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Abstract

Normal loading tests and shear tests on joints on 7 rock specimens from three boreholes
in the TASQ tunnel at the Aspd HRL have been carried out. The specimens were taken
from cores at a depth level ranging approximately between 448 and 452 m.

Two load cycles with a normal loading to 10 MPa were conducted in the normal loading
tests on each specimen in order to investigate the joint stiffness in the normal direction.
Moreover, three shear cycles were conducted in the shear tests on each specimen; at

0.5 MPa, 5 MPa and 20 MPa constant normal stress level. The peak and residual shear
stresses were deduced from the tests. The specimens were photographed before and
after the mechanical tests.

The mean value for the peak shear stress and the residual stress were 0.99 MPa and
0.63 MPa respectively for the 0.5 MPa normal stress level, 5.36 MPa and 4.18 MPa
respectively for the 5 MPa normal stress level and 16.45 MPa and 15.12 MPa
respectively for the 20 MPa stress level.



Sammanfattning

Normalbelastnings- och skjuvforsok har genomforts pa 7 stycken naturliga sprickor i
bergprov frén tre borrhal i TASQ-tunneln vid Aspé HRL. Proven har tagits frén
borrkérnor vid en djupniva mellan 448-452 m.

Sprickorna belastades med tva lastcykler 1 normalriktningen med en belastning upp till
10 MPa i normalbelastningsforsoken. Vidare genomfordes tre skjuvcykler pa sprickorna
under skjuvforsoken dér en konstant normalspanning pa respektive 0,5 MPa, 5 MPa och
20 MPa anvindes. Toppvérdet och residualvirdet pa skjuvspanningen vid de olika
normalspdnningsnivéerna bestdmdes ur dessa forsok. Provobjekten fotograferades fore
och efter de mekaniska proven.

Medelvirdena for toppvérdet och residualvirdet hos skjuvspanningen i de olika
skjuvforsoken 14g pé respektive 0,99 MPa och 0,63 MPa med 0,5 MPa normalspanning,
5,36 MPa och 4,18 MPa med 5 MPa normalspianning och 16,45 MPa och 15,12 MPa
med 20 MPa normalspéanning.
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1 Introduction

Normal loading and shear tests on joints have been conducted on specimens sampled
from boreholes KQ0065G02, KQ0065G03 and KQ0064G06 from the TASQ tunnel at
the Aspd HRL. These tests belong to one of the activities performed as part of the Aspd
Pillar Stability Experiment (APSE) investigation in the Oskarshamn area lead by
Swedish Nuclear Fuel and Waste Management Co (SKB). The tests were carried out in
the material and rock mechanics laboratories at the department of Building Technology
and Mechanics at Swedish National Testing and Research Institute (SP). All work is
carried out in accordance with the activity plan AP TD F86-05-014 (SKB internal
controlling document) and is controlled by SP-QD 13.1 (SP internal quality document).

SKB supplied SP with rock cores and they arrived at SP in June 2005 and were tested
during September 2005. Specimens were cut from cores containing natural fractures and
selected based on the preliminary core logging with the strategy to primarily investigate
the mechanical properties in joints of the dominant rock types.

The mechanical testing is divided in two different tests, the normal loading test and the
shear test. Two normal loading cycles with loading between 0.5 MPa and 10 MPa was
carried out in the normal loading tests. A direct measurement of the joint displacement
is obtained by use of crack opening displacement gauges (COD). In the shear tests, three
successive shear cycles were conducted with a constant normal stress, at 0.5, 5 and

20 MPa, respectively. The shear deformation was controlled and given a constant
deformation rate and the shear stress and the normal deformation in the joint were
recorded during the tests. The peak and residual shear stress at each shear cycle were
determined from the shear tests. The area of the joint was continuously updated during
the test with respect to the shear deformation. The specimens were photographed before
and after the mechanical testing.

The method description SKB MD 190.005¢ (SKB internal controlling document) was
followed for the sampling and for the normal loading and shear tests. The method
description is partly based on the ISRM suggested method /1/.



2 Objective and scope

The purpose of the tests in this report is to determine the mechanical properties of
natural fractures in rock specimens. The behavior of the joints is investigated during
normal loading and shear loading tests. The aim of the normal loading tests is to
determine the relation between the normal stress and the normal deformation in the
joints. Further, the joint friction represented by the peak and residual shear stresses
together with the dilatancy in the joints during shearing at different constant normal
stress levels were obtained from the shear tests.

