 Validation Drift after excavation and division of perimeter into grid cells. Cells

numbered 1, 2, 3, 8 and 9 are covered with plastic sheets

The sheeting was not connected for areas of rock with lesser flow; these samples

were drained into plastic bottles which were replaced once or twice a week, though

for areas of negligible inflow this reduced to once a month. The bottles were

weighed with and again without water, and the difference taken to represent inflow

to the grid square. The accuracy of the scales was considered reliable down to O.lg

(0.1ml).

The lower measurement limit using the drift p'jiel method was 0.01ml/hr; however

significant errors, sometimes as high as 100-200%, were incurred as a result of

slight leakage, and values were therefore only considered reliable above 0.5ml/hr.
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4.2.3 Lower Wall and Floor Inflow Measurements

Flows to the floor and lower parts of the drift were not easily measured using

plastic sheets. This was otherwise achieved by the collection of flows in a total of

10 sumps which were drilled into the 'wet' fractures where they crossed the grid

lines. These were emptied on a daily basis and totalised for each grid square; the

flow to each sump was ascribed to the fracture situated 'topographically' above it.

The lower measurement limit of this system was controlled by the evaporation rate

which averaged 300ml/hr at the Ventilation Bulkhead. The majority of evaporated

inflow is assumed to have come from open areas on the floor of the drift; since total

inflow to the floor averaged 3000ml/hr some 10% of this must be lost to

evaporation.

4.2.4 The Ventilation Bulkhead

The Ventilation Bulkhead was installed 2m into the drift to make room for the tracer

equipment, and effectively sealed the entrance. Air was pumped into the drift at a

constant rate and allowed to circulate: humidity and temperature of incoming and

exhaust air were continuously monitored. The water volume was determined using

the following equation:

W (Water volume) = M.V/ R.T - P(T).Rh

where

M = Mole weight of water (18.02 g/mol).

V = Air volume per unit time.

R = Gas content.

T = Absolute temperature.

P = Vapour pressure of water.

Rh = Relative humidity.

The difference in water volume (Win - Wout) was taken to represent the

contribution to total inflow by water that had evaporated fro.n uncovered areas of

the drift.

Water volumes of incoming and exhaust air ranged between 100-150ml/min and the

difference varied between 4 and 11 ml/min. The error in total water volume was no
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greater than 1-2%, but because net inflows were just 3-6% of this total, the error in

net volume may have been as high as 25%.

4.3 Evaporation Measurements

Watanabe (1989,1990) developed equipment for measuring evaporation rates for

small surface areas and for rock with very low inflow rates. Because of the

enhanced resolution of the equipment it was used to advantage in areas of 'good'

rock, and large portions were left uncovered for this purpose during the drift

experiment.

Inflows to the drift were assumed to be identical to the rate of evaporation from the

rock surface. Evaporation rates were derived by establishing the rate of change in

absolute humidity which was assumed to increase linearly towards the rock surface.

Laboratory experiments have demonstrated the accuracy of the technique

(Watanabe, Jan.1991).

The equipment consisted of two paired humidity and thermistor sensors positioned

3mm and 9mm above the rock surface. These were used to measure the humidity

gradient. Each sensor was jointed to ensure vertical movement over the surface

rugosities of the rock, and each in turn was fastened to an arm whose length was

adjustable and jointed at the base to facilitate rotation (Figure 4.2). The data was

passed directly to a computer for processing.

Measurements were performed on two occasions; the first shortly after cleaning out

the drift in April 1990, and the second after completion of the inflow experiments in

May and June 1991. The first experiment was performed under two ventilation

conditions which were governed by the position of the ventilation pipe and heater

(Figure 4.3). The heater caused considerable heterogeneity in terms of temperature

and relative humidity distribution; temperatures tended to increase towards the

ceiling whilst humidities were greater on the floor. The exclusion of the heater and

the efficient draining of ponded areas on the floor in the second experiment removed

two important sources of error: thus temperature and relative humidity remained

approximately uniform throughout the drift in the second experiment.
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Figure 4.2a

Joint

COT

Figure 4.2b

Dwg. 9052032.9 | 3-1-92 | Dm by CW]

Rock

Protection cover

Humidity- sensor

Figure 4.2: (a) The evaporation sensor and (b) table mounted, fully adjustable, rotary

arms. (Watanabe, Jan. 1991)
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a) First measurement series (April 1990)

Ventilation pipe

Heater /

/ /

i *

b) Second measurement series (May to June 1991)

'K S

Dwg. 9052032.10 | 3-1-92 | Dm by CWj

Air

Air

Figure 4.3: Ventilation conditions in Validation Drift (Watanabe, January and December 1991)

4 .4 Inflow Results

Inflow measurements to the excavated drift began on April 27th 1990 two months

after the D-hole opening. Total inflow averaged 103ml/min in the first 9000 hours

(April 1991) and thereafter increased to 121ml/min. In excess of 99% of this came

from a 5m section (24-28m) corresponding to the 'H' zone. Figure 4.4 shows the

contribution to inflow from the fissured and 'good' rock sections as well as from

the ventilated air: most of the latter is assumed to originate from the uncovered floor

sections of the 'H' zone. Inflows to the drift remained fairly constant throughout

the first part of the experiment; the 20% increase in April 1991 occurred at the same

time as the draining of boreholes Cl and Wl which caused heads to fall in the

surrounding rockmass. The packers were reinstalled after two weeks and the

pressures allowed to return to their former level; however inflows to the drift

stabilized at the higher rate until the end of the experiment.
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Figure 4.5 illustrates the distribution of inflow rates to the Validation Drift after

5000 hours and again after 9500 hours. In the first example (a) 49 sampling areas

had measurable inflows and these ranged from 0.00015 ml/min up to 27ml/min.

The so called 'wet' rock areas cover 62m2, or just 14% of the total drift. The

majority of inflow was observed coming from a single sampling point; section 7,

located just below the plastic sheeting 26m from the entrance, contributed 49% of

all inflow to the drift after 5000 hours (Figure 4.6). This proportion attained a

maximum of 57% in the first part of the experiment, but fell to 30% subsequent to

the April 1991 event. The remaining 50% of inflows were evenly distributed

between the upper and lower sections of the drift, ie. between the plastic sheets and

the sump holes, up to 9000 hours (Figure 4.7), but thereafter the amount entering

the floor section increased as flows were directed away from grid 267 to adjoining

squares (Figure 4.5.b). After 9500 hours the number of sampling areas with

measureable amounts had reduced by 6 to 43: the contribution to inflow by the 'H'

zone was even more accentuated as these reductions came from sources outside the

fissured zone.

Many hundreds of fractures have been mapped on the surface of the Drift; of these

one or both of two major fracture sets were commonly observed to correspond with

sections of significant inflow. For example, the 26m interval (panels 1-9) supplied

as much as 80% (6000 hrs.) of all water entering the drift, and this source can be

linked to one major fracture which cross-cuts almost perpendicular to the drift.

However the fracture sets also appear to intersect the drift surface where flows are

contrastingly low or even immeasurable. There is no widespread distribution of

flows in the 'H' zone in spite of the relatively high frequency of fractures.The

significance of a few single point sources is made more apparent by the extreme

variability of these inflows : 38% of all sample areas between 24-28m have no flow

and a further 13% yield less than 0.1 ml/min.

Total flow to the Validation drift was fairly constant for the duration of the

experiment. However the distribution between separate parts of the drift proved to

be less consistent, with inflow rates to some plastic sheets varying by more than

two orders of magnitude (Figure 4.8, sheet 276). These extremes were not evident

in areas of 'good' rock (sheet 349/359), nor were they for sections of very low and

constant flow within the fissured zone.
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Metres along drift

Dwg. 9052032.12 ] 6.1.92 |Dm by CW|
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Figure 4.5: The spatial distribution of inflows to the Validation Drift after 5000 hours (a) and

9500 hours (b)
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Figure 4.7: Inflows to the floor and ceiling of the Validation Drift (excluding flows from 267)
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Figure 4.8: A comparison of inflow to grid squares 276 and 349/359 in order to demonstrate

the extreme range of responses in individual sample areas.
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Some local redistribution of inflow was apparent at a number of sample points and

persisted in some cases for the duration of the experiment (Figure 4.9): sheets 273

and 283 and sheets 245 and 246 (Figure 4.10) for example, form contrasting pairs

where a rise in inflow in one is matched by a corresponding fall in the other.

Sampling area 273 is intersected by the fracture with the largest water inflow rate;

area 283 is intersected by a smaller fracture that seems to cross-cut the former, thus

creating interconnectivity between the two areas.

The pattern of behaviour described above was later affected by the event in April

1991: some sections which previously exhibited contrasting behaviour, suddenly

behave alike (Figure 4.10; 245 and 246), whilst others undergo a marked decline

(Figure 4.11), or rise (Figure 4.8; 276) in response to the same event.

For the greater part of the drift inflow experiment (May 1990 to April 1991) heads

within the SCV block remained nearly constant, as activity elsewhere was limited.

Steady background conditions suggest that some mechanism other than pressure is

responsible for inflow variation and for forcing the redistribution of water between

adjoining areas.

Table 4.1 compares the inflow measurements to the Validation Drift with the

corresponding section in the original SDE. The SDE values have been adjusted to a

zero head in order to equate with conditions prevailing at the time of the Validation

Drift experiment. The flow to the drift after the excavation amounted to just 12%

of the totals measured in the corresponding D-hole section at the time of the SDE.

