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Abstract
The Nuclear Waste Management Organization of Canada (NWMO) is currently in the process of site
selection for the future development of a high-level nuclear waste Deep Geological Repository (DGR),
and locations with crystalline bedrock are the top candidates (Hirschorn et al. 2017). In support of this
process, a study on the effects of water-saturation on the geomechanical response of granitic rock is
conducted. Rock-water interactions are investigated in both intact rock and discontinuities. This topic was
investigated on two different granites: Lac du Bonnet and Pointe du Bois pink granites. The results of this
study show no significant correlations between strength reduction and water content in granite in
compression, tension, and confined shear. In addition to the investigation of rock-water interactions, this
work also presents the development of a new direct shear sample preparation procedure as well as a
technique for normal loading and direct shear test data processing and interpretation: joint deformation
correction, analytical representation of joint pre-yield deformation. An exponential function is suggested
to determine the instantaneous normal and shear stiffness values.
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Chapter 1
Introduction
1.1 Problem Statement and Thesis Objectives
The Nuclear Waste Management Organization of Canada (NWMO) is currently in the process of
site selection for a high-level nuclear waste Deep Geological Repository (DGR), and locations
with crystalline bedrock are the top candidates (Hirschorn et al. 2017). In support of this process,
the aim of this work is to investigate the geomechanical response of granitic rock to in-situ
environmental agents, namely the combined effect of water and stress. Granite-water interactions
are investigated on both intact specimens and discontinuities. This topic is of critical importance
for the safe long-term disposal of nuclear waste in DGRs. Granite is a very competent rock with
extremely low porosity and permeability. However, the long-term exposure to in-situ
groundwater, repository excavation induced damage, confinement, and nuclear waste decay heat
can highly impact its permeability, geomechanical response and failure behavior, and, therefore,
increase the risk of radionuclide migration across the rock barrier.
The second objective of this work is to enhance direct shear test sample preparation, testing,
and data processing quality control, for increased data quality as well as time optimization during
sample preparation. Accurate determination of shear strength, normal stiffness, shear stiffness,
and friction angle is of high importance to the design and construction of the DGR and other
infrastructure in fractured rock mass. Thus, high-quality physical laboratory testing and data
processing protocols are necessary for the careful mechanical characterization of the host rock.
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1.2 Thesis Outline
This thesis contains the six following chapters:
-

Chapter 1 includes the problem statement and thesis objectives.

-

Chapter 2 presents the design process for the development of a sample preparation
procedure for direct shear testing that does not only improve the quality control, but also
optimizes sample preparation time and allows access to the specimen during testing.

-

Chapter 3 contains a literature review of joint normal and shear stiffness laws. In this
chapter, the author tests these models against experimental data to provide recommended
guidelines and analytical representations for accurate data processing and interpretation.

-

Chapter 4 presents the results of a study that investigates the effect of water-saturation on
the geomechanical properties of two granites: Lac du Bonnet (LdB) and Pointe du Bois
(PdB) pink granites. Stress-strain analyses, obtained from geomechanical laboratory
testing, are presented to investigate saturation effects in tension, compression, and
confined shear. A literature review on the effects of water on the mechanical and
rheological behaviour of rocks is presented at the beginning of this chapter.

-

Chapter 5 presents an investigation of the effects of water-saturation on the
geomechanical behaviour of smoothly-ground saw-cut granite discontinuities.

-

Chapter 6 includes the conclusions and a summary of the main findings of this work.

1.3 Summary of Findings
In chapter 2, a direct shear sample preparation procedure, for specimens tested in the GCTS RDS
200 direct shear machine, was developed. This procedure can be easily adapted to any
discontinuity shape or size. The 1 cm thick plasticine layer between sample rings was replaced by
3D printed split spacers that can be smoothly removed before testing. This improves time
efficiency as well as increases the accuracy of test results since this plasticine layer adds an
2

unquantifiable unknown to the data. Instead of the plasticine pillar initially used, a rigid sample
holder was designed to support the sample and maximize its contact with the casting grout as well
as to ensure it is well positioned at the desired location. Additionally, a grout curing time of three
days was shown to be optimum. According to the results of the study conducted, Sika 300 PT
non-shrink grout has more favourable strength and stiffness properties compared to the previously
used GCTS sulfaset non-shrink grout. Grout mixing quality control was also improved.
Chapter 3 results show that accurate determination of joint normal and stiffness cannot be
achieved without isolating the joint deformation. This can be achieved through subtracting the
intact rock deformation (which also includes the system deformation) from the total measured
displacement.
Joint corrected normal deformation shows high non-linearity, it is meaningless to use a
single normal stiffness value to characterize the joint normal closure behaviour. Instead, the
normal stiffness should be a function of the normal stress. Malama and Kulatilake’s (2003)
exponential closure law shows a better representation of the experimental data compared to the
other closure laws presented in this work. This exponential function captures the curvatures in the
normal stress-normal closure curves in any stress range. The derived normal stiffness equation
can be used to determine the joint normal stiffness as a function of normal stress. Also, this
equation can be easily implemented in numerical models.
The shear deformation of the smoothly ground granite specimens shows non-linear
behavior between the onset of shear stress and the mobilization of the peak shear strength. An
empirical exponential model, similar to that proposed by Malama and Kulatilake (2003), was
developed by the author to express the changes in shear stiffness with respect to the applied shear
stress at any given applied normal stress. This model shows a good representation of the
experimental data in all stress ranges. Also, the derived shear stiffness equation is presented in
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this work. This equation can be easily implemented in numerical models. This model can only be
used for corrected shear deformation.
According to the laboratory testing results presented in Chapter 4, the water-saturated
specimens were not observed to display a significant drop in strength or stiffness. The watersaturated specimens show minor reductions in CI and CD with increasing water content under
uniaxial compressive loading (5-13%). The effects on Young’s modulus were negligible (less
than 2%). The results show no saturation impact on Poisson’s ratio in both granites. A 3%
reduction in Lac du Bonnet pink granite tensile strength was observed, while the Pointe du Bois
pink granite tensile strength results showed no trend with water content. This can be explained by
the fact that granite has a very low porosity rock with no hydrophilic minerals. The water
contents obtained during this study are very low since the re-saturation of low porosity rocks is
very challenging (0.04%-0.2%). Thus, for the best representation of the in-situ water content
conditions, it is recommended to store the core to be tested in a protective seal.
The experimental study presented in Chapter 5 shows that the pre-yield deformation of
discontinuities, investigated in this work, is most impacted by drying. The effects of watersaturation are minor. The effects of moisture condition on joint behaviour is most pronounced
under higher normal stresses since, under low confinement, pore water at the joint surface can
readily dissipate. Oven-dried discontinuities show a reduction in both shear and normal stiffness
values. The stick-slip amplitude increases with saturation and decreases with oven-drying. The
results suggest that smooth granite joints can possibly adsorb water because of saturation on
stiffness as well as the presence of a thin film on the saturated specimens that was observed upon
completion of the submersion period. However, this should be further investigated using
advanced technics such as atomic force microscopy.
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Chapter 2
Improved Direct Shear Strength Test Sample Preparation Protocols for
Rock Discontinuities Tested in the GCTS RDS-200 Direct Shear System
2.1 Introduction
Accurate determination of shear strength, normal stiffness, shear stiffness, and friction angle is of
high importance to the design and construction of major civil infrastructure projects such as
concrete water retention dam foundations, deep base tunnels, and deep geologic repositories for
the disposal of nuclear waste in fractured rock masses. Thus, high-quality physical laboratory
testing protocols are necessary for careful mechanical characterization of the host rock. While
improvement has been achieved in the area of direct shear strength sample preparation and testing
procedures, there is still room for more quality assurance and protocol improvement. The
American Society for Testing and Materials (ASTM) and the International Society of Rock
Mechanics (ISRM) sample preparation Suggested Methods are generalized given the variability
of testing apparatus and setups (ASTM International 2016; Muralha et al. 2013).Thus, the sample
preparation procedure will differ from one test machine to another, but the quality assurance
protocol should be standardized.
This work provides an improved direct shear sample preparation method that can be used
with the GCTS RDS-200 Direct Shear System for Rocks, currently used at the Queen’s
University Geomechanics Testing Laboratory, and similar apparatus. A sample preparation
procedure that ensures high quality is already in place; however, the existing procedure requires a
1 cm-thick plasticine layer in the shear horizon, which prevents access to the sample during
testing, is time-consuming to form into place, and potentially affects data quality (GCTS 2007;
Day et al. 2017). The strength and stiffness of the grout encapsulating the sample is unknown,
and how the plasticine pillar supporting the sample affects the measured normal stiffness is also
5

unknown. The proposed procedure is more user-friendly, eliminates the use of plasticine and,
hence, makes the sample accessible during testing and improves data quality. Elimination of
plasticine also reduces the sample preparation time by more than 30 minutes, which is an
important factor, especially in commercial rock mechanics testing laboratories. Additionally, a
3D printed plastic sample holder is introduced in this work to rigidly support the specimen at the
desired position during grout curing and maximize the specimen contact with the grout.
This chapter presents, first, a literature review of the suggested methods for direct shear
strength test sample preparation procedure and the existing procedures for similar machines.
Areas of improvements of these procedures are covered, the design process of the proposed
procedure is discussed and, and the final procedure is presented.

2.2 ASTM Standard Method and ISRM Suggested Method for Direct Shear
Strength Test Sample Preparation of Rock Joints
This section presents a summary of the American Society for Testing and Materials (ASTM)
standard method for direct shear strength sample preparation procedure (ASTM D5607-16)
(ASTM International 2016). A schematic of the test setup, showing the direct shear box with the
encapsulated specimen as per the ASTM D5607-16 standard method, is presented in Figure 2-1.
Normal Load System
Encapsulating Material
Rock Specimen

0.2 L Minimum
Shear Load System
5 mm Minimum
Test Horizon

Specimen Holding Ring

Rolls

Figure 2-1: Test setup showing shear box and encapsulated sample (Modified after ASTM
International 2016).
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During shear testing, one half of the specimen is kept fixed, while the other half is sheared across
it. Sample and encapsulating material specifications are listed in Table 2-1. The main advantages
of this procedure include the exposure of the shear gap during testing, elimination of modelling
clay, and elimination of overturning moments by ensuring that the bottom half is larger than the
top one; however, this specification can be challenging if dealing with natural discontinuities,
obtained from the same drill core, which is the case in most testing programs. Thus, it is
preferable if the maximum allowable shear displacement is calculated as a percentage of the
specimen length, ensuring no overturning moments.
Table 2-1: Direct shear specimen sample and encapsulating material specification,
according to ASTM D5607 standard procedure (ASTM International 2016).
Parameter

Specification

Height

Height should be greater than the shear zone thickness.
The encapsulated height should be at least 0.2 x the specimen’s
length.

Shape

May have any shape such that the cross-sectional area can be
calculated.
The length (measured along the shear direction) shall be at least 10
times the largest grain size or maximum asperity height.

Area

Should be higher than 1900 mm2.

Orientation

It is recommended that the specimen moving half should be smaller
than the fixed one so that the joint remains supported during shear.

Shear Zone Thickness

A minimum of 5 mm.

Moisture Condition

Porous rock should be coated with non-absorbing sealer to preserve
its natural water content.

Roughness

Use a carpenter contour gauge to measure the roughness in the
anticipated shear direction.

Encapsulating Material The encapsulating material should have an adequate strength, quick
setting, and should be prepared with the directions of the
manufacturer.
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Other limitations include the lack of knowledge of strength and stiffness requirements of the
encapsulating material, absence of quality control on making sure the test horizon is in plane with
the shear zone and that the sample is well-centered, disturbance of the sample during preparation
(step #7 below), and difficulty in removing the split spacer plate before testing.
The specimen preparation procedure is described in the following steps:
1. Position the lower half of the specimen centrally in the lower half of the specimen holder
(Figure 2-2-A). The ring should be level.
2. Ensure that the shear force and test horizon are in the same plane, and use modelling clay
to maintain the sample in its position while the encapsulating material cures (Figure 2-2A).
3. Carefully pour the encapsulating material into the lower sample ring, and when fully
cured (Figure 2-2-B), remove the plasticine pillars that were supporting the specimen and
fill the resulting holes with the encapsulating material.
4. After the bottom half has sufficiently cured, place a split spacer plate on top of the
bottom ring such that it encircles the lower half of the specimen and covers the test zone
thickness.
5. Use modelling clay to fill the gaps between the specimen and the split spacer plate.
6. Place the upper half of the test specimen onto the bottom half (Figure 2-3-A).
7. Adjust the position of the upper half of the specimen until the two specimen halves are
perfectly mated.
8. Carefully lower the upper half of the specimen holder onto the split spacer plate.
9. Connect the two halves of the specimen rings with bolts to keep the discontinuity
matched during sample preparation.
10. Pour encapsulating material into the top specimen.

8

11. After the encapsulating material has fully cured, remove the spacer plates to expose the
test horizon for shear testing (Figure 2-3-B).
12. Mount the encapsulated specimen into the shear box and carefully remove the bolts that
connect the two halves.

Figure 2-2: Preparation of bottom-half specimen (ASTM International 2016).

Figure 2-3: Preparation of top-half specimen (ASTM International 2016).
The International Society of Rock Mechanics (ISRM) suggested method for sample preparation is
very similar to the ASTM D5607-16 standard method. They both lack recommendations for
strength and stiffness of the encapsulating material, and they use plasticine to support the lower
half of the specimen during grout curing, but they have the advantage of freeing the shear horizon
during direct shear testing. The ISRM suggested methods are, however, more specific when it
comes to the specimen’s dimensions, and they recommend the use of advanced 3D non-contact
9

methods for joint roughness characterization and digital preservation of samples, such as
photogrammetry and laser scanning. In the ISRM suggested methods, two possible arrangements
of laboratory direct shear specimen are acknowledged to be viable: the conventional horizontal
setting and a vertical setting, as shown in Figure 2-4.

Figure 2-4: Schematic of two possible arrangements of laboratory direct shear test
specimen. A- Conventional test setup. B-Alternative vertical arrangement (Muralha et al.
2013).

2.3 GCTS RDS-200 Direct Shear System for Rocks: Direct Shear Test Specimen
Setup
The GCTS RDS-200 servo-controlled testing apparatus is used in the Queen’s University
Geomechanics Testing Laboratory for normal loading and direct shear tests of discontinuities,
and it is shown in Figure 2-5. This machine can be used to conduct both constant normal stress
and constant normal stiffness tests, and it includes a 100 kN capacity double acting shear
actuator, with both push and pull capabilities, and a 50 kN capacity normal actuator. The
maximum stroke of both actuators is 25 mm. The normal load reaction frame slides on bearings
to minimize the horizontal friction during shearing. Both the normal and shear actuators are
controlled through hydraulic jacks. Electrical load cells are used to measure the forces in both the
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normal and shear directions. The apparatus also includes a shear box that the 150 mm diameter
specimen ring sits in. A black aluminum spacer is used to keep the sample top and bottom rings
perfectly aligned during grout curing, ensuring minimal disturbance to the specimen during the
preparation procedure. Normal and shear deformations of the specimen are measured by means of
Linear Variable Differential Transformers (LVDTs) mounted to the actuators’ frames.

Figure 2-5: GCTS RDS-200 direct shear system for rocks direct shear testing (GCTS 2007).
Specimen setup instructions, suggested by GCTS and provided in the machine manual are
summarized in the following steps:
1. Positioning the specimen at the desired location in the bottom sample ring on top of a flat
support plate. Tape is used to keep the specimen mated during sample handling.
Plasticine is used to hold the specimen at the desired location (Figure 2-6a). Hanging the
specimen from the top with wires or using metal bars held together with rubber bands
(Figure 2-7) are also other ways of sample positioning.
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2. Grout is mixed and poured in the bottom sample ring, and it is left to cure for 10-20
minutes or until it gets hard (Figure 2-6b).
3. A spacer ring is installed on top of the bottom ring, and the shear gap is filled with a 1-cm
thick plasticine layer (Figure 2-6c).
4. The top sample ring is slid into the spacer ring before firmly tightening it using screws.
5. Grout is mixed and poured on top of the plasticine, and it is allowed to cure until it
reaches its full strength. A few millimeters below the top of the sample ring are left
empty (Figure 2-6d).
6. The specimen is then vertically lowered into the sample ring, ensuring it smoothly slips
into it.
7. The spacer rings are removed, and the sample is allowed to slide all the way down into
the shear box.
8. Two flat spacer bars are inserted in between the shearing rings, preventing the shear gap
from closing.
9. A layer of loose fine sand is placed on top of the cured grout, and it is levelled with the
rim of the top specimen ring (Figure 2-6e).
10. The shear cap is carefully slid down without disturbing the specimen (Figure 2-6f).
11. The shear actuator is coupled to the shear cap using a pin.
12. The spacer bars are removed, and a small normal load (approximately 2kN) is applied to
the specimen before starting the desired test.
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Figure 2-6: Sample preparation procedure developed by Day et al. (2017).

Figure 2-7: A possible method to hold the direct shear specimen in place during grout
curing using two aluminum bars with rubber bands (GCTS 2007).
Recognizing the areas lacking detail in the GCTS procedure, Day et al. (2017) proposed
additional steps that significantly improve the quality of the direct shear sample preparation
procedure. These improvements are summarized in the following points:
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a. A high quality and rigorous method of capturing the exact plane of the target shear zone
that can be used with any cylindrical joint orientation and size, for both fractures and
intrablock structures, was developed by Day et al. (2017). This step is critical in ensuring
that the shear load is directly applied to the centroid of the shear plane surface area. This
step consists of using a cylindrical core scanner to record an unrolled digital image of the
core surface that captures the joint topography. The images are imported into RS2
software (RocScience, 2015), where the joint surface is manually traced using a polyline,
and the corresponding x-y coordinates are exported into a graphing and function fitting
software, where a sinusoidal curve fit of the unrolled shear plane scan is generated. The
sinusoidal curve is scaled to the specimen size, printed and wrapped around the specimen
to determine the bounding elliptical planes of the 10 mm thick target shear zone (Day et
al. 2017).

Figure 2-8: a- Cylindrical core scanner (designed by Wesley Dossett, NSERC USRA, 2016);
b- Unrolled scan of a limestone joint, traced by a green polyline in RS2 software; cSinusoidal curve fit of target shear plane; d- Printed scaled sinusoidal curve; e- Drawing of
the 1 cm thick shear gap on the sample (Day et al. 2017).
b. Recommending that the plasticine pillar that supports the lower half of the specimen
should be less than half the diameter of the sample, minimizing the effect of this weak
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material during normal loading and maximizing the contact of the sample with the grout
(Figure 2-9a).
c. Making sure the specimen ring is level.
d. Using a Douglas protractor to check that the specimen is exactly located in the center of
the ring, ensuring a uniform normal stress distribution on the shear surface.

Figure 2-9: Sample preparation procedure developed by Day et al. (2017). Letters
correspond to the steps listed above.

A similar testing apparatus, the GCTS DSH-300 Direct/Residual Shear Testing System,
is used in the material and rock mechanics laboratories at the Department of Building Technology
and Mechanics at the Swedish National Testing and Research Institute, as seen in Figure 2-10
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(Jacobsson 2005). The sample preparation procedure is partly based on the ISRM suggested
method (ISRM 1974); the specimen is held in place using a plexiglass plate and strings; a fast
hardening cement is used to cast the sample in the ring; after the cement has cured, the joint is
mated, and a layer of compacted sand is used to fill the 1 cm thick shear zone (Jacobsson 2005).
These steps are shown in Figure 2-11. The rest of the procedure steps were carried out in
accordance with the SKB internal quality document (AP PS 400-03-091), which is not published.

Figure 2-10: GCTS DSH-300 Direct/Residual Shear Testing System, used in the material
and rock mechanics laboratories at the Department of Building Technology and Mechanics
at the Swedish National Testing and Research Institute (Jacobsson 2005).
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Figure 2-11: Sample procedure in the material and rock mechanics laboratories at the
Department of Building Technology and Mechanics at the Swedish National Testing and
Research Institute. A-Sample fixed at the desired position using a plexiglass plate and
strings. B- Fast hardening cement being poured into the specimen ring. C- Cured cement.
D- The joint is mated, and a 1 cm layer of compacted sand is used to encapsulate the shear
gap (Jacobsson 2005).

2.4 Areas of Improvement in the Current Sample Preparation Procedure Used at
the Queen’s University Geomechanics Testing Laboratory
This section presents specific areas of improvement in the current sample preparation procedure
for direct shear test specimens at the Queen’s University Geomechanics Testing Laboratory, and
the corresponding recommended solutions developed in this research.
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2.4.1 Elimination of the Plasticine Pillar Supporting the Lower Sample Half
All the procedures discussed in the first section recommend the use of plasticine to support the
specimen during its casting in the encapsulating material, except in the material and rock
mechanics laboratories at the Department of Building Technology and Mechanics at the Swedish
National Testing and Research Institute. Day et al. (2017) recommends that the plasticine pillar
that supports the lower half of the specimen should be less than half the diameter of the sample,
minimizing the effect of this weak material during normal loading and maximizing the contact of
the sample with the grout. However, new and inexperienced users will have difficulty ensuring
the right plasticine pillar thickness. Also, trying to adjust the height of the plasticine pillar to align
the shear gap lower boundary with the top rim of the bottom ring, is tricky, time-consuming, and
can introduce human errors depending on the user experience. Also, if supported by only a small
plasticine layer, the sample can easily be disturbed.
Another concern is the unknown effect of this plasticine pillar on the pre-yield normal
deformation of the specimen as well as the shear behaviour if the sample is tested at a very high
normal stress, and it ends up being pushed down, and, therefore, the shear horizon will no longer
be in the same plane as the shear actuator (shear force). Therefore, this practice can potentially
affect both the measured normal stiffness and shear strength. Also, it is important to mention that
the GCTS suggested method clearly states that after the grout has cured, the plasticine supporting
the specimen should be removed, and the resulting holes should be filled with grout (GCTS
2007). This shows that they clearly understand how this can impact the results.
A new sample holder (Figure 2-12), designed by Wesley Dossett (Queen’s University
Geomechanics Laboratory lab manager) and the author, solves the concerns discussed above. The
holder has 4 legs that can be adjusted depending on the discontinuity height and shape. For
example, if the specimen is cylindrical, all the legs will be adjusted to the same length. If the
discontinuity plane is oval-shaped, the length of legs will be correspondingly adjusted to ensure
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the shear horizon is in-plane with the target shear zone. The diameter of the holder can also be
adjusted to any specimen size. Each holder is designed in a CAD program and 3D printed for
each sample since it cannot be recovered from the grout after the test has finished. The printing
time varies depending on the printer setting and the size of the holder, but it is typically less than
1 hour. This holder ensures a good support of the specimen, optimization of the contact with the
encapsulating material, perfect alignment of the shear horizon with the ring rim, elimination of
the human error when trying to align the shear gap with the sample ring, minimum disturbance to
the specimen, and improved normal loading test data quality.

Figure 2-12: Designed direct shear sample holder.
The following steps describe the process of sitting the specimen on the holder:
1. Place a clean sample ring, with the notched rim down, on top of a flat steel plate, and adjust
the plate so it is perfectly level.
2. Draw the circumference of the sample ring on the steel plate using a permanent marker
(Figure 2-13A).
3. Use a Douglas protractor to find and mark its center (Figure 2-13B, C).
4. Place the sample holder at the center such that you can see the center mark through the hole
in the holder, and use small pieces of tape to keep it in place (Figure 2-13D, E).
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5. Place the specimen on the holder so the target shear surface faces up and is level (Figure
2-13F).

Figure 2-13: Setup of direct shear sample holder.
2.4.2 Design of a Shear Cap Lifter
Lowering the 50 lbs shear cap onto the specimen without any disturbance to the specimen
depends largely on the experience of the users as well as their physical fitness. Therefore, to
avoid sample disturbance and to ensure high workplace safety standards, a new shear cap lifter
was designed and constructed by Wesley Dossett to lift the shear cap and accurately lower it onto
the sample without any disturbance to it or any physical effort from the person conducting the
test. The designed lifter is shown in Figure 2-14. Figure 2-15 shows the cap being lowered onto
the shear specimen. The lifter slides on a guiding aluminum frame as seen in Figure 2-15B. When
the cap is in place, the lifter is moved away from the machine during testing and used again after
the end of the test to lift the cap from the specimen.
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Figure 2-14: Direct shear test cap lifter designed by Wesley Dossett. A- Front view. B- Side
view. C- Shear cap support plate.

Figure 2-15: A- Shear cap being lowered onto the rings using the designed lifter. BAluminum sliding frame for the lifter.
2.4.3 Elimination of the Plasticine Layer in the Shear Zone
The ASTM D5607-16 Standard Method indicates that the shear horizon should remain exposed
during testing, and a plastic split spacer can be used during sample preparation but should be
removed before testing. Similarly, the ISRM suggested method clearly mentions that any material
used to encapsulate the shear gap should be removed before shearing the specimen, and yet the
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methodology currently used at the Queen’s University Geomechanics Testing Laboratory,
recommends using a 1 cm thick plasticine layer in the shear horizon. Similarly, the material and
rock mechanics laboratories at the Department of Building Technology and Mechanics at the
Swedish National Testing and Research Institute use a 1 cm thick layer of compacted sand in the
shear gap (Jacobsson 2005).
Elimination of the 1 cm thick plasticine layer between sample rings is the prime motive
for this work in order to improve time efficiency with sample preparation and accuracy of test
results. This will also allow full access to the specimen during testing, which permits sample
monitoring and the incorporation of sensors, such as acoustic emissions and fibre-optics.
However, the current testing apparatus (GCTS-RDS 100, 200, and 300) poses a challenge: freeing
the shear horizon off plasticine (or any other support material) causes the overturning of the shear
cap, especially when it is coupled with the shear actuator due to its weight, as shown in Figure
2-16. Rotation of the shear cap will cause its decoupling with the normal actuator. Also,
overturning moments can cause premature tensile failure of the sample as well as a non-uniform
stress distribution on the shear surface, and hence, invalid measurement of shear stress. This
explains why the GCTS procedure emphasizes the use of supporting material in the shear gap.