The specimens are taken from the boreholes KQ0065G02, KQ0065G03 and
KQ0064G06 from the TASQ tunnel at the Aspd HRL.



3 Equipment

3.1  Specimen preparation

A circular saw with a diamond blade was used to cut out and trim the specimens to the
final shape. The specimen dimensions were measured by means of a sliding calliper.

Before each of the normal loading test and the shear test, the specimens were cast in
special holders (one upper and one lower). A device for holding the specimens in a
fixed position was used during casting. Further, a specially designed fixture was used to
clamp the two halves of the holder in the exact position relative to each other. This is of
great importance in order to obtain the correct initial conditions for the tests.

For the normal loading test the specimens were cast in fast setting cement. The
thickness of the cement layer was chosen to be as thin as possible to obtain a stiff
support, at the same time as the stress was allowed to be evenly distributed to avoid
cracking of the rock specimen.

For the shear test, a two-component epoxy mixed with quartz sand was used to cast the
specimens. The sand increases the stiffness of the epoxy mix. The specimens were
cured in a heat chamber in order to speed up the hardening process.

A digital camera with 4 Mega pixels has been used to photograph the specimens.

3.2 Mechanical testing

A servo hydraulic testing machine, designed for direct shear tests, has been used for the
normal loading and shear tests, see Figure 3-1. The machine has two shear boxes, one
upper and one lower. The upper box can be moved vertically and the lower can be
moved horizontally. Two actuators, one acting vertically and one acting horizontally,
are used to apply the forces in the two directions (degrees of freedoms). Two linear
bearings are used for the guidance of the lower box in order to have a controlled linear
movement. The maximum stroke is 100 mm in the vertical direction and +/- 50 mm in
the shear direction.

In the normal loading test the normal displacement over the joint is measured by the use
of two crack opening displacement gauges (COD) that are attached at two opposite
sides of the rock specimen. Each of the CODs has a measurement range of 4 mm and a
relative error less than 1%. The average value of these two CODs is used to represent
the normal deformation over the rock joint presented in the results section.

In the shear test the normal and shear displacements are measured by means of LVDTs.
The vertical displacement between the shear boxes is measured by four LVDTs,
positioned in a square pattern around the specimen, one in each corner. Each of the
LVDTs has a measurement range of 5 mm and a relative error less than 1%. The
average value of these four LVDTs is used to represent the vertical (normal)
displacement presented in the results section. The relative displacement between the
shear boxes in the horizontal (shear) direction is measured by one LVDT, which has a
10 mm range and a relative error less than 1%.



The maximum vertical (normal) load that can be applied is 300 kN and the maximum
load in the horizontal (shear) direction is +/- 300 kN. Load cells are used to measure the
forces in both directions. The accuracy of the load measurement is within 1%. The
machine is connected to a digital controller with a computer interface for setting up and
running tests.

~ DSH-300
| DIRECT/RESIDUAL SHEAR |
TESTING SYSTEM

scTs

Figure 3-1 Equipment for direct shear tests and digital controller unit.



4 Execution

The mechanical testing is divided into two separate tests, the normal loading test and the
shear test. The tests were carried out according to the method description SKB
190.005e, version 2.0, (SKB internal controlling document). The test method follows
ISRM suggested methods for determining shear strength /1/.

For each specimen, a form is filled in containing specimen dimensions. Further, the
form also contains comments and observations during the different test steps. Moreover,
a check list is filled in during the work in order to confirm that the different specified
steps have been carried out. The specimens are photographed before and after the
mechanical tests.

4.1 Description of the samples

The rock type characterisation was made according to Strahle /2/ using the SKB
mapping (Boremap). The identification marks, upper and lower sampling depth (Secup
and Seclow) and the rock type are shown in Table 4-1.

Table 4-1: Specimen identification, sampling depth and rock types for all specimens.