The reduction in inflow is evidently greater for the 'good' rock than for the 'H'

zone, the former constituting less than 1% of the original value. During this period

inflows were also remeasured in the remaining sealed-off sections of the D-borehole

and were observed to have fallen by 42% when compared to the SDE. The

Validation Drift Experiment and the D-hole remeasurement have shown very similar

reductions in the fraction of inflow attributable to the 'good' rock zone.
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Figure 4.9: Tlie redistribution of inflows between adjoining grid squares as a function of time



Figure 4.10: A comparison of inflow to grid squares 245 and 246 to demonstrate the

overriding influence of an event around 8500 hours
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Figure 4.11: A comparison of inflow to the three sub-partitions in grid element 267 to

demonstrate the significant switch in inflow away from the sample area No. 2

after 8500 hours.
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Table 4.1 Inflow measurements to Validation Drift

ZoneH
Average
rock
Total

Validation Drift
Inflow
mlAnin

102
1

103

Percentage
of total

99
1

SDE
Inflow
ml/min

745
131

876

Percentage
of total

86
14

Fraction of
Validation
Drift to
SDE flow
14%
<1%

12%

Figure 4.12 compares the inflow distribution for both the Validation Drift and the SDE

for (he first 50m of drift. There is close agreement between the two on the location of the

'H' zone. However, there is no overlap for areas of lesser inflow other than for D5 at

13m. The SDE step 1 inflows are generally much larger than for the Validation drift

Experiment, despite the higher pressure, and are more apparent in areas of 'good' rock.

The heads in the immediate vicinity of the drift show a response which is commensurate

with the reduced inflow witnessed in the Validation Drift Experiment when compared to

the SDE. For example, drawdowns in borehole W2-1 reached 50m during the SDE

(Figure 2.3), but were less than 5m for most of the Validation Drift Experiment (Figure

4.13). The initial response in nearby boreholes to lowered heads in the drift was very

similar to the one observed at the time of the excavation: drawdowns are greatest shortly

after the opening of the D-boreholes (eg.W2-l: llm), but gradually diminish over a 50-

60 day period; this occurred whilst the head remained constant at the drift site.

Furthermore, the head gradient is very steep around the drift and climbs to about 198m

just 10-20m away in boreholes T1.T2 and C3.

The steep head gradient away from the drift, coupled with the observed declines in

inflow, point to the presence of a thin, low permeability skin around the drift The steady

rise in head in nearby boreholes whilst the experiment was in progress indicates that the

skin evolved gradually once pressures came very close to, or attained atmosphere in the

drift. This assumption is supported by a similar pattern of events observed whilst the

drift was being excavated (section 3.2).
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Figure 4.12: Comparison of inflow distribution to the Validation Drift and the corresponding

part of the D boreholes. (•) Inflow to the Validation Drift, (•) inflow during

SDE step 1 (normalized to an environmental head of 250 m).
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Figure 4.13: Head recovery in Piezomac Section W2-1 during the Validation Drift Experiment
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4.5 Evaporation Results

4.5.1 Post-Excavation Experiment

The evaporation rates for the great majority of measurements (294) performed on

the uncovered surfaces (mainly 'wet' and 'good'rock) of the Validation Drift were

below O.!mg/m2/s. Values exceeding this limit were common in areas of wet rock

close to the 'H' zone and the cut face. A frequency distribution of evaporation rates

for the second ventilation condition is illustrated in Figure 4.14, and reveals an

average inflow rate of 0.35mg/m2/s which is equivalent to a total 'good' rock

inflow of approximately 9ml/min. This value is an order of magnitude greater than

the Validation Drift estimate.

Figure 4.15.(a) shows the average wall evaporation rates measured along the length

of the Validation Drift in the first measurement. This indicates that the evaporation

rate was noticeably higher between the cut face and the 'H' zone than between the

'H' zone and the entrance. This unexpected distribution may be related to the

positioning of the ventilation pipe and heater (Figure 4.3). The temperature lm

away from the heater was 25°C (Watanabe, Dec 1991), some 13°C higher than the

average temperature of the rock wall; artificially raised temperatures may well have

enhanced evaporation rates in proximity to the heater.

Figure 4.16 shows frequency distributions for the evaporation rates measured at the

ceiling, floor and walls of the Validation Drift (including 'H' zones). These indicate

that approximately 40% of inflow comes from the ceiling, 42% from the side walls

and 18% from the floor. The Validation Drift results, which include fissure flow,

suggest that a much higher proportion emanates from the walls (Figure 4.1: panels

3,4,7 and 8) and from the floor (panels 5 and 6). The high evaporation rate at the

ceiling could be due to differential drying during the transient phase caused by a

higher temperature (heat rises) and a lower relative humidity.
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Figure 4.14: Frequency distributions of the Evaporation rates in "good rock". Nj, Ey and SDE are
the total number, average evaporation rate and standard deviation, respectively.

4.5.2 The Second Evaporation Experiment

The second experiment produced much lower inflow values for the 'good' rock

areas: a frequency distribution of evaporation rates (Figure 4.17) shows a 76%

decline in the average to just 0.09mg/m2/s. This estimate compares more favourably

with the Validation Drift result. The average wall evaporation illustrated in Figure

4.15.b indicates that inflows are less pronounced in proximity to the cut face and

overall are sharply down on the first series of measurements.

The first experiment had a non-uniform distribution of temperature and relative

humidity, a problem that was largely resolved with the removal of the electric

heater. It is not unreasonable to assume that the evaporation rate in the first

experiment was accelerated by the high temperature of the ventilation air. More care

was taken in the second measurement to achieve uniformity and create conditions

that were representative of those on the drift's rock surface. This extended, for

example, to observations on 'transience' of evaporation rates after the removal of

the plastic sheeting; as a result measurements were not performed until 48 hours

after their removal, thus ensuring near steady state conditions for evaporation.
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(Watanabe, Dec. 1991)
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5. D-BOREHOLE REMEASUREMENTS

The inflow measurements of the SDE were restricted to those areas where they

exceeded the lower measurement limit of the equipment used (0.0008 I/min). This

accounted for just 15% of the borehole length and did not include any 'good' rock

inflows. A second set of measurements using the same equipment, but with the

measurement limit reduced to lE^l/min, was performed between February and

April 1991 (Danielson and others, 1991). The D-borehole remeasurements were

carried out in February, March and April 1991 in each of the remaining 50m of

borehole, and under conditions of zero head.

Total inflows were measured with a single packer positioned at the end of each

borehole. These results are shown in Table 5.1.

Table 5.1: The total outflow from the D-boreholes at Stripa.

Dl D2
Flow: 10-3l/min

D3 D4 D5 D6

3.96 2.75 13.08 5.28 90 447

They indicate that the total inflow had declined by 42% compared to the SDE for the

same pressure conditions (Table 5.2). Indeed, flows to the Simulated Drift

Table 5.2: Inflow measurements to Validation Drift and remaining D boreholes

Validation Drift D-hole(50-100m) SDE
remeasurement

Inflow % total Inflow % total Inflow % total
ml/min

Zone H

Average
rock

Total

Zone B

Average
rock

m]/min

99

1

103

99

1

558

5

99

1

ml/min

745

131

876

835

131

85

15

86

14

Fraction of
SDE flow

14

<1

12

67

4

Total 563 966 58
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The inflow distribution was measured using a f ocussed packer testing scheme modelled

on the original SDE equipment. Flows were measured at 4.5m and 0.5m intervals

depending on the magnitude of the flow rate. Inflow distributions to all boreholes are

shown in Figure 5.1. They show that appreciable inflow (greater than 0.1ml/min/0.5m)

was limited to a 10m section of borehole corresponding to the 'B' fracture zone; there are

peaks located at 82 metres (D2, D5 and D6) and between 87 and 90 metres. Inflows to

the 'B1 zone are only marginally larger than was evident during Step 1 of the SDE when

a back pressure of 148m was applied ; the difference is smaller than would have been

warranted by the 148m difference in driving head. Comparisons with Step 3 when the

back pressure approached those applied in the second D-hole test was not possible

because the former experiment did not monitor distribution along the entire length of the

borehole. Inflows to the 'good' rock had declined very substantially when compared to

Step 1 of the SDE, in spite of the increased drawdown. Estimates of inflow contribution,

when the 'good' rock is taken to lie outside the 81 to 91 metre section corresponding to

the 'B' zone, are as low as 0.7%, where only D2 and D4 make appreciable contributions.
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Tl INFLOWS AND HEAD RESPONSES IN NEARBY

MONITORING BOREHOLES.

Tl was one of two boreholes which were drilled between the 14th and 22nd of

February 1990 and later used as tracer injection holes for the migration experiment

run from April 90 to June 91. A total of three inflow experiments were performed

over the same period and these revealed a very simile pattern of behaviour to that

observed in the drift. The results are of sufficient pertinence to the discussion on

drift inflow to warrant inclusion under a separate heading. This section includes a

description of each experiment followed by the presentation of inflow results and

head changes in surrounding boreholes.

The first inflow test, referred to as the post-drilling test, used the same basic

equipment as that employed to control pressures and measure flows in the

Simulated Drift Experiment (SDE). Inflows were measured and performed between

6th and 17th March 1990 at a controlled head of 150m relative to the Validation

Drift (385m bgl). Three high inflow sections were identified (Table 6.1) and all lie

at the point where the 'H' fissure zone (24m - 37m) intersects borehole T l . Each

section was measured individually while the rest of the borehole was held at

ambient head. These sections were subsequently isolated and sealed with permanent

bentonite packers.

The second inflow test, took place over three consecutive days in July and August

] 990. Each of the packered sections was measured separately under atmospheric

pressure whilst the rest of the hole was maintained at local ambient pressure. The

flow was recorded after the section had been open for three hours.

Tl was reopened cu May 14th, 1991and inflows were again measured for the three

sections, which on this occasion.were opened to atmosphere simultaneously. In this

case water was evacuated from the sections and they were filled with air. Inflows

were monitored daily.

The inflows for all three tests are summarised in Table 6.1 and the head responses

observed in nearby monitoring intervals in Table 6.2 and Figure 6.1-2. These

results show, after accounting for the increase in drawdown, that there was a

decline in inflow to Tl between the first and second inflow tests and still more so

between the time of the second and third inflow experiments. There was also a

corresponding reduction in the head responses in nearby boreholes. The decline in
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The final opening of borehole Tl was intended to provide a test on the numerical flow-

models. As is evident from Table 1 the inflow to borehole Tl was much smaller than

expected and consequently the observed head responses were few and small. Hence,

comparison of measurements and predictions could not be accomplished as planned.