Figure 2-16: Overturning moment in the shear cap due to the removal of the plasticine
insert between the sample rings.
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A few designs that aim to expose the shear horizon without disturbing the sample will be
presented in this section. To test the effectiveness of each proposed procedure, a 90 mm long and
45 mm wide cylindrical granite specimen was used. A diamond saw was used to cut the
specimen, and the two ends were smoothly ground to remove the saw marks (Figure 2-17),
meeting the required flatness and parallelism as per the ASTM D4543 Standard (ASTM
International 2008b). A dial gauge is used to measure two micro-roughness profiles: along the
targeted shear direction and perpendicular to it on both ends of the specimen. After grinding and
conformity testing, the two smoothly-ground ends are joined together. The same specimen was
used to evaluate the effectiveness of each of the designs presented in this section. After each
direct shear test, the sample was examined for any damage before proceeding with a new test.

Figure 2-17: Granite specimen used in the design process of a new sample preparation
procedure for direct shear and normal loading tests. A- Top view of smoothly-ground ends.
B- Smooth ends joined together.
The old procedure, with plasticine, was first followed to prepare the sample for testing.
This test is used as a reference for the rest of the tests. The specimen was tested under constant
normal stress boundary conditions at 4 MPa normal stress. The test consists of the steps listed in
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Table 2-2. The reference test results are shown in Figure 2-18. Figure 2-18A shows a significant
stick-slip behaviour during the shear loading phase, accompanied by an abnormal increase in
shear stress beyond the peak shear strength. The author believes this is caused by the increased
resistance or hardening of the plasticine layer as the sample is trying to push through it. The
normal loading curves (Figure 2-18B) show the expected non-linear behaviour in the loading
phase and hysteresis during unloading.
Table 2-2: Steps of normal loading and direct shear test followed in this study
Step

Activity

1

Specimen seating at an initial stress of 0.15 MPa

2

3 normal loading-unloading cycles at 0.01 MPa/s rate

3

Shear loading at 0.2 mm/min shear displacement rate for 5 mm

4

Check the specimen for damage after the completion of the test

Figure 2-18: Reference procedure test results: A- Summary graph of shear and normal
loading data. B- Normal loading and unloading curves.
2.4.3.1 Proposed Design #1
This design consists of a 1 mm thick 3D printed plastic disc sitting on 2 rings of plasticine, as
seen in Figure 2-19. The idea aims to minimize the plasticine required for sample preparation,
while still providing some support to the cap, to improve time efficiency. However, during
specimen preparation, it was obvious that this process does not provide much improvement in
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terms of time optimization. Additionally, the plasticine rings were not able to support the curing
grout weight in the top specimen ring, and, therefore, it interfered with the shear horizon, as seen
in Figure 2-20. This is also clear from the abnormal drop followed by an increase in the stress, as
seen in Figure 2-21. Therefore, this design was discarded.

Figure 2-19: Proposed design #1 layout.

Figure 2-20: Proposed design #1. A- plastic disc dragged with the sample during shearing.
B-Bottom side of the plastic disc.
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Figure 2-21: Proposed design #1: A- Summary graph of shear and normal loading data. BNormal loading and unloading curves.
2.4.3.2 Proposed Design #2
This design consists of a 3D printed, 2 mm thick plastic disc with 1 cm long sticks that dip away
from the shear direction at an angle of 45 degrees, as seen in Figure 2-22. The idea behind this
design is that these rods or sticks will be able to support the grout during curing and have minimal
effect on the normal loading phase. When shearing begins, these sticks will break off, and
therefore, will not significantly affect the shear results. A specimen was prepared using this
plastic spacer, and, in fact, during shearing most of the plastic rods broke; however, this disc was
not able to support the weight of the grout in the top ring, as seen in Figure 2-23.

Figure 2-22: Proposed design #2 layout.
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Figure 2-23: Proposed design #2 showing the plastic spacer being pushed down due to the
grout weight.
The shear test data shows a higher stick-slip amplitude compared to the two previous tests (Figure
2-24A). This can be explained by the shear resistance created by the plastic sticks as they are
being dragged on the grout. Unexpected fluctuations in the normal displacement are also
observed (Figure 2-24B). Therefore, this design was also discarded.

Figure 2-24: Proposed design #2: A- Summary graph of shear and normal loading data. BNormal loading and unloading curves.
2.4.3.3 Proposed Design #3
In this design, different shapes of 3D printed, 1 cm thick plastic spacer plates were placed in the
shear horizon during sample preparation and were removed before testing to completely expose
the shear horizon and improve the quality of test results (Figure 2-25). Each spacer has a hole and
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a nut to allow its removal using a threaded rod, as seen in Figure 2-26. Two major issues were
faced with this design. First, removing the spacer from the shear gap was difficult. The second
issue is the shear cap rotated when coupled with the shear actuator, as seen in Figure 2-16. Many
trials were tested to solve this problem, but they were all unsuccessful.

Figure 2-25: Proposed design #3 layout.

Figure 2-26: Proposed design #3. A- Split spacer in the shear gap with the hole
perpendicular to the shear direction. B- Threaded rod used to remove the spacer.
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2.4.3.4 Proposed Design #4
As seen in Design #3, the moment generated during the coupling of the shear cap with the
actuator causes the cap and the top half of the specimen to rotate. Thus, the focus switched to
design a support system for the shear actuator that will eliminate the generation of any moment.
A semi-rigid 3D printed plastic roller that ensures that the shear actuator and the discontinuity are
in the same shear plane was designed (Figure 2-27). Ideally, this roller will rotate with the
actuator as it is shearing the specimen and be frictionless. However, during testing, the roller did
not rotate, yet no abnormal increase in shear stress was noticed, when comparing the test results
with the old procedure. Thus, this roller was adopted in this work. However, the author
recommends using a frictionless material for better results. The test results are shown in Figure
2-28. The results are similar to the reference procedure, but with higher stick-slip amplitude,
which is potentially caused by the absence of the dampening effect of the 1 cm thick plasticine
layer. As mentioned in Design #3, removing the plastic spacer was not easy. Thus, in this design,
multiple ways to ease this process were explored. These include adding a very thin layer of
plasticine under the spacer, putting the spacer between two layers of baking paper (Figure 2-29),
and using lubricants.

Figure 2-27: Proposed design #4. A- Design layout. B- Plastic roller to support the shear
actuator.
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Figure 2-28: Proposed design #4. A- Summary graph of shear and normal loading data. BNormal loading and unloading curves.

Figure 2-29: Proposed design #4 with baking paper. A- Under the plastic spacer. B- On top
of the spacer.
2.4.3.5 Proposed Design #5
The aim in this design is to ease the removal of the plastic spacers by reducing their sizes (Figure
2-30). A layer of baking paper was laid under the spacers. Again, removing the spacers was
difficult due to the print quality (rough edges).

Figure 2-30: Proposed design #5 layout.
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2.4.3.6 Final Design
From the previous trials, it was concluded that three main issues can cause the spacer to get stuck
in the shear gap. These include a poor print quality of the spacer corners, the lower specimen ring
not being perfectly level, and the cured grout not being perfectly aligned with the sample ring
rim. The two latter problems can be controlled with ensuring high quality sample preparation
protocol and good training for new users. To account for any of the issues mentioned above, the
new final design consists of the following parts:
1. 9 mm thick oval shaped 3D printed split spacers (Figure 2-31A). Based on experience,
this shape was the easiest to pull out. The large inner diameter allows adaptability to any
core size, and it can also be easily adjusted depending on any testing program needs. The
outer diameter is 150 mm (the inner diameter of the specimen ring). This spacer is
carefully removed before testing without disturbing the sample.
2. A 1 mm thick full plastic disc, with an inner diameter that is 1-2 mm larger than that of
the specimen and a 150 mm outer diameter, is placed on top of the 9 mm spacers to contain
grout within the top sample ring during curing (Figure 2-31B). The plastic disc remains in
the specimen during the test as it does not interfere with the shear horizon.

Figure 2-31: Final design. A- 9 mm thick oval-shaped spacer. B- 1 mm thick plastic disc
sitting on top of the split spacers.
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After inserting both spacers, the black collar is installed on the bottom sample ring, and the top
specimen ring is slid into it. An Allen key is used to tighten the collar, and thin plasticine snakes
are used to seal all interfaces, as in Figure 2-32.

Figure 2-32: Final design.
The final design allows full access to the specimen during testing, as seen in Figure 2-33, which
permits direct monitoring of the specimen, the incorporation of various sensors and measuring
devices, as well as improvements to data quality. Note that the plastic film seen in this figure is
used to preserve the moisture content of the specimen during testing.

Figure 2-33: Photo of a granite specimen during a direct shear strength test. A- Before test
starts. B- After the test ended. Plastic used to maintain moisture condition.
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2.4.4 Characterization of the Mechanical Properties of Encapsulating Material
As seen in the previous sections, no specific protocols exist regarding the strength and stiffness
requirements of the encapsulating material used in direct shear testing and normal loading of rock
discontinuities. The ASTM standards and the ISRM recommendations refer the readers to the
material specifications recommended by the manufacturer. The main issue that arises here is the
fact that manufacturers can use different testing standards and different specimen shapes, or
loading rates, which result in variable and misleading mechanical characteristics of the
encapsulating material (mainly grout and resin). Thus, it is important to conduct uniaxial
compressive strength (UCS) tests on any grout before using it for normal loading or direct shear
test purposes. Knowing that this strength is a function of the composition, water to cement ratio,
and curing time, it is crucial to keep these factors consistent in the testing program.
In this research, the urgent need for grout strength and stiffness characterization arose
after testing an NQ3 size granite specimen under 20 MPa constant normal stress. Signs of damage
were observed in the grout as well as sand bulging after the shear cap was removed after the test
ended, as shown in Figure 2-34. These concerns were addressed from three different approaches:
optimizing the grout curing time, changing the grout type, and improving grout mixing quality
control.

Figure 2-34: A- Bulging in the top sand layer. B, C- Signs of grout damage (cracking) after
20 MPa constant normal stress tests.
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For preliminary characterization of the strength and stiffness of the GCTS non-shrink
sulfaset grout with respect to curing time, vertical Schmidt hammer measurements were taken
from two grout specimens (Figure 2-35) over a curing period of 16 days. The measured grout
density of 1920 kg/m3 was used to calculate the unit weight, and the Schmidt hammer conversion
chart was used to estimate the UCS. Grout density and viscosity were measured in accordance
with ASTM D4380-12 and D6910/D6910M-09, respectively (ASTM International 2009, 2012).
The results show that the grout reaches its maximum strength (~50 MPa) after 3 days, and the
strength remains constant after that with curing time (Figure 2-36).

Figure 2-35: GCTS yellow sulfaset non-shrink grout specimen. Schmidt hammer readings
are taken during the curing process.

Figure 2-36: Estimated UCS from the Schmidt hammer readings.
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To compare grout types, UCS tests were conducted on cylindrical specimens from the
sulfaset non-shrink yellow grout and two other types of cement from local suppliers: CPD nonshrink grout (CPD Construction Products 2018) and Sika 300PT high strength non-shrink grout
(Sika 2018). Each grout was mixed following the water to cement ratios recommended by the
manufacturers. The tests were conducted in accordance with the ISRM standard test method for
compressive strength of cylindrical concrete specimens (C39/C39M-18) (ASTM International
2018). The specimens measured 61.5 mm in diameter and were prepared to a length to diameter
(L:D) ratio of 2.5. Lateral and axial specimen deformations were measured using one
circumferential chain and three 25 mm axial extensometers respectively. A stress rate of
0.25±0.05 MPa/s was followed as per the standard method, and the specimen test setup is shown
in Figure 2-37. A summary of test results is shown in Figure 2-38 as well as in Table 2-3.

Figure 2-37: Grout specimen test setup.
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Figure 2-38: Grout types UCS tests results. Red: Sika 300PT high strength non-shrink
grout. Blue: GCTS sulfaset non-shrink yellow grout. Green: CPD non-shrink grout.

Table 2-3: Summary of UCS and Young’s modulus values obtained from grout UCS tests.
Grout Type

GCTSSulfaset

Sika-300 PT

CPD Grout

Curing Time (days)

UCS (MPa)

Young's Modulus (GPa)

1
2
7
1
2
3
7
2
7

22.4
21.27
26.69
16.07
27.93
33.46
40.47
6.22
16.59

6.9
5.54
7.8
6.54
9.43
9.44
10.52
6.34
11.81

The results show that the GCTS yellow sulfaset grout hardens quickly since there is no
substantial change in strength and stiffness with time, unlike Sika grout whose strength and
stiffness significantly increase with time. CPD grout has the lowest compressive strength among
all three grouts, but it has the highest Young’s modulus after 7 days of curing. It is important to
mention that the CPD grout did not fully cure after 24 hours; therefore, the specimen was not
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tested. The effect of curing time on the three different grouts UCS and Young’s modulus values is
shown in Figure 2-39 and Figure 2-40 respectively. These results show that the Sika grout has the
most favourable properties among the different grouts tested, and that 3 days is an optimum
curing time. As seen in the results, the Sika grout reaches 84% and 90% of its 7 days UCS and
Young’s modulus values respectively after 3 days of curing. The tested specimens do not show
significant signs of damage, as seen in Figure 2-41 and Figure 2-42. Only minor cracking is
observed.

Figure 2-39: Grout specimens UCS test results, showing the effect of curing time on the
UCS values of the three different grouts (GCTS, Sika, and CPD).

Figure 2-40: Grout specimens UCS test results, showing the effect of curing time on the
Young’s modulus values of the three different grouts (GCTS, Sika, and CPD).
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Figure 2-41: Post UCS test pictures of GCTS yellow sulfaset grout with cracks highlighted
by black ink (61 mm diameter and 152 mm height).

Figure 2-42: Post UCS test pictures of CPD and Sika 300 PT non-shrink grouts.
For comparison, the compressive strength data of the grouts provided by the suppliers is
shown in Table 2-4. These UCS tests were conducted on cubic specimens. No product
information is available for the sulfaset yellow grout. Only the material safety data sheet was
provided by the supplier. A comparison of the data in Table 2-3 and Table 2-4 shows a significant
difference between the values provided by the supplier and the test results for CPD grout. This
may be due to differences in testing procedures (cubic versus cylindrical specimen). This
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inconsistency in results shows that it is necessary to measure the strength properties of the grout
before using it. For the Sika grout, the measured grout properties, during testing, are similar to
those provided by the manufacturer.
Table 2-4: Compressive strength information for CPD non-shrink grout ((CPD
Construction Products 2018) and Sika 300PT high strength non-shrink grout (Sika 2018).
Grout

UCS (MPa) (Number of Days)

ASTM Standard Followed

CPD non-shrink grout

30 (1), 45 (3), 55 (7), 60 (28)

ASTM C109/C109M-13

Sika- 300 PT

25 (1), 34 (3), 48 (7), 77 (28)

ASTM C942

Grout mixing quality control is also an important factor that should be considered for
better results. Some of the concerns observed during grout mixing in the laboratory include
trapped air bubbles at the top of the specimen (Figure 2-43), material segregation and settling
during grout curing (Figure 2-44) as well as lumps due to poor mixing. To address these
concerns, it is recommended to use a grout mixer instead of using a spoon for mixing. The mixing
speed provided by the manufacturer should be followed.

Figure 2-43: Trapped air bubbles at the top of a cured Sika grout specimen (61 mm
diameter, 152 mm height).
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Figure 2-44: Cured CPD grout specimen showing material settling and segregation and
presence of trapped air bubbles (61 mm diameter, 152 mm height).

2.5 Sample Preparation Procedure
The sample preparation procedure developed and used for the direct shear testing programs in this
thesis is described in the following steps, and illustrated in Figure 2-49 to Figure 2-54.
1. Saw-cut a 90 mm long specimen of cylindrical drill core using a diamond saw (Figure
2-45A) and grind both ends smooth using a diamond grinding wheel (Figure 2-45B). The
GCTS RSG-200 grinder, with a grit size of 150, was used. The grinding aims to remove
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the saw marks and meet the required flatness and parallelism as per the ASTM D4543
Standard (ASTM International 2008b).

Figure 2-45: A- Diamond saw used to cut the specimens. B-GCTS RSG-200 grinder (150
grit size).
2. Record the specimen dimensions and mass.
3. Use a dial gauge to measure two micro-roughness profiles: along the targeted shear
direction and perpendicular to it on both ends of the specimen (Figure 2-46). In addition to
specimen microroughness characterization, these profiles allow the visualization of the
flatness and parallelism of the two discontinuity surfaces, as seen in Figure 2-47 and Figure
2-48 respectively. It is important to ensure that the specimen ends flatness, parallelism, and
perpendicularity meet the tolerances specified by ASTM D4543 (ASTM International
2008b).
4. Take photographs of the sample.
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Figure 2-46: Dial gauge used to measure the specimen micro-roughness profiles along
the shear direction and perpendicular to it.

Figure 2-47: Micro-roughness profiles along the shear direction and perpendicular to it,
showing specimens ends flatness.
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Figure 2-48: Micro-roughness profiles along the shear direction and perpendicular to it,
showing specimens ends perpendicularity.
5. Saw-cut the sample into two halves.
6. Measure the length of both halves, and mark the 10 mm wide shear gap using a 3D printed
5 mm thick cap.

Figure 2-49: Sample Preparation procedure. Steps 5 and 6.
7. Join the two smooth ends of the sample.
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8. Use electric tape to keep both ends together during sample preparation and handling; the
tape should be placed perpendicular to the shear direction.
9. Make two small cuts in the tape to decrease its stiffness and let it rip during shearing.
10. To maintain a constant humidity and moisture content, the sample is wrapped in foodgrade, clear plastic film, making sure the shear direction has only one layer of plastic.
11. Ensure the plastic film is firmly wrapped around the sample, and there is no air trapped at
the specimen ends, as this can affect the specimen normal deformation.

Figure 2-50: Sample Preparation procedure. Steps 7-11.
12. Place a clean sample ring on top of a flat steel plate with notched rim down and adjust the
ring so it is perfectly level.
13. Draw the circumference of the sample ring on the steel plate using a permanent marker
14. Use a Douglas protractor to find and mark its center.
15. Place a sample holder at the center and use small pieces of tape to keep it in place; the
holder is printed for each sample using PLA filament.

Figure 2-51: Sample Preparation procedure. Steps 12-15.
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16. Place the specimen on the holder so the target shear surface faces up and is level
17. Mix 2100 g of grout in 700 ml of water (for 45 mm diameter specimens), and pour it into
the sample ring, ensuring it is perfectly aligned with the top of the ring; let the grout cure
for at least 1 hour. Note that in this thesis, the GCTS sulfaset non-shrink yellow grout was
used for direct shear testing. However, as discussed in the previous section, it is
recommended to use Sika 300 PT grout for future testing programs.
18. Place 9 mm thick plastic spacers (3D printed half discs) on top of the cured grout. The
spacers have a large inner diameter for adaptability to any core size
19. A 1 mm thick plastic spacer (3D printed full disc), with an inner diameter 1-2 mm larger
than the specimen, is placed on top of the 9 mm spacers to contain grout within the top
sample ring while curing
20. Install the black steel collar on the bottom sample ring and slide the top sample ring into
it. Use an Allen key to tighten the collar

Figure 2-52: Sample Preparation procedure. Steps 17-20.
21. Use a thin plasticine snake to seal the contact between the sample and the spacer as well as
the spacer and the sample ring
22. Mix 1800 g of grout in 600 ml of water (for 45 mm diameter specimens) and pour it into
the sample ring; let grout cure for 24 hours before testing. This is the curing time that was
followed in this thesis. However, as discussed in the previous sections, 3 days curing time
is recommended.
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23. Before testing, carefully remove the black collar and place specimen into shear box
24. Place a uniform layer of sand on top of the grout so it is level with the top sample ring
25. Place a plastic 3D printed cylindrical roller under the shear actuator to support its weight
(reduce moment in sample cap) and ensure the sample remains mated during test
26. Slowly lower the 50 lbs shear cap using the cap lifter designed by W. Dossett
27. Carefully pull out the plastic shear spacers without disturbing the sample
28. The remaining steps are described by Day et al. (2017)
29. Take photographs of the shear gap before and after testing

Figure 2-53: Sample Preparation procedure. Steps 21-25.

Figure 2-54: Sample Preparation procedure. Steps 26-28.
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2.6 Conclusions
Direct shear strength laboratory testing provides a direct measure of the geomechanical properties
of rock discontinuities that are crucial for the modelling and design of rock mechanics
engineering projects in jointed rock masses. Therefore, accurate determination of these
parameters requires high quality control protocols in all the stages of the testing program, for
specimen handling, storing, preparing, and testing. With this in mind, the objective of this work is
the development of a sample preparation procedure for direct shear testing that improves quality
control, optimizes sample preparation time, and allows access to the specimen during testing as
well as the incorporation of sensors that can be used to directly monitor and measure normal and
shear deformation of the specimen.
The sample preparation procedure developed in this research is modified after the
methodology proposed by Day et al. (2017). In particular, the 1 cm thick plasticine layer between
sample rings was eliminated to improve time efficiency as well as the accuracy of test results
since the plasticine adds an unquantifiable unknown to the test results that can potentially affect
the data quality. Also, according to the ASTM Standards and the ISRM Suggested Methods, the
shear horizon should be free during testing (ASTM International 2016; Muralha et al. 2013). The
plasticine layer was replaced by plastic spacer plates that are used for sample preparation during
grout curing, which are carefully removed before testing without disturbing the specimen.
However, the current testing apparatus (GCTS-RDS 100, 200, and 300) poses a challenge: freeing
the shear horizon of plasticine (or any other support material) causes the overturning of the shear
cap. Overturning moments can cause premature tensile failure of the sample as well as a nonuniform stress distribution on the shear plane, and hence, invalid measurement of shear stress.
This explains why the GCTS procedure emphasizes the use of support material in the shear gap.
The procedure developed here addresses this problem, which is not only faced at the Queen’s
University Geomechanical Testing Laboratory, but also at other rock mechanics testing
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laboratories that use similar apparatus. As a solution to this problem, a rigid 3D printed plastic
roller that supports the weight of the shear actuator and ensures it is in the same shear plane with
the discontinuity was designed. Ideally, this roller will rotate with the actuator as it is shearing the
specimen and be frictionless. However, during testing in this study, the roller did not rotate, yet
no abnormal increase in shear stress was noticed. The author recommends using a frictionless
material for better results.
A rigid sample holder was designed to support the sample and maximize its contact with the
casting grout as well as to ensure it is well positioned at the desired location. The holder has 4
legs that can be adjusted to accommodate any discontinuity height and shape. This holder also
eliminates the use of the plasticine pillar that supports the specimen in the original GCTS
procedure and requires continuous manual adjustment from the user to ensure the specimen in the
correct location, such that it is centered in the ring and that the lower bound of the shear gap is
perfectly aligned with the top rim of the sample ring. This procedure can introduce human error,
causing the discontinuity to not be perfectly in plane with the desired shear gap as well as the
shear actuator. This can result in an uneven stress distribution on the joint surface, building
moment, and pre-mature tensile failure of the specimen. In addition, the plasticine pillar can
possibly have a large impact on the recorded normal deformation, depending on its thickness.
Thus, the new 3D printed specimen holder eliminates all these issues since it ensures a good
support of the specimen, optimization of the contact with the encapsulating material, perfect
alignment of the shear horizon with the ring rim, elimination of human error when trying to align
the shear gap with the ring, minimum disturbance to the specimen, and an expected improved
quality of normal loading test data.
Other sample preparation components that directly impact the measured normal stiffness are
grout strength and stiffness. For a good grout quality control, it is recommended to test the
compressive strength of cylindrical grout specimens at different time intervals to determine the
48

appropriate curing times, meeting the strength and stiffness requirements for the testing program,
when a new order arrives, or the supplier is changed. Grout mixing should be conducted
following the manufacturer instructions, and a grout mixer should be used to achieve a
homogenous mixture. Based on the findings of this research, it is highly recommended to allow the
specimens to cure for 3 days ±6 hours to allow for grout hydration and increase in strength and
stiffness. UCS test results of Sika 300 PT grout demonstrate it is suitable for direct shear tests. While
determination of grout strength and stiffness ensures better quality control of the encapsulating
material, grout remains significantly softer than most rocks (especially crystalline rocks), and this can
significantly affect the validity of the measured normal deformation during normal loading.
To minimize sample disturbance during preparation, several steps were added to the preparation
procedure. A lifting device was designed by W. Dossett (Queen’s University Geomechanics
Laboratory manager) as part of this study to lift the 50 lbs shear cap, reducing sample disturbance and
improving workplace safety protocols. A layer of electrical tape placed around the specimen,
perpendicular to the shear direction, was introduced to keep the discontinuity well mated during
sample preparation and handling. Two small cuts are made in the tape to decrease its stiffness and
allow it to rip during shearing. A simple method for the preservation of the specimen moisture
conditions during direct shear and normal loading tests was also introduced. This step consists of
wrapping the specimen in food-grade, clear plastic film, while ensuring the shear direction has
only one layer of plastic.
The sample preparation procedure developed in this work was used for smooth cylindrical
shapes of diamond drill core, but it can be easily adapted to any joint shape or size.
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Chapter 3
Pre-yield Deformation of Planar Clean Granite Joints- Data Processing
and Interpretation
The contents of this chapter are organized into the following sections:
-

Literature review of the pre-yield mechanical deformation of joints. This includes a
comprehensive discussion of the fundamental mechanics of joint pre-yield deformability
under both normal and shear loadings, review of the methods used to determine the shear
and normal stiffness values from laboratory testing results, and a listing of the widely
used analytical models of joint pre-yield yield deformation.