Identification Borehole Secup [m] Seclow [m] Rock type

1 KQ0065G03 452.32 Granodiorite
3 KQ0065G06 451.70 Granodiorite
4a KQ0064G06 451.84 Granodiorite
4b KQ0064G06 451.84 Granodiorite
5 KQ0065G02 448.06 Granodiorite
6a KQ0065G02 449.15 Granodiorite
6b KQ0065G02 449.15 Granodiorite

4.2 Specimen preparation

The specimens are cut out from rock cores. The pieces are shaped and trimmed to obtain
a total thickness / of approximately 30 mm and a maximum length / of 60 mm, cf.
Figure 4-1. The specimens will therefore have similar shape and joint area size.

An overview of the activities during the specimen preparation is shown in the step-by-
step description in Table 4-2.



Center of joint

h ~ 30 mm

Figure 4-1 Principle of specimen processing. Left: Cylindrical core containing a joint.
The dashed lines show the cutting lines, Right: Specimen after processing.

Table 4-2: Activities during the specimen preparation.

Step Activity

1 Mark the drill cores at the position of the joints that is selected for testing.

2 Cut out the specimens from the cores and trim them to the specified dimensions.
3 Measure the specimen dimensions and calculate the joint surface area.

4 Take digital photos on each specimen.

4.3 Mechanical testing

The mechanical testing is divided into two separate tests, the normal loading test and the
shear test. The program controlling the tests is divided in four parts, one part for the two
normal loading cycles and one program each for the three shear tests resulting in four
separate data files for each specimen.

4.3.1 Normal loading test

The specimens are grouted in steel holders, which consist of one upper and one lower
half, using fast setting cement, see Figure 4-2. A direct measurement of the joint
displacement is obtained by use of crack opening displacement gauges (COD) that are
attached between two small metal pieces glued to the opposite sides of the rock joint.




Holder

[
L]

Cement

26 mm

Steel pieces

Figure 4-2 Specimen cast with cement in the specimen holder for the normal loading tests.

First, the two pairs of small metal pieces, to be used as holders for the COD gauges, are
glued onto two opposite sides of the rock specimen. One half of the specimen is cast by
pouring the cement into the holder with the specimen held in correct position. The
cement is hard enough after one hour to fixate the specimen. The second half of the
specimen is positioned relative to the first one such that the two specimen pieces best fit
together implying that the joint is optimally closed. The second half of the holder is then
mounted on top of the first one with a 26 mm gap between the two halves and turned
upside down. The second half is cast by pouring cement into the holder. The cement is
fully hardened after one day in room temperature.

Two load cycles, with a normal loading between 0.5 MPa and 10 MPa, were conducted
in the normal loading tests on each specimen. The test was conducted with a
loading/unloading rate of 30 MPa/min. The normal deformation over the joint measured
by the COD gauges was recorded. After the test was completed the specimen was
removed from the grout and the metal pieces were removed from the specimen.

An overview of the activities during the normal loading test is shown in the step-by-step
description in Table 4-3.

Table 4-3: Activities during the normal loading test.

Step Activity

1 Glue the metal pieces onto the specimen.

2 Cast the specimens into the specimen holders.

3 Mount the specimen holders in the shear testing machine

4 Attach the two COD gauges.

5 Perform the normal loading tests with two load cycles. Zero the channels for the normal

deformation measurement before the test at 0.5 MPa normal stress. The specified
loading/unloading rate is 30 MPa/min.

6 Take out the specimens from the shear boxes
7 Remove the metal pieces and holders from the specimen.
8 Store the test results on the computer network.
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4.3.2 Shear test

The specimens are cast in steel holders using an epoxy that is reinforced with fine
quartz sand in order to increase the stiffness, see Figure 4-3. The specimen halves are
positioned relative to each other such that the two specimen pieces best fit together
implying that the fracture or joint is optimally closed. This will be termed the zero or
the initial position for the shear displacement in conjunction with the shear tests.

Holder

Epoxy

Figure 4-3 Specimen cast in the specimen holder for the shear tests.

One half is cast first by pouring the epoxy into the holder with the specimen held in
correct position. The epoxy is hard enough after one day to fixate the specimen. The
second half of the holder is then mounted on top of the first one with a 6 mm gap
between the two halves and turned upside down. The second half is cast by pouring
epoxy into the holder. After one half to one day, the holders with the cast specimens are
put in a heat chamber with 40 °C. The epoxy is fully hardened after three days in the
heat chamber and the holders with the specimens are taken out to cool down to room
temperature.