Table 6.1 Inflows to borehole Tl

Test Date Condition Inflows (ml/min)

Zone 1 Zone 2 Zone 3

(31.0-31.5in) (32.5-33.5m) (37-38m)

Post drilling 6-17/03/90 Single zone

- 60m drawdown

Test 2 31/07/90-02/08/90 Single zone

-200m drawdown

Tl reopening 15/05/91-26/06/91 All zones

-200m drawdown

16

36

44

23

42

i /
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Figure 6.1: Pressure response of zone N2-2 during inflow measurements to borehole Tl
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Table 6.2: Drawdowns in response to Tl post-drill and reopening inflow tests

Borehole No.
and interval.

13-1
PI
Rl
P.2
R3
R4
R5
R6
Wl-4.5
Wl-6
Wl-7
Wl-8
W2-1
W2-2.3
W2-4,5
Nl-1
Nl-2
Nl-3
Nl-4
N2-1
N2-2
N3-1
N3-2
N4-1
N4-2
N4-3
N4-4
N4-5
Cl all
C2all
C3 all
C4-1
C4-2
C4-3

1st inflow test
Start day 1197

6.73
6.81
9.25
6.81
5.61
2.45
4
7.17
22.71
Post-

reinstrumentation
data only.

19.3
9.08
8.02
4.41
5.11
1.6
0.92
4.5
9.4
26.06
6.75
17.03
21.9
16.55
5.41
3.21

Reinstrumentation.
*
*
*
*
22.7

Tl reopening
Start day 1626

*

• •

1.56

-
*

1.6

**
**

0.2

_

**

1.2
0.41

Drawdown in metres.
* Incomplete data or indeterminate response.
** No data: Channel switch.
- No response.
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7. DETAILED EVALUATION OF THE EFFECTS OF TRANSIENCE

AND DISCUSSION OF THE PROCESSES CONTROLLING FLOW

RATES.

The six D-boreholes were drilled in March 1988, and were designed to simulate a

tunnel 100m in length with a circumference of about 9m. Subsequent experiments,

both before and after the drift excavation, have highlighted the importance of fissure

dominated flow, with as much as 80% of all water entering the drift from a single

point source (grid no. 276). Attempts at characterising the site have been

complicated by the changes apparent between the SDE, which was performed in

March 1989, and the Validation Drift Experiments and D-hole remeasurements,

which were undertaken some eighteen months later. Total inflows had fallen by

88% and 42% respectively, and the 'good' rock contribution from about 8% (based

on corrected SDE values) to less than 1% of the total. Studies have also revealed

two other important effects: firstly, the steep pressure gradients between the site and

nearby boreholes which suggests the presence of a thin skin around the drift, and

secondly, the redistribution of flows between the D-boreholes in the SDE and

between adjoining panels in the Validation Drift Experiment.

The following discussion focusses on the mechanisms which are thought to account

for the marked change in inflows to the drift site. The first section summarises the

more important variations in inflow to the drift and the contemporaneous head

responses in nearby boreholes. The next section attempts to justify these variations

in terms of transient behaviour using an analytical solution. A number of potential

processes have been advanced to explain the observed behaviour; these are

evaluated in the closing section of this report.

7 . 1 . A Detailed Analysis of Drift Inflow Results

The SDE, Validation Drift and D-hole remeasurements provide data on inflow for

the same location, but under different hydrogeological conditions.

Inflows during the SDE were measured in three steps under three constant

pressures. Contributions to flow by each of the six boreholes remained in the same

proportion for the first two steps; however in the third step, when the pressure was

at its lowest, some redistribution was observed (Figure 2.2). Flow decreased in

borehole D4 and ceased altogether in D3, whilst, by contrast, a significant increase

was observed in D6 and slightly less so in Dl and D5. Some of these
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redistributions were observed while flow measurements were in progress. There is

a correlation between borehole position and inflow response; D3 and D4, where

flows declined, are located in the uppermost portion of the simulated drift where

pressures were at their lowest.

For the first two steps of the SDE, the flow for individual boreholes was a linear

function of head, however Figure 7.1 illustrates how the equivalent boreholes

deviate from this linearity in Step 3. When the individual flows are summed they

add up to a value close to the one predicted by the linear relationship. In other

words total flow is largely unaffected by the redistributions observed between

boreholes. A simple model has been used to substantiate this behaviour (Figure

7.2; Olsson and others,1992): it assumes that there is a local resistance to flow

around each borehole and that these boreholes are connected in parallel to a 'far field

resistance1. This is taken to represent flow resistance in the surrounding fissures. It

was shown, using a 2D analytical solution that 35% of total flow resistance

occurred in the nearest metre of rock, and that blockage in any one of these

boreholes (D3) would result in less than a 3% reduction in total inflow.

The Validation Drift Experiment produced much smaller inflows than was

anticipated by the numerical models. The actual total was 12% of the estimated

flow for the corresponding half of the borehole. The most significant reduction in

inflow was in the 'good' rock. Figure 4.12 compares the distribution of inflows

during step 1 of the SDE with those during the Validation Drift Experiment There

is good agreement on the location of high inflow points, however there is no clear

correlation between the two for the position of smaller inflows, except at about 13

m in D5.

Total inflow to the Validation Drift remained fairly constant from 3000 to 8500

hours, after which it increased by 20%; this event may well be linked to the removal

of packers from boreholes Cl and Wl on 19th April 1991 (Figure 4.13). The same

packers were re-installed two weeks later and the pressures allowed to recover.

However, there was no corresponding decline in inflows to the drift; these

stabilised at the higher level until the end of the experiment.
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Figure 7.2: Simple model of flow resistance to D-boreholes (O. Olsson and others, 1992)

Inflow to individual grid elements was not so constant, with values fluctuating by

as much as two orders of magnitude over thousands of hours. Significant

variations were observed on time scales of less than 100 hours. As with Step 3 of

the SDE some redistribution between adjoining grid elements was apparent; in

several instances the flow pattern in one was seen to exactly contrast that of its

neighbour for the whole period of the experiment. These changes were not

permanent, but appeared to switch between the two in a manner that was arbitrary,

as there was very limited activity elsewhere on the site to dictate events.

Pressures in the drift during the Validation Drift Experiment were maintained at

zero: redistribution appears to be linked to pressure conditions as similar behaviour

was observed in Step 3 when the pressure was reduced to a minimum, and again in

the Radar Saline Tracer Experiment when the pressure was close to zero. No such

redistribution was apparent in any experiment for larger pressures. Though low

pressures could well promote conditions under which redistribution can take place,

the mechanism responsible for switching flows between adjoining sample areas is

less clear. Background pressure was very stable during the experiment as there was

very little activity elsewhere in the SCV block.
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Results from the D-hole remeasurements indicate that the pattern of behaviour seen

in the adjoining tunnel is common to the whole drift

A similar decline in contribution from the 'good' rock is apparent; however the total

flow, though smaller than anticipated, declined by 42% as opposed to 88% in the

Validation Drift. This result may be linked to the slightly different pressure

conditions that were allowed to prevail in the two halves of the drift. The pressures

in Zone B ranged from 3 m to 6 m depending on the position of the borehole being

measured, whereas the pressure was reduced to atmospheric for all of the Validation

Drift. Though the pressure difference alone cannot affect such change, it is argued

later (section: 7.3.4 ) that it is sufficient to promote considerable change in the level

of exsolved gas, which is a process believed to control inflow to the site.

The pressure gradient is very steep around the drift and climbs to 197-199 m just 10

to 20 m away in boreholes Tl, T2 and C3. High pressures were also observed 10

m away from the 3D-migration drift and in the Macropermeability experiment.

These observations indicate that a low permeability skin exists around the drift site

and that the same phenomenon is general to excavations and boreholes in the SCV

block. For example, the history of inflows to borehole Tl is very similar to the

one observed in the drift. The lowering of pressure to atmosphere appears to have

propogated a skin around the borehole and lowered inflows to the three packered

sections from 68 ml/min to 19 ml/min, and this in spite of a greater than threefold

increase in drawdown, (60 m to 200 m). 26 nearby borehole sections responded to

the first inflow experiment with a maximum drawdown of 26.06 m (N3-1);

however the skin effect reduced the number of responses to just 4 in the third

experiment and the drawdown by one or nearly two orders of magnitude (maximum

of 1.6 m in borehole W2-4.5). It is possible that the permeability may have been

reduced by the smearing of bentoi.ite on the borehole surface when the packers

were installed shortly after the first experiment. However this seems unlikely, for

the second and third experiments postdated the installation of the packers and

should therefore have produced very similar declines in inflow. This was not the

case (Table 6.1).

The steady increase in head observed in surrounding boreholes whilst the

excavation was in progress suggests that this low permeability skin evolves

gradually rather than being related to the excavation of the 'H' zone where most of

the flow is concentrated. Were it to be otherwise, a sudden response should have



been observed when the excavation front intercepted the 'H' zone on December 19-

27, 1989. This was not the case.

7.2 Transient Behaviour at the Site of the Validation Drift

The Jacob-Lohman free-flowing well method has been used to predict inflows

when extrapolated to a long time interval. If this time interval is made to equate

with the period falling between the SDE and the VDE (550 days) and the pressure is

assumed to have remained constant throughout, then a prediction can be made

concerning the decline in inflow due to transient effects.

7.2.1. Method and Results.

Plots of inflow (Q) against time (t), obtained in the SDE, were superimposed on

type-curves derived from the Jacob-Lohman free-flowing well method.

Transmissivity (10-7m2Sec"1) and storativity (1.7E^6) values for step 1 compare

closely with those found in the original distance-drawdown calculation (Table 3.5;

Holmes and others, 1990).