-

Laboratory testing of smoothly-ground saw-cut granite joints under both normal and
shear loadings.

-

Correlation of the available normal closure and shear deformability laws to the
experimental data and the development of an improved laboratory data processing and
interpretation methodology.

-

Conclusions and recommendations.

3.1 Introduction
The pre-yield deformability of discontinuities governs both the mechanical and
hydrothermal behaviours of rockmasses. The stability, permeability, and settlement of
rockmasses surrounding underground excavations are highly sensitive to normal and shear
stiffness characteristics of discontinuities. Discontinuities govern the deformational behaviour of
rockmasses around near-surface excavations (Barton 1971). Even in very deep conditions, joint
deformation still largely contributes to rockmass settlement (Hungr and Coates 1978) as well as
rockmass stability in the excavation damage zone. Sound understanding of these geomechanical
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properties that govern the deformation behaviour of a rockmass is of high importance to
numerical modelling, and, therefore to the geotechnical design of excavations. Thus, accurate
determination of normal and shear stiffness parameters is of critical importance to the modelling
and design of deep geological nuclear waste repositories for the long-term isolation and reduction
of radionuclide contaminant transport, and other civil infrastructures. Fortunately, in recent
decades, the field of rock mechanics has experienced an increase in the development and use of
sophisticated discontinuum numerical methods that capture the complex behaviour of rockmasses
around underground excavations. However, accurate selection of joint normal and shear stiffness
model parameters remains a challenge. These parameters can be obtained in laboratory
mechanical testing through normal loading and direct shear strength tests. However, there is no
consensus in the literature on a methodology that determines the stiffness values from laboratory
test data.
The concept of fracture stiffness is not an entirely obvious mechanical concept since
discontinuities are literally voids or infinitesimal planes, and therefore, their mechanical
properties can be ambiguous. This topic has received significant attention from researchers, and
several different normal closure laws exist that describe fracture normal stiffness as well as
different analytical methods to describe the pre-yield shear deformation; each procedure has its
own parameters, advantages, and limitations (Goodman 1974, Goodman 1976, Hungr and Coates
1978, Bandis et al. 1983, Swan 1983, Evans et al. 1992, Malama and Kulatilake 2003, Li et al.
2016). However, there is no standard or recommended method for joint normal and shear stiffness
values determination from laboratory tests (Muralha et al. 2015, ASTM International 2016).
Therefore, the main objective of this work is to, first, conduct a literature review of joint normal
and shear stiffness laws and, second, test these models against experimental data to provide
recommended guidelines for data processing and interpretation. To restrict the range of unknowns
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in this study, smoothly-ground saw-cut granite discontinuities were used in the laboratory testing
program.

3.2 Joint Normal Deformation
3.2.1 Review of the Fundamentals of Joint Normal Deformation Mechanics
Joint normal deformability can be measured by compressing a sample in a direction normal to the
joint surface and measuring the resulting displacement. Normal deformability of a discontinuity is
governed by several factors: rock type, the joint wall initial contact area and strength, roughness,
strength and deformability of asperities, thickness and mechanical properties of the joint infill,
and aperture distribution (Bandis et al. 1983). The initial contact area is the most important
variable controlling the joint deformation, and it is directly dependent on the joint stress history
(Bandis 1980). As the applied normal stress increases, the normal stress-deformation curve
becomes gradually steeper until it becomes asymptotic to a line representing the elastic
compression of the intact rock material at higher normal stresses as seen in Figure 3-1 (Goodman,
1974). When the elastic deformation of the intact rock is subtracted from the joint stressdisplacement curve, the curve becomes asymptotic to a line representing the maximum joint
closure 𝑉𝑚 . When the joint is fully compressed and has reached its closed state, the stressdeformation curve becomes linear, and any higher applied stress is taken by the intact rock
surrounding the joint (Bandis et al. 1983). In Figure 3-1, curve (A) shows results of the uniaxial
compression of a cylindrical granodiorite sample that is 91.4 mm in length and 44.4 mm in
diameter (third loading cycle); curve (B) shows the compression of the same sample, with an
interlocked and well mated artificial extension fracture in the middle; curve (C) shows the
deformation of the specimen in (B) with the fracture being mismatched to create an average
aperture of 1.27 mm; in curve (C), the sample fails at point F, and the dotted line shows an
extrapolation of the test data (Goodman 1976). As anticipated, the maximum closure of the
mismatched fracture is about four times higher than that of well-mated joint. It is interesting to
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note the difference between the mismatched joint’s aperture (1.27 mm) and its final closure value
(~0.38 mm). This can be explained by the fact that even at its closed state at very high stresses,
the contact area between the joint walls does not exceed 70% of the total surface area according
to Bandis et al. (1983), as shown in Figure 3-2. This was also shown by normal loading tests
conducted by Jacobsson (2016) on calcite infilled joints and on joints with breccia infill, where he
showed that even at normal stresses as high as 110 MPa, the joint true contact area was only 30 to
60 % of the total area, as seen in Figure 3-3. Jacobsson (2016) used pressure-sensitive film to
measure stress distribution on the joint surface. In contrast to these clear findings from
experimental testing, the analytical model proposed by Saeb and Amadei (1992) suggests an
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Figure 3-1: Normal stress versus normal deformation of a granodiorite: A-intact rock (91.4
mm length, 44.4 mm diameter), B-interlocked fracture with the same size, and Cmismatched fracture with 1.27 mm aperture (modified after Goodman 1974).
According to Goodman (1974), the non-linearity of the normal stress-closure
relationship can be explained by the fact that as the applied normal stress increases, the asperities
are deformed and crushed, creating larger contact area, and hence increasing the normal stiffness
at higher stresses. Other researchers, using the Hertzian contact theory, attribute the non-linearly
to the elastic deformation of asperities (Cook 1992, Matsuki et al. 2001, Xia et al. 2003). Thus, as
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Malama and Kulatilake (2003) suggest, the non-linearly is the product of both asperities crushing
and elastic deformation; asperity damage contributes to the irrecoverable damage and hysteresis
during unloading, and the elastic deformation contributes to the recoverable deformation seen in
cyclic tests. Other factors can also add to the total permanent closure, including collapsing of pore
spaces and favourably oriented cracks that remain interlocked after unloading. An illustration of
the progressive enlargement of the contact area of the two halves of a discontinuity during normal
loading is shown
in Figure
Relatively
planar3-4.
joint (JRC=7)

Rough, undulating joint (JRC=15)

Figure 3-2: Illustration of the contact area (white) of a rough limestone joint, at 35 MPa
normal stress, measured from the imprints on a 12 µm thick Melinex polyester film
(modified after Bandis et al. 1983).

Figure 3-3: A-Illustration of the contact area (red) distribution under 110 MPa normal
loading test. B- Map of contact pressure distribution on the joint surface (modified after
Jacobsson 2016).
Joint deformation behaviour can be described and quantified by the character of the
normal stress-normal deformation curve. Goodman et al. (1968) introduced the terms normal
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stiffness, 𝑘𝑛 , to describe the rate of change of normal stress, 𝜎𝑛 , with respect to joint normal
displacement, 𝛿𝑛 . Equation 3-1 shows the normal stiffness relationship to these parameters.
Studies have shown that unmated discontinuities have much lower normal stiffness compared to
interlocked joints (Bandis 1980; Bandis et al. 1983; Goodman 1976), as shown in Figure 3-5.
𝒌 =

𝒅
𝒅(∆

Interlocked Fracture
Normal Stress

1 MPa

3-1

)
Mismatched Fracture

8 MPa

1 MPa

8 MPa

Figure 3-4: Illustration of the contact area (white) enlargement due to an increased normal
loading of interlocked (left) and mismatched (right) sandstone fractures, measured using a
12 µm thick Melinex polyester film (modified after Bandis et al. 1983).

Figure 3-5: Comparison of deformation between interlocked and unmated (mismatched)
joints. Solid lines represent normal stress-joint closure curves. Dashed lines represent
normal stress-total displacement curves (modified after Bandis et al. 1983).
55

3.2.2 Normal Closure Laws
3.2.2.1 Goodman’s Hyperbolic Closure Law
Goodman (1974) showed that discontinuities behave in a non-linear hyperbolic fashion when
subjected to normal loading and proposed an empirical hyperbolic closure law to describe the
relationship between normal stress and normal displacement, as shown in Equation 3-2.
=

∆𝑽𝒋

𝒊

𝑽𝒎 −∆𝑽𝒋

+

𝒊

3-2

This equation can be rearranged to the following form (Equation 3-3):
∆𝑉𝑗 = 𝑉𝑚 − (𝑉𝑚 𝜎𝑖 )

1
𝜎𝑛

3-3

Where, ∆𝑉𝑗 is the joint closure under a given 𝜎𝑛 , 𝑉𝑚 is the maximum joint closure, and 𝜎𝑖 is the
initial stress level (seating stress).
In later work, Goodman (1976) proposed a dimensionless power relationship of normal
stress and joint normal closure as an alternative version of Equation 3-3, as shown in Equation 34. This experimental work was conducted on artificial tensile fractures (Goodman 1976).
𝜎𝑛 −𝜎𝑖
𝜎𝑖

= 𝑐(

∆𝑉𝑗

𝑉𝑚 −∆𝑉𝑗

)𝑡

3-4

Where c and t are constants.
To examine the suitability of both Equation 3-3 and Equation 3-4 for the description of
joint normal closure, Bandis (1980) fitted experimental laboratory data into these functions, and
he reported unsatisfactory results.
3.2.2.2 Hungr and Coates Linear Closure Law
Hungr and Coates (1978) proposed a linear closure law based on the normal stress-deformation
curves obtained from compression tests conducted on fresh and tight Ottawa limestone and
Nepean sandstone natural joints, as illustrated in Figure 3-6.
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Figure 3-6: Normal stress-closure curves of limestone and sandstone joints showing linear
closure due to past in-situ precompression according to Hungr and Coates (1978).
Hungr and Coates (1978) attributed this linear behaviour, when neglecting the minor
irregularities seen in the data, to past in-situ pre-compression of these joints at much higher insitu stresses. However, it is interesting to note that the maximum stress applied to these joints
during testing was 2.5-3 MPa. If testing was conducted at much greater normal stresses, these
joints would exhibit a non-linear normal closure behaviour. Figure 3-7 shows a comparison of the

Normal Stress

closure behaviour of a normally loaded jointed as opposed to in-situ pre-compressed joints.

Pre-compressed
Maximum closure
Normally-loaded

Joint Closure

Figure 3-7: Expected normal stress-closure curves of pre-compressed joints (Hungr and
Coates 1978).
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3.2.2.3 Power Closure Law
Swan (1983) proposed a power closure law, based on the Hertzian contact theory, to describe the
deformational behaviour of joints under normal loading, as shown in Equation 3-5. His
experimental work was conducted on slate specimens that were created from intact core
specimens along cleavage planes Swan (1983).
𝛽

∆𝑉𝑗 = 𝛼𝜎𝑛

3-5

Where 𝛼 and 𝛽 are coefficients that can be determined empirically, with 𝛽 < 1. These parameters
are a function of true contact area and initial aperture.
The corresponding normal stiffness obtained through derivation is shown in Equation 3-6.
𝑘𝑛 =

1
𝛽−1

𝛼𝛽𝜎𝑛

3-6

Like the closure law proposed by Evans et al. (1992), which will be reviewed in the following
subsections, this equation suggests that the initial normal stiffness is zero, which is not the case
for most rock joints.
3.2.2.4 Bandis Hyperbolic Closure Law for Interlocked Joints
Bandis et al. (1983) proposed an improved hyperbolic function to describe joint normal
deformation under normal loading. The proposed relationship was based on a function that is
widely used to fit stress-strain curves of soils (Kondner 1963) and rocks (Kulhawy 1975) under
triaxial testing. This function is shown in Equation 3-7.

𝜎=

𝜀

3-7

𝐴+𝐵𝜀

Where 𝜎 is the deviatoric stress, 𝜀 is the axial strain, and A and B are constants.
The adopted formula for joint closure is illustrated in Equation 3-8, and its linear form is shown
in Equation 3-9.
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𝜎𝑛 =
∆𝑉𝑗
𝜎𝑛

Where a and b are constants, such that

∆𝑉𝑗

3-8

𝑎−𝑏∆𝑉𝑗

= 𝑎 − 𝑏∆𝑉𝑗
𝑎

3-9

= 𝑉𝑚 and 𝑎 =

𝑏

1
𝑘𝑛𝑖

, and 𝑘𝑛𝑖 is the initial normal

stiffness.
Therefore, the maximum joint closure (Vm) and the initial normal stiffness (𝑘𝑛𝑖 ) are the
two parameters that uniquely define the hyperbolic stress-closure relationship of a joint in this
model (Bandis el al. 1983). These parameters can be empirically derived using the joint
roughness coefficient (JRC), the joint wall compressive strength (JCS), and the rock compressive
strength, 𝜎𝐶 , or directly from experimental data. The empirical functions for 𝑘𝑛𝑖 and Vm
determination are shown in Equations 3-10 and 3-11, respectively. Figure 3-8 shows plots of

∆𝑉𝑗
𝜎𝑛

vs ∆𝑉𝑗 for a variety of rock joints, and regardless of joint type, joint condition, loading mode, and
stress history, the curves show good linearity, indicating that the hyperbolic function provides a
satisfactory fit to the data (Bandis et al. 1983).
𝐽𝐶𝑆

𝑘𝑛𝑖 = 0.0178 (

𝑎𝑗

) + 1.748 𝐽𝑅𝐶 − 7.155

𝑉𝑚 = −0.296 − 0.0056𝐽𝑅𝐶 + 2.241 (

𝐽𝐶𝑆
𝑎𝑗

3-10
−0.245

)

3-11

Where 𝑎𝑗 is the initial joint aperture, and it also estimated empirically, using Equation 3-12.
𝑎𝑗 =

𝐽𝑅𝐶
5

(0.2

𝜎𝐶
𝐽𝐶𝑆

− 0.1)

3-12

The tangent normal stiffness, at any applied normal stress, can be found using Equation 3-13.

𝑘𝑛 =

𝜕𝜎𝑛
𝜕∆𝑉𝑗

=

𝜕
𝜕∆𝑉𝑗

(
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1

𝑎
−𝑏
∆𝑉𝑗

)

3-13

Using the derivative reciprocal rule, the resulting normal stiffness equation is shown in Equation
3-14.

𝑘𝑛 =

𝑎

3-14

(𝑎−𝑏∆𝑉𝑗 )2

This can be re-written in the form shown in Equation 3-15, as a function of 𝑘𝑛𝑖 and 𝑉𝑚 .

𝑘𝑛 =

1
2
𝑏
𝑎(1−𝑎∆𝑉𝑗 )

𝑘𝑛𝑖

=

3-15

∆𝑉𝑗 2
𝑚

(1−𝑉 )

From Equation 1-8,

∆𝑉𝑗 =

𝑎 𝜎𝑛
1+𝑏 𝜎𝑛

=

1
1
𝑏
+
𝑎 𝜎𝑛 𝑎

1

= 𝑘𝑛𝑖

1
+
𝜎𝑛 𝑉𝑚

=

𝑉𝑚 𝜎𝑛
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𝑉𝑚 𝑘𝑛𝑖 +𝜎𝑛

By substituting ∆𝑉𝑗 for its formula shown in Equation 3-16, the normal stiffness expression
shown in Equation 3-15 becomes:

𝑘𝑛 =

𝑘𝑛𝑖
1

2

𝑉𝑚 𝜎𝑛
(
))
𝑚 𝑉𝑚 𝑘𝑛𝑖 +𝜎𝑛

(1−𝑉

Figure 3-8: Linear

∆𝑽𝒋

=

𝑘𝑛𝑖

2

𝜎

(1−(𝑉 𝑘 𝑛+𝜎 ))
𝑚 𝑛𝑖 𝑛

= 𝑘𝑛𝑖 (1 − (

𝜎𝑛
𝑉𝑚 𝑘𝑛𝑖 +𝜎𝑛

−2

))
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vs ∆𝑽𝒋 plots of slate and limestone joints showing good hyperbolic fit

(Bandis et al. 1983).
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Figure 3-9 shows a comparison between experimental normal closure data in the first and
third loading cycles and the curves calculated using the proposed normal closure functions by
Goodman (1976) (Equation 3-4) and Bandis et al. (1983) (Equation 3-8). As shown in Figure 3-9,
both closure laws do not capture the curvature in the test data in the stress range between 5 and 15
MPa during the first loading cycle; both closure laws presents a good fit to the data in the third
loading cycle.

Figure 3-9: Comparison between experimental and analytical data obtained from
hyperbolic closure laws (Bandis et al. 1983).
3.2.2.5 Bandis Semi-Logarithmic Closure Law for Unmated Joints
Figure 3-9 clearly shows that hyperbolic closure laws are not adequate for non-interlocked
fractures (first loading cycle). This was also shown in work conducted by Bandis et al. (1983) on
mismatched joints (joints with higher aperture). The hyperbolic function shown in Equation 3-8
did not fit the normal closure data of mismatched joints to a satisfactory degree; therefore, Bandis
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et al. (1983) investigated the possibility of using a semi-logarithmic function to better fit this data.
Shehata (1971) was the first to describe the normal stress- normal closure relationship of rock
joints as being semi-logarithmic. The proposed relationship is shown in Equation 3-18. Figure
3-10 shows a comparison between the hyperbolic (A) and the semi-log (B) closure laws on
different joints.
𝑙𝑜𝑔10 𝜎𝑛 = 𝑝 + 𝑞∆𝑉𝑗

3-18

Where 𝑝 = 𝑙𝑜𝑔10 𝜎𝑖 and q is a constant.
The corresponding incremental normal stiffness can be obtained from the derivative of
normal stress with respect to normal closure, as shown in Equation 3-19.
From Equation 3-18,
∆𝑉𝑗 =
Thus,
Therefore,

𝜕∆𝑉𝑗
𝜕𝜎𝑛

𝑘𝑛 =

=

𝜕
𝜕𝜎𝑛

𝜕𝜎𝑛
𝜕∆𝑉𝑗

𝑙𝑜𝑔10 𝜎𝑛 𝑝
−
𝑞
𝑞
(

=

𝑙𝑜𝑔10 𝑒∗𝑙𝑜𝑔𝑒 𝜎𝑛
𝑞
𝑞𝜎𝑛

𝑙𝑜𝑔10 𝑒

=

𝑝

𝑙𝑜𝑔10 𝑒

𝑞

𝑞𝜎𝑛

− )=

𝑞𝜎𝑛
0.4343
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To further explore the semi-log closure law, Bandis (1980) plotted logarithmically scaled, normal
stress versus joint closure of laboratory experimental data from different types of interlocked
joints, as shown in Figure 3-11. These plots show a good linear fit in the low and high normal
stress regions, but non-linearity dominates in the medium range. Therefore, Bandis (1980) and
Bandis et al. (1983) suggest that for well-mated joints, a hyperbolic closure law is suitable;
however, for non-mated joints, a semi-logarithmic closure law, in which closure varies as the
logarithm of the normal stress, is more appropriate.
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Figure 3-10: Comparison between the hyperbolic (A) and the semi-log (B) closure laws
conducted on different joints (modified after Bandis et 1980).

Figure 3-11: Semi-logarithmic normal stress vs joint closure plots of experimental data
from different types of interlocked joints in the 1st and 3rd loading cycles (modified after
Bandis et al. 1983).
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3.2.2.6 Evans Semi-logarithmic Closure Law
Laboratory studies show the response of discontinuities subjected to repeated normal loading,
without any disturbance to the joint between loading cycles, becomes repeatable after the third
loading cycle (Bandis et al. 1983). Evans et al. (1992) declare that after reaching this state, where
elastic deformation dominates the joint behaviour, the joint normal closure varies linearly with
the logarithm of normal stress; Evans et al. (1992) assume that fracture deformation is essentially
elastic for simplicity in their model, and clearly state that this law is suitable for pre-compressed
fractures. This closure law was developed for use in the finite element code, FRACTure, which
simulates coupled hydro-thermo-mechanical processes acting within Hot Dry Rock reservoirs.
According to Evans et al. (1992), the change in fracture aperture, ∆𝑎𝑚 , due to an effective applied
stress, 𝜎𝑛′ , can be predicted using the semi-logarithmic closure law shown in Equation 3-20.
1

−∆𝑎𝑚 = ln (𝜎𝑛′ / 𝜎𝑛ref )
A

3-20

Where 𝜎𝑛ref is to the initial stress level, or seating stress, 𝐴 is a constant that Evans et al. (1992)
define as the “stiffness characteristic”, which is the slope of the normal stiffness- normal stress
linear curve that passes through the origin, giving zero initial normal stiffness, as described by
Equation 3-21. The stiffness characteristic value can be estimated from the linear slope of the
logarithm of normal stress versus normal closure curve.
𝑘𝑛 = 𝐴 𝜎𝑛′

3-21

Many researchers have adopted the semi-logarithmic closure law based on regression analyses on
experimental data since this law only has one free parameter, the stiffness characteristic (Evans et
al. 1992; Zhao and Brown 1992; Elliott et al. 1985; Zangerl et al. 2008). Zangerl et al. (2008)
compiled data from 115 different experimental normal stiffness studies, from both laboratory and
in situ tests, as shown in Figure 3-12. This study showed that the semi-logarithmic normal closure
law, proposed by Evans et al. (1992), provides a satisfactory fit to the compiled data (Zangerl et
al. 2008). However, this work showed a large variability in stiffness characteristic values even for
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well-defined laboratory tests within the same rock type under the same test conditions (Zangerl et
al. 2008), which is of concern.

Figure 3-12: Normal stress-closure data of various granite fractures ( laboratory and in situ
tests) compiled from the literature (Zangerl et al. 2008).
3.2.2.7 Li et al. Modified Semi-logarithmic Closure Law for Unmated Joints
Bandis et al. (1983) proposed a semi-logarithmic closure law to describe the behaviour of
unmated joints under normal loading; a more descriptive analytical model that includes various
surface dislocations was proposed by Saeb and Amadei (1992), and an improved version was
later proposed by Souley et al. (1995). Since Evans et al. (1992) clearly states that the proposed
semi-logarithmic closure law is more suitable for describing the normal deformation of joints
where elastic deformation dominates (third cycle of normal loading and beyond), Li et al. (2016)
propose a modified version of the semi-logarithmic closure law to better characterize the
behaviour of joints with various opening degrees under normal loading (Equation 3-22). This
closure law also suggests a non-zero initial normal stiffness and introduces parameter η, which
describes the degree of interlocking, and parameter B, which accounts for the initial normal
stiffness. The corresponding normal stiffness is given by Equation 3-23. Li et al. (2016)
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developed their closure law using experimental data from normal loading tests conducted on
artificial gypsum cement specimens with triangular joint profiles. As illustrated in Figure 3-13,
the proposed closure law provides a better fit to the experimental data when compared with the
Evans et al. (1992) model.
∆𝑉𝑗 =

1
ηA′

ln (

𝜎𝑛
η𝐵

+ 1)

𝑘𝑛 = ηA′ (𝜎𝑛 + η𝐵)

3-22

3-23

Figure 3-13: Normal stress-closure curves showing correlation between experimental data
and closure laws proposed by Evans et al. (1992) and Li et al. (2016) of artificial gypsum
cement with triangular joint profiles (modified after Li et al. 2016).
3.2.2.8 Malama and Kulatilake Exponential Closure Law
Malama and Kulatilake (2003) proposed a semi-empirical exponential closure law to predict
normal deformation under compressive normal loading, as shown in Equation 3-24. Experimental
tests conducted on rough diorite and granodiorite joints were used in this study. The governing
parameters in this relationship are the maximum joint closure, ∆𝑉𝑚 , which are also used in the
Goodman (1974) and Bandis et al. (1983) hyperbolic closure laws, and a new parameter called
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the half-closure stress, 𝜎1/2 , which can be graphically determined, as shown in Figure 3-14. n is a
fitting parameter that can be obtained from experimental data, such that 0 < n < 1. Malama and
Kulatilake (2003) mention that the half-closure stress is not only related to the initial normal
stiffness, but is also easier to determine, and for that reason was adopted in this closure law.
Malama and Kulatilake (2003) compared their model to the power-law and semi-logarithmic
laws, and showed that these laws provide a reasonable fit to the data over a limited stress range,
as shown in Figure 3-15.
∆𝑉𝑗 = ∆𝑉𝑚 [1 − 𝑒

𝑛
𝜎
−( 𝑛⁄𝜎1/2 ) 𝑙𝑛2

]

3-24

The corresponding normal stiffness can be obtained through derivation, as shown in Equation 325.
𝑘𝑛 =

1
𝑛−1 −(
𝜎
∆𝑉𝑚 [𝑛(𝑙𝑛2)( 𝑛⁄𝜎1/2 )
.𝑒

𝑛
𝜎𝑛
⁄𝜎1/2 ) 𝑙𝑛2

3-25
]

Figure 3-14: (a) Normal stress-total deformation curve, showing the determination ∆𝑽𝒎 as
per Goodman (1974). (b) Graphical determination of half-closure stress,
Malama and Kulatilake (2003).
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𝟏/𝟐

as per

Figure 3-15: (a) Experimental normal loading data and model fits (hyperbolic, power,
exponential) for two specimens: (a) granodiorite and (b) diorite (modified after Malama
and Kulatilake 2003).
3.2.3 Laboratory Measurement of Joint Closure
This section presents an overview of the equipment and specimen testing procedures followed in
each of the studies presented in the previous section, with the aim to better understand the basic
fundamentals and the development of the closure laws proposed in these studies.
In the extensive study conducted by Bandis (1980) on the normal deformation of joints,
joints were directly compressed between two hardened steel platens in a 50-ton Dennison
compression machine, as shown in Figure 3-16. Normal displacement was obtained as the
average displacement recorded by two sensitive dial gauges mounted to independent stands. The
ends of the samples were polished to minimize deformation at the platen-rock contact interface.
In order to investigate the accuracy of the axial strain recorded using this set-up, the results were
compared to strain gauge measurements on the same samples. The results were in good
agreement in most tests; however, Bandis (1980) stated the two dial gauges occasionally gave
dissimilar values that were of concern. The normal loading rate used in this study was not stated.
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Hungr and Coates (1978), who proposed a linear closure law, used an apparatus that was
designed at the University of Ottawa for this specific research (Figure 3-17). The normal and
shear load capacities of this apparatus are 53 kN and 89 kN, respectively. Hungr and Coates
(1978) followed a 0.7 MPa/min normal loading rate in their tests, which is very similar to the
suggested loading rate (10 kPa/s) by ISRM and ASTM (Muralha et al. 2015, ASTM International
2016). Hungr and Coates (1978) reported rotation of the moving shear box about the vertical axis,
which caused differences in the measured normal displacements at the two measuring points.

