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Abstract
The uniaxial compressive strength (UCS) test is crucial in determining the strength and stiffness
behaviour of intact rock and is frequently utilized by industry to determine project site
characteristics. A fundamental component of UCS testing is measuring the strain response of test
specimens. Conventionally, discrete strain measuring devices such as extensometers and/or electric
foil strain gauges are used to measure the strain response at the mid-height of a specimen. However,
this ultimately limits the ability to capture the full-field strain of UCS tests which has led to a gap
in knowledge related to the complexities of the strain response caused by factors such as specimen
heterogeneity and the influence of platen friction effects. This research integrates a novel
distributed optical strain sensing (DOS) technology with UCS testing to develop a DOS-UCS
technique for measuring the full-field strain response of UCS specimens. Unlike conventional
discrete strain measurement methods, the optical technique captures a distributed strain profile
along the length of a standard, low-cost single mode optical fiber with a resolution of 0.65 mm. In
this regard, the following research has been devoted to developing a technique whereby optical
strain sensors are installed on the surface of UCS specimens in order to measure the dynamic fullfield strain response during UCS tests. The development of such a technique is a non-trivial
undertaking as it has never before been implemented within the geomechanics community. To
optimize the DOS-UCS technique a comprehensive laboratory testing program was carried out.
The results from the testing program demonstrates the capability of the DOS-UCS technique to
capture complex full-field strain profiles of UCS specimens, agreeing well with traditional strain
measurement techniques. The results also demonstrate the non-uniformity of strain and deviation
from continuum behaviour that takes place in UCS tests, particularly after yielding begins. Overall,
it was determined that the DOS-UCS technique can capture the complexities of the strain response
during UCS testing at an unprecedented level, overcoming the limitations of conventional strain
monitoring.
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Chapter 1
Introduction
1.1 Purpose of Study
Geotechnical construction projects, such as those associated with the fields of tunnelling and
mining, are essential to meet society’s increasing demand for ease of travel and use of resources.
This increasing demand has led to projects being constructed in ever more difficult environments
with larger scopes and increasing complexity. This complexity has created the need for better, more
accurate rockmass classification and characterization methods, to ensure the safety and success of
these major projects. The site investigation process for these engineering projects include several
different methods for characterizing rockmasses. In the preliminary and detailed design stages of a
project, drilling programs and field tests (i.e. point load, ultrasonic pulse velocity, and slake
durability tests) are used to examine the in situ rock conditions and estimate material properties.
These methods provide a preliminary understanding of the rockmass but generally require
additional laboratory testing to measure the geomechanical properties that are essential for rock
engineering design. The geomechanical properties acquired from these laboratory tests are utilized
as inputs for analytical solutions, empirical methods, and numerical modelling to predict ground
behaviour. Since these design methods require reliable and accurate input data, inaccurate material
property estimation may lead to the under or over design of excavation support, which can
ultimately result in unsafe/unstable conditions or project cost overruns. Increasing the reliability
and accuracy of geomechanical laboratory testing results allows for a higher level of confidence in
the design, safety, and cost analysis of geotechnical construction projects.
The Nuclear Waste Management Organization of Canada (NWMO) is currently in the
process of site selection for a high-level nuclear waste Deep Geological Repository (DGR)
(Hirschorn et al., 2017). Canada’s high-level waste DGR is intended to be a permanent storage
1

