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Abstract

An investigation of the stress-strain behaviour of Cobourg limestone has been conducted
through the testing of 54 Uniaxial Compressive Strength (UCS) and 47 Brazilian Tensile
Strength (BTS) specimens. The rock for these tests has been collected from St. Mary’s Quarry
located in Bowmanville, Ontario. At this site the unit is alternatively referred to as Cobourg or
the Lindsay Formation.

This rock presents core scale heterogeneity in the form of large (50-75 mm) calcite rich nodules
surrounded by more clay rich lenses. Specimens have been prepared with a length to diameter
(L/D) ratio of 2.5 for UCS testing and a thickness to diameter (t/D) ratio of 0.5 for BTS testing.
The influence of specimen water content and scale was studied for both UCS and BTS
specimens, to investigate the elastic and strength properties of the rock. In addition, UCS
specimens have been tested with varying axial strain rates to examine the effect of loading rate
on the Cobourg limestone.

Oven drying as well as a number of saturation methods were used and compared in this study
to investigate the efficiency of saturation and the impacts on the sample. The samples were
saturated with synthetic formation pore water (SPW). Long term saturation by immersion (one
to three months) is not efficient in increasing the level of saturation and, due to the unconfined
nature of the sample while immersed, imparts non-realistic damage to the sample that is not
representative of in situ saturation. Vacuum saturation did not prove markedly more effective
than simple immersion over the same time frame (one week). One-week submersion effectively
demonstrated the influence of resaturation and represents the most optimal resatutration time
period for future investigations. However, due to the challenges of resaturating such low
porosity rock, sample encapsulation after extraction is recommended for geomechanical
testing.

For the purposes of comparison, 0.25% water content is taken as a datum corresponding to
“Room Relative Humidity” (RRH). Average strength thresholds for three 76 mm diameter
samples at 0.25% water content and standard loading rates for UCS, CD and Cl are 107MPa,
85 MPa and 46 MPa respectively. Based on testing results, maximum achievable saturation
was shown to decrease UCS by up to 14% compared to room relative humidity conditions
(RRH) and Critical Damage (CD) by up to 15%. Cl was reduced by a more modest 8%. Oven
drying to 0.065% water content, on the other hand, increased the three thresholds by 24%, 26%
and 13% respectively. BTS was reduced by up to 25% by saturation and increased by up to
20% by drying.



Scale effect was investigated through the testing of four different core specimen sizes (50,
76,101 and 126 mm diameter). Young’s modulus of the rock was seen to increase with
increasing specimen diameter within the range of sizes tests. There has been no clear influence
of scale on Poisson’s ratio, Cl, CD, or UCS of the Cobourg limestone. The BTS results have
shown a decrease in strength with increasing specimen diameter with most of the decrease
occurring between 50 and 76 mm.

The results of loading rate testing on Room Relative Humidity (RRH) and one-month saturated
specimens have shown no significant effects to changing axial strain rate with respect to
Young’s modulus, Poisson’s ratio, and ClI threshold of the rock. The RRH specimen results
show a moderate decrease in CD and UCS threshold with increasing axial strain rate, while
one-month saturated specimens the opposite trend.
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1. INTRODUCTION

The excavation damaged zone (EDZ) research project at the Queen’s University
Geomechanics Group includes laboratory investigation of Cobourg limestone mechanical
properties. This project is aimed at establishing a reliable protocol for future laboratory
testing of Cobourg limestone or alike material. The specimens in this test series have been
prepared from large blocks of Cobourg limestone, retrieved from St. Mary’s Quarry near
Bowmanville, Ontario.

Uniaxial Compressive Strength (UCS) testing has been conducted on a total of 54
specimens to address the influence of saturation, loading rate, scale, and the combinations
of these parameters on the measured geomechanical properties of the Cobourg limestone.
The influence of saturation and scale has been further investigated through Brazilian Tensile
Strength (BTS) testing of 47 specimens. The purpose of this report is to present the result of
this testing, summarize the effect of saturation, loading rate, and scale on the
geomechanical properties of Cobourg limestone, and discuss the effectiveness of the testing
program with respect to characterization of the rock.

2. WORK SCOPE

This testing program has been conducted in order to examine the influences of various
testing conditions on the geomechanical properties of Cobourg limestone. This report will
discuss the methodology used to collect, prepare, and test Uniaxial Compressive Strength
(UCS) and Brazilian Tensile Strength (BTS) specimens. This will include the retrieval of
samples, the drilling, cutting, and grinding of specimens, specimen testing condition
preparation, and the procedures and equipment used during testing. In addition, methods
used to calculate properties such as water content, bulk density, Crack Initiation (Cl)
threshold, Critical Damage (CD) threshold, UCS, and BTS will also be outlined. The results
of testing will be presented and discussed with respect to specimen condition and ability to
accurately characterize the geomechanical properties of Cobourg limestone. The quality
assurance and quality control (QA/QC) of this testing will also be discussed, with reference
to the Queen’s Geomechanics Research Quality Plan (QUO0001-01) and in accordance with
the APM Design and Technical Project Quality Plan (APM-PLAN-01913-0222-R000).

3. TESTING PLAN

For this test program, three variations in specimen testing conditions were investigated:
varying the saturation level of specimens (saturation effect), the size of the specimens (scale
effect), and the time to failure of the specimens (loading rate effect). The effect of saturation
was investigated through 18 Uniaxial Compressive Strength (UCS) and 30 Brazilian Tensile
Strength (BTS) tests. The UCS specimens used in this testing had a diameter of 76 mm and
a consistent length to diameter ratio (L/D) of 2.5. The loading rate was set to achieve failure
in approximately 20 minutes. To better control the near yield and post yield behaviour, an
axial displacement control rate, for the 76mm diameter samples, of 0.01mm/min was used to
75% of estimated UCS and then control switched to a more sensitive circumferential
deformation control with a rate of 0.0125mm/min. The loading rate control is described
further in Section 5.2.1. The BTS specimens had a diameter of 76 mm and a consistent
thickness to diameter ratio (/D) of 0.5.

The water content of UCS and BTS specimens was altered using seven methods:

e Immersion saturation for 1 week, 1 month, and 3 months



e Vacuum saturation for 1 week
¢ Room Relative Humidity (RRH)
e Oven drying for 1 week and 1 month

These saturation methods used a Synthetic Pore Water (SPW) made in accordance to the in
situ SPW composition reported for the Cobourg Formation at the Bruce DGR nuclear site by
Intera (2010). RRH specimens were stored within the preparation laboratory and were
exposed to the environmental conditions present there. Immersion samples were submerged
in SPW for periods of one week, one month, and three months. Vacuum saturation involved
placing the sample, on its side, in a vacuum chamber while slowly filling the containment
vessel until submersion was achieved. Once submerged the sample was held under vacuum
for one week. Oven-dried specimens were stored in a forced air oven at 50°C for the
duration of one week and one month. Water content measurement for all samples was
initiated immediately after testing.

The UCS and Brazilian specimens used to examine the effect of saturation have been listed
below in Table 1 and Table 2. The UCS specimen ID nomenclature is such that the first letter
and number correspond the block the sample was drilled from, the second number
corresponds to the drill hole number in that block, and the third number represents the top
(1) or bottom (2) of the core if it broke during coring. The BTS specimen ID nomenclature is
such that the first letter and number correspond the block the sample was drilled from, the
second number corresponds to the drill hole number in that block, Top corresponds to a
specimen sawed from the top of the drill core, Bot corresponds to a specimen sawed from
the bottom of the drill core, and the third number corresponds to the first (1), second (2), or
third (3) specimen prepared from that same location. The larger the third number, the lower
the location of the BTS specimen in the original core (i.e. 1 would be the highest, and 3 the
lowest of a set).

Table 1: List of UCS specimens used to examine the effect of saturation

Specimen ID Saturation State
Azl-A-U Pressure Saturated 1
A2-7-1-U Week

A2-12-2-U

A2-2-1-U Submersion
A2-8-1-U Saturated 1 Week
A2-13-1-U

A2-3-1-U Submersion
A2-5-1°U Saturated 1 Month
A2-14-1-U

A41U Submersion
2;12;3 Saturated 3 Months
A2-5-1-U

A2-11-1-U Oven-dried 2 Weeks
A2-15-1-U

A2-6-1-U

A2-12-1-U Oven-dried 1 Month
A2-15-2-U




Table 2: List of BTS specimens used to examine the effect of saturation

Core ID Brazilian ID Saturation State
A2-1-Top
A2-1-1
A2-1-Bot-1 P Sat ted 1
ressure Saturate
A2-7-To
A2-7-1 P Week
A2-7-Bot
A2-4-1 A2-4-Top-3
A2-2-Top
A2-2-1
A2-2-Bot sub .
ubmersion
A2-8-Top-1
A2-8-1 P Saturated 1 Week
A2-8-Bot-1
A2-13-1 A2-13-Top
A2-3-Top
A2-3-1
A2-3-Bot sub .
ubmersion
A2-9-To
A2-9-1 P Saturated 1 Month
A2-9-Bot
A2-10-1 A2-10-Top-2
A2-4-Top-1
A2-4-1
A2-4-Top-2 .
7210 Top 1 Submersion
- |- O -
P Saturated 3 Months
A2-10-1 A2-10-Bot-1
A2-10-Bot-2
A2-5-Top
A2-5-1
A2-5-Bot
A2-11-Top-1 | Oven-dried 2 Weeks
A2-11-1 A2-11-Bot-2
A2-11-Top-2
A2-6-Top
A2-6-1
A2-6-Bot
A2-8-Top-2 ven-dried 1 Month
281 p Oven-dried ont
A2-8-Bot-2
A2-1-1 A2-1-Bot-2

The influence of specimen scale was investigated by testing 12 UCS and 17 BTS specimens
with four different diameters. The diameter of the specimens varied between 50 mm, 76 mm,
101 mm, and 127 mm. The L/D remained at 2.5 for all UCS specimens, and all BTS
specimens had a t/D of 0.5. The UCS and Brazilian specimens used to examine the effect of
scale have been listed below In Table 3 and 4



Table 3: List of UCS specimens used to examine the effect of scale

Specimen ID Specimen Diameter
C1l-6-1-U
C1-8-1-U 50 mm
C1-13-1-U
C1-4-1-U

C1-9-1-U 76 mm
C1-12-1-U
B1-1-1-U

B2-1-1-U 101 mm
B2-2-1-U
C1-1-1-U
C1-5-1-U2 126 mm
C1-10-1-U

Table 4: List of BTS specimens used to examine the effect of scale

Core ID Brazilian ID S;.)eCImen
Diameter
Cl-6-1
C1-6-1
C1-6-2
C1-8-1 50 mm
C1-8-1
C1-8-2
C1-13-1 C1-13-1
C1-4-Bot-1
C1-4-1
C1-4-Bot-2
C1-2-1 C1-2-Top 76 mm
C1-12-Top
C1-12-1
C1-12-Bot
B1-1-1 B1-1-Top-1
B2-1-Top-1
B2-1-1 101 mm
B2-1-Top-2
B2-2-1 B2-2-Top-1
C1-1 C11
C1-5 C1-5 126 mm
Ci1-10 C1-10

The influence of loading rate was examined using 24 UCS specimens loaded to failure within
different time periods. The UCS specimens had a diameter of 76 mm and a consistent L/D of
2.5. In addition to the 20 minute time to failure suite, specimens were loaded to failure in four
target time periods:

2 minutes

6 minutes
60 minutes
600 minutes



In addition, half of the specimens were submerged in the SPW for a period of one month
prior to testing. This was done to further investigate the influence of saturation and examine
its time dependent relationship to the geomechanical properties of Cobourg limestone. The
UCS specimens tested under varying loading rates (times to failure) have been listed below
in Table 5. The 20 minute RRH and 1 month saturated samples in the previous suite of
testing are also included in this comparison. The corresponding deformation rates for control
are discussed in Section 5.2.1.

Table 5: List of UCS specimens used to examine the effect of loading rate

Specimen ID | Loading Rate Saturation State
Al-7-1-U S _
pecimens are
c2-4-2-U failed in 2 min
Al1-11-1-U
Al1-3-1-U2
Specimens are
€2-2-1-U failed in 6 min
Al1-5-1-U
Room RH
Al1-8-1-U
Specimens are
c2-8-1-U failed in 60 min
Al-12-1-U
Al-4-1-U
Specimens are
€2-3-1-U failed in 600 min
A1-9-1-U
Al1-7-2-U S _
pecimens are
21510 failed in 2 min
Al-16-1-U
Al-3-2-U _
S i
C2-12-2-U 1 Mont '
A1-8-2-U Submersion
€2-16-1-U Specimens are Saturated
failed in 60 min
C2-4-1-U
Al-4-2-U
Specimens are
C2-14-1-U | o iled in 600 min
A1-15-1-U

Failure of the specimens was controlled using axial and circumferential strain based on
continuous readout from the equipped extensometers. The axial and circumferential strain
rates were adjusted such that the specimen would reach peak strength at the targeted time
period.



4. SPECIMEN PREPARATION

The previously listed Uniaxial Compressive Strength (UCS) and Brazilian Tensile Strength
(BTS) specimens have been prepared for testing using ASTM standards (references), and
will be referenced where applicable. The ISRM Suggested Methods or major scientific
publications are used when ASTM standards are not available or sufficient in addressing the
employed procedure within the testing framework.

4.1 Sample Collection

Large blocks of Cobourg limestone were obtained by McGill University from Saint Mary’s
Quarry located in Bowmanville, Ontario. The quarry uses the in situ Cobourg for aggregates
and cement manufacturing, meaning there are no constraints on the quality of retrieved
samples. Blocks of Cobourg are excavated by blasting, likely subjected to blast. The blocks
selected for this study were taken from the upper part of Bench 2 where the blast holes were
stemmed (no explosives) to minimize the damage sustained during blasting. During retrieval
of the blocks the quarry excavation level was approximately 70 m below ground level (Figure
1). Two blocks of rock were chosen based on size and weight restrictions related to
transportation from the quarry to Montreal. The rocks were selected based on the absence
of visible fractures, visibility of stratification, the presence of squared rock faces, and weight.