Figure 3-16: Joint normal loading test apparatus used by Bandis (1980).
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Figure 3-17: Joint normal loading and shear test apparatus used by Hungr and Coates
(1978).
The testing procedure by Swan (1983) was not published, and the author had no access to
it. Evans et al. (1992) closure model was developed using previous experimental data from other
studies, such as Goodman (1976) and Bandis et al. (1983).
The testing procedure followed by Li et al. (2016) consists of conducting compression
tests on artificial gypsum discontinuities with triangular profiles that have inclination angles of
20° and 30°. Specimens were cured for 14 days in a 40°C curing oven. The tests were conducted
in an MTS 815 Rock Mechanics Test System, with compression capability of 4600 kN. The
normal loading rate was 10 kPa/s as suggested by the ASTM and ISRM methods (Muralha et al.
2015, ASTM International 2016). The maximum normal stress was 10 MPa. To measure the joint
closure, Li et al. (2016) followed Goodman’s (1976) method. The test setup is shown in Figure
3-18.
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Figure 3-18: Normal loading test setup followed by Li et al. (2016)

Malama and Kulatilake (2003) conducted their experimental joint deformation testing
program in a Structural Behaviour Engineering Laboratory (SBEL) CT-500 loading frame.
Normal displacement was measured by means of an LVDT mounted to the bottom platen the
specimen is placed on. To measure the joint closure, Malama and Kulatilake (2003) followed
Goodman’s (1976) method.
An advanced technique is used at the material and rock mechanics laboratories at the
department of Structural and Solid Mechanics at SP Technical Research Institute of Sweden to
minimize the effect of system deformation on the measured joint closure. In this experimental
methodology, the joint deformation is directly measured from the rock surface using two crack
opening displacement gauges attached to the two steel pieces mounted to the joint, and opposite
from each other, as shown in Figure 3-19 (Jacobsson et al. 2016).
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Figure 3-19: Normal loading test (A-B) specimen setup and (C) apparatus used at the
material and rock mechanics laboratories at the department of Structural and Solid
Mechanics at SP Technical Research Institute of Sweden (modified after Jacobsson et al.
2016).

3.3 Joint Shear Deformation
3.3.1 Review of the Fundamentals of Joint Shear Deformation Mechanics
Goodman et al. (1968) introduced the term shear stiffness, 𝑘𝑠 , to describe the rate of change of
shear stress, 𝜎𝑠 , with respect to joint shear displacement, 𝛿𝑠 , as expressed in Equation 3-26.
𝑘𝑠 =

𝑑𝜎𝑠
𝑑(∆𝛿𝑠 )

3-26

Shear stiffness can be determined in laboratory direct shear tests from the shear deformation
characteristics up to the mobilization of peak shear strength. Typically, in this region of the shear
stress-displacement curve, the joint exhibits non-linear behaviour that can vary depending on the
joint surface characteristics. Shear stiffness is highly dependent on the magnitude of applied shear
stress, with the highest shear stiffness being observed in the lower shear stress region due to
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asperity interlock, while the lowest is observed at the peak strength due to asperity breakage. This
can be observed from the slope of shear stress-displacement curves, as shown in Figure 3-20.

Figure 3-20: Typical joint behaviour during shear tests, highlighting the effect of
weathering on shear stiffness and peak shear strength (modified after Bandis et al. 1983).
Shear deformability of joints is affected by several parameters that include degree of
weathering, roughness, size, applied normal stress, and stress history (Bandis et al. 1983).
Weathered joints exhibit lower shear stiffness compared to fresh interlocked joints, as shown in
Figure 3-20. The higher shear stiffness observed in fresh joints is mainly the result of a higher
degree of interlocking of asperities. Weathered joints exhibit lower peak shear strengths and
higher peak shear displacements due to poor interlocking and relatively planar surfaces (Bandis et
al. 1983). Shear stiffness values depend on both scale and the applied normal stress (Barton
1972). As the joint length increases, the peak shear strength decreases, and the shear displacement
increases, hence, decreasing the shear stiffness (Bandis et al. 1981). This is the result of the
decreased significance of the effect of joint roughness at larger scales, as shown in Figure 3-21.
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Figure 3-21: Idealized model showing the scale effect on joint shear stiffness (modified after
Bandis 1980).
Another factor that significantly affects the joint pre-yield shear deformation is its
precompression history. According to Barton (1973), joints that were pre-compressed under
stresses higher than those applied to it during shear testing tend to show relatively higher shear
stiffness compared to normally loaded joints (non-pre-compressed), as shown in Figure 3-22.
This is referred to as joint overclosure, which is the rock mechanics equivalent of overconsolidation of soils (Bandis et al. 1983).

Figure 3-22: Effect of pre-compression on joint shear stiffness (Barton 1973b).
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Roughness also has a significant effect on joint shear stiffness, especially at lower normal
stresses, as shown in Figure 3-23.

Figure 3-23: Effect of surface roughness on joint shear stiffness (Bandis, 1980).
3.3.2 Determination of Shear Stiffness
The non-linear behaviour of the shear stress,𝜏, versus shear displacement, 𝛿𝑠 , curve before the
mobilization of the peak shear strength suggests the possibility of a hyperbolic analytical
representation of this pre-yield deformation. Clough and Duncan (1969) proposed the hyperbolic
relationship, shown in Equation 3-27, which was originally developed to describe the shear
behaviour of a soil and cement interface. This model was also recommended by Kulhawy (1975)
and Bandis et al. (1983).
𝜏=

𝛿𝑠
𝑚+𝑛𝛿𝑠

or, in linear form,
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𝛿𝑠
𝜏

= 𝑛𝛿𝑠 + 𝑚

3-27

Solving for 𝛿𝑠 :

𝛿𝑠 =

𝜏𝑚

3-28

1−𝑛𝜏

Where 𝑚 and 𝑛 are constants that define the hyperbola, such that 𝑚 is the reciprocal of the initial
1

1

𝑚

𝑛

shear stiffness, 𝑘𝑠𝑖 = , and 𝑛 is the reciprocal of the horizontal asymptote, 𝜏𝑢𝑙𝑡 =

.A

graphical presentation of these constants is shown in Figure 3-24.

Figure 3-24: Idealized graphical illustration of the hyperbolic model characteristics (shear
stress-shear displacement curve).
The tangent shear stiffness, at any applied normal stress, can be determined using Equation 3-29.

𝑘𝑠𝑡 =

𝜕𝜏
𝜕𝛿 𝑠

=

𝜕
𝜕 𝛿𝑠

1

(𝑚 )
𝛿𝑠

+𝑛

3-29

Using the derivative reciprocal rule, the resulting shear stiffness is shown in Equation 3-30.

𝑘𝑠𝑡 =
Substituting 𝛿𝑠 for its form 𝛿𝑠 =

𝜏𝑚
1−𝑛𝜏

𝑚
(𝑚+𝑛𝛿𝑠 )2

(Equation 1-28) in Equation 3-30 gives:
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3-30

2

1

𝑘𝑠𝑡 = (1 − 𝑛𝜏)

3-31

𝑚

Replacing

1
𝑚

by 𝑘𝑠𝑖 and 𝑛 by

1
𝜏𝑢𝑙𝑡

yields the equation of tangent shear stiffness as a function of

shear stress under constant normal stress, shown in Equation 3-32:

𝑘𝑠𝑡 = 𝑘𝑠𝑖 (1 −

𝜏
𝜏𝑢𝑙𝑡

2

)

3-32

Clough and Duncan (1969) proposed that 𝑘𝑠𝑖 varies linearly with the applied normal stress on a
log-log basis, as described in Equation 3-33.
𝑘𝑠𝑖 = 𝑘𝑗 (𝛿𝑛 )𝑛𝑗

3-33

Where 𝑘𝑗 is the stiffness number and 𝑛𝑗 is the stiffness exponent. These parameters are
determined experimentally.
By substituting 𝑘𝑠𝑖 for its form shown in Equation 3-33, Equation 1-33 becomes:

𝑘𝑠𝑡 = 𝑘𝑗 (𝛿𝑛 )𝑛𝑗 (1 −

2

𝜏
𝜏𝑢𝑙𝑡

)

3-34

Equation 3-34 shows that the tangent shear stiffness is a function of both the applied normal and
shear stresses. This shows that shear stiffness is not a constant, but rather a variable that can be
determined at any stress level.
Hungr and Coates (1978) also proposed a hyperbolic function to describe the pre-yield
shear deformation of joints. However, this model is uniquely dependent on the yield point (point
of maximum curvature on the stress-displacement curve):
𝜏=

𝑢𝑡
𝑡−𝛿𝑠

− 𝑢, 𝑓𝑜𝑟 𝑡 < 𝛿𝑠

3-35

Where, u and t are constants that are given by the following equations:
𝑢=−

𝑧 𝑎 𝑓𝛿𝑛 2
𝑎 𝛿𝑛 −𝑏

𝑎𝑛𝑑

𝑡=−
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𝑧𝑓𝑏
𝑎 (𝑎𝛿𝑛 −𝑏)

3-36

Where: z is the ratio of the yield to the peak stress, a is the ratio of the yield secant shear stiffness
to the normal stress, f is the coefficient of friction describing the peak shear strength under the
applied normal stress, and b is the ratio of unit length of the stress axis to the unit length of the
displacement axis.
The tangent and secant shear stiffness formulas are shown in Equations 3-37 and 3-38,
respectively.

𝑘𝑠𝑡 =
𝑘𝑠𝑠 =

𝑢𝑡

3-37

(𝑡−𝛿𝑠 )2

1
𝛿𝑠

(

𝑢𝑡
𝑡−𝛿𝑠

− 𝑢)

3-38

Bandis (1980) fitted laboratory experimental data into the two hyperbolic models presented
above, and based on the satisfactory results, he recommended both models.
Despite the non-linearly of the shear stress-displacement curve in the pre-yield
deformation region and the resulting fact that shear stiffness is not a constant but rather a function
of normal and shear stresses, it is still common practice in rock mechanics testing laboratories to
determine a single value for the shear stiffness for each test. The two commonly used methods to
determine this parameter are the tangent shear stiffness at 50% peak shear strength and the secant
shear stiffness measured between zero and the peak shear strength. These two methods are
straightforward and easy to use, yet they have some limitations. Day et al. (2017) proposed a best
fit chord method for the determination of the shear stiffness. This method manually targets the
linear region of the shear stress- displacement curve; however, while it may provide improved
results, this method is subjective and highly dependent on the user experience. Also, it provides a
single constant stiffness value that does not define the non-linear behaviour of the shear stressdisplacement curve. These three shear stiffness measurement methods are shown in Figure 3-25.
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Figure 3-25: Common joint shear stiffness measurement methods used in rock mechanics
testing laboratories: secant, tangent, and best fit chord (modified after Day et al. 2017).
3.3.3 Laboratory Measurement of Shear Stiffness
Bandis (1980) performed direct shear tests using a portable shear apparatus that was
manufactured by Robertson Research International. The joints were either wired or taped together
to keep them mated during sample preparation, but the tape or wires were cut before testing, after
the application of a small normal load to avoid any sample disturbance. Rotational movements of
the shear box were noted during the testing of dilatant rough joints. It is important to mention that
in this study, Bandis (1980) conducted multi-stage direct shear tests. The specimens were first
tested under low normal stress. When the peak shear strength was reached, the specimen was
unloaded, and the two joint halves were reassembled, regardless of surface roughness and
damage, and tested again at a higher normal stress, and so on. Therefore, these results must be
carefully and skeptically considered since it is undoubtedly expected that the shear resistance of
the specimen is affected by earlier tests.
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Experimental setup, especially the location of a displacement measuring device, may
have a significant impact on the recorded shear displacement, and hence the shear stiffness. This
was shown in a study conducted by Rosso (1976), where he compared three different
measurement methods: direct measurement as close as possible to the shear horizon, between the
specimen rings, and using the loading piston. The results show a significant effect on the
measured shear stiffness, as shown in Figure 3-26, where the loading piston measurement shows
the largest shear displacement. Unfortunately, this is the measurement method used in this
research. However, it is advisable for future research to record joint displacement as close as
possible to the shear plane, preferably in contact with the rock itself. This is to avoid additional
deformation resulting from the entire system.

Figure 3-26: Effect of shear stress and displacement measurement method on test results
(modified after Rosso 1976).
With this in mind, Bandis (1980) modified his test setup by repositioning the dial gauges
to be in contact with the specimen. The dial gauge spindles rested 1-2 mm above the shear plane,
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as shown in Figure 3-27. This figure also highlights the effect of the location of the measuring
device on the resulting shear stiffness. Figure 3-28 shows a photograph of the direct shear
machine used by Bandis (1980).

Figure 3-27: Effect of measuring device location on shear stiffness (modified after Bandis
1980).

Figure 3-28: Photograph of the portable direct shear machine used by Bandis (1980).
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3.4 Laboratory Testing
3.4.1 Test Program
In this study, a series of normal loading and direct shear tests were conducted under the constant
normal stress (CNL*) boundary condition. The specimens were tested at the Queen’s University
Advanced Geomechanics Testing Laboratory using the GCTS RDS-200 servo-controlled direct
shear testing system (Figure 3-29).

Figure 3-29: (a) RDS-SERVOPAC hydraulic servo control package, (b) GCTS DSH-200
direct shear machine, (c) SCON-1500 microprocessor, acquisition system, and controller.
This testing program consists of the following specimens:
-

6 intact PdB granite specimens used to isolate the joint closure as per Goodman (1976)
(Table 3-1).

-

1 reference intact steel specimen, tested at six different normal loads, to investigate the
effect of system stiffness on the results (Table 3-1).

-

4 PdB granite and 1 Cobourg limestone specimens that were normally loaded in the MTS
815 loading frame to compare the two testing apparatuses and examine the direct
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measurement of joint normal closure using axial extensometers directly mounted to the
specimens (Table 3-2).
-

36 saw-cut and smoothly-ground Pointe du Bois (PdB) granite discontinuities (Table
3-3), tested to investigate the effect of saturation on the normal and shear deformation of
granite joints. Details and results of the saturation study are presented in Chapter 5.

Table 3-1: Testing Program of intact PdB granite and steel reference specimens in direct
shear.
Test #

Specimen
Description
1
2

G-I-DS-1
G-I-DS-2

Normal Stress
(MPa)
16
16

3
4

G-I-DS-3-4
G-I-DS-3-2

4
2

27/06/2019
27/06/2019

5
6

G-I-DS-3-8
G-I-DS-4-4

8
4

27/06/2019
27/06/2019

7

G-I-DS-4-2

2

27/06/2019

8

G-I-DS-4-8

8

27/06/2019

9

St-DS-2in-2

2

03/07/2019

St-DS-2in-4

4

03/07/2019

St-DS-2in-8

8

03/07/2019

St-DS-2in-16

16

03/07/2019

10
11

Intact PdB Granite

Intact Steel

12

Specimen ID

Test Data
(dd/mm/yyyy)
30/06/2019
30/06/2019

Table 3-2: Testing Program of saw-cut PdB granite in the MTS 815 machine.
Specimen #
1

Specimen Description

Specimen ID
G-I-UCS-1

Test Data (dd/mm/yyyy)
01/08/2019

2

Intact PdB Granite

G-MTS-DS-2

18/08/2019

3

G-MTS-DS-3

18/08/2019

4

G-MTS-DS-4

18/08/2019

L-UCS-1

01/08/2019

G-I-UCS-1-cut

01/08/2019

G-MTS-DS-2-cut

18/08/2019

8

G-MTS-DS-3-cut

18/08/2019

9

G-MTS-DS-4 -cut

18/08/2019

L-UCS-1-cut

01/08/2019

5

Intact Cobourg Limestone

6
7

10

Saw-cut PdB Granite

Saw-cut Cobourg Limestone
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Table 3-3: Saw-cut Pointe du Bois granite discontinuities direct shear testing program.
Specimen #
1

G-OD-DS-1

Normal Stress
(MPa)
1

2

G-OD-DS-2

1

12/06/2019

3

G-OD-DS-3

2

10/06/2019

4

G-OD-DS-4

2

11/06/2019

G-OD-DS-5

4

30/05/2019

G-OD-DS-6

4

30/05/2019

G-OD-DS-7

8

31/05/2019

G-OD-DS-8

8

31/05/2019

9

G-OD-DS-9

16

03/06/2019

10

G-OD-DS-10

16

09/06/2019

11

G-OD-DS-11

20

02/06/2019

12

G-OD-DS-12

20

02/06/2019

13

G-S-DS-1

16

21/04/2019

14

G-S-DS-2

16

21/04/2019

15

G-S-DS-3

8

22/04/2019

16

G-S-DS-4

8

22/04/2019

G-S-DS-5

2

23/04/2019

G-S-DS-6

2

23/04/2019

G-S-DS-7

4

24/04/2019

G-S-DS-8

4

25/04/2019

21

G-S-DS-9

1

21/05/2019

22

G-S-DS-10

1

21/05/2019

23

G-S-DS-11

20

27/05/2019

24

G-S-DS-12

20

24/05/2019

25

G-RRH-DS-1

4

11/03/2019

26

G- RRH -DS-2

2

08/02/2019

27
28

G- RRH -DS-3
G- RRH -DS-4

2
4

07/02/2019
01/03/2019

G- RRH -DS-5

8

17/03/2019

G- RRH -DS-6

8

18/03/2019

G- RRH -DS-7

1

19/03/2019

32

G- RRH -DS-8

16

20/03/2019

33

G- RRH -DS-9

16

20/03/2019

34

G- RRH -DS-10

1

21/03/2019

35

G- RRH -DS-11

20

12/03/2019

36

G- RRH -DS-12

20

13/03/2019

5
6
7
8

17
18
19
20

29
30
31

Description

Saw-cut, tested
after 2-weeks
oven-drying at
40 °C

Saw-cut, tested
after 3-months
submersion in
de-ionized
water

Saw-cut, tested
at relative room
humidity
(RRH)

Specimen ID
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Test Date
(dd/mm/yyyy)
14/06/2019

3.4.2 Sample Preparation and Testing Procedure
The specimens tested in the GCTS RDS-200 servo-controlled direct shear testing system were
prepared in accordance with the sample preparation procedure developed in Chapter 2. Table 3-4
lists the steps followed in the testing procedure for the saw-cut specimens, and Table 3-5 lists
those for the intact specimens. The specimens tested in the MTS 815 loading frame were prepared
as UCS samples, following the ASTM D4543 standard (ASTM 2008b) and the related ISRM
suggested methods (Fairhurst & Hudson 1999). Table 3-6 lists the steps followed in this testing
suite. Three axial extensometers directly mounted onto the specimen were used to measure the
joint closure, as shown in Figure 3-30.
Table 3-4: Steps of normal loading and direct shear tests conducted on saw-cut specimens
Step

Activity

1

Specimen seating at an initial stress of 0.3 MPa

2

3 normal loading-unloading cycles at a 0.01 MPa/s rate up to the desired normal
stress

3

Shear loading at 0.2 mm/min shear displacement rate for 8 mm, under the set
normal stress

Table 3-5: Steps of normal loading and direct shear tests conducted on intact specimens
Step

Activity

1

Specimen seating at an initial stress of 0.3 MPa

2

3 normal loading-unloading cycles at a 0.01 MPa/s rate to the desired normal stress

3

Shear loading at 0.2 mm/min shear displacement, under the set normal stress, up to
the peak shear displacement of jointed samples tested under the same normal stress
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Table 3-6: Steps of normal loading tests conducted in the MTS 815 machine
Step

Activity

1

Specimen seating at an initial stress of 0.5 MPa

2

Specimens axially loaded at a 0.005 mm/min axial displacement rate to 30 MPa
(less than the crack initiation threshold of this rock and high enough for joint
closure)

3

Specimen is unloaded and saw-cut halfway, across the diameter, using diamond
saw

4

The two halves are reassembled, and the specimen is axially loaded at 0.005
mm/min axial displacement rate until it fails

Figure 3-30: a) Intact PdB granite UCS specimen loaded to 30 MPa, (b) Cobourg limestone
specimen cut halfway and loaded to failure.
3.4.3 Sample Description
Pointe du Bois granite samples were retrieved from 45 mm diameter diamond drill core provided
by Manitoba Hydro. The granite is greyish-pink in colour, fine to coarse-grained and phaneritic in
texture; it is mainly composed of quartz, alkali-feldspars, plagioclase, and biotite (Figure 3-31).
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The specimens used in this testing program had no foliations or other visible weakness planes.
Chapter 5 includes more details regarding the specimens’ geological setting and mineralogy. The
Cobourg limestone and the intact steel specimens are 50 mm in diameter. Details on the Cobourg
limestone mineralogy can be found in work conducted by Day (2016).

Figure 3-31: A) smoothly ground granite specimen. B) A representative thin section of the
sample under cross-polarized light. Pl- Plagioclase, Qtz- Quartz, Bt-Biotite, and Mumuscovite.

3.5 Pre-yield Normal Deformation Data Processing and Interpretation
3.5.1 Investigation of the Effect of Test System on Pre-yield Shear Deformation
Few concerns were observed during normal loading tests and from the recorded data. Signs of
grout damage and sand bulging were observed in all tests (intact and saw-cut specimens)
conducted to stresses above 16 MPa (~25 kN), as shown in Figure 3-32. This behaviour only
happens in the first loading cycle; the second and third loading cycles show identical closure
behaviours that are nearly linear, as shown in Figure 3-33 and Figure 3-34. On the other hand, the
instantaneous normal stiffness values measured from both intact and saw-cut specimens normally
loaded in the GCTS machine show an unexpected decrease in normal stiffness around 8 MPa for
the intact specimen and 12 MPa for the joints (Figure 3-35). Beyond these stress thresholds, the
specimens show the same stiffness value.
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Figure 3-32: Typical normal stress-displacement curves of specimens tested beyond 16
MPa, with sudden increases in normal displacement highlighted, and signs of grout damage.

Figure 3-33: Second loading cycle showing consistent normal closure behaviour.
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Figure 3-34: Third loading cycle showing consistent normal closure behaviour.

Figure 3-35: Instantaneous normal stiffness values for an intact and a saw-cut specimen
tested in the GCTS machine.
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To further investigate the system deformations, a comparison between specimen normal
displacements measured in the MTS 815 machine and the GCTS RDS 200 machine was
conducted. The results show significant deformations in the GCTS direct shear machine
specimens, as seen in Figure 3-36. These deformations are orders of magnitude higher than those
measured in the MTS machine, especially when using extensometers. These discrepancies
between the two machines results can be related to the significant difference in both systems
stiffness. The normal displacement measured in the GCTS machine includes deformations from
the grout, system (contact with the specimen ring, the shear cap, and the shear box), intact rock,
and the joint normal closure.

Figure 3-36: Comparison of normal stress-normal displacement curves of intact specimens
tested in the MTS and the GCTS machines.
All these deformations are included in the measured displacement due to the location of the
LVDT, being far from the joint, as seen in Figure 3-37. The location of the measuring sensor has
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a significant effect on the recorded deformations; a simple illustration is shown in Figure 3-38.
This figure shows that the instantaneous normal stiffness values determined from the axial
extensometers are one order of magnitude higher than those obtained from the machine stroke
data.

Figure 3-37: A-GCTS RDS 200 direct shear machine. B- Location of the LVDT.