facility with a design life of one million years (Jensen, 2009). Designing for a million-year lifespan
requires state of the art laboratory testing to obtain a comprehensive understanding of the rock
behaviour and geomechanical properties under different environmental and stress conditions.
Numerical models are used to evaluate the performance of the DGR and as such it is imperative
that laboratory tests be performed using best practices and state of the art techniques to obtain
accurate results for these model inputs.
The most commonly utilized laboratory test for estimating rock strength and stiffness is
the uniaxial compressive strength (UCS) test, which is conducted using a stiff loading frame that
applies a monotonically increasing compressive force to a prepared drill core specimen. These tests
are generally used to investigate the UCS and elastic properties of the intact rock, however, based
on specimen selection, they may also include some of the structure and fabric of the rockmass.
Industry and research rely on UCS testing to determine strength and stiffness behaviour of rock by
providing geomechanical properties such as UCS, Young’s modulus (E) and Poisson’s ratio (ν). To
acquire the elastic properties, strain response measurement of UCS test specimens is required. As
per ASTM D7012 (2014), the standard method of measuring UCS specimen strain is with discrete
strain measuring devices such as extensometers and/or electric strain gauges. However, the
standard method ultimately limits the spatial resolution of strain measurement and is incapable of
capturing the strain distribution throughout a specimen during UCS testing.
Over the past decade, the advancement of a novel instrumentation technique known as fiber
optic sensing (FOS) has permitted many researchers to address the shortfalls of discrete strain
sensing methods. This technology allows for virtually continuous strain monitoring with spatial
resolutions as low as 0.65 mm. This has led to researchers successfully integrating the technology
into a variety of strain monitoring applications (Wang et al., 2009; Habel and Krebber, 2011). A
pivotal example of FOS use in geomechanics is the development of a novel fiber optic sensing
technique designed to analyze support elements with sub-millimetre spatial resolution by the
2

research program at the Royal Military College of Canada (RMC) spear-headed by Vlachopoulos
(Vlachopoulos et al., 2014, 2018) and Forbes (Forbes et al., 2015, 2018a, 2018b; Forbes, 2020),
along with their industrial partner YieldPoint Inc. The aim of this work is to determine the
feasibility and develop a technique to measure the dynamic full-field strain response of uniaxial
compression test specimens by integrating an FOS technique like the one developed by the RMC
program with the capabilities of the Queen’s University Advanced Geomechanics Testing
Laboratory. In doing so, the aim is to improve the reliability of UCS test strain measurement and
provide a method that can better capture and analyze the effects of UCS specimen variability.

1.2 Research Objectives
This thesis aims to provide an improved laboratory testing procedure for measuring strain during
UCS testing by using a new technique which integrates FOS technology. The goal is to increase
the reliability of UCS test results by measuring the full-field specimen strain response, thereby
creating a means for higher quality analysis of UCS tests and improved confidence in
geomechanical property acquisition. The specific research objectives to achieve this are as follows:
•

To critically review UCS test fundamentals and current UCS test laboratory practices
for measuring strain (Chapter 2).

•

To conduct a critical literature review on the various optical strain sensing technologies
and determine the most appropriate for use with UCS testing (Chapter 3).

•

To develop and optimize an efficient and accurate technique for installing FOS
technology on UCS test specimens (Chapter 4).

•

To provide a means of visualizing the UCS test optical strain sensing data for
interpretation and analysis (Chapter 4).

•

To verify the capability of the FOS technique to accurately and reliably capture the
full-field strain response of UCS test specimens and assess its abilities in comparison
to conventional strain measurement techniques (Chapter 5).
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1.3 Thesis Organization
This thesis has been prepared in accordance with the requirements outlined by the School of
Graduate Studies at Queen’s University. This thesis consists of six chapters and five appendices,
which are organized as follows:

Chapter 1 – Introduction: This chapter introduces the relevance and focus of the research
activities and outlines the objectives and structure of the thesis.

Chapter 2 – Background: The focus of this chapter is to provide the reader with the foundational
knowledge that this research is based on; mainly focussing on uniaxial compression testing and the
conventional techniques of measuring strain in UCS tests.

Chapter 3 – Optical Strain Sensing Techniques: This chapter proposes the use of optical strain
sensing as a novel solution to measure the full-field strain response of UCS specimens. An
overview of the current technologies’ operating principles is discussed to provide a rationale for
selecting the appropriate FOS system.

Chapter 4 – Experimental Methodology and Development of the DOS-UCS Technique: This
chapter describes the process used to integrate distributed optical sensing (DOS) with UCS testing
(DOS-UCS technique). Provided in this section is an overview of the experimental methodology
which includes descriptions of the testing materials, testing apparatuses, and instrumentation
configurations. This chapter also describes the non-trivial process of installing the optical fiber on
the exterior of UCS specimens. The data processing method used to visualize the optical strain
sensing data for analysis is also described.
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Chapter 5 – Laboratory Testing Program Results: The results of the physical testing program
conducted to assess the capabilities of the DOS-UCS technique to capture the dynamic, full-field
strain response of UCS test specimens is presented within this chapter.