Three successive shear tests were conducted with a constant normal stress, at 0.5, 5 and
20 MPa, respectively. Each joint was sheared with a constant displacement rate to a
final displacement value slightly exceeding 3, 5 and 7 mm for the 0.5, 5 and 20 MPa
normal stress levels. The shear tests were finished by unloading the shear stress to zero.
The normal stress was lowered to 0.2 MPa before the shear position was restored to its
starting point (zero shear displacement) for the following shear test. Both the normal
and the shear displacements in the joint were recorded in the shear tests.

An overview of the activities during the shear test is shown in the step-by-step
description in Table 4-4.

11



Table 4-4: Activities during the shear test.

Step Activity

1 Cast the specimens into the specimen holders.

2 Mount the specimen holders in the shear testing machine.

3 I\P/ﬁ:)rform the shear tests at the three constant normal stress levels, 0.5 MPa, 5 MPa and 20
a:

Apply a normal stress of 0.5 MPa and zero the deformation channels.
Increase the normal stress to the prescribed value for the actual test.

Apply a shear deformation with a rate of 0.3 mm/min and shear until the shear displacement
reaches 3, 5 or 7 mm respectively for the 0.5 MPa, 5 MPa and 20 MPa stress levels.

Unload the shear stress to zero.

Unload the normal stress to 0.2 MPa and restore the shear deformation to zero (initial
position).

Repeat this for the three shear cycles.

4 Take out the specimens from the shear boxes

Take digital photos on each specimen.

6 Store the test results on the computer network.

4.4 Data handling

The test results were exported as text files from the test software and stored in a file
server on the SP computer network after each completed test. The main data processing,
in which the peak and residual shear stresses were determined, has been carried out in
the program MATLAB /3/. Moreover, MATLAB was used to produce the diagrams
shown in Section 5.1. The summary of results in Section 5.2 with tables containing
mean value and standard deviation of the different parameters were produced using MS
Excel. MS Excel was also used for reporting data to the SICADA database.

4.5 Analyses and interpretation
4.51 Normal loading test

The results of the normal loading tests with direct deformation measurement are
represented by normal stress-normal deformation relations. The normal stress oy is
defined as

where Fy is the normal force acting on the joint and A4 is area of the joint. In the normal
loading tests the joint deformation in the normal direction, Jy, is defined as

5N — 5COD1 ;é‘CODZ

where dcopi and dcop, are the measured displacements recorded by the two COD
gauges during the tests.

12




4.5.2 Shear test

In the shear tests, the normal stress on and shear stress os are defined as

F F
oy :7N and oy =—>

A

where Fy is the normal force and Ff is the shear force acting on the joint and 4 is the
area of the joint, updated with respect to the shear deformation. The peak value osp and
the residual value osr of the shear stress o on each of the three shear cycles are
determined. The peak value is defined as the maximum value during the whole shear
cycle. The residual value is defined as the mean value of the shear stress of the last 0.5
mm of the shear cycle before the unloading of the shear stress for the 0.5 and 5 MPa
normal stress levels and the last 1 mm for the 20 MPa normal stress level. In some cases
the actual shear force is fluctuating up and down caused by a stick-slip response that is
obtained during the shear process due to the uneven surfaces in the joints. The shear
stress that is used when the residual value is evaluated, is defined as the envelope that is
obtained by interconnecting the sub-peaks that are obtained during the shearing. The
distance between the sampled sub-peak points during the tests is quite coarse which
makes the mean value calculation less accurate. New data points are therefore added in
the interval for the mean value calculation with a linear interpolation if the distance in
the shear direction between the sampled sub peaks is more than 0.01 mm. The new
points are equidistantly distributed and the number of points new points that are created
are determined with the criteria that the distance of the added points should be just less
or equal to 0.01 mm.

The shear deformation Js is represented by the relative displacement between the shear
boxes in the horizontal (shear) direction measured by one LVDT. The normal
deformation dy is defined as the average value of four LVDTs used to measure the
vertical (normal) displacement between the two shear boxes.

A part of the normal deformations and shear deformations measured in the shear tests
belong to the deformations in the epoxy, in the holders and shear boxes and in the
contact surfaces between the specimen holders and the shear boxes. However, the
system deformations during the shear tests are of less significance for the results and no
correction is made.