Figure 3-38: Instantaneous normal stiffness of G-UCS-1 using total displacement recorded
from the extensometers (red) and the machine stroke (blue).
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3.5.2 Joint Closure Measurement Procedure
The first step in processing normal loading test data is to isolate the joint closure from the total
measured displacement, which incorporates joint closure, intact rock deformation on both sides of
the joint, and the deformation caused by the system, including the shear box as well the specimen
encasement materials (grout, sand, and plastic specimen holder), as discussed in the previous
section. Goodman’s (1974) method is used to determine joint closure. In this technique, a
separate intact specimen from the same rock, with the same dimensions, should be used to
measure the elastic deformation of the specimen and the deformations of the system. Both the
intact and jointed specimens should be tested in the same machine, following the same procedure.
The following steps should be followed to isolate the joint closure:
1. Conduct 3 normal loading-unloading cycles on the intact specimen.
2. Record the 3rd cycle normal deformation since it is most representative of the
elastic deformation of the specimen.
3. To calculate the joint normal closure, subtract the intact rock deformation (3rd
loading cycle) from the total joint deformation, at the corresponding normal
stress, as shown in Equation 3-39 and in Figure 3-39.
∆𝑉𝑗 = ∆𝑉𝑡 − ∆𝑉𝑟

3-39

Where ∆𝑉𝑗 is the joint closure, ∆𝑉𝑡 is the total normal deformation, and ∆𝑉𝑟 is the
intact rock deformation.
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Figure 3-39: Illustration of Goodman’s (1974) method for joint normal closure isolation.
In this study, to isolate joint closure from the total displacement, average normal displacement
was obtained from the 3rd loading cycle of 6 intact PdB granite specimens, as shown in Figure
3-40. This average displacement was subtracted from the discontinuities’ total displacement data,
ensuring that all specimens have the same initial seating stress and a zeroed initial normal
displacement.

Figure 3-40: Data from third loading cycles of 6 intact PdB granite specimens.
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A quick comparison of stiffness values obtained from the different test loading cycles and
using both total displacement and joint closure, shows that normal stiffness values obtained from
the second and the third loading cycles are very similar (Figure 3-41). Furthermore, stiffness
values obtained from the joint closure are an order of magnitude higher than those obtained from
the total displacement, except in the first loading cycle.

Figure 3-41: Comparison of normal stiffness values obtained from different loading cycles
using joint closure and total displacement.
Although Goodman’s (1974) method makes perfect theoretical sense, direct measurement
of joint closure is undoubtedly favourable since it is more accurate. It also decreases the number
of tests required; there is no need to test intact specimens separately. In some cases, it may be also
challenging to obtain intact specimens of the exact joint samples, and even if identical specimens
are found, rock samples can never be identical, given their intrinsic internal heterogeneities. To
validate this technique, the author measure the joint deformation in contact with the discontinuity,
using three 25 mm long axial extensometers to measure joint deformation, as shown in Figure
3-42. Figure 3-43 show a comparison of Goodman’s (1976) methodology of joint closure
determination (LVDT- joint closure) and the average axial displacement measured by the
94

extensometers on a PdB granite and a Cobourg limestone sample. Firstly, it is important to note
the significant difference in the normal deformation measured by the LVDTs compared to that
recorded by the extensometers. Deformations measured by the LVDTs are 10 times higher than
those of the extensometers. This has a significant effect on the measured normal stiffness. Also, it
is important to understand that the deformations measured by the 25 mm long extensometers
include some intact rock deformations. In the lower stress range, the closure obtained from the
extensometers and the LVDTs are very similar. This shows the robustness of Goodman’s (1974)
method in cancelling out the system deformations from the joint data, without the requirement of
direct contact with the joint. However, it is interesting to note that the extensometer stress-closure
curve becomes asymptotic to a line representing the elastic deformation of the intact rock at
higher stresses, while Goodman (1974) states that when the elastic deformation of the intact rock
is subtracted from the joint stress-closure curve, the curve becomes asymptotic to a line
representing the maximum joint closure 𝑉𝑚 , and, in fact, the LVDT stress-closure curve follows
this behaviour.

Figure 3-42: Direct joint closure measurement using 3 axial extensometers (Cobourg
limestone specimen, 61 mm in diameter).
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Figure 3-43: Normal stress-closure curves showing a comparison between Goodman’s
method and direct measurement of joint closure using extensometers for PdB granite and
Cobourg limestone (Vj-joint closure, Vt-total deformation, Vr-intact rock deformation).
When using Goodman’s method, it is preferable to use a stress controlled testing
procedure for easy and straightforward data processing; however, some machines cannot maintain
a constant stress rate during testing even if they are servo-controlled, as shown in Figure 3-44.
This UCS test was programmed to run at a 0.01 MPa/s stress rate, but the measured stress rate
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ranged from -0.5 to 1.5 MPa/s. Another issue that can happen in similar testing programs is the
premature failure of saw-cut specimens during normal loading due to a rough or uneven saw-cut,
as shown in Figure 3-45.

Figure 3-44: An increase in stress rate as a stress controlled UCS test progresses, where the
stress rate was programmed to be 0.01 MPa/s (MTS815).

Figure 3-45: Normal stress-closure curves showing premature failure of joint due to rough
saw-cut.
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3.5.3 Joint Normal Stiffness Determination
All the specimens displayed various degrees of non-linearity when loaded normally, with the first
cycle showing the most significant non-linear behaviour. This behaviour is most significant in the
lower stress region, and, beyond this zone, the specimen deforms linearly under compression.
Upon unloading, all specimens experienced hysteresis. These characteristics are observed in both
saw-cut and intact specimens, with the jointed samples having higher deformation and hysteresis
compared to the intact ones. Figure 3-46 shows an intact and a saw-cut specimen loaded to 16
MPa and 20 MPa, respectively. As shown in Figure 3-46, a sudden increase in normal
deformation occurring between 8 and 11 MPa happens in both the intact and jointed specimens
due to grout deformations as discussed earlier.

Figure 3-46: Typical normal stress-displacement curves of all the specimens.
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3.5.3.1 Correlation of Experimental Data and Closure Laws
Now that a methodology for the determination of joint normal closure is available, the next step is
to investigate an appropriate normal closure law that best fits the experimental data and can be
used to determine the joint normal stiffness. The closure laws gathered from the literature review
presented earlier are summarized in Table 3-7. The Li et al. (2016) closure law, which was
developed for joints with different degrees of opening, was not used in this study since smoothlyground saw cut specimens are used in this research. The listed laws were fitted to normal loading
data obtained from the first and second loading cycles since the second and third cycles followed
the same behaviour. This was done using the Excel Solver data analysis tool to perform
regression analysis.
Table 3-7: Summary of normal closure laws used to analyze the experimental data.
Normal Closure Law
Normal Stiffness Equation
Description

Equation

Power

∆𝑉𝑗 = 𝛼𝜎𝑛

𝛽

Hyperbolic

Semi-log 1

∆𝑉𝑗 =

∆𝑉𝑗 =

𝑘𝑛 =

𝑉𝑚 𝜎𝑛
𝑉𝑚 𝑘𝑛𝑖 + 𝜎𝑛

1

𝑘𝑛 =

1

∆𝑉𝑗 = ln (𝜎𝑛′ / 𝜎𝑛ref )

𝑘𝑛 = 𝐴𝜎𝑛′

Exponential

∆𝑉𝑗

𝑘𝑛

A

= ∆𝑉𝑚 [1 − 𝑒

]

=

−2

(Bandis et
al. 1983)

𝑞𝜎𝑛
0.4343

Semi-log 2

𝑛
𝜎
−( 𝑛⁄𝜎1/2 ) 𝑙𝑛2

(Swan,
1983)

𝛽−1

𝛼𝛽𝜎𝑛

𝜎𝑛
𝑘𝑛 = 𝑘𝑛𝑖 (1 − (
))
𝑉𝑚 𝑘𝑛𝑖 + 𝜎𝑛

𝑙𝑜𝑔10 𝜎𝑛 𝑝
−
𝑞
𝑞

Reference

(Bandis et
al. 1983)
(Evans et
al. 1992)
1

𝜎
𝑛−1
−( 𝑛⁄𝜎1/2 )
𝜎
∆𝑉𝑚 [𝑛(𝑙𝑛2) ( 𝑛⁄𝜎1/2 )
.𝑒

𝑛

𝑙𝑛2

]

Malama
and
Kulatilake
(2003)

All of the listed normal closure laws were tested against normal loading experimental data,
and the followings were observed:
-

For normal stresses less than 8 MPa and during the first loading cycle (Figure 3-47):
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o

Strong non-linearity is observed in the lower stress range.

o

The exponential closure law proposed by Malama and Kulatilake (2003) and the
hyperbolic law proposed by Bandis et al. (1983) capture the non-linearity of the
experimental data, with the exponential law better capturing the early response of
the normal stiffness.

o

The semi-log closure laws (Bandis et al. 1983 and Evans et al. 1992) and power
law (Swan 1983) do not capture the joint early deformations. They do not
describe the deformation curvature in the early stress range, but they do in the
higher stress range.

-

For normal stresses less than 8 MPa and during the second loading cycle (Figure 3-48):
o

Normal stress-closure curve shows a nearly linear behaviour. This is possibly the
result of precompression during the first loading cycle.

o

All the closure laws show a good representation of the data, except the semilogarithmic ones due to the linearity of the test data curve. In this case, a linear
trendline may be used to directly determine the normal stiffness.

-

For normal stresses higher than 8 MPa and during the first loading cycle (Figure 3-49):
o

The normal stress-closure behaviour is highly affected by the system
deformation, occurring just past 8 MPa. Non-linearity is observed in the lower
stress range.

o

Curve fitting is not possible in this case due to the sudden increase in normal
deformation around 8 MPa (grout damage and sand bulging).

o
-

Note the high total displacement of ~ 3 mm

For normal stresses higher than 8 MPa and during the second loading cycle (Figure 3-50)
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o

Nearly linear behaviour is observed

o

Only the Malama and Kulatilake (2003) closure law provides a good
representation of the experimental data.

Figure 3-47: G-OD-DS-7 (8 MPa) normal loading cycle 1 with different normal closure law
fits. SSR: sum of squared residuals.
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Figure 3-48: G-OD-DS-7 (8 MPa) loading cycle 2, with different normal closure law fits.
SSR: sum of squared residuals.
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Figure 3-49: G-OD-DS-11 (16 MPa) loading cycle 1, with different normal closure law fits.
SSR: sum of squared residuals.
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Figure 3-50: G-OD-DS-11 (16 MPa) loading cycle 2, with different normal closure law fits.
SSR: sum of squared residuals.

Since the results obtained from specimens loaded to higher normal stresses in the GCTS
machine were inconclusive due to the system deformations, the closure laws were fitted to the
specimens tested in the MTS machine, as shown in Figure 3-51. Similarly to the findings for
specimens tested in the GCTS machine under normal stresses less than or equal to 8 MPa,
Malama and Kulatilake' s (2003) exponential closure law shows a better representation of the
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data, followed by the hyperbolic law proposed by Bandis et al. (1983). The semi-logarithmic laws
do not capture the curvature of the stress-displacement curve in the lower stress range (0-10MPa).
Swan’s (1983) power fit does not also capture the data curvatures.

Figure 3-51: Normal stress-deformation curve of a specimen tested in the MTS 815 loading
frame, and closure laws fitted to it (G-UCS-1).
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3.5.3.2 Normal Stiffness Determination
It is established from the previous section, that Malama and Kulatilake' s (2003) exponential
closure law and the hyperbolic law proposed by Bandis et al. (1983) provide good fits to the
experimental data in this study. However, Malama and Kulatilake' s (2003) law suggests an
exponentially increasing normal stiffness with increasing normal stress that approaches infinity at
very high stresses, which makes sense for an infinitesimal plane (joint), as shown in Figure 3-52.
Normal stiffness values obtained from this law are orders of magnitude higher than those
estimated by the others. Bandis’s et al. (1983) hyperbolic closure law estimates a relatively
slower increase in normal stiffness. The semi-logarithmic functions estimate a linearly increasing
normal stiffness with increasing normal stress.

Figure 3-52: Estimated normal stiffness values for G-UCS-1 using the different closure laws
used in this study.
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3.6 Pre-yield Shear Deformation Data Processing and Interpretation
3.6.1 Investigation of the Effect of Test System on Pre-yield Shear Deformation
Before developing a data processing methodology to characterize the pre-yield shear
deformation of joints, it is important to investigate the effect of the testing system on the
measured deformations. To do this, direct shear test results of smoothly-ground saw-cut
specimens were compared to those of intact specimens, as shown in Figure 3-54. Also, intact PdB
granite specimens were compared to intact steel specimens (Figure 3-55). As illustrated in both
figures, the shear stress-displacement curves show non-linear behaviour, especially in the lower
shear stress range. Figure 3-54 shows that the intact specimens have higher shear stiffness
compared the saw-cut specimens. This is most pronounced in the specimens tested under normal
stresses of 8 MPa and lower. The difference in shear stiffness is relatively negligible for
specimens tested under 16 MPa constant normal stress. The results presented in Figure 3-54 and
Figure 3-54 show that the intact specimens tested at applied normal stresses higher than 2 MPa
show non-linear hyperbolic deformation. However, the saw-cut samples exhibit variable types of
behaviour regardless of the applied normal stress.

Figure 3-53: Comparison between direct shear results of intact and saw-cut PdB granite
specimens under constant normal stress magnitudes of 2 and 4 MPa.
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Figure 3-54: Comparison between direct shear results of intact and saw-cut PdB granite
specimens under constant normal stress magnitudes of 8 and 16 MPa.

Figure 3-55: Comparison between direct shear results of intact PdB granite and steel
specimens under various constant normal stress magnitudes.
Figure 3-55 shows no significant difference in the pre-yield shear deformation behaviour
between the intact PdB granite and the intact steel specimens, except in the 2 MPa test. These
results are concerning since the granite and steel should not have similar shear stiffness values.
Also, the difference between stiffness values of intact specimens and jointed specimens should be
significant. The location from which shear displacement is recorded (at the end of the loading
piston, as seen in Figure 3-56) also can significantly affects the results, as shown by previous
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researchers (Rosso 1976; Bandis 1980). Stiffness of the intact steel specimen increases with
increasing normal stress; however, the intact granite specimens show variable behaviour (Figure
3-57).

Figure 3-56: GCTS RDS 200 Direct Shear machine. Red box highlights the shear LVDT.

Figure 3-57: Comparison between direct shear results of intact PdB granite and steel
specimens under different magnitudes of constant normal stress.
3.6.2 Data Processing Methodology
The first step in direct shear test data processing is setting the shear stress and displacement offset
values to zero, as shown in Figure 3-58. This step is conducted before the start of the test, before
normal loading starts; however, shear stress does not always remain at 0 MPa during the normal
loading-unloading phase. This causes small shear stress and shear displacement values to be
recorded at the beginning of each direct shear test. Therefore, 0.1 mm shear displacement and the
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corresponding shear stress were subtracted from all the raw shear data to account for the offset at
the beginning of each test.

Figure 3-58: Zeroing the shear stress and displacement offsets at the start of the test
(highlighted by the purple box). Left: raw data. Right: corrected data.
The next data processing step consists of isolating the joint deformation from the total
measured shear displacement, which incorporates joint, intact rock, and system deformations.
This entails subtracting the intact rock shear displacement from the total measured shear
deformation (Joint + Intact) at a given shear stress, as shown in Figure 3-59. Both the intact and
jointed specimens should have the same dimensions and be tested in the same machine, following
the same preparation and test procedures, and under the same normal stress condition. The
following steps should be followed to isolate the joint shear deformation for constant normal
stress direct shear strength tests, at each desired normal stress:
1. Conduct a direct shear test on the intact specimen up to the peak shear
displacement of jointed samples tested under the same normal stress;
2. Zero data offsets as explained above;
3. Fit a linear trendline, passing by the origin, into the test data (Figure 3-60);
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4. Use the trendline equation to obtain the elastic shear displacement at the desired
shear stress values. If more than one intact sample is tested, use the mean slope
value; and
5. To calculate the joint shear displacement, subtract the intact rock deformation
(Step # 4) from the total joint deformation at the corresponding shear stress.

Figure 3-59: Isolation of joint shear deformation (blue dots). Red- total deformation. GreenIntact specimen deformation.

Figure 3-60: Direct shear tests of intact PdB granite specimens tested under 4, 8, and 16
MPa normal stresses, with linear trend lines.
3.6.2.1 Correlation of Experimental Data and Pre-yield Shear Deformation Analytical Models
The next step in this study is to attempt to fit the existing analytical models to the experimental
shear data. First, the hyperbolic model proposed by Clough and Duncan (1969), Kulhawy (1975),
and Bandis (1980) will be examined in this study (Equation 1-27), followed by the model
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proposed by Hungr and Coates (1978) (Equation 1-35). Bandis (1980) reported satisfactory
results after examining both analytical models, and he recommended both. Figure 3-61 shows a
plot of

𝛿𝑠
𝜏

vs 𝛿𝑠 for different rock joints by Bandis (1980). The linear trends show that the model

is a good fit for the experimental data. However, it is important to note that the maximum applied
normal stress in this study is 1.96 MPa.

Figure 3-61: Linear plots of

𝒔

𝝉

vs

𝒔,

showing good hyperbolic fit to the experimental data

at any normal stress, with the maximum being 1.96 MPa (Bandis 1980).

The author followed Bandis’s (1980) procedure (Figure 3-61) in an attempt to investigate
the suitability of this model to analytically represent the pre-yield deformation behaviour of the
smoothly-ground saw-cut granite specimens used in this study, as shown in Figure 3-62 and
Figure 3-63. These figures show that the linear trend reported by Bandis (1980) only develops at
the beginning of the test, and it is coincident with the specimen seating region of the shear stressdisplacement curve.

112

Figure 3-62: Linear plots of shear displacement / shear stress ( 𝒔 ) vs shear displacement (
𝝉

𝒔)

for 4 MPa constant normal stress direct shear tests.

Figure 3-63: Linear plots of shear displacement / shear stress ( 𝒔 ) vs shear displacement (
𝝉

for 16 MPa constant normal stress direct shear tests.
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𝒔)

This may be due to the lower normal stresses that Bandis (1980) used to conduct shear testing, or
to the deformations resulting from the inadequate portable direct shear machine he used and
reported problems about, such as upper sample ring rotation about the vertical axis. Another
factor that could have influenced Bandis’ (1980) shear testing results is the fact that he conducted
multi-stage direct shear testing in his work. The discrepancies between Bandis’ (1980) findings
and the present study can be also related to the differences in the tested specimens: natural joints
versus smoothly-ground saw-cut granite joints, or to the test apparatus used in this research.
Hungr and Coates’ (1978) model was also fitted to the experimental data to examine its
suitability for an analytical representation of joint pre-yield shear deformation. While their
proposed law fits the data better than the previous hyperbolic model, the fitting results are still not
satisfactory, as shown in Figure 3-64, Figure 3-65, and Figure 3-66. From the previous section on
pre-yield normal deformation, it was found that Malama and Kulatilake' s (2003) exponential law
was the best fit for the data. Thus, a similar exponential model (Equation 3-40) was developed
and fit to the shear deformation data (Equation 3-42). As shown in Figure 3-64, Figure 3-65, and
Figure 3-66, this model fits the data very well. The Excel Solver data analysis tool was used for
the regression analysis.
∆𝛿𝑠 = 𝑎 [1 − 𝑒 −(

𝜏⁄ )𝑐 𝑙𝑛2
𝑏
]

3-40

Where a, b and c are constants. The physical definition of these parameters is to be determined in
future work.
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Figure 3-64: Hungr and Coates (1978) hyperbolic model and a new exponential model fitted
to 8 MPa constant normal stress direct shear tests data.

Figure 3-65: Hungr and Coates (1978) hyperbolic model and a new exponential model fitted
to 4 MPa constant normal stress direct shear tests data.
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Figure 3-66: Hungr and Coates (1978) hyperbolic model and an exponential model fitted to
16 MPa constant normal stress direct shear tests data.
3.6.2.2 Shear Stiffness Determination Methodology
Since the exponential model provides the best fit to the data, the corresponding tangent shear
stiffness was determined through derivation, and its formula is shown in Equation 3-43.

𝑘𝑠𝑡 =

1

𝑎[𝑐(𝑙𝑛2)(𝜏⁄𝑏)

𝑐
𝑐−1 −(𝜏⁄ ) 𝑙𝑛2
𝑏

𝑒

3-41
]

Using this equation, shear stiffness was calculated at the corresponding shear stress values, and
the results are shown in Figure 3-67. These results show significantly higher shear stiffness
values with increasing shear stress. This makes perfect mathematical sense since the stiffness
values correspond to the instantaneous slope of the shear stress-displacement curve. To
graphically illustrate this, both the shear stress-displacement and tangent shear stiffness-shear
stress curves are plotted side by side in Figure 3-67.
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Figure 3-67: Left-Exponential function fit to test data. Right- The corresponding derived
shear stiffness.

3.7 Conclusions
Sound understanding of the geomechanical properties of discontinuities that govern the
deformation behaviour of a rockmass is of high importance to numerical modelling and,
therefore, to the geotechnical design of both shallow and deep excavations. Joint deformation is a
complex phenomenon that can be better understood if divided into individual components (Barton
1986):
1. The behaviour of the intact material, separating the discontinuities, which is
stiffer and stronger relative to the joints;
2. The normal stress-closure behaviour of joints under normal loading and
unloading cycles; and
3. The shear deformation of the joint subject to shear stress.
Accurate determination of joint normal stiffness cannot be achieved without isolating the
joint deformation. This can be achieved through subtracting the intact rock deformation (which
also includes the system deformation) from that of the total displacement measured during joint
testing, as per Goodman’s (1974) method.
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The normal stress-closure behaviour of a discontinuity is highly non-linear, and this
continues throughout repeated loading cycles. The largest amount of closure occurs in the first
loading cycle, and hence the measured stiffness is low in the lower normal stress range.
Significant hysteresis is observed in the first unloading cycle compared to the other cycles. Due to
this non-linearity, it is meaningless to use a single normal stiffness value to characterize the joint
normal closure behaviour. Instead, the normal stiffness should be a function of the normal stress.
In this study, it was shown that Malama and Kulatilake's (2003) exponential closure law provide
the best analytical representation of the corrected laboratory normal loading data. The
corresponding derived normal stiffness equation provides a simple function that can be used to
obtain joint normal stiffness at any applied normal stress. This equation can be easily
implemented in numerical models.
In this study, a procedure that isolates the discontinuity shear deformation from the intact
rock and system deformations is suggested. This consists of, first, conducting a direct shear stress
test on an intact sample with the same dimensions and test set-up as the joint. The sample is
sheared to the peak shear displacement threshold. Second, the intact specimen shear deformation
should be subtracted from the total measured joint shear displacement. This will isolate the joint
shear deformation as well as cancel out any system deformations. The corrected shear
deformation of the smoothly-ground saw-cut granite specimens shows non-linear behavior
between the onset of shear stress and the mobilization of the peak shear strength. The hyperbolic
model recommended by Bandis et al. (1983) was fitted into the experimental data; however, the
results were not satisfactory. The model proposed by Hungr and Coates (1978) provides a better
fit, but it does not capture the shear stress-displacement plot curvature in the lower stress range. A
new empirical exponential model, developed in this work, shows the best analytical
representation of the data. A shear stiffness equation is directly derived from this model.
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Chapter 4
Effects of Water-Saturation on the Geomechanical Properties of Lac du
Bonnet and Pointe du Bois Pink Granites
This chapter presents the results of a study that investigates the effect of water-saturation on the
geomechanical properties of two low-porosity crystalline rocks: Lac du Bonnet (LdB) and Pointe
du Bois (PdB) pink granites. Stress-strain analyses, obtained from geomechanical laboratory
testing, are presented to investigate saturation effects in tension, compression, and confined shear.
A literature review on the effects of water on the mechanical and rheological behaviour of rocks
is presented at the beginning of this chapter.

4.1 Introduction
An understanding of the combined effect of stress, water-saturation and heat (in-situ conditions)
on the geomechanical properties of host rocks is of high importance to the safe long-term disposal
of nuclear waste in deep geological repositories (DGR). Hydrothermal effects are, however,
outside the scope of this project; only the effect of water-saturation under different stress loading
conditions (compression, tension, and confined shear) at room temperature were investigated.
Additionally, it seems that the mechanisms causing these effects are poorly understood. Thus, the
objective of this study is to extend this research to low porosity crystalline rocks since the major
candidate sites for the disposal of high-level nuclear waste are situated in hard crystalline
bedrocks that mainly consist of granite rock (Hirschorn et al. 2017). Intact granite has an
extremely low porosity and permeability. However, the long-term exposure to in-situ
groundwater, repository excavation induced damage, confinement, and nuclear waste decay heat
may potentially impact the permeability, the geomechanical response and failure behaviour of
this competent rock, and therefore, increase the risk of radionuclide migration across the rock
barrier. In this study, stress-strain analyses, obtained from geomechanical laboratory testing, are
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presented to investigate saturation effects in tension, compression, and confined shear. The author
also explains the main mechanisms of rock-water interactions and how they influence crack
propagation and damage since these mechanisms seem to be are poorly understood based on the
literature review.

4.2 Background
4.2.1 Rock Fracture Mechanisms
Before diving into the physical water-rock interaction, it is important to establish a basic
understanding of the fundamentals of rock fracture and failure mechanisms. As seen in Figure

4-1, there are three main modes of fracturing in rocks: tensile (mode I), in-plane shear (mode II),
and tearing fracture (mode III) (Atkinson 1987). Tensile stress concentrations around crack tips,
pores, or other local inhomogeneities govern the initial fracturing of rock under both tensile and
compressive loadings. Even in confined conditions, the coalescence of these microcracks, causes
the development of a macro-shear failure plane (Griffith 1921, Hoek and Bieniawski 1965). This
highlights the governing role of tensile fracturing (mode I) in failure initiation in brittle rocks.

Figure 4-1: Fracture modes in rocks (Atkinson 1987)
The deformation, stress-strain curve, in compression loading, can be subdivided into four
regions that describe microcracks propagation, and hence the failure behaviour. These regions are
explained in Figure 4-2 below according to Eberhardt et al. (1998).
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Figure 4-2: Stress-strain curve showing damage thresholds (Modified after Eberhardt et al.
1998; Martin et al. 2001).
-

Region I: this region is known as the crack closure region, in which the compressive
stress acts perpendicular to the existing microcracks and closes them. This region is not
observed in tensile loading. The crack closure, σcc, threshold indicates the stress at which
a large number of these cracks has been closed (Eberhardt et al. 1998).