Chapter 6 – Conclusions and Future Recommendations: This chapter summarizes the key
findings of the thesis and its contributions to the geotechnical community. Additionally,
recommendations for future research are discussed.

5
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Chapter 2
Background
2.1 Introduction
The classification of rockmasses and the estimation of rock strength for applications in underground
excavations has been a significant topic of research for many decades (Barton et al., 1974;
Bieniawski, 1976; Hoek and Brown, 1980, 1997; Martin, 1993; Hoek, 1994; Diederichs, 1999,
2003, 2007; Marinos and Hoek, 2000; Read, 2004). This research has led to several rockmass
classification systems such as Rock Mass Rating (RMR) (Bieniawski, 1973, 1989), Rock
Tunneling Quality Index (Q) (Barton et al., 1974), and Geological Strength Index (GSI) (Hoek and
Marinos, 2000; Marinos et al., 2007), which classify rockmasses based on intact rock properties,
discontinuities, alteration, and in situ stresses (Barton et al. 1974; Bieniawski, 1976; Hoek, 1994).
To predict the in situ strength of rock, several failure criteria have been developed through empirical
observation and theoretical fundamentals. Two of the most commonly used failure criteria in the
field of rock mechanics are the Mohr-Coulomb (Coulomb, 1776) and Hoek-Brown criterion (Hoek
and Brown, 1980; Hoek et al., 2002). The Mohr-Coulomb criterion, given by Equation 2-1,
describes a linear relationship between normal (σ) and shear (τ) stresses at failure where c is the
cohesive strength and 𝜙 is the friction angle. The generalized Hoek-Brown criterion (Hoek et al.,
2002) is given by Equation 2-2, where m and s are the frictional and cohesive material constants,
respectively, a is a constant used to define the curvature of the failure envelope, and 𝜎1 and 𝜎3 are
the major and minor principal stresses, respectively.
𝜏 = 𝑐 + 𝜎𝑡𝑎𝑛𝜙
𝜎1 = 𝜎3 + 𝑈𝐶𝑆 (𝑚
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𝑎
𝜎3
+ 𝑠)
𝑈𝐶𝑆

(2-1)
(2-2)