The Jacob-Lohman method was then employed to estimate the change in inflows to

'good' and 'fissured' zones when extrapolated to a long time interval. Some idea of

the variation of transmissivity and storativity within the D-borehole was required to

facilitate such an approach. This was obtained indirectly from a frequency

distribution analysis of hydraulic conductivity in nearby boreholes Wl and Cl. The

rock surrounding the D-boreholes was sub-divided into five discrete zones on the

basis of this distribution. A storativity value was derived from the mean of all

specific storages (Ss) measured in nearby boreholes. The values are summarised

on Figure 7.3 in connection with the log-normal plot of inflow against time.

Figure 7.4 gives the change in inflow for respective zones of transmissivity as a

proportion of total fiow for the period between 35 and 550 days; the latter

corresponds approximately to the time elapsed between the end of the SDE and the

start of the Validation Drift Experiment.

When inflows are extrapolated to a long time interval (550 days) there is a

significant disparity between flows predicted by the Jacob-Lohman method and the

actual measured flows. The Jacob-Lohman method predicts a decline of 21%

(Table 7.1) compared to 42% in the D-borehole remeasurement and 88% in the
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Validation Drift Experiment (Table 5.2). It also predicts a more rapid decline in

inflow from the 'good' rock zones than in the 'fissured' zones; however, this

decline is only slight (8% to 7%) when compared to the changes observed in the D-

hole remeasurements (8% to 1%) and the Validation Drift Experiment (8% to 3%)

(Table 5.2).

Table 7.1: Total inflow (Qtot) to the drift

Time

(Days)

Qtot

(lmin-1)

35

0.744

40

0.734

100

0.673

200

0.631

550

0.585

Change

in inflow

from 35

to 550

days

-21%

7.2.2 Discussion

Total inflows at the time of the SDE are confirmed by the findings of the Jacob-

Lohman and probability distribution methods. However, their distribution within

the D-borehole does not accord so well with subsequent findings.

Furthermore, comparisons between actual and predicted results are complicated by

the Jacob-Lohman assumption that pressures remain constant for the duration of the

experiment; actual pressures around the drift site greatly exceeded those in the SDE

for most of the period and experienced considerable fluctuation in response to

events elsewhere in the SCV block.

Even in the light of these reservations it is clear from the predictions outlined above

that the reduction in inflow between the SDE and later experiments cannot be the

result of transience alone.

7.3 Potential Processes Effecting Inflow to the Validation Drift

A principle objective of the SCV project was to assess how hydrogeological

behaviour might be affected by excavation of the drift site. For this reason inflow

experiments were undertaken both before and after the creation of the drift.

Subsequent study has focused on identifying potential processes which might
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account for the observed decline in inflow (Olsson and others, 1992). These fall

into two broad categories: the first are processes that relate directly to the excavation

event such as structural damage, particle dislodgement from rock surfaces,

emplacement of drilling debris and intrusion of blast gases. The second set of

processes are unrelated to the event and include transience, degassing and chemical

precipitation. The merits of each are discussed in turn in the following section.

7.3.1 Stress Effects

Excavation and the generation of a void space at the site will result in changes to the

stress field in the surrounding rock. The dominating fracture sets are orientated

perpendicular to the drift such that normal stresses on these were largely unaffected

by the creation of a void. The reduced normal stress in fractures subparallel to the

drift will enhance axial permeability. Since these fractures were less common the

effect of total inflow was thought to be limited.

A 2 dimensional hydro-mechanical model (Monsen, 1991) was run to study the

coupled effects of stress redistribution, displacements, aperture changes, and

permeability due to drift excavation. The model predicted reduced radial and

enhanced axial permeability on a local scale with an overall reduction in inflow to

the drift; however the model was not strictly representative of the site because it did

not incorporate the dominant perpendicularly orientated fracture sets.

7.3.2. Shear Displacements due to Excavation

Excavation of the drift will cause displacements towards the drift. Contraction or

dilation of the fractures depends on the level of normal stress in the rock; this is

high in the dominating north to south orientated fracture sets, so it is quite possible

that fracture contraction has contributed to the observed reduction in inflow.

7.3.3. Blast Damage and Dynamic Loading

Blasting in the drift will cause localised fracturing of the rock and will generate

sufficient pressure for blast gasses to be forced into the surrounding rock.

The process of excavation will tend to create radial fractures which enhance

permeability by linking the drift to parallel orientated fractures. Watanabe

(Dec. 1991) sighted examples of inflow from these points during his evaporation

measurements. However, their contribution to total inflow is unlikely to be
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substantial because of the high tangential stresses in close proximity to the opening.

Furthermore, the number of such fractures was minimised by careful controlled

blasting during the drift excavation.

The blast will produce CO2 (g) water vapour and minor amounts of N2 (g)

depending on the nature of the explosive. The pressures generated by the blast will

force this and resident gas into the surrounding rock leading to a reduction in

permeability. However, the process is unlikely to have been effective for the whole

period of the Validation Drift Experiment as gases would have been either flushed

out, or dissolved by waters undersaturated with respect to these gases. The time for

conditions to return to steady state was not thought likely to extend to more than a

few weeks.

The action of blasting will also generate compression and shear waves resulting in

the displacement of rock surrounding the drift. Work carried out on particle

velocities due to blasting (Holmberg and Persson, 1980, Ouchten ny et al. 1991)

have shown that dynamic loading is only significant close to the drift wall.

However, unlike the process of stress redistribution, it may have more effect on

fractures perpendicular to the drift

Sudden movements propogated by the blast may also cause particles to dislodge

from the fracture surfaces and to become stuck in channel ways where they impede

flow. It is conceivable too that particles produced by the drilling of blast holes have

achieved the same by being carried into the surrounding fractures.

It is difficult to explain hydrogeological behaviour around the drift site purely in

tenns of excavation related deformation for two reasons. The skin effect was not

unique to the drift, or other excavation sites, but also developed in borehole T.1

which was drilled after completion of the Validation Drift; the inflow seemed

unaffected at the higher pressure in the first experiment and only declined when the

head was reduced to zero. Secondly, inflow to the drift which is reflected in the

head data, should have remained constant until the excavation front came within 1-2

drift diameters of the "H; zone, this bring the range over which deformation has

effect. Thereafter, it would have declined abruptly to a level compatible with the

heads assumed around the Validation Drift. However, the change in head in

surrounding boreholes was not sudden, but was seen to increase steadily between

the commencement of blasting (lag times range from 1 to 6 days) and the
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reinstallatior. of the D-borehole packers eleven weeks later; the heads showed no

reaction to the passage of the excavation front through the Tf zone.

7.3.4. Degassing

Gas bubbles were observed in the outflow tubing during the last step of the SDE

when the head had been dropped to 17 m (D Holmes et al, 1990). Depressurization

was considered the cause as exsolved gases can be produced when the water

pressure is lowered and the solubility limit is reduced. The water was analysed and

found to contain 3% by volume dissolved gases of which nitrogen was the most

common form. Detailed work on this problem (Ollson et al, 1992) has

demonstrated that exsolved gas would start to appear in quantity when pressures are

dropped to below 7-8 m.

The gas bubbles reduce permeability whilst they reside in the rock. A metastable

state is achieved for as long as the low pressures are maintained, as gas bubbles

flushed from the rock are constantly replenished by others from fresh inputs of

depressurized water. The greatest effect will be seen in rocks with small fractures

where the capillary forces are highest. This was so in the later experiments where

the 'good' rock zones experienced the largest declines in inflow.

An experiment was performed in the drift to substantiate degassing as a process.

The pressure was raised to 29 m on the assumption that the pressure would not be

low enough to exsolve gas and that inflows would therefore increase. No such

increase was observed during the two week experiment. However, the result was

not considered conclusive as this time may not have been sufficient to allow for the

gas to redissolve in water (the latter process takes longer than degassing).

The redistributions of inflow observed during the experiments could well be the

result of gas temporarily blocking fracture pathways. However, it is difficult to

ascribe this process to the redistributions observed in step 3 of the SDE, as

pressures were never sufficiently low, based on the above assumption, to generate

gas within the rock. Large and frequent redistributions occurred between adjoining

grid squares in the Validation Drift Experiment against a background of minimal

pressure variation; this implies that the drift was sensitive to the slightest change. It

is possible that the switching of inflows between boreholes in step 3 was influenced

by the movement of packers.
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7.3.5. Chemical Precipitation

Hydrochemical analysis of waters in the SCV block has established the presence of

3 water types (Nordstrom et al., 1985). The drift site acts as a sink towards which

surrounding waters flow: shallow (Type A) waters mix with deep (Type C) waters

which become oversaturated with respect to calcite. Precipitation in the rock ensues

and the permeability is reduced. This process, however, does not resolve the

problem of rapid fluctuations in inflow during both experiments, nor can it account

for the development of a skin during the Validation Drift Experiment when none

was observed in the SDE.
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CONCLUSIONS

The combination of inflow experiments [i.e the SDE and VDE] performed within

the Site Characterisation and Validation Project has demonstrated clearly the impact

of a "disturbed zone" around an excavated drift It was clear that some form of

skin developed around the excavation to reduce inflows by a factor of eight times.

This was contrary to expectation.

The experiments have also demonstrated that nearly all the flow is restricted to a

series of fissure zones, of which the most important are H, B and A. Fissure zones

H and B have been identified as intersecting the drift at about 26 m and 90 m

respectively; together they account for 15% of the rock and over 90% of the inflow.

High resolution evaporation experiments have identified considerable variation in

inflow even within the fissure zones, and helped to highlight the significance of

isolated fractures. Inflows from grid-element number 267, for example, supplies

49% of all inflow from the first 50 m of the drift

Total inflow was a linear function of head for all three steps of the SDE. However,

unexpected deviations from linearity were experienced in individual D-holes when,

in subsequent experiments, pressures were reduced to atmosphere. Inflows to the

Validation Drift declined by 88% compared to the SDE and to the D-boreholes by

42%. Similar behaviour was observed in borehole Tl demonstrating that the effect

was not unique to the drift, nor to sites that had been excavated.

The largest changes occurred in the 'good' rock with contributions to total inflow

declining from about 8% during the SDE to less than 1% in the Validation Drift and

in the remaining D-holes.