-

Region II: after crack closure, the rock behaves elastically, with the slope being equal to
Young’s modulus.

-

Region III: the first microcracks start forming at the crack initiation threshold, σci; these
microcracks are tensile in nature and occur in the direction of the major principal stress
(Hoek and Bieniawski 1965), as seen in Figure 4-3. Stable crack growth happens in this
region.

-

Region IV: this region represents the onset of unstable micro-fracturing and the formation
of macrocracks. This region starts at the crack damage stress threshold, σd. As cracks
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grow, they interact with each other and coalesce, forming a shear plane oblique to the
loading direction.

Figure 4-3: Micro-crack under compression (Eberhardt et al. 1998).
4.2.2 Porosity in Crystalline Rocks
To examine the effect of water saturation on the geomechanical properties of crystalline rocks, it
is important to understand the concept of porosity in rocks, and hence, the pore space available
for water. Total porosity can be divided into connected and unconnected porosity, and in intrusive
igneous rocks, such as granite, pore space is the sum of microfractures, intragranular pores and
fluid inclusions (Tullborg and Larson 2006). Examples of micro-crack types observed in granitic
matrix include mica cleavage cracks, intergranular cracks within quartz polycrystals,
intragranular cracks in feldspars formed along cleavage planes, and interphase cracks between
quartz and feldspars, as seen in Figure 4-4 (Schild et al. 2001). Other studies also show crack
propagation in intergranular and along cleavage planes (Tapponier and Brace 1976). On the other
hand, studies show that laboratory porosity measurements overestimate the true in-situ porosity
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due to a number of factors, including relaxation due to stress-relief, generation of microcracks
during drilling as well as damage occurring during sample preparation (Schild et al. 2001).

Figure 4-4: Thin sections showing characteristic microcracks in granitic specimens: a ,c ,e,
and g normal, and b, d, f, h fluorescence microscopy. a, b: cleavage cracks in biotite. c, d:
intergranular cracks in quartz. e, f: cleavage cracks of k-feldspars. g, h: irregular
intragranular and intergranular cracks in plagioclase (modified after Schild et al. 2001).
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4.2.3 Water Occurrence in Rocks
Water is the most common saturation medium and can be present in underground environments at
any depth. Water can be found in different forms: structural water associated with clay minerals,
water bounded to the surfaces of hydrophilic minerals, physically trapped capillary water, water
in small pores with limited mobilization, and free water in large pores and fractures (Zhang et al.
2017).
4.2.4 Mechanics of Water Saturation Effects on Rock Strength and Deformation
This section provides an overview of the mechanisms of rock-water interactions. Fluid-rock
interactions are highly dependent on both the fluid and the rock compositions as well as microstructural features, such as pore volume, shape, etc. (Jaeger et al. 2007). The influence of
saturation on rock strength and deformation is the result of two main processes: the mechanical
influence of pore water pressure, related to drainage conditions, and the fluid-rock physiochemical interactions that can enhance subcritical crack growth and propagation and the change
of friction resistance (Jaeger et al. 2007). The effect of these two mechanisms are, however, hard
to separate during laboratory testing.
4.2.4.1 Mechanical Effect of Pore Pressure on Rock Strength
The mechanical compression of water saturated pores causes pore water pressure buildup, causing a lower effective stress, shifting the Mohr stress circle towards the failure envelope,
shown in Figure 4-5. In porous rocks, sustained pore pressure directly impacts the effective
stress. In low-porosity rocks, trapped pore fluids reduce the effect stress as load increases. The
effective stress can be determined using Terzaghi's (1936) equation (Equation 4-1).
𝜎′ = 𝜎 − 𝑝

Where 𝜎 ′ is the effective stress, 𝜎 is the total stress, and 𝑝 is pore water pressure.
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4-1

Figure 4-5: Mohr circles with failure envelopes showing the effect of pore water pressure
(Modified after Jaeger et al. 2007).
4.2.4.2 Rock-Water Physio-Chemical Interaction Mechanisms
Subcritical crack growth, or stable cracking, can be triggered by several mechanisms, some of
which are highly dependent on the chemical environment, namely the presence of pore water.
These mechanisms include physisorption, stress corrosion cracking, dissolution, diffusion, etc.
(Atkinson 1984). Mechanisms that do not apply to crystalline rocks will not be presented in this
section, examples of these mechanisms are the zeta potential phenomenon, associated with clay
minerals, disjoining pressure mechanisms in concrete, and dissolution which is mainly important
in carbonates.
4.2.4.2.1 Physical Adsorption
Generally, surface atoms have unsatisfied bonds and continuously seek to minimize their
potential energy. This high surface energy can be lowered through the adsorption of a material
with a lower energy, such as water, the adsorbate uses a portion of this energy to bind to the
surface (Diederichs 1987). The phenomenon of physisorption can happen at crack tips (Figure
4-6) as well as at any exposed surface. Crack tips hydrolysis reduces the work required for crack
propagation and, therefore, enhances it (Diederichs 1987). For crystalline igneous rocks,
however, the atoms are at or near their minimum potential energy due to the slow crystallization
and cooling process of the magma (Diederichs 1987). Thus, for granite, surface energy, and
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therefore, surface wettability is expected to be low. Also, it is important to mention that such
reaction takes time to happen.

Figure 4-6: Physisorption of water on quartz.
4.2.4.2.2 Stress Corrosion cracking
Stress corrosion, also known as chemisorption, involves of the weakening of strained bonds at
crack tips by the action of chemical agents, such as water, present in the environment, and,
therefore, allows crack growth through the reduction of the stress intensity factor, K (Atkinson
1984). This phenomenon requires an initial strain of the bond before corrosion can occur (Fuller
and Thomson 1980), and it is a common weakening mechanism in silica. Strained bonds (Figure
4-7) are common in plutonic igneous rocks at the grain boundaries due to conflicting lattice
orientations on opposite sides of the boundary (Diederichs 1987). Therefore, this makes granite
potentially susceptible to stress corrosion cracking in the presence of water. In fact, this
phenomenon is considered the most dominant chemically weakening mechanism in crystalline
rocks strength reduction, especially at very low loading rates (Simpson and Fergus 1968; Waza et
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al. 1980). The time-dependent effects of water on crystalline rock strength were reported by
Lajtai et al. (1987) in Lac du Bonnet granite and by Masuda (2001) on granite and andesite
specimens.

Figure 4-7: Strained quartz bond susceptible to stress corrosion cracking.
4.2.5 Effects of Water in Compression, Tension and Shear
From the previous sections, it is now clear that tensile cracks can propagate as the result of bond
rupture, which is affected by the presence of water. Also, the propagation, growth and
coalescence of these micro-cracks govern failure under both uniaxial and triaxial loadings.
Bieniawski (1967) developed a relationship that directly relates the maximum tensile stress and
the resisting atomic-scale frictional coefficient of the surface, µa. Thus, the effect of water on the
tensile strength can be directly extended to shear deformation at the atomic level. During
compression, adsorbed water can either weaken bonds at the crack tips, migrate out of the crack,
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or affect the frictional resistance on an atomic level. The latter effect of pore water highly
depends on the mineralogy involved. Surface moisture acts as a lubricant for minerals with sheetlike crystal structures and as an anti-lubricant for minerals with massive crystals structures
(Figure 4-8). On the other hand, trapped water in micropores, resisting compressing, can affect
both the elastic modulus and the tensile cracking; this is, however, load rate controlled.

Figure 4-8: Effect of water saturation on the frictional behaviour of minerals with massive
and sheet-like crystal structures (Modified after Horn and Deere 1962).
4.2.6 Experimental Studies of the Effect of Water Saturation on Different Rocks
Many researchers have shown significant strength weakening effects due to saturation in
sedimentary rocks with argillaceous composition (Colback and Wiid 1965, Hawkins and
McConnel 1992, Erguler and Ulusay 2009, Yilmaz 2010, Li et al. 2012). Experimental study
conducted by Erguler and Ulusay (2009) on 67 specimens from different types of clay-bearing
rocks (siltstone, mudstone, marl, and tuff) indicated approximately 90% , 93% and 90% reduction
in uniaxial compressive strength, Young’s modulus, and tensile strength respectively from oven
dried to saturated conditions (Figure 4-9). However, it is important to note here that all the
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specimens used in this study were first oven-dried at 105°C at least for 24 hours, which can
potentially cause clay cooking as well as thermo-damage.

Figure 4-9: Effect of water-saturation on clay-bearing rocks (Modified after Erguler and
Ulusay 2009)
Similarly, experimental study conducted by Cherblanc et al. (2016) on limestone rocks
with different clay contents show the imperative effect of clay presence in weakening the rock
strength, as seen in Figure 4-10. A study conducted by Reviron et al. (2009) on Bentheim and
Fontainebleau siliceous sandstones, with zero clay content, show no effect on the compressive
strength of these rocks.

Figure 4-10: Strength weakening effect of water-saturation increasing with increase in
water content (Modified after Cherblanc et al. 2016)
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These studies clearly show the pronounced effect of water on rock strength in clay-rich
sedimentary rocks, with degradational power or exponential laws used to describe the decrease in
UCS and BTS with respect to water content; this is mainly caused by the abundance of
hydrophilic clay minerals in these rocks. However, few studies have been conducted on
crystalline rocks, and they show variable effects of water on the mechanical behaviour of rocks,
ranging from negligible effect on granites (Lajtai, et al. 1987) to a substantial effect on
metamorphic rocks, with micaceous fabric (Hoek and Bieniawski 1965, Broch 1974). Figure 4-11
shows failure curves for different crystalline rocks, showing variable effects of water on the rock
behaviour. Hoek and Bieniawski (1965) compiled a summary table of ratios of dry to saturated
UCS values for a variety of rocks, as seen Table 2-1, which highlights this variability.

Figure 4-11: Failure curves of different metamorphic and igneous rocks, highlighting the
effects of water-saturation (Broch 1974).
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Table 4-1: Ratios of dry to saturated UCS values for a variety of rocks (Hoek and
Bieniawski 1965).
Rock Type
Quartz diorite

Ratio of Dry to Saturated UCS
1.5:1

Gabbro

1.7:1

Gneiss (normal to foliation)

2.1:1

Gneiss (parallel to foliation)

1.6:1

Sandstone

2:1

Shale

2:1

4.2.7 Effect of Water on Granite Strength and Deformability
Previous studies on Lac du Bonnet granite showed that that the reduction in strength was timedependent (Lajtai et al. 1987). The rock uniaxial compressive strength, determined in faster
loading rate tests, was only reduced by 5% due to water saturation, and similarly, water had little
to no effect on Young’s modulus and Poisson’s ratio. In contrast, strength reduction in long-term
loading tests was very significant (2:1 ratio) (Lajtai et al. 1987). Granite is susceptible to timedependent stress-corrosion cracking, which is highly dependent on the presence of water and its
composition as well as on temperature and pressure. However, the reaction takes a long time to
happen; thus, the effect of water on granite may not be noticed in an instantaneous short term test
(Lajtai et al. 1987). Thus, the effect of water on the rock mechanical behavior may be more
pronounced at a very slow loading rate or in creep tests. A study was conducted by Waza et al.
(1980) to investigate the effect of water on the velocity of crack propagation in two igneous
extrusive rocks: andesite and basalt, using the double torsion method, shows slow stress
dependent crack-growth, with crack growth velocity of saturated samples being 2-3 orders of
magnitude higher that of room-dry ones (Waza et al. 1980), as seen in Figure 4-12.
An interesting finding in Lajtai's et al. (1987) study is that the crack initiation threshold
dropped by 36% in the fast UCS tests (Figure 4-13). These results are surprising since the early
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crack initiation was expected to be accompanied by a similar drop in compressive strength, which
was not the case (Lajtai et al. 1987). The author speculates that Lajtai et al. (1987) is probably
referring to crack damage threshold since it is more likely to be affected by moisture conditions;
however, Lajtai et al. (1987) does not report the methodology used to estimate this threshold;
thus, there is no way of investigating this hypothesis. Lajtai (1982) has also investigated the effect
of saturation on the tensile strength of Lac du Bonnet granite from Cold Spring Quarry. The
results show a significant reduction (~22%) in Brazilian tensile strength from dry to wet
conditions as seen in Figure 4-14.

Figure 4-12: Effect of water-saturation on crack velocity in andesite and basalt (Modified
after Waza et al. 1980).
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Figure 4-13: Effect of water-saturation on crack initiation threshold of Lac du Bonnet
granite (Modified after Lajtai 1982).

Figure 4-14: Effect of water-saturation on the Brazilian tensile strength of Lac du Bonnet
granite (Modified after Lajtai 1982).
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A relatively more recent study was conducted by Lau et al. (1995) at CANMET research
laboratory, Ottawa, to investigate the effect of saturation on the mechanical properties on Lac du
Bonnet granite. The results of this study show no effect of saturation on the peak strength and
crack initiation failure envelopes, as seen in Figure 4-15. However, saturated specimens show a
minor drop in uniaxial compressive strength and unconfined crack initiation stress. It is
interesting to note that the crack damage threshold, drops significantly under the combined effects
of water-saturation and confinement, while it displays no change under uniaxial compressive
loading. Young’s modulus (Figure 4-16) and Poisson’s ratio values were not observed to display
any differences related to saturation.

Figure 4-15: Effect of water-saturation on the confined peak strength and damage
thresholds of Lac du Bonnet granite tested at CANMET research laboratories (Modified
after Lau 1995)
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Figure 4-16: Effect of water-saturation on Young’s modulus Lac du Bonnet granite under
different confinements (Lau et al. 1995)

4.3 Geomechanics Laboratory Strength Testing Methods and Equipment
4.3.1 Uniaxial Compressive Strength Test
Uniaxial compressive strength (UCS) test is the most common engineering design test method.
The stress-strain curved obtained from this test is used to determine important elastic properties
(Young’s modulus and Poisson’s ratio) and damage thresholds (crack initiation and crack damage
stresses) for engineering design. During this test, a cylindrical core sample is axially compressed
between two hardened steel platens, using hydraulic fluid pressure, until it fails. Axial and
vertical strains are measured during this test, usually using resistance strain gauges or
extensometers. A simplified UCS test setup is shown in Figure 4-17. The ASTM D4543 standard
(ASTM International 2008b) and the ISRM suggested methods (Fairhurst and Hudson 1999)
outlines the procedure and quality control for UCS testing.
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Figure 4-17: Simplified UCS test set-up.
4.3.2 Brazilian Tensile Strength Test
Tensile strength testing is also a common test in the field of rock mechanics. The importance of
rock tensile strength in controlling rock damage was clearly highlighted in the previous sections.
To obtain this parameter in laboratory testing direct tensile strength tests can be conducted, but
due its difficulty, the indirect, or Brazilian, tensile strength (BTS) test is used as an alternative
preferred method. A BTS test setup is shown in Figure 4-18.
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Figure 4-18: Brazilian tensile strength test set-up (MTS 2004).
During this test, a rock disc is compressed diametrically until it fails. The stresses developed in
the disc’s center are tensile in nature, and the major tensile stresses are perpendicular to the
loading direction. Diederichs (1999) states that the measured stress in a BTS test is not purely
tensile, and it is comparable to a confined direct tensile strength test due to the confinement that
develops along the contact area between the specimen and the platens. Therefore, a higher tensile
strength is measured during a BTS test; Perras and Diederichs (2014) suggest correction factors
of 0.68, 0.86, and 0.93 for sedimentary, igneous, and metamorphic rocks respectively. The
Brazilian tensile strength test (BTS) procedure and quality control protocols are outlined in
ASTM D3967 (ASTM International 2008a).
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4.3.3 Triaxial Compressive Strength Test
Triaxial Compressive Strength (TCS) testing is used to investigate strength and deformation of
intact rock under different confinements, which is more representative of deep underground
conditions around excavations. True triaxial testing is challenging; thus, biaxial axisymmetric
confinement is applied to the specimen instead. A cylindrical specimen is placed in a Hoek cell,
and pressurized oil is used to apply a biaxial axisymmetric confinement to the specimen. The oil
is contained in the gap between the Hoek cell and a composite membrane. The specimen, in the
Hoek cell, is then loaded between two hardened-steel platens until failure. A triaxial test setup is
shown in Figure 4-19. The ASTM D4543 standard (ASTM International 2008b) and the ISRM
suggested methods (ISRM 1983) outline the procedure for triaxial testing.

Figure 4-19: Triaxial strength test set-up (Modified after Roctest Limited 2003)
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4.4 Rock Description
4.4.1 Pointe du Bois Pink Granite
Pointe du Bois granite (PdB) samples were retrieved from core boxes provided by Manitoba Hydro,
as seen in Figure 4-20. The Generating Station is geologically situated in the Pointe du Bois
Batholith of the Winnipeg River Plutonic Complex, composed of the Lac du Bonnet Batholith,
Pointe du Bois Batholith, Rennie River Plutonic Suite and the Big Whiteshell Lake Pluton (Yang
2014). The Pointe du Bois Batholith typically consists of gneissic tonalite, granodiorite, and granite
(Yang 2014). The samples used in this study are 47.5 mm in diameter. The granite is greyish-pink
in color, fine to medium-grained and phaneritic in texture, and mainly composed of quartz, alkalifeldspars, plagioclase and biotite. Specimens used in the testing program are granular in texture
and had no foliations or other visible planes of weakness (Figure 4-21). Petrographic analysis
conducted by Packulak (2018) shows that PdB pink granite is composed of approximately 36%
quartz, 27% plagioclase, 27% k-feldespar, and 10% accessory minerals such as biotite, muscovite,
and hornblende. Analysis of thin sections created by Packulak (2018) shows intense plagioclase
alteration, fluid inclusion in the quartz crystals, and micro intergranular cracks in quartz.
Recrystallized biotite and muscovite are observed at the plagioclase grain boundaries.

Figure 4-20: Photograph of Point du Bois pink granite drill core.
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Figure 4-21: PdB pink granite UCS specimen.

Figure 4-22: Thin section analysis of pink PdB granite (Packulak 2018).
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4.4.2 Lac du Bonnet Pink Granite
Lac du Bonnet (LdB) pink granite used in this study is medium to coarse grained, pink-greyish in
colour, with an average grain size of 3 to 4 mm (Figure 4-23). According to Brown et al. (1989),
the pink color is mainly due to groundwater alteration. X-Ray diffraction and thin section
petrographic analysis conducted, as part of this research, shows that this granite is composed of
approximately 42% plagioclase, 27% k-feldespar, 22% quartz, and 9% biotite and other accessory
minerals, as shown in Figure 4-24.

Figure 4-23: Photograph of pink LdB granite UCS specimens. A- dry. B-wet.
Thin section analysis of Lac du Bonnet granite shows intense plagioclase sericitization.
Quartz occurs as aggregates of nearly equigranular grains that exhibit undulatory extinction.
Recrystallized biotite and muscovite are observed at the plagioclase grain boundaries.
Intragranular cracks are observed in feldspars formed along cleavage planes as well as in quartz.
Nasseri et al. (2006) also reported similar pre-existing microcracks in feldespars and quartz.
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Figure 4-24: XRD analysis results of LdB pink granite.

Figure 4-25: Thin section analysis of four LdB pink granite specimens.
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4.5 Sample Preparation
4.5.1 Pointe du Bois Pink Granite
PdB granite specimens were directly retrieved from the drill core provided by Manitoba Hydro,
as shown in the previous section. A diamond saw was used to cut the specimens. All BTS
samples were prepared to a length to diameter (L:D) ratio of 0.5, and UCS and TCS samples had
a 2.5 L:D ratio.
4.5.2 Lac du Bonnet Pink Granite
4.5.2.1 Core Drilling
Lac du Bonnet pink granite samples were drilled out of 30 m by 30 m cubic blocks, provided by
the Nuclear Waste Management Organization of Canada (NWMO), retrieved from the Granite
Mountain Stone Design quarry, from approximately a depth of 15-18 m below ground surface.
The specimens are HQ3 in size (61 mm in diameter). Core drilling was conducted at Danton
Machine & Welding Inc., located in Kingston, Ontario. A Kitchen-Walker drill rig and 2.43
inches-dimeter drill bits, from Bomba Diamond Tools, were used, as shown in Figure 4-26.

Figure 4-26: Danton Machine & Welding Inc. Kitchen-Walker drill rig used to drill LdB
granite core.
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The top of the granite block was marked for drilling, as shown in Figure 4-27. A single
drill bit was used per block to insure optimum drilling results. A total of 13 cores were retrieved
from each block, and no problems were encountered during drilling and no observable damage
was done to the core. The spindle speed was 90 RPM, and the feed was 0.016 inches per
revolution.

Figure 4-27: LdB granite core drilling from 30 by 30 cm blocks.
The drilled cores were left to dry before they were packaged, and they were carefully
wrapped in bubble wrap, avoiding any damage to the samples during transport (Figure 4-28,
Figure 4-29). The core was then transported to the Queen’s University Geomechanics Laboratory,
in Kingston, Ontario where sample preparation and testing were conducted.

Figure 4-28: LdB granite retrieved drilled core.
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Figure 4-29: LdB granite drilled core packed for transport to the Queen’s University
Geomechanics Laboratory, Kingston, Ontario.
4.5.2.2 Specimens Cutting and Grinding
A diamond saw, with a new blade, was used to cut the specimens. BTS samples were prepared
with a length to diameter (L: D) ratio of 0.5, and UCS and TCS samples (Figure 4-30) had a 2.3
L:D ratio.
Due to technical problems with the Queen’s Geomechanics Laboratory grinder, UCS and TCS
samples were transported to CANMET rock mechanics testing laboratory, Ottawa, where
grinding took place. Specimens were carefully wrapped in bubble wrap to avoid any damage
during transport (Figure 4-31). The samples were transported back to the Queen’s University
Geomechanics Laboratory by the Queen’s Geomechanics Laboratory lab manager and the author
to avoid any damage that can occur during shipping and to avoid delays to the project.

Figure 4-30: LdB granite saw-cut UCS and TCS specimens.
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Figure 4-31: LdB granite saw-cut UCS and TCS specimens packing for transport to
CANMET, Ottawa.

4.6 Sample Preparation Quality Control
The ASTM D4543 standard (ASTM International 2008b) and the related ISRM suggested
methods (Fairhurst and Hudson 1999) were followed to prepare specimen for uniaxial
compressive strength testing (UCS). The Brazilian Tensile Strength (BTS) specimens were
prepared following the ASTM D3967 standard (ASTM International 2008a). The Triaxial
Compressive Strength (TCS) specimens were prepared according to both the ASTM D4543
standard (ASTM International 2008b) and the ISRM suggested method for triaxial testing (ISRM
1983). A summary of the quality control procedures and tolerances, Queen’s University
Geomechanics Testing Laboratory internal quality control manual, used in the preparation of
UCS and TCS specimens is shown in Table 4-2. Table 4-3 shows the standards followed for BTS
testing sample preparation. Detailed explanation of the sample preparation procedure can be
found in (Jaczkowski 2018). Note that conformity testing of LdB granite specimens, ground at
CANMET, to this quality control procedure, was conducted at Queen’s University Geomechanics
Testing Laboratory before testing.
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Table 4-2: UCS and TCS specimen quality control procedure and tolerances.
Measurement

Procedure / Frequency

Tolerance

Diameter

3 heights x 2 diameters.

To, at most, nearest 0.1 mm

Length

2 measurements.

To, at most, nearest 0.25 mm

Side Straightness

3 lengths, 120° separation.

< 0.5 mm deviation

End Flatness

2 perpendicular diameters, 2 ends.

Perpendicularity

Both ends.

< 0.025 mm deviation from straight line
of best fit
< 0.25° deviation from perpendicularity
< 0.25° deviation between lines for

End Parallelism

2 perpendicular diameters, 2 ends.

spherical platen. < 0.13° deviation
between lines for fixed platen.

Length to Diameter
Ratio

Average length/Average Diameter

Mass

2.5 ± 1%
To, at most, nearest 0.01 g

Diameter: Grain Size
Ratio

2-3 samples per test program

≥ 10:1

Table 4-3: UCS and TCS specimen quality control procedure and tolerances.
Measurement

Procedure / Frequency

Tolerance

Diameter

3 measurements.

To, at most, nearest 0.1 mm

Thickness

3 measurements.

To, at most, nearest 0.25 mm

Side Straightness

Perpendicularity

3 lengths, 120°
separation.
Both ends.

< 0.5 mm deviation
< 0.5° deviation from perpendicularity for both
ends

4.7 Specimens Saturation and Drying Procedure
To examine the effect of saturation on the mechanical properties of granite, different saturation
procedures were used to vary the specimens’ water contents.
-

Relative room humidity (RRH): specimens were not subjected to any saturation
method; they were tested at relative room humidity.
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-

Submersion Saturation (SAT): specimens were submerged in de-ionized (DI) water for
a period of 1 month for the PdB granite and 6 weeks for LdB samples. Submerged
specimens were kept in a container with a tight lid for the desired duration (Figure 4-32).

Figure 4-32: LdB granite specimens submerged in de-ionized water.
-

Vacuum Saturation (VS): the vacuum chamber and the pump used to saturate the
specimens are shown in Figure 4-33. The specimens were placed in stainless-steel trays
in the vacuum, as seen in Figure 4-34. The specimens were submerged in water and kept
under a vacuum of 70 cm of mercury for a period of a week. The sample were kept
underwater until testing. The vacuum saturation procedure was adopted from the
approach developed by Jaczkowski (2018).