Whether it be for its use in rockmass classification or rock failure criteria, UCS is one of the most
commonly used rock engineering parameters. Geotechnical engineers rely on UCS in mining and
civil engineering projects to design structures in rock, such as dam foundations, open-pit mine
slopes, and underground caverns. The primary method of acquiring UCS is through uniaxial
compressive testing, where a sub-scale cylinder of rock is subjected to uniaxial loading with zero
confining pressure. In these tests, UCS is recorded as the stress that collapses the cylindrical
specimen. However, it is suggested that UCS is an index of strength rather than a unique
engineering parameter (Bewick et al., 2015). Therefore, UCS is a proxy for rock strength which
depends on the test’s environmental factors and the inherent variability of specimens.
Testing environment factors include, but are not limited to, specimen geometry (Hudson et
al., 1972a), specimen size (Bieniawski, 1968), and loading rate (Bieniawski, 1967). To account for
these factors UCS test methods have been suggested by the International Society for Rock
Mechanics and Engineering (ISRM, 1979) and a standard has been created by the American Society
for Testing and Materials (ASTM, 2014). These methods include requirements for specimen
preparation, testing apparatus, and testing procedure. Many cylindrical specimens of varying rock
types have been deformed experimentally under a variety of conditions, including a wide range of
specimen geometries and testing formats, to produce these suggested methods and standards. The
optimized testing environment conditions outlined within the ISRM/ASTM suggested methods for
UCS testing are routinely used to deform cylindrical specimens in geotechnical testing laboratories
(such as Queen’s Advanced Geomechanics Testing Laboratory) to determine stiffness and strength
properties of rock. However, even though the effects of UCS testing variability have been
minimized through standardized testing, the response of axially loaded cylindrical specimens is not
fully understood. This is due in large to the technical inability to measure the full-field response of
such bodies due to the limitations of conventional strain measurement techniques.
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2.2 Uniaxial Compression Testing
The uniaxial compressive strength (UCS) test is one of the basic and most commonly utilized
laboratory tests for estimating the mechanical properties of rock. The objective of a UCS test is to
apply an increasing uniform stress field throughout a prepared cylindrical specimen using uniform
boundary conditions at both ends. To conduct the test, a stiff loading frame applies a monotonically
increasing compressive force to a prepared cylindrical specimen (Figure 2-1) while the stress
applied to the specimen and the resulting strain are recorded. By analyzing the stress-strain response
of the specimen, the material properties such as UCS, Young’s modulus (E), and Poisson’s ratio
(ν) can be obtained. Since the test specimens incorporate some of the fabric and structure of the
rockmass from which they were collected, the strength and stiffness properties gathered from UCS
tests are representative of the characteristics of the intact rock within the rockmass. Therefore, the
properties acquired from these tests are often utilized in numerical modelling to simulate the intact
rock of a rockmass for the design of engineered rock structures.
There are many influences that can impact the results of a UCS test. Testing conditions
related to specimen preparation, loading frame stiffness, and platen material can heavily influence
the response of a UCS test. For example, stiff loading frames are required to provide stable postpeak deformation. The importance of this concept in rock mechanics was first realized by Hudson
et al. (1972b), who suggested that testing systems can provide stable post-peak deformation if they
are sufficiently “stiff” relative to the specimens. Loading frames which are considered “soft” lead
to unstable disintegration of rock specimens during testing and can often lead to violent failure of
brittle rock (Jaeger et al., 2007). The loading frame is considered to be adequately “stiff” if the
stiffness of the combined components of the machine (𝑘𝑚 ) are greater than the absolute value of
the stiffness of the rock in the unloading portion of the stress-strain curve given Equation 2-3:

𝑘𝑚 =
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𝐿

(2-3)

where A is the cross-sectional area of the rock specimen, L is the length of the specimens, and Eu
is the slope of the stress-strain curve during post-peak unloading. The hydraulic system used to
control the application of loads to UCS specimens is also a significant component of the combined
machine stiffness. It is recommended that a closed-loop servo-controlled system be used to
facilitate the feedback of displacement and strain variables (Gettu et al., 1996). By utilizing these
rapid response systems (2 to 50 millisecond), the deformation of rock specimens can be precisely
controlled by monitoring variable feedback and applying a corresponding signal.

Figure 2-1: Photograph of a UCS test configuration (left) and simplified depiction of a UCS
test (right) where 𝝈𝒖 is the peak (ultimate) strength (MPa), 𝑭𝒖 is the maximum applied
force (N), and A is the cross-sectional area of the specimen (mm2)
To mitigate the environmental effects of testing (i.e. specimen preparation, loading rate, platen
assembly, etc.), ISRM proposed the Suggested Methods for Determining the Uniaxial Compressive
Strength and Deformability of Rock Materials (1979). Following this document, ASTM produced
several standards on preparing UCS test specimens and conducting UCS tests, as described in the
following section.
10

2.2.1 Standard UCS Test Procedure and Interpretation
To minimize the effects of environmental factors and boundary conditions on UCS testing,
standardized testing methods have been produced by ISRM and ASTM. ISRM published the
Suggested Methods for Determining the Uniaxial Compressive Strength and Deformability of Rock
Materials (1979) which was followed by ASTM standard D2938-95: Standard Test Method for
Unconfined Compressive Strength of Intact Rock Core Specimens (ASTM, 1995) and D3148-02:
Standard Test Method for Elastic Moduli of Intact Rock Core Specimens in Uniaxial Compression
(ASTM, 2002). The ASTM standards have since been replaced with standard D7012-14: Standard
Test Methods for Compressive Strength and Elastic Moduli of Intact Rock Core Specimens under
Varying States of Stress and Temperatures (ASTM, 2014) and D4543-19: Standard Practices for
Preparing Rock Core as Cylindrical Test Specimens and Verifying Conformance to Dimensional
and Shape Tolerances (ASTM, 2019).
The ISRM suggested methods and the ASTM standards are very similar, however, there
are notable differences between the two testing methods. To examine the differences between the
methods, Table 2-1 compares and contrasts the ASTM and ISRM procedures.
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Table 2-1: Comparison of ISRM suggested methods and ASTM UCS test standard
procedures
Parameters