Figure 1: Saint Mary's Quarry. Sample location shown by black arrow



The largest block selected was approximately 0.8 m wide and 3.18 m long, while the smaller
block is approximately 0.9 m wide and 2.4 m long. The blocks were measured in order to
identify the most suitable cutting pattern to create more manageable pieces. The cutting was
conducted by Pierrexpert, Montreal due to their ability to handle and cut both the larger and
smaller blocks. The cutting was done using a water-cooled flexible chain saw, as shown in
Figure 2. The preparation of smaller blocks was carried out under continuous supervision
and low cutting speeds were maintained in order to minimize sample disturbance. Six cubes
were cut with side lengths of 400 mm and were made available by McGill University. The
blocks were then transported to the Queen’s Geomechanics Group Testing facility in
Kingston, Ontario for core drilling.

Figure 2: Water-cooled cutting of Cobourg blocks using a flexible chain saw at
Pierrexpert, Montreal

4.2 Drilling, Cutting, Grinding

The UCS samples are prepared in accordance with the ISRM suggested methods for
Unconfined Compressive Strength Testing (Fairhurst and Hudson, 1999) and the ASTM
D4543 standard (ASTM 2008a), where applicable. The BTS specimens are prepared in
accordance with ASTM D3967 (2008b).

The Cobourg limestone blocks are drilled with a Kitchen-Walker 4’ radial drill using diamond
core bits. The top surface of the blocks is marked for drilling location and core bit size to be
used (Figure 3a). The blocks are then secured in place (Figure 3b) to minimize disturbance
during drilling for maximum quality of the cores. The rotation and spindle speed of the drill is
adjusted according to the rock and core bit to maximize the quality and smoothness of the
circumferential surface of the cores. An example for drilling a 400 mm cube of the Cobourg
limestone is shown in Figure 3c.

The cores are cut into UCS and BTS test specimens with a diamond saw (Figure 4a). The
UCS specimens are cut to the final length of the specimen with an additional length of 2 to 3
mm for grinding. If the length of the cores permits, BTS specimens are also cut from the top
and bottom of the UCS specimens. When cutting BTS specimens, special care is taken to
ensure that the ends remain parallel to one another and meet the ASTM D3967 (2008b)
standard, as listed in Section 4.3.2. The UCS specimens, after cutting, are ground down to
the proper size with a GCTS RSG-200 specimen grinder (Figure 4b). The specimens are
ground with a diamond grinding cup-wheel in order to meet the required flatness of the two
ends as well as the perpendicularity of the two ends with respect to specimen axis, as listed
in Section 4.3.1.



Figure 3: (a) Marking the drilling location and size on top of the Cobourg limestone
blocks, (b) securing the block at the base of the drilling machine, (c)
drilling a Cobourg limestone block

S N

Figure 4: (a) Diamond saw for cutting cores, (b) Specimen grinder with diamond
grinding cup-wheel



4.3 Verification of Dimensions

4.3.1 UCS Specimens

The UCS specimens are drilled, cut and grinded flat to meet the tolerances as specified by
ASTM D4543 (2008a). The dimension tolerances include:

¢ Smoothness of the cylindrical surface of the specimen shall be within 0.50 mm over
the full length of the specimen
Smoothness of the end surfaces shall not exceed 25 pm

e The perpendicularity of the specimen ends to the axis of the specimen shall not
depart from a right angle by more than 0.25°

e The angular difference for parallelism of the opposing specimen ends of a specimen
shall not be more than 0.25° for spherically seated test machines and 0.13° for fixed
end test machines

The UCS specimens are prepared with the length to diameter (L/D) ratio of 2.5 to meet the
requirements of both ASTM D4543 (2008a) as well as the ISRM suggested methods
(Fairhurst and Hudson, 1999) which recommend a L/D ratio of 2-2.5 and 2-3, respectively.
An Inspection Grade (Grade A) granite support surface, a digital indicator with 0.001 mm
resolution, a V-block, a feeler gage set, and an electronic caliper are used for the verification
of tolerances and dimensions of the specimens (Figure 5).

| -

Figure 5: Granite support surface, digital indicator, V-block, feeler gage, and the
electronic caliper used for verification of the specimen dimensions

The length and diameter of the specimens are determined in accordance with ASTM D4543
(2008a) and ISRM suggested methods (Fairhurst and Hudson, 1999) using an electronic
caliper. The length is determined to the nearest 0.01 mm by taking an average of two
lengths measured perpendicular to each other from the center of the end faces. The
diameter is determined to the nearest 0.01 mm by taking the average of two diameters
measured perpendicular to one another close to the top, middle, and bottom of the
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specimen. The accuracy of the length and diameter measurements meets and exceeds the
requirements of ASMT D4543 (2008a) and ISRM suggested methods (Fairhurst and
Hudson, 1999).

The smoothness of the cylindrical surface of the specimens are verified by sliding the
specimens along their axial axis on a V-block and measuring the maximum deviation. The
perpendicularity of the specimen ends to the axis of the specimen is verified by means of a
feeler gage set and measuring the maximum distance of one end of the specimen from a flat
vertical block when the other end is pushed tight against the same block. The flatness of the
specimen ends and their parallelism is verified by doing measurements along two
perpendicular diameters at the two ends of the specimen at 10 mm intervals (higher
resolution measurements, 5 mm intervals, are also performed for randomly selected
specimens). An example is shown in Figure 6.
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Verification of the flatness and parallelism of the specimen ends.
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4.3.2 BTS Specimens

The BTS specimens are drilled, cut, and then inspected to meet the tolerances specified by
ASTM D3967 (2008b). The dimension tolerances include:

¢ Smoothness of the cylindrical surface of the specimen shall be within 0.50 mm over
the full length of the specimen

¢ The perpendicularity of the specimen ends to the axis of the specimen shall not
depart from a right angle by more than 0.5°

The BTS specimens are prepared with the thickness to diameter (t/D) ratio of 0.5 to meet the
requirements of ASTM D3967 (2008b), which specifies a ratio of 0.2-0.75. An Inspection
Grade (Grade A) granite support surface, a digital indicator with 0.001 mm resolution, a V-
block, a feeler gage set, and an electronic caliper are used for the verification of tolerances
and dimensions of the specimens (Figure 5).

The diameter and thickness of the specimens is determined to the specifications of ASTM
D3967 (2008b) using the electronic caliper. The diameter is determined to the nearest 0.01
mm using an average of three measurements, one of which is along the loading diameter.
The thickness is determined to the nearest 0.01 mm using an average if three
measurements, one of which is at the center of the disk. The accuracy of the length and
diameter measurements meets and exceeds the requirements of ASMT D3967 (2008b). The
smoothness of the cylindrical surface of the specimens is verified by sliding the specimens
along their axial axis on a V-block and measuring the maximum deviation. The
perpendicularity of the specimen ends to the axis of the specimen is verified by means of a
feeler gage set and measuring the maximum distance of one end of the specimen from a flat
vertical block when the other end is pushed tight against the same block.

4.4 Photography and Scanning

441 Blocks

The limestone blocks are photographed before drilling in different orientations for generation
of the 3-Dimensional photogrammetric model of the blocks. Similar procedure is repeated for
each block while the surface of the block is moistened for better appearance of the geologic

features.

4.4.2 Cores

Drilled cores are photographed in dry and wet (surface) conditions at 45° radial increments
(8 photos per core for each of the wet and dry conditions). Examples are shown in Figure 7.
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Figure 7: Drilled cores are photographed in dry and wet (surface) conditions

4.4.3 Specimens

The prepared BTS and UCS specimens are photographed in dry condition at 90° radial
increments (four photos per specimen, Figure 8a).The top and bottom of BTS specimens is
also photographed to record and identify and potential features that could influence results
(Figure 9). Each UCS specimen is scanned with a cylinder scanner (Figure 10) that was
designed and built at the Queen’s Geomechanics Group. The scanner provides an unrolled
view of the specimen without any optical distortion for image analysis of the clay content of
the specimens (Figure 8b).

-

Figure 8: (a) One of the four sides of prepared specimens are photographed at 90°
radial increments before testing, (b) an example for an unrolled image of a
Cobourg limestone circumferential surface produced by the cylinder
scanner.
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Figure 9:

Figure 10: Cylinder scanner used for capturing the unrolled circumferential surface of
the specimens
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4.4.4 Test Setup

The testing set-up for each specimen is photographed before testing. For specimens with
visible fractures, the image of their post-test state is also captured.

4.5 Saturation and Drying Methods

Synthetic Pore Water (SPW) is used for saturation of the specimens. The SPW solution is
made in the laboratory according to the SPW composition reported for limestone by Al et al.
(2010). Two types of saturation techniques are employed: submerging and vacuum
saturation. In the submerging saturation technique, the specimens are submerged in the
SPW fluid within a container with tight lid to avoid evaporation and consequently changes in
the SPW composition. The submersion duration for the specimens vary depending on the
testing protocol. The vacuum saturation of the specimens is performed by using a set of
stainless steel trays, a vacuum chamber, and vacuum pump as shown in Figure 11.

Figure 11: Apparatus used for vacuum saturation of the specimens

There is no standard method available for vacuum saturation of low porosity rocks, therefore
a procedure has been adapted based on Dunning & Yeskis (2007) and ISRM (1979). In the
developed approach, Stainless steel trays were stacked and a half millimetre diameter hole
was drilled into the top tray to allow the SPW fluid to drip into the bottom tray (Figure 12).
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Figure 12: Stainless steel trays used during vacuum saturation

The amount of fluid that is needed to fill the bottom tray while containing the specimen(s),
ensuring they become fully submerged is calculated. The specified amount of SPW fluid is
then transferred to the top tray while the hole is plugged. The top tray is then placed into the
angle brackets of the bottom tray which already contains the specimen(s). Both trays are
then placed into the vacuum chamber and the hole in the middle of the top tray is unplugged
allowing for the SPW fluid to drip into the bottom tray slowly. Then the vacuum chamber
exhaust valve is sealed and the vacuum pump is turned on, bringing the suction in the
vacuum chamber to 700 mmHG below atmospheric pressure. The suction pressure is
maintained in the chamber during saturation time (one week).

Drying of specimens is performed in a VWR forced air oven (Figure 13) at 50°C to avoid
inducing heating-related fractures in the specimens or cooking the clay in the Cobourg
limestone. During drying specimens are placed directly on the stainless steel racks in the
oven and held there until the designated time period has been reached. The specimens are
removed just before testing, to maintain the established water content.
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Figure 13: VWR oven used to dry UCS and BTS specimens

4.6 Water Content and Bulk Density Measurements

The density of the specimens is calculated after preparation but before testing with the
moisture content corresponding to the relative humidity of the room, according to the
equations in ISRM (1979). Water content of the specimens is measured after testing
according to ASTM D2216 (2010). Specimens are dried in a VWR forced air oven at 50°C for
a minimum duration of a month. Their mass is measured regularly and specimens are
removed from the oven when the change in their mass is less than 0.5 g within a week. A
VWR scale with a capacity of 6000 g and readability and repeatability (Std. Dev.) of 0.01 g is
used for density and water content related mass measurement of the specimens.
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5. TESTING CONFIGURATION AND PROCEDURES

The Uniaxial Compressive Strength (UCS) and Brazilian Tensile Strength (BTS) specimens
utilize much of the same testing system, however, there are some differences in their
equipment, configuration, and testing procedure. The following sections of this report will
provide details regarding the MTS 815 Testing system used to preform UCS and BTS tests,
as well as additional equipment, testing configurations, and testing procedures for both test
types.

5.1 Equipment

5.1.1 MTS 815 Rock Mechanics Testing System

The UCS and BTS tests are performed with a MTS 815 Rock Mechanics Testing System
that is a closed-loop, computer-controlled, servo-controlled hydraulic compression machine

=
|

(Figure 14).

Figure 14: MTS rock mechanics testing system at the Queen’s Geomechanics testing
laboratory
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The system consists of:

5.1.2

MTS 315.02 load frame with 2700 kN compression rating, including a differential
pressure (AP) transducer (which monitors the difference in pressure on each side of
the actuator piston and is calibrated to represent the force output of the actuator) -
Certificate of Calibration in Appendix 1

MTS Model 505.07 Silent Flo Hydraulic Power Supply

MTS FlexTest 60 controller

MTS triple averaging axial extensometer with overall axial travel distance of +4.0 mm
and gauge length of 50.0 mm (Certificate of Calibration in Appendix 2)
Circumferential extensometer with +4.0 mm travel connected to a roller chain
(Certificate of Calibration in Appendix 3)

Computer with the MTS controlling software

Acoustic Emission (AE) Monitoring System

The AE activity of all UCS specimens during testing are monitored for further micro-cracking
information. A Physical Acoustics Corporation (PAC) Pocket AE system connected to two
PAC R15 sensors with an operating frequency [resonant frequency] of 50-400 [75] kHz is
used (Figure 15). The parametric input to the Pocket AE allows for recording of the axial
force from the MTS test system as an external channel to synchronize the AE data with the
axial stress applied to the specimens.

In all tests on the Cobourg limestone the channel sensitivity threshold is set to 30 dB and the
Pocket AE’s built in pre-amplifier is enabled. The waveforms are sampled at a rate of 10
MSPS (Mega Samples per Second). The High pass and the Low Pass analog filters are set
to 20 kHZ and 1 MHz, respectively.

Face plates

s/

X
/

Supports

/"

Pocket AE
AE transducers

Figure 15: PAC Pocket AE monitoring system, PAC R15 sensors, and accessories
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5.1.3 Strain Gauges

Strain gauges were utilized on a number of BTS tests in order to investigate the use of strain
gauges as an alternative to extensometers, and assess the best technique for future testing.
The strain gauges used are 120 Ohm HBM strain gauges with a gauge length of 10 mm. The
gauges connect to a four channel amplifier which directly connects to the input channels of
the MTS FlexTest 60 controller. This is done so that the collected strain data can be synced
with the applied load data. The sampling rate for Brazilian tests is set 10 Hz, providing
continuous strain readout during testing. Additional specifications of the HBM strain gauges
have been included in Appendix 4.

5.2 UCS Testing Procedure

In all UCS tests on the Cobourg limestone, axial deformation is measured with the three
averaging direct contact extensometers (50.0 mm gauge length). The extensometers are
held in place by the contact force provided from six mounting springs, with elastic bands
replacing the springs for tests with fast loading rates. Circumferential deformation is
measured by means of an extensometer connected to a roller chain wrapped around the
circumference of the specimen at its mid-height. The applied force to the specimen is
measured with the (AP) transducer. The applied force and the deformation data from the
sensors are recorded with the frequency of 4 Hz during the tests. Non-lubricated steel
platens, fixed at the bottom and with spherical seat on top, are used for the UCS tests.
Larger platens made of hardened steel are placed over the pre-existing platens for the
largest diameter (126 mm) tests. Figure 16 shows the setup of a UCS test.