The presence of a significant low hydraulic conductivity skin around the Validation

Drift was recognised on the basis of Piezomac data obtained from nearby

monitoring wells. They indicate that pressure gradients are very steep with heads

approaching 200 m only 10 or 20 m from the drift wall. The exact cause of this

skin is not known for certain, but a number of potential processes have been

investigated. Degassing is thought to be important in this respect; in the absence of

excavation-related deformation, it probably caused nearly all of the reduction in

inflow observed in borehole Tl. Fluctuation and redistribution of inflows between

adjoining grid-squares during the Validation Drift Experiment and the substantial

declines in contribution from the 'good' rock are best explained using the

'degassing' theory. The process in combination with blast induced dynamic



64

loading and gas intrusion probably caused the large reductions observed in the drift.

Stress redistribution is not considered effective because the dominant fractures are

orientated perpendicular to the drift Chemical precipitation is similarly discounted

on the basis of flow volatility and redistribution between adjoining boreholes and

grid elements.

The 'degassing' theory was developed towards the end of the SCV project and there

was limited scope for quantifying the process. Future investigations in crystalline

bedrock should incorporate experiments specifically designed to assess the

importance of degassing in relation to other processes.

The position and orientation of the drift was significant in limiting the effectiveness

of stress redistribution. The mechanism would have had more influence on inflows

had the major fractures run parallel to the drift. Future sites for investigation should

take into account the orientation of principle stresses and major fracture sets.
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APPENDIX

Inflows to the plastic

sheeting in the Validation Drift

(0-50m)



D » | 9O52032J1 | Out: Ift/n | Dr.»nbyVW

Inflow to sheets between 10 and 20ra



oo
t--

o vz

8

g

3

Dw, 9052032.32 JO»»: «fl/9I | Pimm by WH

Inflow to sheets at 24m (a)



o

•

—I—I—I—I—I—I—I"

00 -O

. §

oo

s

§

o

—I—I—I—I—I—I—I—I—I—I*

T cg o

Dwt. 9M2032J3 | Dm: W / « | Drawn by WH

Inflow to sheets at 24m (b)



Inflow to sheets at 25m (a)



(jq/pu) M

§
§

o
o
§

o
§
t

S P
in
o

o
o

o
§
in

o
o

D»t.90f2O3US \Dtm: *n/n | Dt»»nbyWH

Inflow to sheets at 25m (b)



Inflow to sheets at 26m (a)



i n

s
8 s

Inflow to sheets at 26ra (b)



•I II

s

r ooooi

- 00S6

- 0006

- 00S8

- 0008

- OOSi

- 000£

- 00S9

- 0009

- ooss

- ooos

- oos*

- OOOfr

s
V

P

oosc

D w | . 9C62C3Z3»

Inflow to she>-;s at 27m



Inflow to sheets at 28m (a)



OJ in

o
o
m
o

§

s

ss

o

s

S

• ̂  §

»a)32^J | Dar W/W | DnonbyWH

Inflow to sheets at 28m (b)



«

1

•^ c
»v C
M «

1

- 
2

9
9

It

g

o

o

o

ö
in
ö ö

o
• oo

g
in

[)»< 9052032.41 | D i» Vi 191 | Dii»DbyWH

Inflow to sheets at 29m (a)



s

s

(jq/iui) MOUUI

Inflow to sheets at 29m (b)



i
t

<

•4

- <

a «

1 r

1 <

v» <»> «
9 O
•> f i r

\ \ \ if

p

\

D » | 9052032.43 | Di«: DrawabyWH

in

(jq/Iiu) *ouui

in
ö

§

§

§
o
r

g P

o
in
in

§

Inflow to sheets at 30 and 31m



«M rt — M
•*> m in an
»•» «i f» «

^ Ä i S|
<M «M •>» •»

/

#? 00001

9 00S6

0006

^ 0OS8

9 0008

9 OOSi

i 00S9 P

- 0009

• OOSS

- ooos

• oos*

• OOOfr

oose
oq \o •« c>> o
o ö ö ö

D«t,9l»M314t I Dm: W/92 | DnwnhyWH

Inflow to sheets between 32 and 35m



Si ?:
•o -o

s

»

4>

m

g

It
o

(jq/jui) /noyui

Dw( 9052012.45 | D«r 8/1/92 | Drawn b r * H

Inflow to sheets between 36 and 39m



•*i •*i ^ i ,
« r i o>
oo oo oo
• • • • • •

-> X - I
i

. §

g i

I » ' ' ' I '

in
p
ö

D«|. J05M3146 ]D«fc: 8 / W | DnwnbyWH

Inflow to sheets between 40 and 50m



Stripa Project- Previously Published Reports

1980
TR 81-01
"Summary of defined programs"
L Carlsson and T Olsson
Geological Survey of Sweden. Uppsala
I Neretnieks
Royal Institute of Technology. Stockholm
R Pusch
University of Luleå
Sweden November 1980

1981
TR 81-02
"Annual Report 1980"
Swedish Nuclear Fuel Supply Co/Divisior.'
Stockholm, Sweden 1981

IR 81-03
"Migration in a single . ^cture
Preliminary experir. ,xs in Stripa"
Harald Abelin, Ivars N' ,•. ^ks
Royal Institute of T> .»jgy
Stockholm, Swed' - ^ i

IR 82-02
"Buffer Mass Test - Data Acquisition and
Data Processing Systems"
B Hagvall
University of Luleå, Sweden August 1982

IR 82-03
"Buffer Mass Test - Software for the Data
Acquisition System"
B Hagvall
University of Luleå, Sweden August 1982

IR 82-04
"Core-logs of the Subhorizontal
Boreholes N1 and E1"
L Carlsson, VStejskal
Geological Survey of Sweden. Uppsala
T Olsson
K-Konsult. Engineers and Architects. Stockholm
Sweden August i982

IR 81-04
"Equipment for hydraulic testing"
Lars Jacobsson, Henrik Norlander
Ställbergs Grufve AB
Stripa, Sweden July 1981

IR 81-05
Part I "Core-logs of borehole VI
down to 505 m"
L Carlsson, VStejskal
Geological Survey of Sweden, Uppsala
T Olsson
K-Konsult, Stockholm

Part II "Measurement of Triaxial rock
stresses in borehole VI"
L Stnndell, M Andersson
Swedish State Power Board, Stockholm
Sweden July 1981

1982
TR 82-01
"Annual Report 1981"
Swedish Nuclear Fuel Supply Co/Division KBS
Stockholm, Sweden February 1982

IR 82-05
"Core-logs of the Vertical Borehole V2"
L Carlsson, T Eggert, B Westlund
Geological Survey of Sweden, Uppsala
T Olsson
K-Konsult, Engineers and Architects. Stockholm
Sweden August 1982

IR 82-06
"Buffer Mass Test - Buffer Materials"
R Pusch, L Börgesson
University of Luleå
J Nilsson
AB Jacobson & Widmark, Luleå
Sweden August 1982

IR 82-07
"Buffer Mass Test - Rock Drilling and
Civil Engineering"
R Pusch
University of Luleå
J Nilsson
AB Jacobson & Widmark, Luleå
Sweden September 1982



IR 82-08
"Buffer Mass Test - Predicitions of the
behaviour of the bentonite-based buffer
materials"
L Borgesson
University of Luleå
Sweden August 1982

1983
IR 83-01
"Geochemical and isotope characteriza-
tion of the Stripa groundwaters -
Progress report"
Leif Carlsson,
Swedish Geological. Göteborg
Tommy Olsson,
Geological Survey of Sweden, Uppsala
John Andrews,
University of Bath. UK
Jean-Charles Fontes,
Université. Paris-Sud, Paris, France
Jean L Michelot.
Université. Paris-Sud, Paris. France
Kirk Nordstrom,
United states Geological Survey. Menlo Park
California. USA
February 1983

TR 83-02
"Annual Report 1982"
Swedish Nuclear Fuel Supply Col Division KBS
Stockholm, Sweden April 1983

IR 83-03
"Buffer Mass Test - Thermal calculations
for the high temperature test"
Sven Knutsson
University of Luleå
Sweden May 1983

IR 83-04
"Buffer Mass Test - Site Documentation"

Roland Pusch
Univeristyof Luleå and Swedish State Power Board
Jan Nilsson
AB Jacobson & Widmark. Luleå.
Sweden October 1983

IR 83-05
"Buffer Mass Test - Improved Models for

Water Uptake and Redistribution in the
Heater Holes and Tunnel Backfill"
R Pusch
Swedish State Power Board
L Borgesson, S Knutsson
University of Luleå
Sweden, October 1983

IR83-06
"Crosshole Investigations — The Use of
Borehole Radar for the Detection of Frac-
ture Zones in Crystalline Rock"
Olle Olsson
Erik Sandberg
Swedish Geological
Bruno Nilsson
Boliden Mineral AB, Sweden
October 1983

1984
TR84O1
'Annual Report 1983"
Swedish Nuclear Fuel Supply Co/Division KBS
Stockholm, Sweden, May 1984.

IR 84-02
"Buffer Mass Test — Heater Design
and Operation"
Jan Nilsson
Swedish Geological Co
Gunnar Ramqvist
El-tekno AB
Roland Pusch
Swedish State Power Board
June 1984

IR 84-03
"Hydrogeological and Hydrogeochemical
Investigations—Geophysical Borehole
Measurements"
Olle Olsson
Ante Jämt lid
Swedish Geological Co.
August 1984

IR84O4
"Crosshole Investigations—Preliminary
Design of a New Borehole Radar System"
O. Olsson
E. Sandberg
Swedish Geological Co.
August 1984

IR 84-05
"Crosshole Investigations—Equipment
Design Considerations for Sinusoidal
Pressure Tests"
David C. Holmes
British Geological Survey
September 1984



IR 84-06
"Buffer Mass Test — Instrumentation"
Roland Pusch, Thomas Forsberg
University of Luleå, Sweden
Jan Nilsson
Swedish Geological, Luleå
Gunnar Ramqvist, Sven-Erik Tegelmark
Stripa Mine Service, Stora
September 1984