ISRM Suggested Methods
(1979)

ASTM standard D7012 (2014)

Specimen Length-toDiameter Ratio

2.5 - 3.0

2.0 - 2.5

Minimum Diameter

54 mm

47 mm

End Flatness

Within 0.02 mm

Within 0.025 mm

Perpendicularity

No larger than 0.001 radian
(0.057°)

No larger than 0.25°

Minimum Diameter to
Grain-Size Ratio

10:1

10:1

Platen Specifications

Steel platens with Rockwell
hardness of no less than HRC58

Steel platens with Rockwell
hardness of no less than HRC58

Loading

0.5-1.0 MPa/s of failure within
5-10 min

0.5-1.0 MPa/s or failure within
2-15 min

Strain Measurement
Method

Average of two (axial and
circumferential) strain
measurements, equally spaced,
within D/2 of the specimens
ends (D = diameter of
specimen). Accuracy of 2% of
the reading.
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Average of two measurements
equally spaced, close to midheight. A single transducer that
wraps around the specimen can
be used to measure
circumferential deformations.
Resolution of at least 25 με and
an accuracy within 2% of the
value of readings above 250
microstrain. Accuracy and
resolutions within 5 με for
readings lower than 250
microstrain, including errors
introduced by excitation and
readout equipment.

As shown in Table 2-1, there are differences between the ISRM and ASTM suggested UCS testing
methods. One notable difference is the suggested specimen length-to-diameter ratios, where ASTM
standard D7012 (2014) suggests a ratio of 2 - 2.5 while ISRM suggests a ratio of 2.5 - 3. In terms
of strain measurement, the suggested methods share similar protocols. Both methods suggest that
strain be measured by averaging two equally spaced strain measurements at the mid-height of the
specimen and require an accuracy of 2% of the readings.
By measuring the stress and strain during a UCS test, the response of a UCS specimen can
be analyzed using the stress-strain reaction curve. The axial stress (𝜎𝑎 ) is calculated by dividing
the axial force (F) recorded throughout the test by the initial cross-sectional area of the specimen
(A) (Figure 2-1). The axial stress is then plotted against the axial strain (𝜀𝑎 ) and circumferential
strain (𝜀𝑐 ) as shown in Figure 2-2. The stress-strain responses of the rock in uniaxial compression
exhibits various stages of progressive deformation and fracture development as illustrated in Figure
2-2.

Figure 2-2: Example of typical UCS test stress-strain reaction curves and the associated
stages of fracture development
Rock is inherently heterogeneous and contains many different forms of internal microscopic flaws.
At the beginning of a UCS test, the compressive stress acts to close existing microcracks within the
13

rock. Eventually, the crack closure threshold (𝜎𝑐𝑐 ) is reached where a large number of these cracks
are closed, and linear elastic axial deformation begins (Eberhardt et al., 1998). The presence of
these microcracks in combination with the increasing differential stress (𝜎1 − 𝜎3 ) results in the
concentration of tensile stresses (𝜎𝑡 ) at the existing flaw/microcrack tips (Figure 2-3). At some
critical stress known as the crack initiation threshold (𝜎𝑐𝑖 ), the extensional forces within the
specimen overcome the strength of the material (fracture toughness) and the formation of new grain
scale cracks begin to initiate (Atkinson, 1987). These new grain scale cracks are tensile in nature
and occur in the direction of the major principal stress as shown in Figure 2-3 (Hoek and
Bieniawski, 1965). The 𝜎𝑐𝑖 threshold is represented in the stress-strain curve as the point when
lateral strain becomes non-linear. Stable crack growth continues until the onset of unstable crack
growth and the formation of macrocracks begins when the stress reaches the crack damage
threshold (𝜎𝑐𝑑 ). The interaction and coalescence of unstable cracks produces irrecoverable
deformation until the peak stress is reached and the specimen fails. This peak stress is the uniaxial
compressive strength (𝜎𝑢 ) of the rock.