Acoustic emissions are monitored in all UCS tests on the Cobourg limestone. The two AE
transducers are secured on the circumference of the specimens, between the
extensometers and outside the mounting spring (used for extensometers) by means of
aluminium supports and elastic bands. Brass face plates are used to fit the curved
circumferential surface of the specimens to flat surface of the AE transducers. Sil-Glyde
lubricating compound is used as the couplant for a better wave transfer between the surface
of the specimens to transducers.

The UCS tests are started under the axial deformation control and then switched to the
circumferential deformation control at 75 MPa to ensure a controlled test in the post-peak
region. A detailed testing routine that conforms with ASTM D7012 (2014) and ISRM
suggested methods (Fairhurst and Hudson, 1999) is used and is listed below:

Raise the specimen manually to near contact with the top platen

Zero the readings of axial force as well as axial and circumferential extensometers

Start the programmed test control routine

Raise the specimen to contact with the top platen, then:

¢ Move the actuator up with the rate of 0.1 mm/min

e Stop when the applied force reaches 5.0 kN

o Reduce the applied force 1.0 kN with the unloading rate of 10 kN/min

5. Start recording the applied force, axial and lateral deformations, and AE activity

6. Start the test in axial deformation (axial extensometer) control mode with the rate
ranging between 0.1 to 0.0003 mm/min depending on the testing protocol

7. When the applied stress reaches 75.0 MPa switch the test control mode to
circumferential strain control

8. Continue loading the specimen corresponding to the circumferential deformation
ranging between 0.125 to 0.000375 mm/min depending on the testing protocol

9. Stop the test when the applied force to the specimen in the unloading region reaches

60% of the maximum applied force to the specimen during the test

Pwh =
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The relative humidity of the room as well as the temperature is recorded at the beginning of
each test. The specimens are visually inspected at the beginning of the test and any type of
structural weakness (e.g. healed fractures) are recorded for the specimen. The mode of
failure for each test is recorded as well.

5.2.1 Axial and Circumferential Deformation Rates

The ASTM standard recommends a failure time of up to 15 minutes for standard
geotechnical samples (50-54mm diameter). The standards refer to time-to-failure rather
than a mandated strain or displacement rate. A baseline testing time-to-failure of 20 minutes
was selected for the 76mm samples in this investigation.

The axial displacement control (0.01mm/min for a 76mm diameter sample or a 5.3E-5/min
strain rate) was switched to circumferential control at 75MPa (75% of minimum UCS
anticipated) to allow more precise control of the near yield and post yield behaviour. It has
been found that the lateral (circumferential) strain rate just prior to failure (between CD and
peak UCS) can be over 4 times the elastic rate due to crack formation and dilation. In order
to provide a lateral deformation control value that, at the point of failure would be equivalent
to maintaining the initial axial strain rate a circumferential displacement rate of
0.0125mm/min was selected. For other sample sizes, the axial loading rate was kept
constant through the elastic range for simplicity but the lateral displacement rate was
adjusted for the sample diameter.

All 76mm saturation trial specimens have been tested at the standard axial and
circumferential deformation rates, 0.01 and 0.0125 mm/min, respectively. The deformation
rates for the loading rate trial specimens have been adjusted to ensure that the specimen
will fail in the targeted time period. The scale effect tests have the same axial deformation
rate (0.01 mm/min) but different circumferential deformation rates. This is done to account
for the difference in the size of the specimen and maintain a constant axial strain rate. The
deformation rate used in each test has been summarized in Table 6.

Table 6: Axial and circumferential deformation rates used for each test type

Axial Deformation Rate Circumferential Deformation
Test Type

(mm/min) Rate (mm/min)

Saturation 0.0100 (76mm, 20 mins) 0.0125

50 mm Diameter 0.0100 0.00825

76 mm Diameter 0.0100 0.0125

101 mm Diameter 0.0100 0.0165

126 mm Diameter 0.0100 0.021

2 min Failure Target 0.1000 (76mm) 0.125

6 min Failure Target 0.0300 (76mm) 0.0375

60 min Failure Target  0.0030 (76 mm) 0.00375

600 min Failure Target 0.0003 (76mm) 0.000375
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Figure 16: UCS test set-up for Cobourg limestone specimens

5.3 BTS Testing Procedure

In 35 of the BTS tests lateral deformation is measured with two of the averaging direct
contact extensometers (20.0 mm gauge length). The third extensometer is connected to the
system, however, with the zero-displacement pin remaining in to provide no influence on
readings. This is required as the MTS system requires feedback from all three
extensometers to operate. The extensometers are held in place by the contact force
provided by elastic two elastic bands wrapped around each specimen (Figure 17a). The
extensometers are positioned at the centre of the specimen's face, aligned perpendicular to
the loading direction. Strain gauges were used to record lateral deformation measurements
of the 12 other BTS tests. A strain gauge with foil length of 10 mm was placed at the center
of each specimen face, for a total of two gauges per specimen. The gauges were aligned
perpendicular to loading direction and are held in place using a cyanoacrylate adhesive
(Figure 17b).

The applied force to the specimen is measured with the (AP) transducer. The applied force
and the deformation data from the sensors are recorded with 10 Hz frequency during the
tests. Curved bearing blocks made of hardened steel are used for the 50 and 76 mm BTS
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tests to reduce the contact stresses (Figure 17). The upper bearing block has a spherical
seat formed by a half ball bearing. The larger BTS tests (101 and 126 mm) use non-
lubricated steel platens, fixed at the bottom and with a spherical seat on top. Wooden senior
tongue depressors are cut to size and used as cushions between the platens and the
specimen to reduce the contact stress (Figure 18).

The BTS tests are conducted under monotonically increasing load until the specimen has
failed. A testing routine that conforms with ASTM D3967 (2008b) is used and is detailed
below:

Place the specimen in the center of the curved bearing blocks or platens

Raise the specimen manually to near contact with the top platen

Zero the readings of axial force and extensometers or strain gauges

Start programmed test control routine

Raise the specimen to contact with the top platen, then:

¢ Move the actuator up with the rate of 0.1 mm/min

e Stop when the applied force reaches 5.0 kN

e Reduce the applied force to the specimen to 1.0 kN with the unloading rate of 10
kN/min

6. Start recording the applied force and lateral deformations

7. Start the test in load control mode with the rate ranging between 0.1 to 0.25 kN/s
depending on the diameter of the specimen

8. Stop the test when the applied force to the specimen in the unloading region reaches

60% of the maximum applied force to the specimen during the test

RN~

Figure 17: BTS test set-up for 50 and 76 mm Cobourg limestone specimens

The relative humidity of the room as well as the temperature is recorded at the beginning of
each test. The specimens are visually inspected at the beginning of the test and any type of
structural weakness (e.g. healed fractures) are recorded for the specimen. The mode of
failure for each test is recorded as well.
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Figure 18: BTS test set-up for 101 and 126 mm Cobourg limestone specimens
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6. DATA PROCESSING METHODOLOGY

The data collected during testing is used to calculate various geomechanical properties
using standardized ASTM methods. The ISRM Suggested Methods or major scientific
publications are used when ASTM standards are not available or sufficient in addressing the
employed procedure within the testing framework. In addition, Crack Initiation (Cl) and
Critical Damage (CD) thresholds have also been estimated using six different methods. The
methods used to calculate these properties have been described in the following
subsections.

6.1 Water Content

The water content by mass of each specimens is calculated once the final dried mass has
been measured and according to ASTM D2216 (2010). The water content is recorded to the
nearest 1% and is calculated using Equation 1:

w= (%) x 100 [1]

where w is water content (%), Mcms is the mass of the container and moist specimen (g), Mcds
is the mass of the container and oven-dried specimen (g), and M. is the mass of the
container (g).

6.2 Bulk Density

The bulk density of each specimen is calculated according to ISRM (1979), using Equation
2:
M
p=y [2]
where p is the bulk density (kg/m3), M is the mass of the specimen measured prior to testing
(kg), and V is the volume of the specimen calculated from dimensions measured during
sample preparation (m3).

6.3 Elastic Parameters

Young’s modulus (E50) and Poisson’s ratio (v50) is calculated for every Uniaxial
Compressive Strength (UCS) test using the ASTM D7012 (2014) standard. Young’s
modulus, E, is defined as the average slope of the straight-line portion of the stress-strain
curve, calculated between 40 and 60 percent of the maximum applied load (Equation 3a).
The change in stress within this range is divided by the change in strain. Poisson’s ratio, v, is
calculated from Equation 3b:

__ Change in axial stress

over interval 30 — 50% of UCS [3a]

- Change in axial strain

__ Change in lateral strain

over interval 30 — 50% of UCS [3b]

Change in axial strain

While E50 and v50 represent the standard values normally reported, this range of behaviour
overlaps with the onset of damage initiation (see Section 6.6) and is therefore subject to
inelastic influences.
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In this report E35 and v35 are also reported and are the values plotted for the elastic
constants (same as in Equations 3 but taken from 25-35% of UCS) in order to obtain a more
accurate estimate of true elastic parameters. This cre is necessary to ensure accurate
calculation of CI. Care is taken to ensure that the 25% lower bound for the measurement
range does not include any initial non-linearities due to pre-existing sample damage.

For routine testing in commercial laboratories, it may be prudent to use E40 and v40 as the
specified data to be reported for this purpose. While 35% of UCS represents a more
accurate sampling point (particularly for Poisson's Ratio) 40% of UCS may be a more robust
compromise to ensure that early non-linearity due to seating and damage, that may go
undetected, does not influence the results. The values at 50% should be reported to
conform to the conventional standards (For this work they are included in the appendix), best
practice would dictate either 35% or 40% elastic values be reported as well for use in
damage calculations and other applications. Values at 35% are reported in the main body of
this report.

6.4 Uniaxial Compressive Strength (UCS)

The UCS of the specimens is calculated according to ASTM D7012 (2014), using the
relationship in Equation 4:

P
ucs =~ (4]

where P is the failure load (N), and A is the cross-sectional area (mm?2).

6.5 Brazilian Tensile Strength (BTS)

The tensile strength of the Brazilian specimens is calculated according to Equation 5,
provided in ASTM D3967 (2008b):

2P
o= (5]
where o; is the is the BTS (MPa), P is the maximum applied load (N), L is the thickness of
the specimen (mm), and D is the diameter of the specimen (mm).

6.6 Crack Initiation (Cl) and Crack Damage (CD) Estimation

A variety of methods have been utilized to estimate the crack damage thresholds (Cl and
CD) based on the stress, strain, and AE data obtained during UCS testing. The strain based
methods approximate Cl and CD values using axial, circumferential, and volumetric strain
data calculated using sample dimensions and displacements measured during testing. The
AE methods estimate Cl and CD by measuring the rate, amplitude, and duration of AE
events during the UCS test. All methods used to analyze the crack damage thresholds of
Cobourg limestone in this study are described in the following subsections.

6.6.1 Direct Strain [Cl/CD]

The direct strain method includes the calculation of circumferential, axial, and volumetric
strain of a sample throughout the duration of testing. These three parameters are plotted
together along the same axis and against axial stress. The trends observed in the data are
analyzed to identify Cl and CD thresholds (Figure 19).
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Figure 19: Example of strain-stress graph showing axial, lateral, and volumetric strain
data and their associated Cl and CD threshold markers

Circumferential (lateral) and axial strain is calculated according to the ASTM (2014) method,
while volumetric strain is calculated using the ISRM (1979) guideline. Cl is identified as the
point of non-linearity in the slope of the direct circumferential strain data (Brace et al. 1966;
Bieniawski 1967; Lajtai and Lajtai 1974). CD can be approximated as the point of non-
linearity in the slope of the direct axial strain data, as well as the reversal point of volumetric
strain.

6.6.2 Crack Volumetric Strain [ec]

Crack volumetric strain (g.v) is an indicator that was suggested by Martin (1993) for
determining the onset of Cl threshold. This can be done by calculating the difference
between volumetric strain (€.01) and elastic volumetric strain (€ev), as shown in Equation 6.

€cv = ol T €ev [6]

in which volumetric strain is a function of axial (€axia) and lateral (€iateral) Strain. This
relationship can be seen below in Equation 7:

€ol = Eaxial T 2 Elateral [7]

Elastic volumetric strain is given by Equation 8:

tev = = (01— 03) [8]

where E and v are Young’s modulus and Poisson’s ratio respectively, and o1 and o3 are the
major and minor principle stresses. The corresponding plot of stress and crack volumetric
strain shows a gradual increase as pre-existing fractures within the specimen close. E35 and
v35 should be used for this calculation. Eventually, the €., trend flattens and begins to
decrease rapidly. Cl is interpreted as the maximum (reversal) point of the crack volumetric
strain curve.
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6.6.3 Inverse Tangent Lateral Stiffness (ITLS)

Ghazvinian (2010) suggests Inverse Tangent Lateral Stiffness (ITLS) as a Cl estimation
method that is only dependent on lateral strain. ITLS utilizes a moving point regression
technique to amplify the change in slope of the lateral strain-axial stress curve. ITLS (gA) is
calculated using Equations 9, 10, and 11:

gA = % )

where,
Agiateral = Elaterali +10 ~ Elaterati-10 (51,2, 3, ...) [10]
Ao = 0; 419 — 0i_19 (i=1,2,3,...) [11]

and o is the axial stress. Both Ag; and Ao are calculated between an interval which is
adjusted by the user according to data quality and data frequency to reduce noise
(Ghazvinian 2015). In this method, Cl is identified as the onset of non-linearity of the ITLS
curve when plotted against axial stress.

6.6.4 Instantaneous Poisson’s Ratio [vA]

Instantaneous Poisson’s Ratio (vA) is a useful method for identifying the onset of Cl using a
moving point regression. This technique amplifies the change in Poisson’s Ratio during
testing, capturing the increase in lateral strain rate as fractures begin to form within the
specimen (Diederichs 1999). The moving average of Poisson’s Ratio is calculated using
Equations 10, 12, and 13:

Agjateral
A\ = —lateral 12
M Aggxial [ ]
where
Aearial = Eaxiali+10 — Eaxiati-10 (F1,2,3,...) [13]

and Ag;gierq IS given in Equation 6. Cl is identified as the onset of non-linearity of the
vA curve when plotted against axial stress.