IR 84-07
"Hydrogeological and Hydrogeochemical"
Investigations in Boreholes — Fluid
Inclusion Studies in the Stripa Granite
Sten Lindblom
Stockholm University. Sweden
October 1984

IR 84-08
"Crosshole investigations — Tomography
and its Application to Crosshole Seismic
Measurements"
Sven Ivansson
National Defence Research Institute,
Sweden
November 1984

1985
IR 85-01
"Borehole and Shaft Sealing — Site
documentation"
Roland Pusch
Jan Nilsson
Swedish Geological Co
Gunnar Ramqvist
ElteknoAB
Sweden
February 1985

IR 85-02
"Migration in a Single Fracture —
Instrumentation and site description"
Harald Abelin
JardGidlund
Royal Institute of Technology
Stockholm, Sweden
February 1985

TR 85-03
"Final Report of the Migration in a Single
Fracture — Experimental results and
evaluation"
H. Abelin
I.NereiniekR
S. Tunbrant
L. Moreno
Royal Institute of Technology
Stockholm, Sweden
May 1985

IR 85-04
"Hydrogeological and Hydrogeochemical
investigations in Boreholes —
Compilation of geological data"
Seje Carlsten
Swedish Geological Co
Uppsala, Sweden
June 1985

IR85-05
"Crosshole Investigations —
Description of the small scale site"
Seje Carlsten
Kurt-Åke Magnusson
Olle Olsson
Swedish Geological Co
Uppsala, Sweden
June 1985

TR 85-06
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes — Final report
of the phase I geochemical investigations
of the Stripa groundwaters"
D.K. Nordstrom, US Geological Survey, USA
J.N. Andrews, University of Bath, United Kingdom
L Carlsson, Swedish Geological Co, Sweden
J-C. Fontes, Universite Paris-Sud, France
P. Fritz, University of Waterloo, Canada
M. Moser. Gesellschaft furStrahlen- und
Umweltforschung, West Germany
T. Olsson, Geosystem AB, Sweden
July 1985

TR 85-07
"Annual Report 1984"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm, July 1985

IR 85-08
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Shut-in tests"
L. Carlsson
Swedish Geological Co
T Olsson
Uppsala Geosystem AB
July 1985

IR 85-09
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Injection-
recovery tests and interference tests"
L Carlsson
Swedish Geological Co
T Olsson
Uppsala Geosystem AB
July 1985



TR 85-10
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Final report"
L. Carlsson
Swedish Geological Co
T. Olsson
Uppsala Geosystem AB
July 1985

1986
IR8601
"Crosshole Investigations —Description
of the large scale site"
Göran Nilsson
Olle Olsson
Swedish Geological Co, Sweden
February 1986

TR 85-11
•Final Report of the Buffer Mass Test—
Volume I: scope, preparative field work,
and test arrangement"
R. Pusch
Swedish Geological Co, Sweden
J. Nilsson
Swedish Geological Co, Sweden
G. Ramqvist
El-tekno Co, Sweden
July 1985

TR 85-12
"Final Report of the Buffer Mass Test -
Volume II: test results"
R. Pusch
Swedish Geological Co, Sweden
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist, El-tekno Co, Sweden
August 1985

IR 85-13
"Crosshole Investigations — Compilation
of core log data from F1-F6"
S. Carlsten.
A. Stråhle.
Swedish Geological Co, Sweden
September 1985

TR 85-14
"Final Report of the Buffer Mass Test -
Volume III: Chemical and physical stability
of the buffer materials"
Roland Pusch
Swedish Geological Co.
Sweden
November 1985

IR 86-02
"Hydrogeological Characterization of the
Ventilation Drift (Buffer Mass Test) Area, Stripa,
Sweden"
JE Gale
Memorial University, Nfld., Canada
A. Rouleau
Environment Canada, Ottawa, Canada
February 1986

IR 86-03
"Crosshole Investigations—The method,
theory and analysis of crosshole sinusoidal
pressure tests in fissured rock"
John H Black
John A Barker*
Da^id J.Noy
Brt ' ; ^ Geological Survey, Keyworth, Nottingham,
Un.i. i Kingdom
*Wallingford, Oxon, United Kingdom
June 1986

TR 86-04
"Executive Summary of Phase 1"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm, July 1986

TR 86-05
"Annual Report 1985"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm, August 1986



1987
TR 87-01
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume I: Borehole plugging"
R.Pusch
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno Co, Sweden
January 1987

TR 87-06
"Crosshole Investigations — Results
from Seismic Borehole Tomography"
J.Pihl
M. Hammarström
S. Ivansson
P. Morén
National Defence Research Institute.
Sweden
December 1986

TR 87-02
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume II: Shaft plugging"
R. Pusch
L Börgesson
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno Co, Sweden
January 1 " ^

TR 87-03
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume III: Tunnel plugging"
R. Pusch
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno Co, Sweden
February 1987

TR 87-04
"Crosshole Investigations—Details of
the Construction and Operation of the
Hydraulic Testing System"
D. Holmes
British Geological Survey, United Kingdom
M. Sehlstedt
Swedish Geological Co., Sweden
May 1986

IR 87-05
"Workshop on Sealing Techniques,
tested in the Stripa Project and being of
General Potential use for Rock Sealing"
R. Pusch
Swedish Geological Co., Sweden
February 1987

TR 87-07
"Reflection and Tubewave Analysis
of the Seismic Data from the Stripa
Crosshole Site"
C. Cosma
Vibrometric OY, Finland
S. Bähler
M. Hammarström
J.Pihl
National Defence Research Institute,
Sweden
December 1986

TR 87-08
"Crosshole Investigations — Short
and Medium Range Seismic
Tomography"
C. Cosma
Vibrometric OY, Finland
February 1987

TR 87-09
"Program for the Stripa Project
Phase 3,1986-1991"
Swedish Nuclear Fuel and Waste Manage-
ment Co. Stockholm, May 1987

TR 87-10
"Crosshole Investigations — Physi-
cal Properties of Core Samples from
Boreholes F1 and F2"
K-A. Magnusson
S. Carlsten
O. Olsson
Swedish Geological Co. Sweden
June 1987



TR 87-11
"Crosshole Investigations—Results from
Borehole Radar Investigations"
O Olsson, L Falk, O Forslund, L Lundmark,
E Sandberg
Swedish Geological Co, Sweden
May 1987

TR 87-18
"Crosshole Investigations -
Hydrogeological Results and Interpretations"
J. Black
D. Holmes
M. Brightman
British Geological Survey, United Kingdom
December 1987

TR 87-12
"State-oMhe-Art Report on Potentially
Useful Materials for Sealing Nuclear
Waste Repositories"
Swedish Nuclear Fuel and Waste Management
Co, Stockholm
June 1987

IR 87-13
"Rock Stress Measurements in Borehole V3"
B. Bjarnason
G. Raillard
University of Luleå. Sweden
July 1987

TR 87-14
"Annual Report 1986"
August 1987

TR 87-15
"Hydrogeological Characterization of the
Stripa Site"
J. Gale
R. MacLeod
J. Welhan
Memorial University, Nfld., Canada
C. Cole
L. Vail
Battelle Pacific Northwest Lab.
Richland, Wash, USA
June 1987

TR 87-16
"Crosshole Investigations - F: al Report"
O. Olsson
Swedish Geological Co, Sweden
J. Black
British Geological Survey, United Kir.' rlom
C. Cosma
Vibrometric OY, Finland
J. Phil
National Defence Research Institute, Sweden
September 1987

TR 87-17
"Site Characterization and Validation -
Geophysical Single Hole Logging
B. Fridh
Swedish Geological Co, Sweden
December 1987

TR 87-19
"3-D Migration Experiment —
Report 1
Site Preparation and Documentation"
H. Abelin
L Birgersson
Royal Institute of Technology, Sweden
November 1987

TR 87-20
"3-D Migration Experiment —
Report 2
Instrumentation and Tracers"
H. Albelin
L. Birgersson
J. Gidlund
Royal Institute of Technology, Sweden
November 1987

TR 87-21
Part I "3-D Migration Experiment
Report 3
Performed Experiments,
Results and Evaluation"
M. Abelin
L Birgersson
J. Gidlund
L. Moreno
I. Neretnieks
H. Widen
T. Ågren
Royal institute of Technology, Sweden
November 1987

Part II "3-D Migration Experiment
Report 3
Performed Experiments,
Results and Evaluations
Appendices 15,16 and 17"
H. Abelin
L. Birgersson
J. Gidlund
L. Moreno
I. Neretnieks
H. Widen
T. Agren
Royal Institute of Technology, Sweden
November 1987



TR 87-22
"3-D Migration Experiment-
Report 4
Fracture Network Modelling
of the Stripa 3-D Site"
J. Andersson
B. Dverstorp
Royal Institute of Technology, Sweden
November 1987

7988
TR 88-01
"Crosshole Investigations -
Implementation and Fractional
Dimension Interpretation of
Sinusoidal Tests"
D. Noy
J. Barker
J. Black
D. Holmes
British Geological Survey, United Kingdom
February 1988

IR 88-02
"Site Characterization and Validation -
Monitoring of Head in the Stripa Mine
During 1987"
S. Carlsten
O. Olsson
O. Persson
M. Sehlstedt
Swedish Geological Co., Sweden
April 1988

TR 88-03
"Site Characterization and Validation -
Borehole Rodar Investigations, Stage I"
O. Olsson
J. Eriksson
L Falk
E. Sandberg
Swedish Geological Co., Sweden
April 1988

TR 88-04
"Rock Sealing - Large Scale Field Test
and Accessory Investigations"
R. Pusch
Clay Technology, Sweden
March 1988

TR 88-05
"Hydrogeochemical Assessment of
Crystalline Rock for Radioactive Waste
Disposa The Stripa Experience"
J. Andrews
University of Bath, United Kingdom
J-C. Fontes
Université Paris-Sud, France
P. Fritz
University of Waterloo, Canada
K. Nordstrom
US Geological Survey, USA
August 1988