13



5 Results

The results of the individual specimens are presented in Section 5.1 and a summary of
the results is given in Section 5.2. The reported parameters are based both on
unprocessed raw data obtained from the testing and processed data and were reported to
the SICADA database. These data together with the digital photographs of the
individual specimens were stored on a CD and handed over to SKB. The handling of the
results follows SDP-508 (SKB internal controlling document) in general.

5.1 Description and presentation of the specimen

The specimens and joints before casting and after testing are shown on pictures.
Comments on observations appeared during the testing are reported. The results from
the normal loading tests are shown in the upper diagrams and the results from shear
tests are shown in the middle and the lower diagrams. The results from the shear tests
for the three normal stress levels are displayed in black (0.5 MPa), green (5 MPa) and
blue (20 MPa). Furthermore, the red triangle markers show the peak shear stresses and
the red square markers show the residual stresses. Moreover, the dilatancy in the joints
is derived from the shearing part of the three shear cycles.

14



Specimen ID: 1

Before mechanical test

Comments  Left half: At the rear end of the specimen, small pieces have spalled off.

Right half: At the rear end of the specimen, small pieces have spalled off.

15



Specimen ID: 1

Joint area : 26 cm?
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Specimen ID: 3

Before mechanical test

Comments  Left half: At the rear end of the specimen, small pieces have spalled off.
Some cracks in the specimen.

Right half: At the rear end of the specimen, small pieces have spalled off.
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Specimen ID: 3

Joint area : 23.6 cm?
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Specimen ID: 4a

Before mechanical test

After mechanical test

Comments  Failure in the epoxy during the shear test.
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Normal stress oy [MPa]

Specimen ID: 4a
Joint area : 27.4 cm?
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Specimen ID: 4b

Before mechanical test

Comments  Left half: At the rear end of the specimen, small pieces have spalled off.

Right half: At the rear end of the specimen, small pieces have spalled off.
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Specimen ID: 4b

Joint area : 25.2 cm?

Normal stress oy [MPa]
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Specimen ID: 5

Before mechanical test

Comments  Left half: At the rear end of the specimen, small pieces have spalled off.

Right half: At the rear end of the specimen, small pieces have spalled off.
Some cracks in the specimen.
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Specimen ID: 5

Joint area : 24.2 cm?

Normal stress oy [MPa]
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Specimen ID: 6a

Before mechanical test

After mechanical test

Comments  Left half: At the rear end of the specimen, small pieces have spalled off.
Some cracks in the specimen.

Right half: At the rear end of the specimen, small pieces have spalled off.
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Shear stress O [MPa] Normal stress oy [MPa]

Normal displacement 6N [mm]
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Specimen ID: 6b

Before mechanical test

After mechanical test

Comments  Left half: At the rear end of the specimen, small pieces have spalled off.
Some parts of the specimen have sheared off

Right half: At the rear end of the specimen, small pieces have spalled off.
Some cracks in the specimen.
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Shear stress O [MPa] Normal stress oy [MPa]

Normal displacement 6N [mm]

Specimen ID: 6b
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5.2 Results for the entire test series

A summary of the test results is shown in Tables 5-1 and 5-2.

Table 5-1 Summary of results.

Identification Area Peak 05 Resid 05 Peak5 Resid 5 Peak 20 Resid Comments
[em?] [MPa] [MPa] [MPa] [MPa] [MPa] 20
[MPa]

26.03 120 064 567 350 1573 13.85

3 23.64 090 0.72 5.81 481 1842 1554

43 27.40 i i i i i _ Failure in the epoxy
during the shear test

4b 2523 1.02 056 559 448 17.07 14.82

5 2421 086 064 507 427 1659 16.33

6a 2592 0.94 0.62 504 3.83 1529 14.76

6b 25.27 1.02 0.62 500 4.18 15.60 15.40

Table 5-2: Calculated mean values and standard deviation (Std dev).

Peak 05 Resid 05 Peak 5 Resid 5 Peak 20 Resid 20

[MPa] [MPa]  [MPa] [MPa]  [MPa] [MPa]
Mean value (all specimens) 0.99 0.63 5.36 4.18 16.45 15.12
Std dev (all specimens) 0.12 0.05 0.36 0.46 1.17 0.85

5.3 Discussion

The testing was conducted according to the method description and the activity plan
with no departures.
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