6.6.5 Instantaneous Young’s Modulus [CD]

Instantaneous Young’s Modulus is similar to the previous two methods; it uses a moving
point regression to make the rapid increase of axial strain more apparent. This rapid
increase in strain under constant, or slightly increasing, axial stress represents the CD
threshold. Instantaneous Young’s Modulus is calculated using Equations 11, 13, and 14
described by Ghazvinian (2010):

Ao

EA = [14]

Aeqxial

Instantaneous Young’s Modulus initially shows a steady increase as cracks within the
specimen close, leading to a maximum value in the stress and EA plot. After this point the
specimen will begin to behave as a linear elastic material. This behaviour will continue to be
captured in the EA plot even after new cracks parallel to the direction of loading form. Once
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the fracture density within the sample is large enough to cause interaction between one
another the EA slope will begin to decrease significantly indicating the CD threshold.

6.6.6 Acoustic Emission (AE) Methods [CI/CD]

Diederichs et al. (2004) describes an AE method for identification of Cl and CD thresholds
using a plot of cumulative number of AE events against axial stress. A lower bound for Cl is
identified as the point where the rate of AE events begins to occur at an increased rate with
little change in axial stress. The upper bound for Cl is identified as the second point of
increase in the rate of AE events. The rate of AE events will begin to rapidly increase at this
point, before eventually becoming linear. The final rapid increase in the rate of AE events
before failure of the sample represents the CD threshold. A mid-bound value (CI_M) is also
identified, representing the intersection of the trendlines for AE data after first cracking (CI_L)
and after systematic damage (Cl_U).
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7. RESULTS

The previously described testing has produced stress, strain, and AE data for 54 Uniaxial
Compressive Strength (UCS) and 47 Brazilian Tensile Strength (BTS) Cobourg limestone
specimens. A data summary of the UCS and BTS results is included in Appendix 5 and 6,
respectively. This data has been used to calculate UCS, axial strain, circumferential (lateral)
strain, Poisson’s ratio, and Young’s modulus using the ASTM 7012 (2014) standard
methods. It has also been used to calculate BTS in accordance with ASTM D3967 (2008b).
Water content (%) for all specimens has been calculated using the ASTM (2010) standard
method. In addition, Cl and CD thresholds are calculated as an average of several indicator
methods previously described. The results of the testing program have been categorized first
by test type and then by testing condition.

71 Uniaxial Compressive Strength (UCS) Results

A total of 54 UCS specimens of Cobourg limestone were prepared and tested under various
conditions to investigate the influence of saturation, scale, and loading rate on the
geomechanical properties of the rock. In total, 18 specimens were used to evaluate the
influence of saturation, 12 specimens were used to evaluated the influence of scale, and 24
specimens were used to evaluate the influence of loading rate.

7.1.1 Saturation

The water content of specimens used to investigate the influence of saturation was varied
using the seven methods previously discussed in Section 4.5 of this report. All specimens
consisted of cylindrical samples of Cobourg limestone, with a diameter of 76 mm. The same
dimensions were used for the three 76 mm specimens used to investigate the influence of
scale, thus they have been included within this data set for comparison. The three scale
specimens remained exposed to Room Relative Humidity (RRH) while being stored within
the preparation laboratory, and will represent a seventh saturation state for the subsequent
data. Therefore, these results will include a total of 21 data points from seven different
saturation methods.

7.1.1.1 Water Content

The water content (%) of the specimens has been calculated and compared to the various
saturation methods used. The data is shown below in Figure 20.

The oven drying methods have shown a significant decrease in water content of the
specimens. The one month drying produced an average water content of 0.05%, while the
two week oven drying had an average of 0.08%. The RRH specimens had variable water
contents ranging from 0.18% to 0.32%. The saturated specimens all resulted in similar water
contents with the one-week vacuum saturation, one-week submersion, and one-month
submersion specimens having an average water content of 0.606%, 0.610%, and 0.612%,
respectively. The average water content of the three-month submersion saturated
specimens was slightly higher at 0.651%. The minimum, maximum, and average water
content of the specimens has been summarized in Table 7.

It was noted that long durations of unconfined saturation by immersion resulted in some
visible sample damage where locally concentrated clay matrix was present. Under in situ
situation, damage is not anticipated during re-saturation of rock underground. It is important
to note that some differences in testing results for three-month samples may be the result of
this damage rather than the direct result of increased saturation times.
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Figure 20: Comparison of water content and saturation method for UCS specimens

Table 7: Summary of water content results

. . Water Content %

Saturation Condition

Min. Max. Avg.
Oven Dry 1 Month 0.05 0.06 0.054
Oven Dry 2 Week 0.07 0.11 0.083
Room Relative Humidity 0.18 0.32 0.254
Vacuum Saturation 0.59 0.62 0.606
Submersion 1 Week 0.59 0.62 0.610
Submersion 1 Month 0.57 0.64 0.612
Submersion 3 Month 0.58 0.71 0.651

7.1.1.2 Elastic Properties

Poisson’s ratio and Young’s modulus have been calculated for all specimens using the
previously discussed methods. A comparison of the calculated Poisson’s ratio and Young’s
modulus, with respect to water content, can be seen below in Figure 21.

The comparison shows a slight increasing trend in Poisson'’s ratio and decreasing trend in
Young’s modulus with increasing water content. There is also increased variability in both
Young’s modulus and Poisson’s ratio values for the saturated specimens. The trends appear
to level out at the higher water contents, approaching constant values for both Young’s
modulus and Poisson’s ratio. Data regarding minimum, maximum, and average Young’s
modulus and Poisson’s ratio is shown in Table 8.
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Table 8: Young's modulus (E35) and Poisson's Ratio (v35) data for saturation

specimens.
. . Young's Modulus (GPa) Poisson's Ratio
Saturation Condition
Min. Max. Avg. Min. Max. Avg.

Oven Dry 1 Month 38 45 40.5 0.20 0.24 0.219
Oven Dry 2 Week 37 44 41.2 0.16 0.23 0.199
Room Relative Humidity 39 40 39.9 0.21 0.24 0.217
Vacuum Saturation 34 35 34.4 0.22 0.24 0.231
Submersion 1 Week 35 38 36.4 0.22 0.27 0.242
Submersion 1 Month 26 33 30.5 0.18 0.28 0.230
Submersion 3 Month 23 32 28.7 0.22 0.29 0.251

Although the vacuum, one week, one-month, and three-month saturated specimens all have
similar water contents, they produce significantly different results with respect to elastic
properties. The data in Table 8 shows that as saturation duration increases, there is a
decrease in Young’s modulus and increase in Poisson’s ratio. The two week and one-month
oven-dried specimens, as well as RRH specimens, produced relatively similar results with
respect to elastic constants. This suggests that increased oven drying duration would not
influence Young’s modulus or Poisson’s ratio in a significant manner.

7.1.1.3 UCS and Crack Damage Thresholds

The Cl and CD thresholds have been estimated using a variety of methods based on the
stress, strain, and AE data obtained during testing. These methods have been previously
discussed in subsection 6.6. In addition, UCS has been calculated based on the peak load
measured during each test. These strength thresholds have been plotted together with
respect to water content of the specimens in Figure 22.
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Figure 22: Comparison of Cl, CD, and UCS stress thresholds with respect to
specimen water content

Figure 23 shows that with increasing water content there is a significant decrease in both
UCS and CD. The influence of increasing water content on the CI threshold of Cobourg
limestone appears to be minor, and approaching a constant value at higher saturation. The
one-month oven-dried specimens produced a maximum and minimum UCS of 151.8 MPa
and 139.1 MPa respectively, a range of 12.7 MPa. The three-month submersion saturated
specimens produced a maximum UCS of 96.2 MPa and a minimum UCS of 84.0 MPa, a
range of 12.2 MPa. The drop in average UCS from fully dry (one-month oven drying) to fully
saturated (three-month submersion) is approximately 55.56 MPa, a decrease of 39%. The
oven-dried, RRH, and saturated results have been grouped together and are summarized in
Table 9.

Table 9: Thresholds from Best Fit Trends for dried, RRH, and saturated specimens

Threshold Dried RRH Wet Increase from Decrease from
@0.065% @0.25% @0.65% RRH-Dry (%) RRH-Wet (%)

Cl 51.8 45.9 42.1 12.9 8.2

CD 107.4 85.4 72.6 25.7 15.0

UCS 132.2 106.6 91.5 24.0 14.2

The data in Table 9 supports a general decreasing trend in UCS and crack damage
thresholds, however, with a noticeably smaller effect on Cl. The reverse trend is shown with
the oven-dried specimens, with minor influence on Cl (12.9% increase), and more effect on
CD (25.7% increase) and UCS (24.0% increase). Results for the seven individual saturation
conditions are summarized in Table 10.
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Table 10: UCS and crack damage threshold data for saturation specimens

Saturation Condition Cl (MPa) CD (MPa) UCS (MPa)
(Number of Tests) Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.
Oven Dry 1 Month (3) 443 554 5048 91.0 127.3 110.25 139.1 151.8 143.95
Oven Dry 2 Week (3) 47,5 56.4 51.23 83.7 116.0 102.39 99.3 138.7 120.35
Room Relative Humidity (3) 46.7 51.5 49.33 90.3 106.0 98.58 106.8 127.9 116.32
Vacuum Saturation (3) 413 486 45.02 715 79.0 75.28 89.2 103.4 97.34
Submersion 1 Week (3) 448 475 4578 76.7 83.8 79.39 91.2 103.6 96.72
Submersion 1 Month (3) 38.1 39.6 38.82 59.3 65.0 61.83 77.2 86.7 83.44
Submersion 3 Month (3) 36.3 39.8 38.37 64.0 785 70.92 84.0 96.2 88.39

The range in average Cl between all saturation methods is 13 MPa, much less than the
ranges produced by average CD and UCS which are 48 MPa and 61 MPa respectively. The
oven-dried and RRH specimens all produced similar average Cl thresholds. The CD and
UCS results for the same group of specimens varied more, with the two-week oven-dried
and RRH specimens having the most similar results. The vacuum and one-week submersion
saturated specimens produced very similar Cl, CD, and UCS results. The one-month and
three-month saturated specimens behaved very similarly with respect to Cl. These results
show that saturation duration has a more marked influence on Cl in comparison to the
grouped results shown in Table 9.

The three-month saturated specimens produced an average Cl of 38.37 MPa, approximately
22% less than the average RRH results (49.33 MPa). This decrease is more significant than
that observed between RRH and average saturated results (Table 9), however, this may not
be an accurate representation of the influence of pore water pressure. The one and three-
month saturated specimens also produced noticeably lower Cl values in comparison to one-
week and vacuum saturated specimens with comparable water contents. This suggests that
the observed decrease in one and three-month saturated specimens is not a direct influence
of pore pressure, but rather a more complex mechanism involving interaction of specimens
with the SPW fluid used for saturation. The grouped results (Table 9) may be more
representative of the general influence of re-saturation on the Cobourg limestone.

All Cl and CD thresholds represent an average of the six previously discussed estimation
methods, used to represent a single identifiable value for each specimen. In addition to the
variability of average Cl thresholds mentioned above, there is significant variability between
the results of the individual Cl indicators used within these averages. To further investigate
this variability, the five Cl indicators used to calculate Cl threshold have been plotted against
water content in Figure 23.
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Figure 23: Crack Initiation (Cl) indicator for saturation specimens based on six
different methods: direct lateral strain, crack volumetric strain, inverse
tangent lateral stiffness, instantaneous Poisson’s ratio, acoustic
emissions, and mean values from all methods

The mean value, representing the ClI thresholds presented in Figure 22, has also been
included for reference. The plot shows the same decreasing trend observed for the Cl
thresholds, however, with much more variability between the individual Cl indicators. In
addition, values for some of the estimation methods may have unidentifiable based on the
specified technique and test data obtained. Due to this, some of the mean values do not
include all five Cl indicators.

7.1.2 Scale

The influence of scale on the elastic and strength properties of the Cobourg limestone has
been investigated through the testing UCS specimens with varying diameter. Three
specimens have been prepared for each of the four diameters. The four diameters
investigated in this study are 50 mm (2”), 76 mm (3”), 101 mm (4”), and 126 mm (5”). Each
of the specimens has been prepared with a length to diameter ratio of 2.5. The loading rate
of the specimens has been scaled up according to Table 6, to ensure a consistent axial
strain rate throughout the tests. The following subsections will present the data for the 12
scale UCS tests.

7.1.2.1 Elastic Properties

The elastic properties of the scale tests have been calculated in accordance with ASTM
D7012 (2014) standard. Young’s modulus and Poisson’s ratio have been plotted together in
Figure 24 to assess the influence of changing scale.
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Figure 24: Poisson's ratio and Young's modulus compared to specimen diameter

The results show that there is a slight increasing trend in Young’s modulus with increasing
specimen diameter. This increasing trend could be associated with the larger specimens
incorporating more intact portions of the structure inherent within the Cobourg limestone

(i.e. large calcite rich nodules). This structure is dispersed throughout the smallest diameter
samples but is incorporated more as specimen diameter increases. The calcite rich nodules
present within the rock may begin to influence the stiffness of the specimen as it approaches
a diameter which incorporates the structure in its entirety.

There is no significant effect on Poisson’s ratio with increasing scale; the ratios of the
specimens increase slightly for the 76 and 101 mm specimens and then drop at the largest
diameter. There is increased variability in the Young’s modulus results of the 101 mm
diameter specimens, as well as Poisson’s ratio of the 76 mm specimens. In general, the
remaining data points are very similar for each specimen diameter. Data regarding minimum,
maximum, and average Young’s modulus and Poisson’s ratio is shown in Table 11.

Table 11: Young's modulus (E35) and Poisson's ratio (v35) for scale specimens.