TR 88-06
"Annual Report 1987"
June 1988

IR 88-07
"Site Characterization and Validation -
Results From Seismic Crosshole
and Reflection Measurements, Stage I"
C. Cosma
R. Korhonen
Vibrometric Oy, Finland
M. Hammarström
P. Morén
J. Pihl
National Defence Research Institute, Sweden
September 1988

IR 88-08
"Stage I Joint Characterization and
Stage II Preliminary Prediction using
Small Core Samples"
G. Vik
N. Barton
Norwegian Geotechnical Institute, Norway
August 1988

IR 88-09
"Site Characterization and Validation -
Hydrochemical Investigations in Stage I"
P. Wikberg
M. Laaksoharju
J. Bruno
A. Sandino
Royal Institute of Technology, Sweden
September 1988



IR 88-10
"Site Characterization and Validation —
Drift and Borehole Fracture Data Stage I
J. Gale
Fracflow Consultants Inc., Nfld., Canada
A. Stråhle
Swedish Geological Co, Uppsala, Sweden
September 1988

TR 88-11
"Rock Sealing - Interim Report on the
Rock Sealing Project (Stage I)"
R. Pusch
L. Börgesson
A. Fredrikson
Clay Technology, Sweden
I. Markström
M. Erlström
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno AB, Sweden
M. Gray
AECL, Canada
W. Coons
IT Corp., USA
September 1988

IR 89-04
"Site Characterization and Validation -
Single Borehole Hydraulic Testing"
D. Holmes
British Geological Survey, U.K.
March 1989

TR 89-05
"Annual Report 1988"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm
May 1989

IR 89-06
"Site Characterization and Validation —
Monitoring of Head in the Stripa Mine
During 1988"
O. Persson
Swedish Geological Co., Uppsala, Sweden
O. Olsson
ABEM AB, Uppsala, Sweden
M. Sehlstedt
Swedish Geological Co., Mala, Sweden
April 1989

1989
TR 89-01
"Executive Summary of Phase 2"
Swedish Nuclear Fuel and Waste Management Co.,
Stockholm
February 1989

IR 89-07
"Site Characterization and Validation -
Geophysical Single Hole Logging,
Stage 3"
P. Andersson
Swedish Geological Co., Uppsala, Sweden
May 1989

TR 89-02
"Fracture Flow Code Cross - Verification
Plan"
W. Dershowitz
Golder Associates Inc., USA
A. Herbert
AERE Harwell Laboratory, U. K.
J. Long
Lawrence Berkeley Laboratory, USA
March 1989

TR 89-03
"Site Characterization and Validation
Stage 2 - Prelimiary Predictions"
O. Olsson
ABEM AB, Sweden
J. Black
Golder Associates, U. K.
J. Gale
Fracflow Inc., Canada
D. Holmes
British Geological Survey, U. K.
May 1989

TR 89-08
"Water Row in Single Rock Joints"
E. Hakami
Luleå University of Technology, Luleå, Sweden
May 1989

1990
TR 90-01
"Site Characterization and Validation -
Borehole Radar Investigations, Stage 3'
E. Sandberg
O. Olsson
L. Falk
ABEM AB, Uppsala, Sweden
November 1989



!R 90-02
"Site Characterization and Validation -
Drift and Borehole Fracture Data,
Stage 3"
J. Gale
R. MacLeod
Fracflow Consultants Inc., Nfld.. Canada
A. Strahle
S. Carlsten
Swedish Geological Co., Uppsala, Sweden
February 1990

IR 90-03
"High Voltage Microscopy Study of
the Hydration of Cement with Special
Respect to the Influence of Super-
plasticizers"
R. Pusch
A. Fredrikson
Clay Technology AB, Lund, Sweden
February 1990

TR 90-04
"Preliminary Prediction of Inflow into the
D-Holes at the Stripa Mine"
J. Long
K. Karasaki
A. Davey
J. Peterson
M. Landsfeld
J. Kemeny
S. Martel
Lawrence Berkeley Laboratory, Berkeley, USA
February 1990

TR 90-05
"Hydrogeochemical investigations within
the Stripa Project"
Reprint from
GEOCHIMICA ET COSMOCHIMICA ACTA
Vol. 53, No. 8
August 1989

TR 90-06
"Prediction of Inflow into the
D-Holes at the Stripa Mine"
J. Geier
W. Dcrshowitz
G. Sharp
Golder Associates Inc. Redmond, USA
April 1990

TR 90-07
"Site Characterization and Validation -
Coupled Stress-Row Testing of
Mineralized Joints of 200 mm and
1400 mm Length in the Laboratory and
In Situ, Stage 3"
A. Makurat
N. Barton
G. Vik
L Tunbridge
NGI, Oslo, Norway
February 1990

TR 90-08
"Site Characterization and Validation -
Hydrochemical Investigations, Stage 3"
M. Laaksoharju
Royal Institute of Technology, Stockholm, Sweden
February 1990

TR 90-09
"Site Characterization and Validation -
Stress Field in the SCV Block and
Around the Validation Drift, Stage 3"
S. McKinnon
P. Carr
JAA AB, Luleå, Sweden
April 1990

TR 90-10
"Site Characterization and Validation -
Single Borehole Hydraulic Testing of
"C Boreholes, Simulated Drift and Small
Scale Hydraulic Testing, Stage 3"
D. Holmes
M.Abbott
M. Brightman
BGS, Nottingham, England
April 1990

TR 90-11
"Site Characterization and Validation -
Measurement of Flowrate, Solute
Velocities and Aperture Variation in
Natural Fractures as a Function of
Normal and Shear Stress, Stage 3"
J. Gale
R. MacLeod
Fracflow Consultants Inc., Nfld., Canada
P. LeMessurier
Memorial University, St. John's, Nfld., Canada
April 1990

TR 90-12
"The Channeling Experiment -
Instrumentation and Site Preparation"
H. Abelin
L. Birgersson
T. Ågren
Chamflow AB, Stockholm, Sweden
January 1990



TR 90-13
"Channeling Experiment"
H. Abelin
L Birgersson
H. Widen
T. Agren
Chemflow AB. Stockholm, Sweden
L Moreno
I. Neretnieks
Department of Chemical Engineering
Royal Institute of Technology. Stockholm, Sweden
July 1990

TR 90-14
"Prediction of Inflow into the
D-Holes at the Strips Mine"
A. Herbert
B. SpJawski
AEA InTec, Harwell Laboratory, Didcot, England
August 1990

TR 90-15
'Analysis of Hydraulic Connections
Between BMT and SCV Areas"
T. Doe
J. Geier
W. Dershowitz
Golder Associates Inc. Redmond, Wash. USA
July 1990

TR 90-16
"Annual Report 1989"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm
May 1990

1991
TR 91-01
"Distinct Element Method Modeling of
Fracture Behavior in Near Field Rock"
H. Hökmark
Clay Technology, Sweden
December 1990

IR 91-02
"Site Characterization and Validation -
Monitoring of Head in the Stripa Mine
During 1989"
S. Carlsten
G. Nyberg
O. Olsson
M.Sehlstedt
P-T. Tammela
Swedish Geological Co., Sweden
November 1990

TR 91-03
Interpretation of Fracture System
Geometry Using Well Test Data"
T. Doe
J. Geier
Golder Associates Inc. Redmond, Wash. USA
November 1990

TR 91-04
'Application of Computer Aided Design
(CADD) in Data Display and Integration
of Numerical and Field Results -
Stripa Phase 3"
D. Press
S. Halliday
J Gale
Freeflow Consultants Inc. S t John's, Nfld..
Canada
December 1990

TR 91-05
"Disturbed Zone Modelling of SVC
Validation Drift Using UDEC - BB,
Models 1 to 8 - Stripa Phase 3"
K. Monsen
A. Makurat
N. Barton
NGI, Oslo, Norway
January 1991

TR 91-06
"Evaporation Measurement in the
Validation Dr i f t -Par t i "
K. Watanabe
Saitama University, Urawa, Saitama, Japan
January 1991

TR 91-07
"Site Characterization and Validation -
Results From Seismic Crosshole and
Reflection Measurements - Stage 3"
C. Cosma
P. Heikkinen
J. Keskinen
R. Kornenen
Vibrometric Oy, Helsinki, Finland
January 1991

TR 91-08
"Site Characterization and Validation -
Stage 4 - Preliminary Assessment and
Detail Predictions"
J. Black
O. Olsson
J. Gale
D. Holmes
December 1990



TR 91-09
"Site Characterization and Validation -
Monitoring of Saline Tracer Transport by
Borehole Radar Measurements
-Phase 1"
O. Olsson
Conterra AB. Uppsala, Sweden
P. Andersson
E. Gustafsson
SGAB. Uppsala, Sweden
February 1991

TR 91-10
"A Comparison of Predictions and
Measurements for the Stripa
Simulated Drift Experiment"
D. Hodgkinson
Intera Sciences. Henley-on-Thames.
United Kingdom
February 1991

TR 91-11
"Annual Report 1990"
Swedish Nuclear Fuel and Waste Management Co
Stockholm
July 1991

IR 91-12
"Site Characterization and Validation —
Monitoring of Head in the Stripa Mine
During 1990"
S. Carlsten
G. Nyberg
P. Tammela
SGAB. Uppsala, Sweden
O. Olsson
Conterra AB, Uppsala. Sweden
April 1991

TR 91-13
"Improvement of High Resolution
Borehole Seismics
Part I Development of Processing
Methods for VSP Surveys
Part il Piezoelectric Signal Transmitter
for Seismic Measurements"
C. Cosma
P. Heikkinen
S. Pekonen
Vibrometric Oy, Helsinki, Finland
May 1991

TR 91-14
"Tracer Transport in Fractures:
Analysis of Field Data Based on a
Variable - Aperture Channel Model"
OF. Tsang
Y.W. Tsang
F.V Hale
LBL, University of California, Berkely, USA
June 1991

IR 91-15
"Infow Measurements in the D-Holes at
the Stripa Mine"
J. Danieison
L. Ekman
S. Jönsson
SGAB. Uppsala. Sweden
June 1991