Figure 4-33: Vacuum chamber used to saturate LdB granite specimens.
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Figure 4-34: Stainless steel trays used for vacuum saturation. A- BTS specimens in the
bottom tray. B- Stacked trays, with plasticine plugging the small hole in the top tray.

-

Oven-dried Specimens (OD): oven-drying was conducted at a temperature of 40 °C for
a period of two weeks in a VWR forced-air oven. This low temperature of 40 °C was
chosen to avoid any thermal cracking in the specimens that can weaken their strength,
while still decreasing the water content of the specimens. Thermal cracking temperatures
in granite range from 75 °C, for westerly granite, to 200 °C for Remiremont granite (Lau
et al. 1995).

4.8 Testing Equipment
All the tests in this study were conducted in the closed-loop servo-controlled MTS 815 Rock
Mechanics Testing System stiff loading frame, shown in Figure 4-35. The machine incorporates
Linear Variable Differential Transformer (LVDT) for axial displacement measurement. The
loading frame has a stiffness of 9.0 x 109 N/m, a maximum compression force of 2,700 kN and
tension force of 1,350 kN, and a stroke of 100 mm (Mistras Group Inc. 2002).
During UCS testing, axial and lateral specimen deformations were measured using either
extensometers (one circumferential chain and three 25 mm axial extensometers) or resistance
strain gauges (two axial and two lateral). The strain gauges had a resistance of 120 Ω and a length
149

of 20 mm and were connected to a 4-channels amplifier. Acoustic emissions (AE) were recorded
during UCS tests to capture the microcracking and damage activity. Gel couplant was used to
couple the AE sensors to the specimens; in the case of oven-dried specimens, a 2 mm thick
elastomer couplant was used instead of the gel to keep the specimen fully dry (Figure 4-36).

Figure 4-35: MTS 815 testing apparatus. A- Loading frame. B- MTS Flex Test controller. CHydraulic pump.

Figure 4-36: UCS test setup with extensometers and AE sensors coupled to the specimen using
A-gel couplant, B-elastomer couplant for oven-dried specimens.
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For BTS testing, curved bearing blocks were used to test the dually strain-gauged BTS
specimens (Figure 4-37). For triaxial testing, a standard Hoek cell was used, and four resistance
strain gauges were mounted to the specimen to measure axial and lateral deformations (Figure
4-38).

Figure 4-37: BTS test loading frame.
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Figure 4-38: Triaxial test setup. A-Hoek cell, B-specimen with gauges and shrink wrap.

4.9 Laboratory Testing of Lac du Bonnet Granite
4.9.1 Testing Program
The LdB samples were tested at relative room humidity (RRH), 2-weeks oven-drying (OD), 1week vacuum saturation (VS) in de-ionized (DI) water, and 6-weeks submersion in the same
water (SAT). Specimens were subjected to uniaxial compressive strength (UCS) and Brazilian
tensile strength (BTS) tests. The BTS and UCS testing programs are shown in Table 4-4 and
Table 4-5 respectively.
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Table 4-4: Summary of Lac du Bonnet pink granite BTS testing program
Sample ID

Description

Average Average
Density
Diameter Thickness (g/cc)
(mm)
(mm)

Test Date
(dd/mm/yyyy)

61.53

28.06

2.62

05/08/2019

61.51

29.64

2.63

05/08/2019

61.17

30.01

2.63

05/08/2019

61.45

31.04

2.63

05/08/2019

LdB-OD-B5

61.52

30.20

2.63

05/08/2019

LdB-RRH-B1

61.47

29.69

2.63

09/07/2019

61.50

28.21

2.64

09/07/2019

61.49

28.74

2.61

09/07/2019

LdB-RRH-B4

61.50

29.01

2.62

09/07/2019

LdB-RRH-B5

61.50

30.00

2.63

09/07/2019

LdB-VS-B1

61.48

29.69

2.64

11/07/2019

61.49

29.78

2.66

11/07/2019

61.50

29.89

2.62

11/07/2019

61.49

30.17

2.61

11/07/2019

LdB-VS-B5

61.21

29.74

2.63

11/07/2019

LdB-S-B1

61.50

29.75

2.63

19/08/2019

61.47

27.49

2.65

19/08/2019

61.48

29.05

2.62

19/08/2019

61.47

27.14

2.63

19/08/2019

61.47

29.01

2.63

19/08/2019

LdB-OD-B1
LdB-OD-B2
LdB-OD-B3
LdB-OD-B4

2-Weeks
Oven-dried at
40°C

LdB-RRH-B2
LdB-RRH-B3

LdB-VS-B2
LdB-VS-B3
LdB-VS-B4

LdB-S-B2
LdB-S-B3
LdB-S-B4
LdB-S-B5

Relative Room
Humidity

1-Week
Vacuum
Saturation

6-Weeks
Submersion in
De-ionized
water
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Table 4-5: Summary of Lac du Bonnet pink granite UCS testing program
Sample ID

Description

Length
(mm)
139.53

Diameter
(mm)
61.02

Density
(g/cc)
2.64

Test Date
(dd/mm/yyyy)

139.57

61.09

2.64

17/07/2019

140.45

61.04

2.64

17/07/2019

LdB-OD-U4

140.34

61.11

2.64

17/07/2019

LdB-RRH-U1

139.52

60.62

2.64

08/07/2019

139.43

61.04

2.64

08/07/2019

139.45

60.94

2.64

08/07/2019

136.98

61.12

2.64

08/07/2019

LdB-RRH-U5

140.51

60.95

2.64

08/07/2019

LdB-VS-U1

140.38

61.02

2.64

17/07/2019

140.41

60.97

2.64

17/07/2019

137.07

61.14

2.64

17/07/2019

136.99

60.92

2.64

17/07/2019

139.41

61.12

2.64

17/07/2019

139.45

60.93

2.65

17/08/2019

140.48

60.89

2.64

17/08/2019

138.92

60.88

2.64

17/08/2019

140.48

61.04

2.64

17/08/2019

LdB-OD-U1
LdB-OD-U2
LdB-OD-U3

LdB-RRH-U2
LdB-RRH-U3
LdB-RRH-U4

LdB-VS-U2
LdB-VS-U3
LdB-VS-U4

2-Weeks
Oven-dried at
40°C

Relative
Room
Humidity

1-Week
Vacuum
Saturation

LdB-VS-U5
LdB-S-U1
LdB-S-U2
LdB-S-U3
LdB-S-U4

6-Weeks
Submersion
in De-ionized
water

17/07/2019

4.9.2 Testing Procedure
All tests were conducted using the MTS 815 servo-controlled closed-loop rock mechanics testing
machine. During UCS testing, lateral and axial specimen deformations were measured using one
circumferential chain and three 25 mm axial extensometers respectively. Testing was performed
using axial strain control, at 200 microstrain/min. Acoustic emissions were recorded during UCS
tests to capture the microcracking and damage activity. HQ sized curved bearing blocks were
used to test the dually strain gauged BTS specimens. The specimens were loaded at 0.1 kN/min
loading rate. After mechanical testing, all samples were oven-dried in a VWR forced-air oven for
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a minimum of one month at 80°C to measure their water content. The detailed procedure is
explained by Jaczkowski (2018).
4.9.3 Results and Analysis
4.9.3.1 Measured Water Content
The measured water content results show no major differences between UCS and BTS samples.
The average water content of oven-dried, relative room humidity, submerged, and vacuumsaturated specimens are 0.1%, 0.15%, 0.17%, and 0.19% respectively. Also, the water content
values obtained from the 6-weeks submerged and the 1-week vacuum saturated samples are very
similar for both UCS and BTS specimens. Figure 4-39 shows the water content of the specimens
measured after testing. These very low water contents are due to the very low porosity of this
granite (less than 0.5%), and, thus, the challenging re-saturation of this rock.

Figure 4-39: Measured water content summary for LdB granite UCS and BTS specimens.
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4.9.3.2 Brazilian Tensile Strength Testing
The water-saturated specimens were observed to display 6% drop in Brazilian tensile strength
compared to the specimens tested after 2-weeks oven-drying. A drop of 3% is observed in the
true tensile strength (T) data, as seen in Figure 4-40. The true tensile strength is defined here as
the deviation of the tensile stress-strain curve from linearity (using strain gauge data).

Figure 4-40: Effect of water-saturation on LdB granite tensile strength. T-true tensile
strength.
4.9.3.3 Uniaxial Compressive Strength Testing
The UCS test data was used to determine the peak strength, Young’s modulus, Poisson’s ratio,
and crack initiation (CI) and crack damage (CD) thresholds. The methods used to estimate an
average CI were lateral strain, crack volumetric strain, inverse tangent lateral stiffness
(Ghazvinian 2010), and instantaneous Poisson’s ratio. The methods used to determine an average
CD were axial strain, volumetric strain, and instantaneous Young’s modulus. Figure 4-41 shows
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the effect of water content on LdB granite UCS, CI, and CD. These results show drops of 6%,
5%, and 10% in UCS, CD, and CI respectively.

Figure 4-41: Effect of water-saturation on LdB granite compressive strength and damage
thresholds.

Figure 4-42 shows the effect of water content on the measured Young’s modulus values.
Compared to the oven-dried specimens, the saturated samples show a drop of 2% in Young’s
modulus. A large data scatter is seen in Poisson’s ratio results (Figure 4-43). There seem to be no
correlation between the measured Poisson’s ratio values and the water contents.
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Figure 4-42: Negligible effect of water-saturation on LdB granite Young’s modulus.

Figure 4-43: Effect of water-saturation on LdB granite Poisson’s ratio.
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4.10 Laboratory Testing of Pointe du Bois Pink Granite
4.10.1 Testing Program
Pointe du Bois (PdB) pink granite specimens were subjected to uniaxial compressive strength
(UCS), Brazilian tensile strength (BTS), and triaxial compressive strength (TCS) tests. Two
saturation conditions were used to vary the water content of the specimens: 1-month submersion
in deionized water (SAT), and relative room humidity (RRH). After mechanical testing, the
samples were oven-dried in a VWR forced-air oven for a minimum of one month at 80°C to
measure their water content. The detailed procedure is explained by Jaczkowski (2018). The BTS,
UCS, and TCS testing programs are shown in Table 4-6, Table 4-7, and Table 4-8 respectively.
Table 4-6: Summary of Pointe du Bois pink granite BTS testing program.
Sample ID

Description

Thickness
(mm)

Diameter
(mm)

Test Date
(dd/mm/yyyy)

24.61

47.52

01/06/2018

23.63

47.51

01/06/2018

24.84

47.51

01/06/2018

GSB4

24.18

47.51

01/06/2018

GSB5

24.25

47.5

01/06/2018

G-RRH-B1

24.52

47.51

20/07/2018

G-RRH-B2

25.24

47.45

23/07/2018

25.09

47.5

23/07/2018

23.45

47.52

06/09/2018

23.97

47.51

06/09/2018

G-RRH-B6

25.08

47.5

07/09/2018

G-RRH-B7

24.64

47.51

07/09/2018

GSB1
GSB2
GSB3

G-RRH-B3
G-RRH-B4
G-RRH-B5

1-Month
Submersion

Relative
Room
Humidity
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Table 4-7: Summary of Pointe du Bois pink granite UCS testing program.
Sample ID

Description

Length (mm)
118.045

Diameter
(mm)
47.5

Test Date
(dd/mm/yyyy)
19/04/2018

GSU1

1-Month
Submersion

118.67

47.52

19/04/2018

GSU3

117.68

47.51

19/04/2018

GSU4

118.235

47.49

19/04/2018

GSU5

118.82

47.405

02/05/2018

119.43

47.47

13/07/2018

117.57

47.43

13/07/2018

118.625

47.5

13/07/2018

GSU2

G-RRH-U1
G-RRH-U2

Relative
Room
Humidity

G-RRH-U3

Table 4-8: Summary of Pointe du Bois pink granite TCS testing program.
Sample ID

Description Length
(mm)

GST2

119.24

47.57

Confining
Pressure
(MPa)
5

GST3

118.75

47.52

10

12/04/2018

118.35

47.51

10

12/04/2018

118.615

47.5

15

16/04/2018

GST8

118.665

47.44

15

16/04/2018

GST9

118.53

47.5

20

18/04/2018

GST10

118.46

47.51

20

18/04/2018

Granite T2

119.24

47.57

5

13/12/2017

Granite T3

119.55

47.61

10

13-12-2017

Granite T4

118.36

47.53

15

15/12/2017

116.96

47.45

5

10/08/2018

118.645

47.38

20

09/08/2018

G-RRH-T6

118.65

47.47

20

10/08/2018

G-RRH-T7

118.595

47.48

10

14/08/2018

G-RRH-T8

118.655

47.4

15

14/08/2018

GST4
GST7

G-RRH-T4
G-RRH-T5

1-Month
Submersion

Relative
Room
Humidity

Diameter
(mm)

Test Date
(dd/mm/yyyy)
11/04/2018

4.10.2 Testing Procedure
All tests were conducted using the MTS 815 servo-controlled closed-loop rock mechanics testing
machine. During UCS testing, lateral and axial specimen deformations were measured using two
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lateral and two axial resistance-strain gauges, respectively. Testing was performed using axial
strain control. Acoustic emissions were recorded during UCS tests to capture the microcracking
and damage activity. NQ sized curved bearing blocks were used to test the dually strain gauged
BTS specimens; the specimens were loaded at 0.1 kN/min loading rate. Two lateral and axial
strain gauges were used to measure specimen deformation in triaxial testing. The specimens were
loaded at a loading rate of 0.2 mm/min.
4.10.3 Results and Analysis
4.10.3.1 Measured Water Content
The measured water content results show no major difference between UCS and BTS. The
average water content of relative room humidity and saturated specimens are 0.04% and 0.08%,
respectively. Note that these values are lower than the ones obtained from Lac du Bonnet granite
specimens. Figure 4-44 shows the water content of the specimens measured after testing.

Figure 4-44: Measured water content summary for PdB granite UCS/TCS and BTS
specimens.
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4.10.3.2 Brazilian Tensile Strength Testing
Figure 4-45 shows a summary plot of the Brazilian tensile strength test data. As seen in this
figure, the water-saturated specimens are not observed to behave differently from those tested at
relative room humidity. No reduction of tensile strength with water saturation is observed in the
test data, as seen in Figure 4-46.

Figure 4-45: Effect of water-saturation on PdB granite tensile strength.

Figure 4-46: Effect of water-saturation on PdB granite tensile strength.
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4.10.3.3 Uniaxial Compressive Strength Testing
The UCS test data was used to determine the UCS, Young’s modulus, Poisson’s ratio, and crack
initiation (CI) and crack damage (CD) thresholds. The methods used to estimate an average CI
are lateral strain, crack volumetric strain, inverse tangent lateral stiffness (Ghazvinian 2010), and
instantaneous Poisson’s ratio and acoustic emissions. The methods used to determine an average
CD are axial strain, volumetric strain, and instantaneous Young’s modulus. As seen in Figure
4-47, there is a large scatter in the UCS data. With the achieved water content, 13% and 11%
reductions are observed in CD and CI respectively. The results show a negligible reduction in
Young’s modulus (~1%) due to saturation and no effect on Poisson’s ratio (Figure 4-48).

Figure 4-47: Effect of water-saturation on PdB granite compressive strength and damage
thresholds.
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Figure 4-48: Effect of water-saturation on PdB granite Young’s modulus and Poisson’s
ratio.
4.10.3.4 Triaxial Compressive Strength Testing
The TCS data was used to determine confined CI, CD, and peak strength under RRH and SAT
conditions. Generalized Hoek-Brown envelopes were used for the three thresholds. Minor
decreases in peak strength and CI envelopes are seen in the results, while the CD envelope
remains nearly the same for both saturation conditions (Figure 4-49). It is important to note the
scatter in these data.
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Figure 4-49: Effect of water-saturation on PdB granite damage threshold and strength
envelopes.

4.11 Discussion and Conclusions
The results of this study show that saturation has little effect on the geomechanical properties of
intact granite, under both unconfined and confined short-term loading. Minor reductions in CI
and CD were observed under uniaxial compressive loading (5-13%). The effects on Young’s
modulus were negligible (less than 2%). As seen in the results, saturation had no effect on
Poisson’s ratio in both granites. A 3% reduction in LdB pink granite tensile strength was
observed, while the PdB granite tensile strength results showed no trend with water content. The
independence of tensile strength from the water content shows that the saturation (this achieved
water content) had no effect on tensile cracking. Mechanisms such as stress corrosion cracking
and physisorption are not expected due to the fast loading rates. The pore water pressure was not
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measured in this testing. Therefore, it was not possible to distinguish its corresponding effects
from those possibly related to subcritical growth and surface energy reduction. The low achieved
water contents and the insignificant effect on the geomechanical properties of the rock show that
only the rock external pores took water in due to granite’s low porosity and permeability.
Similar results are observed in both Lac du Bonnet and Pointe du Bois granites even
though LdB granite’s water content was twice that of PdB granite. This difference in water
content can be related to the higher micaceous mineral content in LdB granite as well as the
existing micro-cracks seen in the thin-sections and reported by other authors. However, the water
contents obtained were still very low since the re-saturation of low porosity rocks is very
challenging. Thus, for the best representation of the in-situ water content conditions, it is
recommended to store the core to be tested in a protective seal.
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Chapter 5
Effect of Water-Saturation and Oven-Drying on the Geomechanical
Behaviour of Smoothly-Ground Saw-Cut Granite Discontinuities
5.1 Introduction
Discontinuities exist in all rock masses in the form of joints, bedding planes, shear zones,
or faults. The presence of water in these discontinuities can introduce both chemical and
mechanical effects on their frictional resistance and shear behaviour. Besides the effective stress
effect, water film adsorbed to mineral surfaces has been shown to either act as a lubricant for
sheet-like crystal structures or as an anti-lubricant for minerals with massive crystal structures,
such as quartz and feldspars, which are the main constituents of clean granitic joints (Horn and
Deere 1962, Coulson 1970). This anti-lubrication mechanism is, however, not fully understood
despite multiple attempts in the literature to investigate this topic. Also, little literature is
available on the effect of water-saturation on rock joints; most of the studies were focused on
clean mineral surfaces. Thus, this research aims to study the effect of water-saturation on granite
joints since the mechanical behaviour of these discontinuities is of high importance in the design,
construction, and long-term stability of excavations and structures in fractured rock masses. To
restrict the range of unknowns in this study, smoothly ground saw-cut granite discontinuities were
used in this laboratory testing program, even though they only resemble certain types of natural
joints; however, they allow the determination of the residual friction angle which is an important
parameter in rock engineering design. Specimens were prepared to three saturation conditions:
relative room humidity (RRH), oven-dried (OD), and water-saturated (SAT). It is important to
clarify that during this testing program; the saturated specimens had no visible water on the
surface.
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5.2 Friction of Rock Surfaces
Before reviewing the literature on the effects of moisture content on the shear behaviour of
smooth joints, it is important to introduce the basics of rock surface friction. Friction plays a
governing role in the field of rock mechanics, namely on the deformation and failure behaviour of
rock masses, and its effects are present on all scales, ranging from friction between micro-cracks
faces, individual mineral grains, fractures, to large-scale fault surfaces. However, despite its high
importance, there is a poor understanding of friction mechanics on rock surfaces since the
classical theory of friction was developed for metals (Bowden and Tabor 1958), which are
ductile, making this theory less applicable for most rocks and minerals due to their brittle
behaviour under room temperature. For example, in contrast to metals, friction coefficients of
rocks are strongly dependent on surface roughness and the applied normal load; also, brittle
asperities fracture and break when sheared, while ductile materials flow plastically in friction
experiments (Bowden and Tabor 1958, 1964, Rabinowicz 1965).
In the classical friction theory, when a tangential force, T, is applied parallel to the plane of
contact of two rock surfaces that are pressed together by a normal load, N, no sliding will occur
before a critical shear force, T= 𝜇𝑠 𝑁, has been reached, as seen in Figure 5-1. 𝜇𝑠 is the coefficient
of the static friction of the material. This is known’s as Amontons’ law of friction. Note that small
elastic deformation will occur during this static period. Once sliding has started, the shear force
required to maintain motion slightly drops, suggesting that the coefficient of dynamic or kinetic
friction, 𝜇𝑑 , is less than that of static friction (Jaeger et al. 2007). Dynamic friction coefficient is
generally independent of the sliding velocity (Jaeger et al. 2007).
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m
Shear Displacement,

𝒔

Figure 5-1: A- Simple friction model B- Force-displacement curve for an idealized friction
model (Jaeger et al. 2007).
The model, discussed above, shows a simple idealized behaviour; however, it helps understand
the fundamentals of rock friction. Actual experimental data shows different behaviours,
depending on the surface finish and infilling. Most of the common behaviours are summarized in
Figure 5-2.
A. This shear stress-displacement behaviour is associated with healed fractures, and it is
characterized by a high shear stiffness due to very small shear displacement, a linear
elastic deformation before peak, and a sharp drop in shear stress after peak (Goodman
1970).
B. Infill thickness and moisture content can highly affect the shear behaviour of rock joints.
As sliding continues, joints with thin wet infill exhibit an increase in shear stress, while
the ones with thin dry infill show a gradual drop in shear stress (Goodman 1970). On the
other hand, joints with thick wet infill are characterized by a low and similar peak and
residual shear strength values.
C. The initial elastic deformation of clean rough joints shows non-linear behaviour. After
the peak shear strength is reached, the shear stress continues to gradually drop until it
reaches an asymptotic residual strength.
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D. Smoothly ground and polished joints exhibit stick-slip motion when sheared at a constant
normal stress. This behaviour will be elaborately discussed in this chapter.

(A)

(B)

Healed fractures

Shear Stress,

Dry
Wet, thin infill

Wet, thick infill

(C)

(D)
Smooth joints with
stick-slip behaviour

Shear Stress,

Rough, clean joints

Shear Displacement,

(A)

Shear Displacement,

𝒔

(E)

𝒔

(B)

T

Shear Force, T

N
P
TP

Shear Displacement,

𝒔

Figure 5-2: Typical shear stress- displacement behaviour of: A- healed fractures (Goodman
1970). B- Joints with infill (Goodman 1970). C- Rough clean limestone joints (Day 2017). DSmooth joints with stick-slip behaviour. E-moderately rough trachyte sample (Hoskins et al.
1968).
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5.2.1 Effect of Time on Rock Friction
To describe this phenomenon, Dieterich (1970, 1972), Scholz et al. (1972), Engelder et al. (1975),
Scholz & Englder (1976), Engelder and Scholz (1976), and Teufel (1976) propose a timedependent increase in static friction in smooth rock joints. Dieterich (1972) suggests a linear
relationship between the static friction coefficient and the logarithm of the duration of stationary

Static friction coefficient, µs

contact (Figure 5-3), for time intervals greater than 1 second.
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Figure 5-3: Dependence of the static friction coefficient on stick time of quartz-sandstone
joints at different normal stresses (modified after Dieterich 1972).
Researchers associate this time-dependency to different mechanisms: an increase of contact area
due to creep at the micro-asperity tips (Scholz et al., 1972), and breakdown of the surface film
that interferes with adhesion, increasing the strength of the adhesive contact (Bowden & Tabor,
1964). Scholz & Engelder (1976) and Engelder & Scholz (1976) suggest increased asperity
penetration and ploughing as a mechanism of this time-dependent increase in friction.
5.2.2 Effect of Shear Velocity on Rock Friction
A velocity-dependent friction theory is suggested by Scholz and Engelder (1976), and their work
shows that the static friction coefficient is inversely proportional to the logarithm of the slip or
shear velocity of smoothly ground Westerly granite surfaces, as seen in Figure 5-4.
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Figure 5-4: Dependence of dynamic friction coefficient on slip velocity of smoothly-grout
Westerly granite surfaces (# 240 grit size) (modified after Dieterich 1978).
5.2.3 Stick-Slip Phenomenon
While many researchers have studied the phenomenon of stick-slip and the associated micromechanisms and developed different hypotheses, the phenomenon is not yet fully understood. For
simplicity, stick-slip can be described as a sudden and loud motion experienced by smooth rock
joints, as seen in Figure 5-5.
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Figure 5-5: A: Shear stress-displacement curve showing tick-slip behaviour. B: maximum
and minimum shear stress envelopes (Hoskins et al. 1968).
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On the contrary, studies conducted by Byerlee (1967) suggest that failure and breakage of
interlocked micro-asperities reduces friction. Rabinowicz (1965) proposes a time-dependent
friction model that explains the mechanics of stick-slip. However, this theory is based on the
ductile behaviour of metals; therefore, it does not apply to brittle rocks and minerals, which have
different frictional characteristics. For example, unlike brittle materials, the coefficient of friction
of ductile materials is independent of surface roughness and applied normal stress (Rabinowicz,
1965, Bowden and Taylor, 1964). On the other hand, Horn and Deer (1962), Westwood et al.
(1967), Westwood and Goldhem (1968), and MacMillan et al. (1974) show that the surface
micro-hardness is affected by chemically-induced changes and is controlled by the adsorbed ions
and molecules.

5.3 Water-Rock Interactions in Shear
To examine the effect of water-saturation on the frictional resistance of rocks and minerals, the
author compiled results of experimental friction tests (Coulson 1970), which are presented in
Figure 5-6.