Specimen Young's Modulus (GPa) Poisson's Ratio
Diameter (mm) Min. Max. Avg. Min.  Max.  Avg.
50 36 38 37.3 0.18 0.20 0.190
76 39 40 39.9 0.21 0.24 0.217
101 38 43 40.8 0.22 0.39 0.281

126 45 46 45.6 0.18 0.22 0.209
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7.1.2.2 UCS and Crack Damage Thresholds

The obtained test data has been used to calculate UCS, CI, and CD stress thresholds. To
investigate the influence of scale, these thresholds have been plotted against specimen
diameter in Figure 25.
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Figure 25: Comparison of Cl, CD, and UCS stress thresholds with respect to
specimen diameter

The results show that there is a minor decrease in UCS and CD for the 76 and 101 mm
specimens with respect to the 50 and 126 mm specimens. The ClI trend of these tests
remains constant, at approximately 51 MPa. This suggests that changing scale has a
negligible influence on these thresholds. The data from the scale tests has been summarize
in Table 12. The Cl data shows that there is greater variability for the 101 and 126 mm tests.
This trend does not exist for CD and UCS results, which are more variable in general for all
four specimen diameters.

Table 12: UCS and crack damage threshold data for scale specimens

Specimen Cl (MPa) CD (MPa) UCS (MPa)

Diameter (mm) Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.
50 51.1 544 52.72 102.0 113.0 108.43 123.8 135.0 131.27
76 48.0 50.8 49.48 90.3 106.0 98.58 106.8 127.9 116.32
101 44,0 583 51.80 80.5 110.7 97.89 111.3 1284 117.44
126 450 56.3 51.35 101.0 107.7 104.67 1189 133.6 125.51

The five individual Cl indicators used to calculate CI threshold have been plotted against
specimen diameter in Figure 26 to investigate the influence of specimen scale. The mean
value, representing the CI thresholds presented in Figure 25, has also been included for
reference. The plot shows the same trend observed for the Cl thresholds, maintaining a
relatively constant range of values between 45 and 60 MPa. The range of individual ClI
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indicators for the 50 and 76 mm specimens are quite similar. The variation in indicators is
greater for the 126 mm specimens and the largest in the 101 mm results, supporting the
results observed with CI threshold in Figure 25. There is an increased likelihood for larger
diameter specimens to have imperfections and pre-existing fractures present, which is
believed to influence the UCS of most rock types (Hoek and Brown, 1980). While there is no
clear indication that the increased chance of imperfections and pre-existing fractures
influences Cl, this could be one of the factors influencing the variability of Cl indicators for
the larger specimen diameters.
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Figure 26: Crack Initiation (Cl) indicator for scale specimens based on six different
methods: direct lateral strain, crack volumetric strain, inverse tangent
lateral stiffness, instantaneous Poisson’s ratio, acoustic emissions, and
mean values from all methods

7.1.3 Loading Rate

The effect of loading rate on the geomechanical properties of the Cobourg limestone has
been investigated for both Room Relative Humidity (RRH) and one-month saturated
specimens having a consistent diameter of 76 mm. Specimens have been tested at four
target failure times in groups of three. These target times are 2, 6, 60, and 600 minutes and
are adapted from the standard loading rates used for 20 minute saturation and scale testing.
The previously presented saturation results include 76 mm specimens with RRH and one-
month submersion saturation conditions and can be used for loading rate comparison as
well. These saturation results will be represented with target failure times of 20 minutes and
will be presented as the 5™ loading rate set for both saturation conditions. The target failure
times used have been summarized in Table 13 below, including the axial deformation,
circumferential deformation, and axial strain rate used in each case. The following
subsections will present the results of 30 UCS tests on RRH and one-month saturated
loading rate specimens.
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Table 13: Summary of deformation and strain rates used to achieve targeted failure

times
Target Failure Axial Deformation Circumferential Deformation Axial Strain Rate
Time (min) Rate (mm/min) Rate (mm/min) Equivalent (ne/min)
2 0.1000 0.125000 2000
6 0.0300 0.037500 600
20 0.0100 0.012500 200
60 0.0030 0.003750 60
600 0.0003 0.000375 6

7.1.4 Room Relative Humidity (RRH) Results

71411 Elastic Properties

To assess the influence of loading rate on the elastic properties of Cobourg limestone, the
calculated Young’s modulus and Poisson’s ratio have been plotted together with respect to
axial strain rate (Figure 27).
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Figure 27: Poisson's ratio and Young's modulus vs axial strain rate for RRH. The blue
arrow represents the standard axial strain rate used for saturation and
scale tests

This comparison shows that with increasing axial strain rate there is a gradual increase in
Young’s modulus with no significant effect on Poisson’s ratio. The 60 minute specimens
represent the most variable data for Poisson’s ratio, while also showing increased variability
for Young’s modulus. The 2 minute specimens also show increased variability for Young'’s
modulus. In general, the remaining data points have similar results within the same targeted
failure time. Data for minimum, maximum, and average Young’s modulus and Poisson’s ratio
has been included in Table 14. This data highlights the variability of the 60 and 2 minute
failure time tests. While the data presented in Figure 27 suggests a minor increasing trend,
the average Young’'s modulus calculated for the 2 and 600 minute tests are similar. The
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same is true for average Poisson’s ratio, supporting a more constant Young’s modulus and
Poisson’s ratio trend across all five of the targeted failure times.

Table 14: Young's modulus (E35) and Poisson's ratio (v35) data for RRH loading rate

specimens.

Target Failure Axial Strain Young's Modulus (GPa) Poisson's Ratio

Time (min) Rate (pe/min) Min. Max. Avg. Min. Max. Avg.
p 2000 35 42 39.5 0.21 0.24 0.224
6 600 42 44 42.8 0.22 0.23 0.225
20 200 39 40 39.9 0.21 0.24 0.217
60 60 36 41 38.6 0.15 0.23 0.197
600 6 35 38 37.0 0.21 0.23 0.220

71.41.2 UCS and Crack Damage Thresholds

To investigate the influence of loading rate on CI, CD, and UCS of RRH specimens, these
thresholds have been plotted against axial strain rate (Figure 28).
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Figure 28: Comparison of Cl, CD, and UCS stress thresholds with respect to axial
strain rate for RRH specimens. The blue arrow represents the standard
axial strain rate used for saturation and scale tests.

The strength and crack damage threshold data suggest a decreasing trend for CD and UCS
with respect to increasing axial strain rate. Similar to the elastic properties, there is increased
variability in the CD results of the 60 minute failure time tests. In addition, the CD and UCS
results of the 2 minute tests are also quite variable, ranging from 68.8 to 97.3 MPa for CD
and 87.8 to 128.3 MPa for UCS. Results from the remaining target failure times are similar
within the same group, and the Cl results remain relatively constant for all target times. The
minimum, maximum, and average Cl, CD, and UCS results have been summarized in

Table 15.
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Table 15: UCS and crack damage threshold data for RRH loading rate specimens

Target Axial CI (MPa) CD (MPa) ucs (MPa)

Failure Strain

Time Rate Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.
(min)  (ue/min)

2 2000 42.0 52.7 4833 68.8 973 86.36 87.8 1283 114.81
6 600 52.6 53.0 52.78 90.0 101.0 96.00 112.0 123.5 119.49
20 200 48.0 50.8 49.48 90.3 106.0 99.58 106.8 127.9 116.32
60 60 48.5 55.2 51.62 74.5 1127 93.61 125.5 135.0 131.10
600 6 48.4 53.7 50.29 96.7 110.3 103.65 122.5 133.9 128.57

Average ClI threshold varies between 48.33 and 52.78 MPa across all five of the target
failure times, with the largest variability between specimens occurring for the 2 minute target
time. Due to the variability of the 60 minute CD results, the minimum and average values for
that target time are slightly lower than the expected trend in the data. Excluding the 2 minute
results, the UCS data is consistent within each target time and supports a decreasing trend
with increasing axial strain rate. The individual Cl indicators have been plotted against axial
strain rate to evaluate the variability between indicators (Figure 29).
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Figure 29: Crack Initiation (Cl) indicator for RRH specimens based on six different
methods: direct lateral strain, crack volumetric strain, inverse tangent
lateral stiffness, instantaneous Poisson’s ratio, acoustic emissions, and
mean values from all methods. The blue arrow represents the standard
axial strain rate.

The plot shows the same plateau trend observed for the Cl thresholds in Figure 28,
maintaining a relatively constant trend. Almost all of the individual Cl indicators for all five
target failure times fall within the 40 to 60 MPa range, with most resulting in similar values for
a given strain rate.
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7.1.4.2 One-month Saturated Results

7.1.4.21 Elastic Properties

A plot has been created with elastic property data and axial strain rates to compare the
influence of loading rate on Young’s modulus and Poisson’s ratio of one-month saturated
specimens (Figure 30).
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Figure 30: Poisson's ratio and Young's modulus compared to the axial strain rate for
one-month saturated specimens. The blue arrow represents the standard
axial strain rate used for saturation and scale tests

The results of the one-month saturated specimens show that there is a minor increasing
trend for both Young’s modulus and Poisson’s ratio with increasing axial strain. The trend of
the Young’s modulus data is very similar to that observed in Figure 27, although the values
are much lower. The large range between some of the data points makes it difficult to
propose a definite relationship for Young’s modulus. Increased variability is also present in
the Poisson’s ratio data. The minimum, maximum, and average Young’s modulus and
Poisson’s ratio values have been summarized in Table 16. It should be noted that the 600
minute tests result have the lowest minimum Young’s modulus (21 GPa) and Poisson’s ratio
(0.11) throughout the entire testing program. Excluding the 600 minute test results, the
average Young’s modulus values for the remaining tests are relatively consistent and range
between 30.0 to 32.7 GPa. Average Poisson’s ratio behaves relatively consistent as well,
ranging between 0.217 and 0.261 for the 2, 6, 20, and 60 minute tests.
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Table 16: Young's modulus (E35) and Poisson'’s ratio (v35) date for one-month
saturated loading rate specimens.

Target Failure  Axial Strain Young's Modulus (GPa) Poisson's Ratio

Time (min) Rate (ne/min) Min.  Max. Avg. Min. Max. Avg.
2 2000 32 33 32.7 0.20 0.27 0.236
6 600 26 32 30.0 0.24 0.30 0.261
20 200 26 33 30.5 0.18 0.28 0.230
60 60 26 35 31.3 0.19 0.23 0.217
600 6 21 29 26.1 0.11 0.27 0.179

71.4.2.2 UCS and Crack Damage Thresholds

To investigate the influence of loading rate on CI, CD, and UCS of one-month saturated
specimens, the thresholds have been plotted against axial strain rate (Figure 31).
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Figure 31: Comparison of Cl, CD, and UCS stress thresholds with respect to axial
strain rate for one-month saturated specimens. The blue arrow represents
the standard axial strain rate used for saturation and scale tests

The above data shows a slightly increasing trend for CD and UCS with respect to increasing
axial strain rate. This is an opposite trend that is observed in Figure 28 for the RRH
specimens. The ClI threshold results are relatively constant with increasing axial strain rate,
suggesting no influence on Cl. The minimum, maximum, and average CI, CD, and UCS
results are summarized in Table 18.
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Table 17: UCS and crack damage threshold data for one-month saturated loading rate

specimens
Target Axial Cl (MPa) CD (MPa) UCS (MPa)
Failure Strain
Time Rate Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.
(min)  (ne/min)
2 2000 33.6 429 37.83 71.8 73.7 7281 84.2 103.2 95.33
6 600 36.6 495 41.58 65.5 81.8 73.67 81.2 100.3 90.71
20 200 381 39.6 38.82 59.3 65.0 61.83 77.2 86.7 83.44
60 60 29.6 43,5 38.37 395 71.0 59.94 69.3 845 77.27
600 6 340 405 37.10 63.3 77.3 68.44 75.1 100.0 86.45

The data in Table 17 shows that there is a significant decrease in average CD and UCS for
both the 20 and 60 minute one-month saturated specimens with respect to the remaining
tests. This decrease is not observed for average CI, which stays within the range of 37.10 to
41.58 MPa for all five target times. The two lowest Cl averages were produced by the 2 and
600 minute tests; the two ends of the target failure time range. This supports the trend
observed in Figure 31, suggesting that loading rate has no significant influence on Cl
threshold.
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Figure 32: Crack Initiation (Cl) indicator for one-month saturated specimens based on
six different methods: direct lateral strain, crack volumetric strain, inverse
tangent lateral stiffness, instantaneous Poisson’s ratio, acoustic
emissions, and mean values from all methods. The blue arrow represents
the standard axial strain rate used for saturation and scale tests

Individual Cl indicators have been plotted against axial strain rate to evaluate the variability
associated with these estimation methods (Figure 32). The plot shows the same flat trend
observed for the Cl thresholds in Figure 31. The variability in individual Cl indicators appears
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to be slightly larger for the one-month saturated specimens in comparison to the RRH
specimens, with values ranging between 26 to 55 MPa. This is especially true for the 6 and
60 minute failure time tests.

7.2 Brazilian Tensile Strength (BTS) Results

A total of 47 Cobourg limestone specimens were prepared and tested under various
conditions to investigate the influence of saturation and scale on the BTS of the rock. In total,
30 specimens were used to evaluate the influence of saturation and 17 specimens were
used to evaluate the influence of scale.

7.2.1 Saturation

The water content of 30 BTS specimens has been varied using six methods previously
discussed in Section 4.5 this report. The specimens are Brazilian discs prepared from 76
mm drill core with a thickness to diameter ratio of 0.5. These dimensions match the three 76
mm specimens used to evaluate the influence of scale. These three specimens will be
included in the saturation data set and will serve as a seventh saturation condition for further
comparison. The results below will, therefore, represent the data from 33 BTS tests prepared
with seven different saturation methods.

7.2.1.1 Water Content

The water content of the specimens has been calculated and compared to the various
saturation methods used. The data is shown below in Figure 33.
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Figure 33: Comparison of water content and saturation method for BTS specimens

Both oven drying methods have decrease the water content to almost zero (with the two
week and one month drying resulting in 0.013% and 0.004% average specimen water
contents, respectively). The average water content for the RRH specimens is 0.081%. These
averages are much lower than those of UCS specimens prepared to the same conditions.
Conversely, the water contents of the saturated specimens are higher than those observed
for the UCS specimens. In addition to higher water contents, the saturated BTS specimens
also have a larger variation in water content in comparison to the UCS specimens. However,
the four saturation methods have produced comparable ranges and averages for the water
content of BTS specimens. The vacuum and one-week saturation methods resulted in
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average water contents of 0.671% and 0.651%, respectively. The one-month saturation
specimens resulted in an average water content of 0.724, while the three-month saturation
produced an average water content of 0.710%. The variation in water content for saturated
BTS specimens is larger than that observed for UCS specimens, but is relatively consistent
across all four saturation methods. This increased variability is likely associated with the
heterogenous lithology and structure present in the Cobourg limestone. The BTS specimens
are more susceptible to this heterogeneity as each specimen is more likely to vary from the
next, incorporating different proportions of calcite and clay rich limestone.