TR 91-16
"Discrete Fracture Modelling
For the Stripa Site Characterization and
Validation Drift Inflow Predictions"
W. Dershowttz
P. Wallmann
S. Kindred
Golder Associates Inc. Redmond,
Washington. USA
June 1991

TR 91-17
"Large Scale Cross Hole Testing"
J.K. Ball
J H Black
M. Brightman
Golder Associates, Nottingham. UK
T Doe
Goider Associates, Seattle, USA
May 1991

TR 91-18
"Site Characterization and Validation —
Monitoring of Saline Tracer Transport
by Borehole Radar Measurements,
Final Report"
O. Olsson
Conterra AB, Uppsala, Sweden
R. Andersson
E. Gustafsson
<?eosigma AB, Uppsala. Sweden
August, 1991

TR 91-19
"Site Characterization and Validation -
Validation Drift Fracture Data, Stage IV"
G.G. Bursey
J.E. Gale
R. MacLead
Fractlow Consultants Inc., St. John's,
Newfoundland, Canada
A. Stråhle
S. Tiren
Swedish Geological Co., Uppsala, Sweden
August, 1991

TR 91-20
"Site Characterization and Validation -
Excavation Stress Effects Around the
Validation Drift"
J.P. Tinucci
J. Israelsson
Itasce Consulting Group, Inc.,
Minneapolis, Minnesota, USA
August, 1991



TR 91-21
"Superptasticizer Function and Sorption
in High Performance Cement Based
Grouts"
M. Onofrei
M. Gray
LH. Roe
AECL Research. Whiteshell Laboratories
Pinawa, Manitoba. Canada
August 1991

TR 91-22
"Distinct Element Modelling of Joint
Behavior in Nearfield Rock"
H Hökmark
Clay Technology AB, Lund. Sweden
J. Israelsson
Itasca Geomekanik AB, Falun. Sweden
September 1991

TR 91-23
"Preliminary - Discrete Fracture Network
Modelling of Tracer Migration Experiment
at the SCV Site"
W.S. Dershowitz
P. Wallmann
J.E. Geier
G Lee
Golder Associates Inc.
Redmond, Washington. USA
September 1991

TR 91-24
Theoretical Investigations of Grout
Seal Longevity"
S.R Alcorn
WE. Coons
T.L. Christian-Frear
M.G.Wallace
RE/SPEC Inc., Albuquerque. NM, USA
September 1991

TR 91-25
"Site Characterization and Validation -
Equipment Design and Techniques Used
in Single Borehole Hydraulic Testing,
Simulated Drift Experiment and Cross-
hole Testing"
DC. Holmes
BGS, Keyworth, Nottinghamshire, UK
M. Sehlstedt
SGAB, Mala. Sweden
October 1991

TR 91-26
"Final Report on Test 4 -
Sealing of Natural Fine-Fracture Zone"
R. Pusch
L. Börjesson
0. Kärnland
H. Hökmark
Clay Technology AB, Lund, Sweden
October 1991

TR 91-27
"Evaporation Measurement in the
Validation Drift - Part 2"
KWatanabe
M. Osada
Saitama University. Urawa, Saitama. Japan
November 1991

TR 91-28
"Analysis of Spatial Correlation of
Hydraulic Conductivity Data from
the Stripa Mine"
A. Winberg
Conterra AB, Göteborg, Sweden
November 1991

TR 91-29
"Cross-Verification Testing of
Fracture Flow and Mass Transport
Codes"
F. Schwartz
Columbus. Ohio. USA
G. Lee
Golder Associates Inc.
Redmond, Washington, USA
November 1991

TR 91-30
"Final Report of the Rock Sealing
Project - Sealing Properties and
Longevity of Smectitic Clay Grouts"
R. Pusch
O. Kärnland
H. Hökmark
T. Sanden
L. Börgesson
Clay Technology AB, Lund, Sweden
December 1991

TR 91-31
"NAPSAC Technical Document"
P. Grindrod*
A. Herbert
D. Roberts*
P. Robinson*
AEA Decommissioning & Radwaste,
Harwell Laboratory, Oxon, England
•Intera-Environmental Division
Henley on Thames, Oxon, England
December 1991

IR 91-32
"Site Characterization and Validation —
Monitoring of Head in the Stripa Mine
During 1991"
S. Carlsten
G. Nyberg
O. Olsson'
P-T. Tammela
Geosigma AB, Uppsala, Sweden
'Conterra AB, Uppsala, Sweden
December 1991



TR 91-33
"Cement Based Grouts -
Longevity Laboratory Studies:
Leaching Behaviour"
M. Onofrei
M Gray
L Roe
AECL-Research
Whiteshell Laboratories
Pinawa. Manitoba. Canada
December 1991

TR 91-34
"Final Report of the Rock Sealing
Project - Sealing of the Near Field Rock
Around Deposition Holes by Use of
Bentonrte Grouts"
L Borgesson
R. Pusch
A. Fredriksson
H. Hokmark
O. Kärnland
T. Sanden
Ctay Technology AB, Lund Sweden
December 1991

TR 91-35
"Modelling For the Stripa Site
Characterization and Validation Drift
Inflow: Prediction of Flow Through
Fractured Rock"
A. Herbert
J. Gale*
G. Lanyon**
R MacLeod*
AEA Decommissioning &ftadwaste
Harwell Laboratory. Oxon, England
'Fracflow Consultants, St. Johns. Newfoundland.
Canada
"Geoscience Ltd., Falmouth. England
December 1991

TR 91-36
"Evaporation Measurement in the
Validation. Drift-Part 3
Comparison Between the First and
Second Set of Measurement Results"
K. Watanabe
Saitama University, Urawa
Saitama, Japan
December 1991

TR 91-37
"Characterization of the Structure
and Geometry of the H Fracture Zone
at the SCV Site"
J. Gale
R. MacLeod
G. Bursey
Fracflow Consultants Inc.
St. John's, Nfld., Canada
A. Stråhle
S. Tirén
Swedish Geological Co.
Uppsala, Sweden
December 1991

1992
TR 92-01
"Modelling Tracer Transport in
Fractured Rock at Stripa"
A. Herbert
AEA Decommissioning & Radwaste
Harwell Laboratory
Oxdfordshire, U.K.
G.Lanyon
Geoscience Ltd
Falmouth. Cornwall. U.K.
January 1992

TR 92-02
"Site Characterization and Validation -
Tracer Migration Experiment in the
Validation Drift Report 1 : Instrumenta-
tion, Site Preparation and Tracers"
L. Birgersson
T. Ågren
Kemakta Consultants Co.
Stockholm, Sweden
January 1992

TR 92-03
"Site Characterization and Validation —
Tracer Migration Experiment in the
Validation Drift, Report 2, Part 1:
Performed Experiments, Results and
Evaluation"
L Birgersson
H. Widen
T. Ågren
Kemakta Consultants Co.
Stockholm, Sweden
I. Neretnieks
L. Moreno
Department of Chemical Engineering
Royal Institute of Technology
Stockholm, Sweden
January 1992

"Site Characterisation and Validation -
Tracer Migration Experiment in the
Validation Drift, Report 2, Part 2:
Breakthrough Curves in the Validation
Drift Appendices 5-9"
L. Birgersson
H. Widen
T. Ågren
Kemakta Consultants Co.
Stockholm, Sweden
I. Neretnieks
L. Moreno
Department of Chemical Engineering
Royal Institute of Technology
Stockholm, Sweden
January 1992



TR 92-04
"Economical and Technical Optimization
of Site Investigations —
A Multivariate Approach Based on Stripa
PI and F2 Borehole Information"
H. Schunnesson
I. Lundholm
EMX Drilttech AB
Luleå. Sweden
January 1992

TR 92-05
"Prediction of Flow and Drawdown for the
Site Characterization and Validation Site
in the Stripa Mine"
J. Long
A. Maukjon
K. Nelson
S. Marte)
P. Fuller
K. Karasaki
Earth Sciences Division
LBL University of California
Berkeley. California. USA
January 1992

TR 92-06
"Simulation of Tracer Transport for the
Site Characterization and Validation Site
in the Stripa Mine"
J. Long
K. Karasaki
Earth Science Division
LBL University of California
Berkeley. California. USA
January 1992

TR 92-07
"A Comparison of Measurements and
Calculations for the Stripa Validation
Drift Inflow Experiment"
D. Hodgkinson
N. Cooper
Intera Information Technologies
Henley-on-Thames. U.K.
January 1992

TR 92-08
"Final Report of the Rock Sealing Project
Identification of Zones Disturbed by
Blasting and Stress Release"
L. Börgesson
R. Rusch
A. Fredriksson
H. Hökmark
O. Kärnland
T. Sanden
Clay Technology AB, Lund, Sweden
January 1992

TR 92-09
-A CompHation of Minutes for the Stripa
Task Force on Fracture Flow Modelling"
D. Hodgkinson
intera Information Technologies
Henley-on-Thames. U.K.
January 1992

TR 92-10
"Site Characterization and Validation -
Porous Media Modelling of Validation
Tracer Experiments"
R. MacLeod
J. Gale
G. Bursey
Fractflow, Consultants Inc.
St John's, Nfld. Canada
January 1992

TR 92-11
"FuHy-Coupled Hydro-Mechanical
Modelling of the D-Hotes and Validation
Drift Inflow"
K. Monsen
N. Barton
A. Makurat
Norwegian Geotechnical Institute
Oslo. Norway
February 1992

TR 92-12
"Rock Mechanics Characterization and
Modelling of the Disturbed Zone
Phenomena at Stripa"
N. Barton
A. Makurat
K. Monsen
G. Vik
L. Tunbridge
Norwegian Geotechnicai Institute
Oslo, Norway
February 1992

TR 92-13
"Site Characterization and Validation -
Head Variations During the Entire
Experimental Period"
D. Haigh
M. Brightman
J. Black
S. Parry
Golder Associates Ltd
Nottingham. UK
January 1992



AV.W