Figure 5-6: Compilation of data from wet and dry friction experimental studies
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As shown in this figure, water acts as a lubricant in mica and clay minerals (sheet-like crystal
structure), while as an anti-lubricant for quartz, calcite, and feldspar (massive crystal structure).
The reduction of friction coefficients in minerals with sheet-like structures is likely the result of
water attraction to the electrically charged mineral surfaces, creating a thin film of water between
the surfaces, and hence, providing a low resistance slip interface (Morrow et al. 2000).
On the other hand, the mechanisms of the anti-lubrication effect are not fully understood.
Barton (1973) relates this effect to roughness and states that as roughness increases, this effect
decreases. Therefore, he suggests that the anti-lubrication mechanisms are only likely to have an
effect on smooth and polished discontinuities, such as unfilled and slickensided minor faults; the
shear strength of natural rough joints is likely to reduce when wet (Barton 1973a). To investigate
the effect of micro-roughness on the anti-lubrication phenomenon, Horn and Deere (1962)
studied the effect of saturation and oven-drying on both polished and ground quartz (grit size of
No. 240). The results show that regardless of the roughness, saturated specimens still show a
higher frictional resistance than the oven-dried ones (Figure 1-2). This effect of saturation and
drying is, however, more pronounced on the polished specimens.

Figure 5-7: Effect of surface roughness and saturation on the frictional behaviour of quartz
(polished versus specimens ground with No. 240 grit) (Modified after Horn and Deere
1962).
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In an attempt to understand the mechanism of the anti-lubrication effect, Horn and Deere
(1962) investigated the effect of fluid polarity on the magnitude of this phenomenon. The results
of this study show that both fluid types (highly polar and non-polar) increased the coefficient of
static friction of quartz surfaces, with the highly polar fluids (water, ethylene glycol, and
amylamine) having the highest impact (Horn and Deere 1962). These findings show that fluid
polarity is not the only answer to the anti-lubrication effect and that there is more than one
mechanism causing this phenomeneon. Horn and Deere (1962) state that the forces involved
between the fluid molecules and those of the adsobed film on the mineral surface are not fully
understood, and more work is required to fully explain the anti-lubrication phenomenon. Hardy
and Hardy (1919) suggest that the antilubricant effect of water is the result of water decreasing
the lubricating ability of the surface film, composed of highly oriented molecules, that was
adsorbed before the application of water. A study conducted by Menter (1951), using electron
diffraction methods, shows that a disorientation of the molecules of the film adsorbed to the
mineral surface increases the frictional resistance. The mechanical resistance of water molecules
that are trapped in the disoriented film to shear can also explain the increased frictional resistance
of smooth joints when wet.
While some of the minerals discussed in the previous section are the constituents of
granitic rocks, it is important to directly investigate the effect of saturation on the rock instead of
the individual minerals since their characteristics may change when combined with other
minerals. Data obtained from friction tests on sandblasted granite discontinuities show no effect
of water saturation on the frictional resistance of these specimens, as shown in Figure 5-8. On the
other hand, Byerlee (1966) reported that water decreases the frictional shear strength of granite.
Also, Barton (1973) reported, based on his literature review, variable effects of saturation on
granite shear behaviour: no effect, strength reduction, and strength increase.
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Figure 5-8: Effect of water-saturation of sandblasted granite discontinuities (data collected
from (Coulson 1970).

5.4 Direct Shear Strength Laboratory Testing
5.4.1 Testing Program
The testing program in this study consists of 36 specimens conducted on saw-cut and smoothlyground Pointe du Bois granite joints. Specimens were tested under three different saturation
conditions: relative room humidity (RRH), after 3-months of submersion in de-ionized water, and
after 2-weeks of oven drying at 40 °C. The direct shear testing was conducted under a constant
normal stress boundary condition, with applied normal stresses of 1, 2, 4, 8, 16, and 20 MPa. The
testing program is summarized in Table 5-1. During each test, the sample is subjected to 3 cycles
of normal loading and unloading, and then it is sheared at a 0.2 mm/min rate up to 10 mm of
shear displacement, as listed in
Table 5-2. The specimens were tested at the Queen’s University Advanced Geomechanics
Testing Laboratory using the GCTS RDS-200 servo-controlled direct shear testing system (Figure
5-9).
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Table 5-1: Saw-cut Pointe du Bois granite Discontinuities direct shear testing program.
Specimen #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Description

Saw-cut, tested
after 2-weeks
oven-drying at
40 °C

Saw-cut, tested
after 3-months
submersion in
de-ionized
water

Saw-cut, tested
at relative room
humidity

Specimen ID
G-OD-DS-1
G-OD-DS-2
G-OD-DS-3
G-OD-DS-4
G-OD-DS-5
G-OD-DS-6
G-OD-DS-7
G-OD-DS-8
G-OD-DS-9
G-OD-DS-10
G-OD-DS-11
G-OD-DS-12
G-S-DS-1
G-S-DS-2
G-S-DS-3
G-S-DS-4
G-S-DS-5
G-S-DS-6
G-S-DS-7
G-S-DS-8
G-S-DS-9
G-S-DS-10
G-S-DS-11
G-S-DS-12
G-RRH-DS-1
G- RRH -DS-2
G- RRH -DS-3
G- RRH -DS-4
G- RRH -DS-5
G- RRH -DS-6
G- RRH -DS-7
G- RRH -DS-8
G- RRH -DS-9
G- RRH -DS-10
G- RRH -DS-11
G- RRH -DS-12
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Normal Stress
(MPa)
1
1
2
2
4
4
8
8
16
16
20
20
16
16
8
8
2
2
4
4
1
1
20
20
4
2
2
4
8
8
1
16
16
1
20
20

Test Date
(dd/mm/yyyy)
14/06/2019
12/06/2019
10/06/2019
11/06/2019
30/05/2019
30/05/2019
31/05/2019
31/05/2019
03/06/2019
09/06/2019
02/06/2019
02/06/2019
21/04/2019
21/04/2019
22/04/2019
22/04/2019
23/04/2019
23/04/2019
24/04/2019
25/04/2019
21/05/2019
21/05/2019
27/05/2019
24/05/2019
11/03/2019
08/02/2019
07/02/2019
01/03/2019
17/03/2019
18/03/2019
19/03/2019
20/03/2019
20/03/2019
21/03/2019
12/03/2019
13/03/2019

Table 5-2: Steps of normal loading and direct shear tests conducted on saw-cut specimens
Step

Activity

1

Specimen seating at an initial stress of 0.3 MPa

2

3 normal loading-unloading cycles at a 0.01 MPa/s rate up to the desired normal stress

3

Shear loading at 0.2 mm/min shear displacement rate for 8 mm, under the set normal
stress

Figure 5-9: (a) RDS-SERVOPAC hydraulic servo control package, (b) GCTS DSH-200
direct shear machine, (c) SCON-1500 microprocessor, acquisition system, and controller.
5.4.2 Rock Description
Pointe du Bois granite samples were retrieved from 45 mm diameter diamond drill core provided
by Manitoba Hydro from a hydroelectric generating station project. The generating station is
geologically situated in the Pointe du Bois Batholith of the Winnipeg River Plutonic Complex,
which is composed of the Lac du Bonnet Batholith, Pointe du Bois Batholith, Rennie River Plutonic
Suite and the Big Whiteshell Lake Pluton (Yang 2014). The Pointe du Bois Batholith typically
consists of gneissic tonalite, granodiorite, and granite (Yang 2014). The granite is greyish-pink in
color, fine to coarse-grained, and phaneritic in texture; it is mainly composed of quartz, alkali178

feldspars, plagioclase and biotite (Figure 5-10). The specimens used in this testing program had no
foliations or other visible weakness planes. The thin section, however, shows intragranular microcracks in the plagioclase.

Figure 5-10: A) Smoothly ground granite specimen. B) A representative thin section of the
specimens under cross-polarized light. Pl-Plagioclase, Qtz-Quartz, Bt-Biotite, and MuMuscovite.
5.4.3 Specimens Saturation and Drying Procedure
To examine the effect of saturation on the mechanical properties of granite, three different
saturation procedures were used to vary the specimens’ water contents.
-

Submersion Saturation (SAT): specimens were submerged in de-ionized (DI) water for a
period of 3 months. To ensure full exposure of the joint surface to water, a gap of 5 cm was
left between the submerged specimens as shown in Figure 5-11. Submersion took place in a
container with a tight lid for the desired duration, and a heavy weight was placed on it to keep
it air-tight (Figure 5-12).
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Figure 5-11: Submerged specimens with 5 cm gap between joint surfaces to allow full
contact with water.

Figure 5-12: Submerged specimens with heavy weight on top to keep the container air-tight.
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-

At the end of the submersion period, the specimens are taken out of water and left to dry
under room temperature. The surface to be sheared is left facing upward. After 3 months of
submersion, the specimens’ surfaces had a thin film that can be felt with hand. This suggests
that the rock surface reacted with the surface. It is worth investigating the chemical
composition of the liquid after the submersion has completed. This was not within the scope
of this research, but it is strongly recommended to be considered for future studies.

Figure 5-13: Air-drying of specimens after saturation.
-

Oven-dried Specimens (OD): oven-drying was conducted at a temperature of 40 °C for
a period of two weeks in a VWR forced-air oven. This low temperature of 40 °C was
chosen to avoid any thermal cracking in the specimens that can weaken their strength,
while still decreasing the water content of the specimens. Thermal cracking temperatures
in granite range from 75 °C, for westerly granite, to 200 °C for Remiremont granite (Lau
et al. 1995). The specimens were dried with the shear surfaces facing up.
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Figure 5-14: Oven-dried specimens ready to go into the oven.
-

Relative room humidity (RRH): specimens were not subjected to any saturation
method; they were tested at relative room humidity.

After testing, specimens were dried at a temperature of 80 °C for a period of a month in a VWR
forced-air oven to measure their water content.

5.5 Sample Preparation Procedure
The sample preparation procedure used in this testing program was the procedure presented in
Chapter 2.

5.6 Results and Analysis
5.6.1 Investigation of the Mechanisms of the Stick-Slip Behaviour
Direct shear behaviour of smoothly-ground granite joints exhibits cycles of stick-slip movement
that begin after a critical amount of shear displacement. At each applied normal stress, the shearing
is stable until a critical shear displacement or shear stress in reached. Beyond these thresholds,
sliding occurs by stick-slip movement. The amplitude, frequency, duration, and slip-distance are
directly proportional to the applied normal stress, as seen in Figure 5-15. Both the upper and lower
halves of the specimens tested under normal stresses higher than 16 MPa developed striations
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parallel to the shear direction (Figure 5-16). A scanning electron microscope (SEM) was used to
observe sub-millimeter characteristics of the striations in both the lower and the upper blocks
(Figure 5-17 and Figure 5-18). The SEM scans indicate that the striations are caused by asperity
indentation and ploughing. A thin gouge, likely caused by the breakage of micro-asperities, is also
visible on the surface of the hand sample.

Figure 5-15: Effect of applied normal stress on the stick-slip cycle frequency.

Figure 5-16: Specimen showing shear striations after a 20 MPa constant normal stress
direct shear test. A) Specimen’s lower half. B) Specimen’s upper half.
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Figure 5-17: SEM image of specimen’s bottom half showing shear striations after a 20 MPa
constant normal stress direct shear test. Arrow shows the shear direction.

Figure 5-18: SEM image of specimen’s top half showing shear striations after a 20 MPa
constant normal stress direct shear test. Arrow shows the shear direction.

Machine control systems and their potential impact on the stick-slip phenomenon was also
investigated in this study. The most widely used controller system in servo-controlled machines,
the Proportional-Integral-Derivate (PID) controller, ensures an automatic and responsive
correction of the shear displacement rate during these stick-slip cycles. The proportional control
is related to the error (the difference between the measured and the desired shear displacement
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rates). The integral control is proportional to the amount of time the error is present, and it
eliminates the steady state error. The derivative control is proportional to the rate of change of the
error with respect to time, and it anticipates the rate of future behaviour of the error. Knowing
this, it is certain that the PID settings will possibly have a significant impact on the shear
behaviour of smooth joints since the stick-slip cycles are accompanied by alternating high and
low shear displacement rates. Another machine controller that is widely used in systems dealing
with friction issues is the dither control, which consists of applying a harmonic force to the
system with a low amplitude and a frequency higher than the disturbance to be controlled
(Cunefare and Graf, 2002). Both the normal and the shear actuators of servo-controlled direct
shear machines incorporate both PID and dither controllers. Tuning of the machine PID control
and Dither parameters was conducted before the start of the testing program to isolate the natural
physical stick-slip behaviour from that potentially caused by the machine control. Examples of
the effect of machine control on the test results are shown in Figure 5-19 and Figure 5-20. Figure
5-19 shows that increasing the dither amplitude from 1 to 2 Volts significantly decreased the
stick-slip amplitude, while the peak shear strength remained unaffected. However, increasing the
dither amplitude could lead to system instability: sudden sharp increase in normal stress or
machine shutdown. On the other hand, decreasing the P-gain of the PID controller has variable
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Figure 5-19: Effects of dither amplitude (A) on stick-slip behaviour of smooth granite joints
under 2 MPa normal stress, at shear displacement rates of (left) 0.5 mm/min and (right) 0.2
mm/min.
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Figure 5-20: Effects of P-gain on stick-slip behaviour of 3 smooth granite joints under 2
MPa normal stress.
5.6.2 Measured Water Content
The average water content of oven-dried, relative room humidity, and submersion-saturated
specimens are 0.03%, 0.04%, and 0.1%, respectively, as shown in Figure 5-21. These results
show that the specimens had originally a very low water content, since the oven-dried and the
relative room humidity have the same measured water content. The saturation procedure caused a
slight increase in water, which is most probably taken by pores at specimen’s surface.

Figure 5-21: Measured water content of the direct shear granite specimens.
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5.6.3 Effect of Water Saturation and Oven-drying on Pre-yield Deformation
The pre-yield stiffness characteristics were determined using the method explained in Chapter 3
of this thesis. Note that only data from tests with normal stresses under 8 MPa are presented due
to the issues with system deformations discussed in Chapter 3 (grout damage and sand bulging).
As illustrated in Figure 5-22, oven-dried specimens are the softest to shear. Saturated specimens
show the highest shear stiffness. However, oven-drying has the strongest impact on the pre-yield
shear deformation, when compared to saturation. Note the large scatter in the data. Thus, to
confirm these findings and ensure this is not the result of the new methodology of shear stiffness
determination, the stiffness was determined as the secant of the pre-yield shear stress-shear
deformation curve; the obtained results confirm the same effect of water-saturation and ovendrying on the shear stiffness of smooth joints, as shown in Figure 5-23.

Figure 5-22: Significant effect of drying on the shear stiffness of smoothly ground-granite
joints. Shear stiffness values were determined using methodology proposed in Chapter 3.
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Figure 5-23: Significant effect of drying on the shear stiffness of smoothly ground-granite
joints. Shear stiffness was determined as the secant of the pre-peak shear stressdisplacement curve.
The effects of saturation and oven-drying on the normal stiffness of the specimens tested
in this study are shown Figure 5-24. The results show a decrease in normal stiffness with both
saturation and drying, with drying having the most significant impact. The reduction in normal
stiffness, at 8MPa normal stress, is approximately 75% due to oven-drying and 50% due to
saturation. These results show that both saturation and oven-drying are softening agents to
smooth granite joints, with oven-drying having the biggest impact.
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Figure 5-24: Significant effect of drying on the normal stiffness of smoothly ground-granite
joints. Normal stiffness values were determined using methodology proposed in Chapter 3.
5.6.4 Effect of Water Saturation and Oven-drying on Shear Strength
The effect of saturation and drying on the post-peak shear deformation is presented in this
section. During post-yield deformation, the smoothly ground specimens exhibit stick-slip shear
behaviour. To fully characterize the post-peak behaviour, given the stick-slip behaviour, three
shear strength thresholds were used: peak, upper ultimate, and lower ultimate shear strength, as
shown in Figure 5-25. The upper ultimate shear strength occurs immediately before slip occurs;
thus, the associated friction coefficient, µ, is considered to be the static friction coefficient; the
dynamic friction coefficient is the mean value of µ and µ’ (Jaeger et al. 2007).
Figure 5-26 shows the influence of water saturation and oven-drying on the peak shear
strength of joints investigated in this study. It appears that both water-saturated and oven-dried
specimens exhibit an increase in peak strength; this effect is more pronounced in the higher stress
range, with a 25% increase in the friction coefficient. Experimental data shows that the relative
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room humidity specimens slip, earlier than the other specimens. The upper ultimate shear strength
results show a minor increase in shear strength with water; however, this anti-lubrication effect is
very minor, as shown in Figure 5-27.

Figure 5-25: Shear stress-displacement curve showing stick-slip behaviour, with method
followed to determine peak, upper ultimate, and lower ultimate shear strength thresholds.

Figure 5-26: Effect of saturation and drying on peak shear strength of smooth granite
joints.
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Figure 5-27: Negligible effect of saturation and drying on the upper ultimate shear strength,
related to static friction.
When examining the effect of saturation condition on the minimum, or lower, ultimate
shear strength, it can be observed that both saturation and drying cause an increase this threshold,
with drying having the greatest degree of influence, as shown in Figure 5-28. Effect of water
content on the peak friction coefficient was examined, as illustrated in Figure 5-29. These results
show more scatter in the oven-dried and relative room humidity specimens, compared to the
saturated specimens. This decreased variability in the saturated specimens’ behaviour confirm the
presence of a water film on the discontinuity surface, and this film controls the frictional
behaviour of the joint. Furthermore, it is observed from the results of this experimental study that
the stick-slip amplitude increases with saturation and decreases with oven-drying, as shown in
Figure 5-30, with drying having the most significant effect.
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Figure 5-28: Influence of oven-drying on the lower ultimate shear strength.

Figure 5-29: Influence of oven-drying and saturation on the peak friction coefficient.
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Figure 5-30: Influence of oven-drying on the stick-slip amplitude.

5.7 Conclusions and Discussion
First, it is important to mention that the conclusions presented in this section are based on the
results obtained in this study, and, therefore, they only represent the effect of moisture content on
these specific granite discontinuities. The main findings of this study are summarized in the
following points:
1. Both the oven-dried and the relative room humidity specimens have the same water
content, indicating that the original specimens were dry.
2. The pre-yield deformation of discontinuities is most impacted by drying. The effects
of water-saturation are considered minor.
3. The effects of saturation and drying are more pronounced under higher normal
stresses since, under low confinement, pore water at the joint surface can readily
dissipate.
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4. Oven-drying significantly decreases the shear and normal stiffness values. The lower
stiffness of oven-dried discontinuities is expected since compressing air is easier than
compressing water. The joint surface can be represented by a highly oriented atomic
structure. The forces exerted by trapped water molecules in this structure resist both
shear and normal loadings during pre-yield deformation (Figure 1-27). The effect of
saturation on intact granite showed no effect on elastic stiffness (Young’s modulus).
Thus, any change in stiffness can be solely attributed to the mechanisms happening at
the joint surface, as opposed to the intact rock surrounding the joint.
5. A minor increase in shear stiffness and decrease in normal stiffness are observed in
water saturated specimens. A simple mechanism is suggested to explain these
observations. After saturation, there is a greater quantity of water adsorbed to the
discontinuity surface. As may be expected, this increase in water will increase the
resistance to normal loading. However, this is not the case. As Menter (1951) shows,
the introduction of water to the surface causes the disorientation of the surface atoms,
which were highly oriented before water, as shown in Figure 5-32. This
disorientation of atoms can casue an increase in pore water dissipation compared to
the relative room humidty conditions. This explains why saturated specimens are
softer than the relative room humidity specimens during normal loading. During
shear loading, however, the disorientation of the molecules of the film adsorbed to
the mineral surface increases the frictional resistance. This explains why the shear
stiffness of saturated specimens is lower than that of the relative room humidty
specimens.
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Figure 5-31: Simplified illustration of water film adsorbed to a relative room humidity
specimen and compared to an oven-dried specimen with no adsorbed water.

Figure 5-32: Simplified illustration of water film adsorbed to a relative room humidity
specimen and compared to water-saturation specimen.
6. According to the simple models explained above, the stiffness of oven-dried
specimens will always be the lowest compared to relative room humidity and
saturated specimens.
7. The stick-slip amplitude increases with saturation and decreases with oven-drying
8. The results suggest that smooth granite joints can readily adsorb water; this is
expected by the effects of saturation on stiffness as well as the presence of a thin
water film on the saturated specimens that was observed upon completion of the
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submersion method. This thin film can also possibly be organic in nature. To avoid
any impact of the saturation contained on the specimens, it is recommended for
future similar studies to use glass containers for saturation instead of plastic
containers.
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Chapter 6
Conclusions and Future Work
In chapter 2, a direct shear sample preparation procedure, for specimens tested in the GCTS RDS
200 direct shear machine, was developed in this work. This methodology can be easily adapted to
any shape or size. The 1 cm thick plasticine layer between sample rings was replaced by 3D
printed split spacers that can be smoothly removed before testing. This improves time efficiency
as well as the accuracy of test results since this plasticine layer adds an unquantifiable unknown
to the test results that can possibly affect the data quality. Instead of the plasticine pillar initially
used, a rigid sample holder was designed to support the sample and maximize its contact with the
casting grout as well as to ensure it is well positioned at the desired location. Additionally, grout
quality control was also improved. A grout curing time of three days was shown to be optimum.
Also, using a grout mixer is recommended instead of hand mixing. According the study
conducted, Sika 300 PT non-shrink grout has more favourable strength and stiffness properties
compared to the previously used GCTS sulfaset non-shrink grout. When the grout supplier is
changes or a new grout order is shipped, it is recommended to contact UCS testing on cylindrical
specimens over 3 days curing time to determine the strength and stiffness as well as to adjust
curing time if necessary.
Chapter 3 presents a solution for the isolation of joint deformation from those of the
system as well as the intact rock surrounding it. Results show that accurate determination of joint
normal stiffness cannot be achieved without isolating the joint deformation. This can be achieved
through subtracting the intact rock deformation (which also includes the system deformation)
from that of the total displacement measured during testing of a joint. The normal stress-closure
behaviour is highly non-linear, and this continues throughout repeated loading cycles. The largest
amount of closure occurs in the first loading cycle, and hence the measured stiffness is low in the
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lower normal stress range. Significant hysteresis is observed in the first unloading cycle
compared to the other cycles. Due to this non-linearity, it is meaningless to use a single normal
stiffness value to characterize the joint normal closure behaviour. Instead, the normal stiffness
should be a function of the normal stress. In this study, it was shown that Malama and
Kulatilake's (2003) exponential closure law provide the best analytical representation of the
corrected laboratory normal loading data. The corresponding derived normal stiffness equation
provides a simple function that can be used to obtain joint normal stiffness at any applied normal
stress. Also, this equation can be easily implemented in numerical models.
In this study, a procedure that isolates the discontinuity shear deformation from the intact
rock and system deformations is suggested. This consists of, first, conducting a direct shear stress
test on an intact sample with the same dimensions and test set-up as the joint. The sample is
sheared to the peak shear displacement threshold. Second, the intact specimen shear deformation
should be subtracted from the total measured joint shear displacement. This will isolate the joint
shear deformation as well as cancel out any system deformations. The corrected shear
deformation of the smoothly-ground saw-cut granite specimens shows non-linear behavior
between the onset of shear stress and the mobilization of the peak shear strength. A new empirical
exponential model that provided an analytical representation of the corrected shear deformation
data was derived in this study, and it shows a good fit of the experimental data. A shear stiffness
equation is directly derived from this model. This is function be easily implemented into
numerical modelling.
Study presented in Chapter 4 shows minor reductions in granite CI and CD with
increasing water content under uniaxial compressive loading (5-13%). The effects on Young’s
modulus were negligible (less than 2%). As seen in the results, saturation had no effect on
Poisson’s ratio in both granites. A 3% reduction in LdB pink granite tensile strength was
observed, while the PdB granite tensile strength results showed no trend with water content.
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Similar results were observed in both Lac du Bonnet and Pointe du Bois granites even though
LdB granite’s water content was twice that of PdB granite. This difference in water content can
be related to the higher micaceous mineral content in LdB granite as well as the existing microcracks seen in the thin-sections and reported by other authors. Also, it is important to mention that
the water contents obtained, during this study, were still very low since the re-saturation of low
porosity rocks is very challenging (0.04%-0.2%). Thus, for the best representation of the in-situ
water content conditions, the author recommends storing the core to be tested in a protective seal.
Regarding saturation methods, the results of this study show that there is no significant difference
in the water contents obtained from vacuum saturation versus submersion saturation.
Experimental study presented in Chapter 5 shows that the pre-yield deformation of
discontinuities is most impacted by drying. The effects of water-saturation are minor. The effects
moisture condition on joint behaviour is most pronounced under higher normal stresses since,
under low confinement, pore water at the joint surface can readily dissipate. Oven-drying
significantly decreases the shear and normal stiffness values. The softer stiffness of oven-dried
discontinuities is expected since compressing air is easier than compressing water. The stick-slip
amplitude increases with saturation and decreases with oven-drying. The results suggest that
smooth granite joints can readily adsorb water; this is shown by the effects of saturation on
stiffness as well as the presence of a thin water film on the saturated specimens that was observed
upon completion of the submersion method. This can also be organic in nature. Thus, it is highly
recommended to submerge the specimens in glass containers instead of plastic containers.
In future work, it is suggested to extend this research, conducted in Chapter 3 and 5, to
natural joints. An investigation of the effect of the combined effect of water-saturation, drying
and confinement on Lac du Bonnet granite should be conducted. More in-depth analysis is
required to understand the chemically induced effects on the shear and normal loading behaviour
of smooth joints. The use of atomic force microscopy is recommended to understand these micro199

mechanisms. Also, it is recommended to investigate the effect oven-drying and water-saturation
on normal loading and shear behaviour of joints of different mineral compositions.
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Appendix A
Lac du Bonnet Pink Granite BTS and UCS Test Data
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Appendix B
Pointe du Bois Pink Granite BTS, UCS and TCS Test Data
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Appendix C
Pointe du Bois Granite Saw-cut Discontinuities Direct Shear Test Data
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