7.21.2BTS

The BTS of each specimen has been plotted against water content to investigate the
influence of saturation (Figure 34).
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Figure 34: Comparison of BTS with respect to water content for saturation specimens

The data for the saturation specimens shows a significant decreasing trend for BTS with
increasing water content. There is a large amount of variability in the BTS results for the
oven-dried specimens, specifically the one-month dried specimens which have BTSs
ranging from 4.8 to 10.1 MPa. The minimum, maximum, and average BTS for the saturation
specimens has been summarized in Table 18.

Table 18: BTS data for saturation specimens

. . BTS (MPa)

Saturation Condition :

Min. Max. Avg.
Oven Dry 1 Month 4.8 10.1 8.64
Oven Dry 2 Week 6.5 8.6 7.64
Room Relative Humidity 5.6 8.0 7.18
Vacuum Saturation 5.1 6.9 6.08
Submersion 1 Week 4.0 7.7 6.12
Submersion 1 Month 4.5 6.2 5.38
Submersion 3 Month 3.6 7.2 5.56

The average BTSs suggests the same decreasing trend with increased water content and
saturation duration. The one and three-month saturated specimens produced the lowest
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averages, 5.38 and 5.56 MPa, respectively. The vacuum and one-week saturated specimens
also produced similar result. The vacuum saturated specimens had an average of 6.08 MPa,
while the one-week saturation specimens had an average of 6.12 MPa.

7.2.2 Scale

The influence of scale on the BTS of Cobourg limestone has been investigated through the
testing of Brazilian discs with varying diameter. Specimens have been prepared with
diameters of 50 mm (27), 76 mm (3”), 101 mm (4”), and 126 mm (5”). Each of the specimens
has been prepared with a thickness to diameter ratio of 0.5. In total, 17 BTS tests have been
conducted to in investigate the influence of scale. The results of this testing have been
plotted with respect to specimen diameter in Figure 35.
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Figure 35: Comparison of BTS with respect to specimen diameter for scale specimens

The scale test results suggest a decreasing trend for BTS with increasing specimen
diameter, however, with the trend appearing to plateau as specimen diameter continues to
increase. The decrease in average BTS between the 50 and 76 mm is significant, dropping
from 9.74 to 7.18 MPa. There is a small decrease between the average BTS of the 76 and
101 mm specimens, with the larger diameter producing an average of 6.78 MPa. The 126
mm specimens produced the lowest average, 6.00 MPa, representing a 38.4% decrease
from average 50 mm results. .

Table 19 shows the minimum, maximum, and average BTS.

Table 19: BTS data for scale specimens

Specimen BTS (MPa)

Diameter (mm) Min. Max. Avg.
50 80 117 9.74
76 5.6 8.0 7.18
101 4.9 8.1 6.78
126 4.8 6.9 6.00
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8. CONCLUSION

In this study the stress-strain behaviour of Cobourg limestone was investigated using 54
Uniaxial Compressive Strength (UCS) and 47 Brazilian Tensile Strength (BTS) specimens.
These specimens were prepared from large blocks collected from St. Mary’s Quarry located
in Bowmanville, Ontario. The testing of UCS specimens included investigating the effect of
saturation, scale, and loading rate on the elastic and strength properties of the rock. The
purpose of the BTS testing was to examine the influence of specimen saturation and scale
on the tensile strength of the Cobourg limestone.

The effects of saturation on the geomechanical properties of the Cobourg limestone were
investigated through the testing of 18 UCS and 30 BTS specimens prepared using six
different drying and saturation methods. An additional three UCS and five BTS specimens
were included within the saturation data set, representing a seventh saturation condition (76
mm diameter Room Relative Humidity).

The different saturation methods have proven to be more effective for the BTS specimens,
drying and saturating the specimens more significantly than for UCS specimens. This
behaviour can be attributed to the increased lithological variability presented by the BTS
specimens in comparison to the UCS specimens. The UCS specimens are a more
homogenous representation of the calcite and clay rich layers of the Cobourg limestone,
while the BTS specimens are more likely to be composed of varying portions of these layers.

The longest saturation duration, three-month submersion, did not produce significantly
higher water contents in comparison to the other methods. In addition, the three-month
saturation duration has the highest likelihood of interaction with the Synthetic Pore Water
(SPW) used to saturate the specimens, and may result in some sample deterioration. The
lack of increased water content and potential for specimen damage from this saturation
method suggests that shorter saturation durations would be adequate for future testing.

Increasing water content in UCS specimens has resulted in increased Poisson’s ratio and
decreased Young’s modulus. The thresholds of CD, UCS, and BTS have shown a significant
decreasing trend with increasing water content. Cl threshold exhibits a more modest
decrease with increasing water content, producing a small range in values that appears to
approach a constant value at higher water contents.

Saturation of the clay rich layers of the rock in unconfined conditions is believed to be an
important factor influencing the results of this study. The trends observed in this data are
likely associated with the localized uptake of SPW into clay rich lenses inherent in the
Cobourg limestone.

The influence of specimen scale was studied using 12 UCS and 17 BTS specimens
prepared with four different diameters. The changing scale had no significant effect on the
Poisson'’s ratio, Cl, CD, or UCS of Cobourg limestone. Examination of the Young’s modulus
results has shown a consistent increase with specimen diameter, increasing the average
modulus by approximately 18% between the 50 and 126 mm specimens. The BTS
specimens have shown a consistent decreasing trend throughout all four diameters, with the
largest drop in average BTS between the 50 and 76 mm specimens (approximately 26%).

The results of 24 UCS specimens were used to investigate the effect of loading rate on RRH
and one-month saturated specimens using four different axial strain rates. In addition, the
results of the RRH and one-month saturated specimens used to study the influence of
saturation were included in this data set to provide a fifth loading rate (20 min failure time) for
additional comparison. The RRH specimen results show a decrease in CD and UCS
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threshold with increasing axial strain rate. Young’s modulus, Poisson’s ratio, and Cl
threshold remain relatively constant throughout all tested strain rates, suggesting no loading
rate effects.

The one-month saturated specimens show the opposite trend of the RRH specimens for CD
and UCS. These thresholds increase with increasing axial strain rate, while Cl remains
constant. Although there appears to be a minor increasing trend in both Young’s modulus
and Poisson’s ratio with increasing axial strain rate, the data at the lower strain rates is quite
variable. It is likely that these properties remain relatively constant throughout the different
strain rates.
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Appendix
Appendix 1: Certificate of calibration for the MTS load sensor

g MTS Systems Corporation
MTS S P
[ Calibration Laboratory
14000 Technology Drive
Eden Prairie, MN 55344
Certificate of Calibration
For MTS Asset Number: SN291539
Description: PRESSURE TRANSDUCER

Mir / Model: MTS/660.23A-05

Serial Number; 291539

Certificate #: e3b81c8a2590e64b36ccd5499%ec0dTb2

Customer: QUEEN'S UNIVERSITY

Job #: Us2.49301

This document applies only to the calibration of the item described above and the specific calibration performed by the MTS Calibration
Laboratory. If shown below, the calibration interval has been requested or agreed upon by the customer. When declaring in tolerance or
out of tol dition(s) the MTS Calibration Lab v utilizes the Shared Risk Method* as the decision rule. The stability of the
UUT over time depends on many factors outside our control. It is the responsibility of those using the item described above to quantify

their and eval the adequacy of their process to d that measurement traceability is
credibly maintained.

The MTS Calibration Laboratory complies with the interational standard for calibration laboratories, ISO/IEC 17025 "General
quil for the C of Calibration and Testing Lab ies".

MTS Calibration Laboratory measurement standards, calibration processes, and results are ble 10 the International
System of Units {SI Unit) throngh one or more of the following: National Institute of Standards and Technology (NIST), other National
Metrology Institutes (NM1's), natural physical constants, consensus standards or by a ratio technique.

ICALIB RATION INFORMATION

Reccived: IN TOLERANCE Calibration Date: (mmddyy) 03/07/14 Temperature: 72°F

Returned: IN TOLERANCE Humidity: 28%
Calibration Procedure: 1504 Procedure Revision: D

Note: NONE

ST. ARDS USED FOR CALIBRATION

MTS Assct # Description Cal. Date Cal. Due

19804 PRESSUREMENTS, P3124-3, DW PRESSURE CALIBRATOR 013113 013015

20025 MTS, 494.26, SIGNAL CONDITIONER 05/18/13 05/16/14

Certified by: Yadessa Tikure, Calibration Technician Printed on: 03/07/2014 Page 1 of 2

If you have questions regarding this Cenificate of Calibration please call 952-937-4133. This certificate may not be reproduced, except in full, without
written approval from the MTS Calibration Laboratory.
MTS Calibration Form (Rev. 9/10)

*When parameter(s) are certified to be within specified tolerance(s), the measured value(s) shall fall within the appropriate specification limit and the
uncertainty of the measured value shall be stated and provided to the customer for evaluation. 'With written agreement from the customer, other decision
rules may be used.
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LR, MTS CALIBRATION LABORATORY
PRESSURE CALIBRATION REPORT OF TEST

MANUFACTURER: MTS SERIAL NUMBER: 291539

MODEL NUMBER: 660.23A-05 CALIBRATION DATE: 07-Mar-2014

CALIBRATION CONFIGURATION
The calibration data shown below is valid only when used with the following MTS configuration and

signal conditioner settings:
MTS Actuator Model: 315.02 Polarity: Inverted
Calibration Engineering Unit: kN Cal Type: Gain/Delta-K
MTS Calibration FS Range: 2700 Total Gain: 878.96
MTS Conditioner Model: 494.26 Excitation: 10.000
MTS Conditioner Mode:| 8 Wire DC Delta K: 1.0005
Cable Length: <350 ft Fine Zero: -0.420
CALIBRATION AND PERFORMANCE DATA
Applied Calculated Conditioner
% of Full Pressure Force Display Deviation Tolerance
Scale Range (psi) (kN) (kN) (% Rdg) (% Rdg)
Pl 100% +1.00
Pl 70% -3000 -1344.17 -1350.74 0.49 + 1.00
PI[ 40% | | 2420 | 108430 | | -1089.62 | | 049 =100
Pl 20% . -1200 53767 | -539.27 0.30 +1.00
Pl 10% ‘ -600 -268.83 | -268.81 -0.01 = 1.00
Pl 8% -482 -215.96 -215.74 -0.10 = 1.00
Pl 6% -362 -162.20 -161.81 -0.24 + 1.00
P1 4% -241 -107.98 -107.49 -0.46 = 1.00
P1 2% -121 -54.21 -53.94 -0.51 +1.00
0% 0 0 0 N/A N/A
P2 2% & s421 | [ 5397 | [ 045 | =100
P2 4% 114 108.43 107.98 -0.41 = 1.00
P % 170 16169 | | 16109 037 £1.00
P2 8% 227 21591 215.23 -0.31 =1.00
P2 10% 284 270.12 269.44 -0.25 +1.00
P2 20% 560 532.64 532.03 -0.11 = 1.00
P2| 40% 1140 1084.30 1084.72 0.04 +1.00
P2 70% 1980 1883.26 1885.86 0.14 + 1.00
P2 100% 2840 2701.23 2706.19 0.18 = 1.00
Shunt Resistor: (kOhm) Shunt Reference: (kN)
100 -2289.7
NOTES / REMARKS:

1) Fingl calibration data, MTS Delta K comrection factor applied.

2) Calculated force derived from actuator physical dimensions and applied pressure.

3) MTS Calibration Laboratory pressure calibration uncertainty: +0.25% (k=2) of applied pressure.

4) This report shall not be reproduced, except in full, without written approval from the MTS Calibration Laboratory.

MTS Metrology Form: Pressure DeltaP Force (Rev 22-Feb-2014)  TM Approved (KJR, 22-Feb-2014)

Page 2 of 2
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Appendix 2: Certificate of calibration for the MTS axial extensometers

MTS Systems Corporation
® Calibration Laboratory

14000 Technology Drive
Eden Prairie, MN 55344

Certificate of Calibration

[e———
MTS
[e—

Calibration 104401

For MTS Asset Number: SN10435642D

Description: EXTENSOMETER

Mifr / Model/Option: MTS/632.11F-90/NONE

Serial Number: 104356420 10435642E 10435642F
Certificate #: 2650209439801 4ababl 332221 5dEb2e
Customer: QUEEN'S UNIVERSITY

Job #: Us51.51116

This document applies only to the calibration of the item described above and the specific calibration performed by the MTS Calibration
Laboratory. If shown below, the calibration interval has been requested or agreed upon by the customer. When declaring in tolerance or
out of tolerance condition(s) the MTS Calibration Laboratory utilizes the Shared Risk Method* as the decision rule. The stability of the
UUT over time depends on many factors outside our control. It is the responsibility of those using the item described above to quantify
their measurement uncertainty and evaluate the adequacy of their measurement process to demonstrate that measurement traceability is
credibly maintained.

The MTS Metrology Laboratory has been accredited by the American Association for Laboratory Accreditation (A2LA Certificate Number
1044.01) to perform calibration in electrical, mechanical, dimensional, time/frequency, temperature/humidity, and vibration. The basis for
this accreditation is the international standard for calibration laboratories, ISO/IEC 17025 "General Requirements for the Competence of
Calibration and Testing Laboratories” and ANSI/NCSL Z540-1.

MTS Calibration Laboratory measurement standards, calibration processes, and measurement results are traceable to the International
System of Units (SI Unit) through one or more of the following: National Institute of Standards and Technology (NIST), other National
Metrology Institutes (NMI's), natural physical constants, consensus standards or by a ratio technique.

|CA.LIBRATION INFORMATION

Received: IN TOLERANCE Calibration Date: 10-Oct-2014 Temperature: 72°F

Returned: [N TOLERANCE Humidity: 29 %
Calibration Procedure: 1510 Procedure Revision: D

Note: NONE

STANDARDS USED FOR CALIBRATION

MTS Asset # Deseription Cal. Date Cal. Due

18252 MTS, 650.05-01, EXTENSOMETER CALIBRATOR 19-Jun-2014  19-Dec-2014

20018 MTS, 494.26, SIGNAL CONDITIONER 07-Jun-2014  05-Jun-2015

Certified by: David Reigel, Calibration Technician Printed on: 10-Oct-2014 Page 1 of 2

If you have questions regarding this Certificate of Calibration please call 952-937-4133. This certificate may not be reproduced, except in full, without
written approval from the MTS Calibration Laboratory.
MTS Calibration Form (Rev. 9/10)

*When parameter(s) arc certified to be within ified toll 5), the d value(s) shall fall within the appropriate specification limit and the
uncertainty of the measured value shall be stated and provided to the customer for evaluation. With written agreement from the customer, other decision
rules may be used.
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I
F—— Extensometer Calibration Data
Page: 2of 2 Day/Menth/Year
10/0Cct/14
Customer System Number WTS LD, Code
Queen's University US1.51118.LKM-11 3049-10435642D
Transducer Model Number Option Number(s) Transducer 8n. 1 Transducer Sn. 2 Transducer Sn
632.11F-90 001 104356420 10435642E 10435642F
Excitation Voltage Callpration Temp / Humidity Gage Length Typa
10,000V T2F / 29% 50,000 mm Displacement
) A Calibrati Model N
Conditioner | e St
X 484.26 MTS Asset:20018
Notes Cabla Length
ID Module: None  Polarity: Inverted <350FT

Gain: 424.47471 Deltak: 0.9984
Calibrated using 3in1 cable

Range Full Scale Displacament
Final calibration. No Linearization correction factors applied. +4.000 mm = £ 10.000 V Nominal
Delta K ni+) In(-) Out | ShuntVolt. (V) / Shunt Red. {mm) Shunt Caf Resistor
Gonaition X -5.275(-2.1101 24.9 K
Displacement

Ci it Ci Error Error MNominal
Head Indicated Indicated Calcuiated (% of {as % of % of Full
Displacement Output Displacement Reading) Full Scale Scale
(millimeters) (Voits) (millimeters) Renge) Range
-4.0000 -10.0067 -4.0027 0.087 0.067 -100
-2.8000 -6.9998 -2.7999 -0.003 -0.002 -70
-1.6000 -3.8975 -1.5990 -0.063 -0.025 -40
-0.8000 -1.8979 -0.7992 -0.105 -0.021 -20
-0.4000 -0.9988 -0.3995 -0.120 -0.012 -10
-0.3200 -0.7990 -0.3196 -0.125 -0.010 -8
-0.2400 -0.6993 -0.2397 -0.117 -0.007 -6
-0.1600 =0.3995 -0.1598 -0.125 -0.005 -4
-0.0800 -0.1987 -0.0799 -0.150 -0.003 -2
0.0000 0.0000 0.0000 nla <0.001 Startat 0
Tension !-! 0.0000 -0.0013 -0.0005 nla -0.013 Retumn 100
Compression (+) 0.0000 0.0006 0.0002 nia 0.006 Return to 0
0.0000 0.0000 0.0000 n/a <0.001 Start at 0
0.0800 0.2000 0.0800 <0.001 <0.001 2
0.1600 0.3989 0.1600 -0.025 -0.001 4
0.2400 0.6000 0.2400 <0.001 <0.001 6
0.3200 0.8000 0.3200 <0.001 <0.001 8
0.4000 1.0002 0.4001 0.020 0.002 10
0.8000 2.0001 0.8000 0.005 0.001 20
1.6000 4.0002 1.6001 0.005 0.002 40
2.8000 7.0000 2.8000 <0.001 <0.001 70
4.0000 10.0008 4.0003 0.008 0.008 100

Calibration specification: Greater of: +1% of reading or £0.00508 mm.
Calibration Laboratory displacement measurement expanded uncertainty (U): +0.2% of reading + 0.00033 mm
U is calculated using a coverage factor (k) of 2.0, for an estimated confidence probability of 95%.

Performed By: oreos

Day/Month/Year

10/0ct/14

MTS Systems Corporation 14000 Technology Drive Eden Praifie, Mn. 55344 QM Approved (DJK 2013/Mar/25)

20130325_49426-AdvLinearization xis
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Appendix 3: Certificate of calibration for the MTS chain (circumferential) extensometer

MTS Systems Corporation
B Calibration Laboratory

14000 Technology Drive
Eden Prairie, MN 55344

Amended Certificate of Calibration

For MTS Asset Number:  SN10448893C

Calibration 1043.01

Description: EXTENSOMETER
Mifr / Model / Option: MTS/632.11F-90/NONE
Serial Number: 10448893C

Original Certificate #1 121d95bbB7cebcddabi4dlf3lee88c99
Amended Certificate #: 10/21/2015 3:52:51PM

Customer; QUEEN'S UNIVERSITY

Job #: US1.51446

This document applies only to the calibration of the item described above and the specific calibration performed by the MTS Calibration
Laboratory. If shown below, the calibration interval has been requested or agreed upon by the customer. When declaring in tolerance or
out of tolerance condition(s) the MTS Calibration Laboratory utilizes the Shared Risk Method* as the decision rule. The stability of the
UUT over time depends on many factors outside our control. It is the respensibility of those using the item described above to quantify
their measurement uncertainty and evaluate the adequacy of their measurement process to demonstrate that measurement traceability is
credibly maintained.

The MTS Metrology Laboratory has been accredited by the American Association for Laboratory Accreditation (A2LA Certificate Number
1044.01) to perform calibration in electrical, mechanical, dimensional, time/frequency, temperature/humidity, and vibration. The basis for
this accreditation is the international standard for calibration laboratories, ISO/IEC 17025 "General Requirements for the Competence of
Calibration and Testing Laboratories" and ANSI/NCSL Z540-1.

MTS Calibration Laboratory measurement standards, calibration processes, and measurement results are traceable to the International
System of Units (SI Unit) through one or more of the following; National Institute of Standards and Technology (NIST), other National
Metrology Institutes (NMI's), natural physical constants, consensus standards or by a ratio technique.

[CALIBRATION INFORMATION ]
Received:  IN TOLERANCE Calibration Date: 10-Oct-2014 Temperature: 72°F
Returned: [N TOLERANCE Calibration Date;  9-Oc1-2015 Humidity: 29 %
Calibration Procedure: 1510 Procedure Revision: D
Note: AMENDED due to incorrect Gain in original report.
|S']'ANDARDS USED FOR CALIBRATION ]
MTS Asset # Description Cal. Date  Cal. Due
18252 MTS, 650.05-01, EXTENSOMETER CALIBRATOR 19-Jun-201¢  19-Dee-2014
20018 MTS, 494.26, SIGNAL CONDITIONER 07-Jun-201¢  03-Jul-2015
Certified by: David Reigel, Calibration Technician Printed on: 21-Oct-2015 Page 1 of 2

If you have questions regarding this Certificate of Calibration please call 952-937-4133. This certificate may not be reproduced, except in full, without
written approval from the MTS Calibration Laboratory.

MTS Calibration Form (Rev. 9/10)

*When parameter(s) are certified to be within specified tol 5), the d value(s) shall fall within the appropriate specification limit and the
uncertainty of the measured velue shall be stated and provided to the customer for evaluation. With written agreement from the customer, other decision
rules may be used.
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I
e—— Extensometer Calibration Data
Page: 2 0f 2 Day/Menth/Year
10/Oct/14
Customer System Number MTS LD, Code
Queen's University US1.561116.LKM-11 3049-10448893C
Transducer Mode! Number Option Number(s) Vendor Serial Number
632.11F-90 001 10448893C
Excitation Voltage Calipration Temp / Humidity ‘Gage Lengtn Type
10.000 V 72°F / 29% 19.100 mm Displacement
Ty System Caltbration Model Number
Conditioner Conditioner Canditioner
X 494 26 MTS Asset:20018
Notes Cable Length
ID Module: None  Polarity: Normal <350FT

Gain: 386.4790 Deltak: 1.0000
Calibrated using ChainKit

Range Full Scale Displacement
Final calibration. No Linearization correction factors applied. +4.000 mm = £ 10.000 V Nominal
Delta K | e out | Shuntvelt (v)/ Shunt Ref. {mm) Shunt Cal Resistar
Condition X 7.079/2.8317 49.9 K
Displacement

i Conditi [ Error Error Nominal
Head Indicated Indicated Calcuiated (% of (as % of % af Ful
Displacement Cutput Displacement Reading) Full Scale Scale
{millimeters) (Vaits) (millimeters) Range| Range
-4.0000 -9.9983 -3.9993 -0.017 -0.017 -100
-2.8000 -6.9991 -2.7996 -0.013 -0.008 -70
-1.6000 -4.0006 -1.6002 0.015 0.006 -40
-0.8000 -2.0003 -0.8001 0.015 0.003 -20
-1.0000 -0.4000 <0.001 <0.001 =10
-0.7999 -0.3200 -0.012 <0.001 8
-0.5897 -0.2399 -0.050 -0.003 -6
-0.3999 -0.1600 -0.025 -0.001 -4
-0.2000 -0.0800 <0.001 <0.001 -2
. 0.0000 0.0000 nfa <0.001 Startat0
Compression !-! 0.0000 -0.0011 -0.0004 nfa -0.011 Retumn to 0
Tension (+) 0.0000 0.0004 0.0002 nfa 0.004 Return to 0
0.0000 0.0000 0.0000 nfa <0.001 Start at 0
0.0800 0.2000 0.0800 <0.001 <0.001 2
0.1600 0.3999 0.1600 -0.025 -0.001 4
0.2400 0.6001 0.2400 0.017 <0.001 6
0.3200 0.8002 0.3201 0.025 0.002 8
0.4000 1.0003 0.4001 0.030 0.003 10
0.8000 2.0015 0.8006 0.075 0.015 20
1.6000 4.0034 1.6014 0.085 0.034 40
2.8000 7.0096 2.8038 0.137 0.096 70
4.0000 10.0200 4.0080 0.200 0.200 100

Calibration specification: Greater of: +1% of reading or £0.00508 mm.
Calibration Laboratory displacement measurement expanded uncertainty (U): £0.2% of reading + 0.00033 mm

U is caleulated using a coverage factor (k) of 2.0, for an estimated confidence probability of 95%.

Performed By:

D Reigal

Day/MonthiYear

10/Octi14

MTS Systems Corporation 14000 Technology Drive Eden Prairie, Mn. 55344 QM Approved (DJK 2013/Mar/25)

201303256_49426-AdvLinearization.xds
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Appendix 4: Specification sheet for HBM strain gauges.

E Dehnungsmessstreifen Oraertia K-LY4-1-09-120-3-3
Strain gages Bt 111 1R AT

HBM Jauges d’extensométrie 1::‘ 10/120 LY41-3L-3M
e I A A A
= e = i
éi“?}:‘a‘“ 2,06 £1,0% 0TI %:E@:”ﬂ:"m 93 £10 [10¢/ °C]
e gtiirs . (£10°C .., 445°C) g
du factour k -i
e 02% L Ado612

Lot
Sensibilith transverse Lot da la feuille Il ""Illllmll.l

Horsiaungeos 812050813 .ﬁ‘
B I 111 e
fr for r||u|w,.| Stahi mit Q‘-‘10.8[10_‘ "“C]

€s [um/m] - k=2

T —r LB M B e e w2 e e w2 2 e T T

—_— T ™
-10 0 10 20 30 40 50 60 70 80 90 100 110 120

TrCl
K1=—

€ (T)= -16,16 +1,67 * T -4,96E-02* T 2 +2,27E-04 * T * +0.650 * (T-20) [um/m] £0,30 [um/m/°C]

Alle tachnischan Datan nach CHML R 82, bei Beachtung der der Dehy Bas Apphik il Uiy
auch nach VDUVDE 2635, Geben Sie bei R0 bitte und Los o bel
an

Kennlinie 1:  DMS mit PVC Kabel
All specifications in accordance with OIML IR 62, also compliant with VOUWDE 2635 If deviating T = Temparatur in *C
tolerances are cbserved. In case of further inquiries please indicate order no. and batch number.

Toutes caractiristiques techniques salon OIML IR 62 et VDINVDE 2635 pour les indications
différentes de todérance. Pour toutes questions, indiguer lo no. da rélérence ainsi que ke lot de

fabricaton

Réponse an des jouges sur dos dont les The temperature response refers 1o sirsin gages bonded 1o materials with the coafficient of
coafScients de dilatation termigue @ sont indiqués su verso, Mesurde au d'une vasiation continue  tharmal expansion @ given overieal. Values are with i

e |a température. wariation

Courbae 1: Jauges avec clble an PVC Curve 1: Strain gages with PVC cable.

T = température an *C T = temperature in *C
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Appendix 5: UCS data summary for all tests.

Axial Displ Radial Displ uUcs | Young's Modulus (GPa) | Poisson's Ratio

# |sped #luemiptinn Water Content (%) | Test Date | RO (mm/min)  Rate (mm/min) | (Mpa) E3S ESO kS vs0

~ 161U [50mm 0.13 10-Mar-16 0.01 0.00825 135.00 8177 3663 01933 0218

~ [C1-8-1-U  |specimens 0.12 10-Mar-16 0.01 0.00825 135.01 .79 .37 0.1965 0.2

o |C1-13-1-U 0.12 10-Mar-16 0.01 0.00825 1237 35.804 35,015 0179% 02048

E < |C14-1-U  {75mm 0.32 11-0ct-15 0.01 0.0125 114.28 40.497 B.I06 02069 02570

E ol €1-9-1-U  |specimens 0.26 11-0ct-15 0.01 0.0125 127.88 31979 37.939 0.2069 02358
£ | 3| ec120 0.18 29.0ct-15 0.01 0.0125 106.80 40,195 355 02385 0275
o | S| ~[8111-U [100mm 0.18 29-Nov-16 0.01 0.0165 11261 3784 %63 02197 02427
S| ™| = |B2-11U [specimens 0.21 29-Nov-16 0.01 0.0165 11131 42,889 .159 03918 0.7685
| T | e lB221 0.16 29-Nov-16 0.01 0.0165 128.38 41592 0,013 0731 0257
“ | 2lerrau [125mm 0.12 24-Mar-16 0.01 0.021 13358 P 1 0w 0ns

o leasia.uz [ipecimens 0.12 25-Mar-16 0.01 0.021 118.85 %12 4539 01827 02202

= ic1-10-1-U 0.12 25-Mar-16 0.01 0.021 12410 4493 43135 0.7 02467

T |A1-3-1-U2 |specimens 0.28 15.0ct-15 0.03 0.0375 11% 43,656 42,509 0.219 0.2281
Tleasay fmemih 031 15.0ct-15 0.02 0.0375 12348 | a6 R8T 0us 0238

£ A1-51-U o 0.07 29-0ct-15 0,03 0.0375 12308 43.233 41634 0.2306 0.2968
Z1A1-4-1-0 [Specimens 0.27 17-0ct-15 0.0003 0.000375 12250 3454 6 02088  0.73M

T | = lc23-1u Mfa“_e'i in 0.10 22-Jan-16 0.0003 0.000375 129.31 B3R 37.288 02269 02557

'; =l 2 0.21 7-Nov-15 0.0003 0.000375 1338 — 0219 oz | ozm

S | 2|17 [specimens 0.27 17-0ct-15 0.1 0.125 12830 2,226 0642 02448 0262

—~| = ECZ-G-Z-U are failed in 0.29 17-0ct-15 0.1 0.125 B7.80 15.397 1797 0.2147 02452
E ~ [A1-11-1-U £ 0.24 22-0at-15 0.1 0.125 128.34 40,866 1.341 027 0238
i | & [A1-81-y |specimens 0.27 20-0ct-15 0.003 0.00375 12592 3,694 67 02183 02407
E @ leagay [orefaledin 0.22 22.0ct15 0.003 0.00375 135.02 1,553 37,551 014 02011
é = [A1-12-1-U0 o 0.19 7-Nov-15 0.003 0.00375 132.77 41414 /015 0.2266 0.1683
; < |A1-3-2-U |specimens 0.66 19-Nov-15 0.03 0.0375 100.29 2375 0.006 02408 03051
E: £ lc2111u :’:n::"‘d " 071 19-Nov-15 0.03 0.0375 %062 11975 662 02998 035
;g - R lc2az2240 0.65 19-Jan-16 0.03 0.0375 81.23 5,647 75,348 02413 0.32%
8| 8 [ |A142.y |specimens 0.51 19-Nov-15 0.0003 0.000375 B4.28 2,689 25,554 01523 02197
- 2 | Rja1a1u e llea i 0.55 21-Nov-15 0.0003 0.000375 99.97 2838 77915 02732 03657
E 2 |A1-15-1-U e 0.56 28-Nov-15 0.0003 0.000375 75.11 M7 7.1 011 0.119%

£ | 5 [AL-72-U |specimens 0.66 19-Nov-15 0.1 0.125 103.15 3073 10,609 01968 0267

G | 2 feseay | Hledin 0.75 21-Nov-15 0.1 0.125 84,20 029 31607 02402 03077

E = lasteay 270 0.64 21-Nov-15 0.1 0.125 98.65 31.806 30.036 02709 03571

I IA1-8-2-0 [speci 0.55 25-Nov-15 0.003 0.00375 24.47 13,098 11,4975 0.7339 0298
nleaca (el 0.72 25-Nov-15 0.003 0.00375 69.31 3638 2 0232 046%

2 lcaaqy [P0 0.64 28-Nov-15 0.003 0.00375 7803 %019 592 aus | ozt

5 |Az6-1u  |Oven-dry {1 0.06 12-Nov-15 0.01 0.0125 151.76 45,022 1204 0275 0257
ﬁaz-u-ru month) 0.05 12-Nov-15 0.01 0.0125 140.97 17533 %387 0.2154 0262

3) A2-15-2-U 0.05 12-Nov-15 .01 0.0125 138.11 39.079 37.313 0.2011 0.2212

S |Az-s1-u | Oven-dry (2 0.07 27-0ct-15 0.01 0.0125 12305 2323 41634 02306 02988

5 22y (Weeks) 0.11 27-0¢t-15 0.01 0.0125 138.69 358 41,044 01635 01953

S (A2-15-1.0 0.08 29.0¢t-15 0.01 0.0125 99.30 36,753 .48 0208 027

= 2liaay ?Smm 03 |ivomas| | oo1 | ootzs | mam | waw 06 | 0208 02w
£ T [c19.q-y  [PRECimENs 0.26 11-0¢t-15 0.01 0.0125 127.88 18929 7930 02080 0238
I‘L?- P ?Cl-l!-l-u 0.18 29.0ct-15 0.01 D.0125 106.80 40.195 /395 0.2385 0.2752
E E | £ [A2-2:1-y  |Submerged 0.59 3-Nov-15 0.01 0.0125 95.37 35.283 3787 0.2658  0.30%
g Y5 azgay |12 week 0.62 3-Nov-15 0.01 0.0125 9119 %.125 .302 02355 02716
S g f A2-13-1-U 0.62 5-Nov-15 0,01 0.0125 103.58 37.845 35.704 0.2241 0.2547
E ~ 2 |Az-1-1-u  |Pressurized 0.59 26-Nov-15 0.01 0.0125 99.33 34.965 3532 0.2249 0.2667
2 S a2y |1 week) 0.61 3.Dec-15 0.01 0.0125 1034 u8 097 0213 037
@ = |A2-12-2:0 0.62 3-Dec-15 0.01 0.0125 £9.25 153 32.402 0225 0265
3 |A2-3-1-u  |Submerged 0.62 1-Dec-15 0.01 0.0125 mn 0.946 22 02764 0371

H Azgq.y |lLmonth) 0.57 1-Dec15 0.01 0.0125 86.67 B.118 31562 0184 02581

* |A2-18-1-0 0.64 3-Dec-15 0.01 0.0125 86.42 %53 %115 02303 0.3484

7 [A2-4-1-y  |Submerged 0.66 19-Jan-16 0.01 0.0125 8399 065 7859 02246 02875

2 [az-10-1.u | (3 months) 0.58 19-Jan-16 0.01 0.0125 9.18 32.489 30308 02862 038

= |A2-14-2-U 0.71 19-Jan-16 0.01 0.0125 84.98 7.093 2.0 02416 0338
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Crack Initiation (Cl) Threshold Critical Damage (CD) Threshold Acoustic Emission
Direct Crack Volumetric Crack Volumetric Inverse Tangent Instantaneous Direct Axial Direct Acoustic  Acoustic  Acoustic ~ Acoustic
Specimen #  |Circumferential  Strain CI_L Strain CI_U Lateral Stiffness Poisson's Ratio strain (MPa) Volumetric IYM (MPa) jissi jissi issi issi
Strain (MPa) (MPa) (MPa) (MPa) (MmPa) Strain (MPa) CI_L (MPa) CI_M (MPa) CI_U(MPa) CD (MPa)

C1-6-1-U 48 47 57 57 57 95 na 125 na 53 na 119
C1-8-1-U 55 47 53 49.5 50 105 na 118 38 48 58 108
C1-13-1-U 51 46 55 na na 92 115.0 94 32 52 72 107
C1-4-1-V 48 36 47 47 47 90 12 106 37 51 65 102
C1-9-1-U 47 45 49 na na 98 na 120 45 57 68 100
C1-12-1-U 49 38 51 46 50 £ 86.0 85 41 52 63 92
B1-1-1-U 46 43 46 61 N/A 82 82 82 42 N/A 61 76
B2-1-1-U 43 N/A N/A 39 39 100 N/A N/A 39 N/A 53 105
B2-2-1-U 46 48 57 66.5 56 98 N/A 120 N/A 66 N/A 114
C1-1-1-U 53 44 55 48 55 97 na 119 na 53 na 107
C1-5-1-U2 55 na 62 na 58 93 na 107 na 50 na 103
C1-10-1-U 49 45 47 39 na 96 112.0 108 36 45 54 117
A1-3-1-U2 52 na na 58 55 ) na 105 38 47 51 8
C2-2-1-VU 54 54 61 54 4 84 na 110 36 50 60 97
Al1-5-1-U 48 43 58 na 55 88 na 106 31 50 69 109
Al-4-1-U 48 39 50 48 48 85 na 100 33 48 62 105
C2-3-1-U 54 46 54 41 40 102 106 100 30 56 78 107.8
A1-9-1-U 62 43 54 na na 95 na 112 38 45 61 124
Al1-7-1-U 58 na 54 46 48 £ na 101 36 na 55 80
C2-4-2-V 46 34 v 39 39 64 76 68 na 44 na 67
Al-11-1-U 52 45 56 51 53 87 na 105 47 na 56 100
A1-8-1-U 55 44 55 58 57 80 na 101 31 51 7 100
C2-8-1-U 52 52 52 na na 100 na 120 38 na 61 118
Al1-12-1-U 48 na na na na 64 na na 42 49 64 85
Al1-3-2-U 39 38 39 39 37 55 94 80 31 38 48 98
C2-11-1-U 55 33 38 54 53 75 80 65 na 61 na 75
C2-12-2-U na 28 33 33 36 62 62.0 66 37 na 52 72
Al1-4-2-U 38 33 35 34 32 66 64 64 na 31 na 65
C2-14-1-U 37 36 38 36 34 74 75 73 33 39 55 87
A1-15-1-U 43 na na 2 40 64 na 62 25 37 52 64
Al1-7-2-U 38 37 44 44 44 64 92 na 37 na 52 65
C2-15-1-U 36 30 35 29 33 62 73 70 26 35 46 82
A1-16-1-U 38 36 40 31 34 70 75.0 na 34 na 50 74
Al1-8-2-U 39 33 35 48 48 65 65 na 38 na 57 78
C2-16-1-U 27 25 32 32 26 na 38 na 23 31 41 41
C2-4-1-U 3 29 na 3 na 66 73.0 73 na 40 na 72
A2-6-1-U 62 na 59 50 50 116 132 132 na 56 na 129
A2-12-1-U 52 51 51 51 50 112 121 112 40 54.5 69 105
A2-15-2-U 41 35 39 na na 78 90.0 92 41 53 65 104
A2-5-1-U 56 46 57 56 55 98 110 11 42 58 62 1
A2-11-1-U 41 48 48 na na 88 na 135 By 53.5 68 125
A2-15-1-U 42 38 38 58 58 77 90 na 41 53 65 84
C1-4-1-Vu 48 36 47 47 47 90 112 106 37 445 52 90
C1-9-1-U 47 45 49 na na £ na 120 45 58.5 72 100
C1-12-1-U 49 38 51 46 50 98 86 85 42 53 64 92
A2-2-1-U 44 36 na 46 na 70 84 74 39 44.5 50 83
A2-8-1-U 43 31 40 46 na 68 na 74 32 51 54 88
A2-13-1-U 48 35 51 50 42 59 94 89 40 46.5 53 93
A2-1-1-U 45 34 2 48 46 67 na 80 39 45 51 90
A2-7-1-U 46 37 2 49 50 62 na 82 36 56 64 7]
A2-12-2-U 42 34 39 38 na 63 80 77 32 46 51 66
A2-3-1-U 39 29 33 36 38 52 55 67 34 445 55 63
A2-9-1-U 39 30 33 37 na 57 na 74 na 46 na 64
A2-14-1-U 40 31 36 42 43 68 55 61 na 37 na 61
A2-4-1-U 38 30 37 36 36 55 na 74 32 345 37 63
A2-10-1-U 38 36 a2 40 40 66 70 86 na 39 na 92
A2-14-2-U 39 34 na 4 na 62 71 72 na 34 na 76
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Appendix 6: Brazilian Tensile Strength (BTS) data summary for all tests.

# |Specimen# |Brazilian ID Description Brazilian Strength (MPa) Average Brazilian Strength (MPa) Water Content (%)
Ll c1-4-hot-1 6.6 0.07
o 55 U oo 79 0.08
o | C1-2-1-U|  cl2top 75mm specimens 8.0 72 0.10
<+ ¢1-12-top 7.8 0.09
o 5 LU v 007
© 161 9.1 0.10
~| Loy 162 111 0.07
Sl ~oq 181 50mm specimens 117 9.7 0.08
HHE e BT 8.0 008
gl ol |C113-1U]  a131 88 0.07
['4 .
A B1-1-1-U | Bt4Topt | 100mm Specimens 49 0.6
B2-1-Top-1
— B2-1-1-U : 81 68 018
B2-1-Top-2 71 0.14
B2-2-1-U | B22Topl 7.0 0.18
o |C1-1-U a1 6.9 031
o |C1-5-U s 125mm specimens 48 60 033
o |C1-10-U 10 63 031
3 a2-1-top 6.4 0.60
- A2-1-1U
- a2-1-bot-1 6.0 0.82
© a2-T4op Pressurized (1 week 6.0 6.1 0.51
1 A27-1-U b
P a2-7-bot 5.1 0.86
O |A2-4-1-U | a2-4top3 69 0.56
2 a2-2top 67 051
- A221-U
« a2-2-hot 6.0 0.80
by a28topl | Submerged (1 week) 7.7 6.1 0.53
| A2-8-1-U
N a2-8-hot-1 4.0 0.84
0 |A2-13-1-U|  a2-1340p 6.2 0.57
3] a2-340p 58 0.60
A3
~ a2-3-hot
Submerged (1 month 20 54 -
s |9 a2-9-t0p CLEEBUE 62 ' 062
& ] A2-9-1-U
& | a2-9-hot 45 0.83
,§ & [A2-10-1-U| a2-10-top-2 58 0.66
o )]
= a2-4-top-1 7.2 0.60
2 o A241U
n o a2-4-top-2 5.8 0.71
o a2-1040p1 | Submerged (3 months) 6.2 56 0.62
i A2-10-1-U|  a2-10-bot-1 5.0 0.84
4 a2-10-hot-2 3.6 0.78
3 a2-5-top 65 0.01
1 A2-5-1-U
0 a2-5-hot 6.5 0.02
H a-1ttopl | Oven-dry (2 weeks) 8.1 76 0.00
i A2-11-1-U|  a2-11-bot-2 8.6 0.02
o a2-11-top-2 8.5 0.02
a a2-6-top 100 0.00
o A26-1-U
I a2-6-bot 48 0.00
3 a2-8-top-2 Oven-dry (1 month 101 8.6 0.00
1 A28-1-U W )
N a2-8-bot-2 9.3 0.00
3 |A2-1-1-U | a2t-bot2 9.0 0.00