Figure 2-3: Formation of wing cracks under compression. (Eberhardt et al., 1998)
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One of the fundamental elastic properties that is determined using UCS testing is Young’s modulus
(E). The Young’s modulus of a UCS specimen can be calculated using several methods. The
methods suggested by ASTM D7012 (2014) are as follows:
a) Tangent Young’s modulus, 𝐸𝑡 , is the slope of the axial stress-axial strain curve at some
fixed percentage, usually 50%, of the peak strength.
b) Average Young’s modulus, 𝐸𝑎𝑣 , is the average slope of the straight-line portion of the
stress-strain curve.
c) Secant Young’s modulus, 𝐸𝑠 , is the slope of a straight line joining the origin of the axial
stress-strain curve to a point at some fixed percentage of the peak strength.
Another fundamental elastic property that is calculated with UCS test data is Poisson’s ratio (ν).
Due to the Poisson effect, when materials are subjected to compressive forces, they tend to expand
perpendicular to the direction of compression. Therefore, when an unconfined rock specimen is
axially compressed, the specimen expands laterally. The ratio of axial strain to lateral strain is
known as Poisson’s ratio, ν, and can be calculated using Equation 2-4:

𝑣=−

(∆𝜎𝑎 /∆𝜀𝑎 )
𝐸
=−
(∆𝜎𝑎 /∆𝜀𝑐 )
(∆𝜎𝑎 /∆𝜀𝑐 )

(2-4)

where the slope of the lateral strain curve is determined in the same manner as Young’s modulus.
2.2.2 Influence of End Effects
Theoretically, UCS tests subject specimens to uniform boundary conditions which produce uniform
uniaxial stress and displacement fields (Figure 2-4a). However, it has long been recognized that the
friction between the platen and specimen ends, as well as differences between the elastic properties
of rock specimens and steel platens, confines the specimen ends and prevents uniform lateral
deformation (Peng and Johnson, 1972). The confining platen effects result in barrel shaped
deformed specimens, as shown in Figure 2-4b. This is the most common end boundary condition
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imposed in routine laboratory UCS testing. The specimen end restraint results in the accumulation
of shear stresses (τ) and increased confinement (Figure 2-5) at the specimen-platen interface
(Diederichs, 1999). This results in a non-uniform distribution of axial stress (Figure 2-4d) that is
incompatible with the suggested uniaxial condition, leading to the restriction of crack dilation,
suppression of crack propagation, and an increased peak strength. Brady and Brown (2004) found
that lateral deformation of specimens is not inhibited when brush platens are used. However, they
did not recommend their use for routine testing as they found brush platens were too difficult to
prepare and maintain. In an effort to eliminate end effects, it may be tempting to treat the specimenplaten interface with lubricant or to insert materials such as neoprene rubber or teflon. However,
this can induce tensile stresses at the specimen ends, leading to an overall expansion at the end
surfaces as shown in Figure 2-4c (Peng and Johnson, 1972). The radial expansion of the ends is
caused by the extrusion of the inserts or by fluid pressures building inside flaws on the ends of the
specimens. For this reason, the ISRM Suggested Methods (1979) recommends that treatment of the
specimen ends be avoided.

Figure 2-4: Influence of end conditions on deformed specimens in UCS tests. (a) Desired
uniform specimen deformation; (b) deformation with friction at the specimen-platen
interface; (c) deformation with low friction inserts at the specimen-platen interface; (d)
state of stress at specimen-platen interface as a result of end confinement.
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Figure 2-5: Results of a UCS test modelled axi-symmetrically in a Finite Element software
using (a) “stiff” platens and (b) “soft” platens (modified after Diederichs 1999). The stiff
platen results in increasing confining stress (𝝈𝟑 ) approaching the specimen-platen interface,
while the soft platen results in increasing tensile stresses.
Fakhimi and Hemami (2015) examined the effects of non-uniform axial stresses and displacements
through bonded particle discrete element numerical modeling and UCS testing of sandstone. It was
observed through their modelling that the axial displacements in the lower loading platen of a stiff
loading frame are non-uniform, with the center of the platen experiencing smaller axial
displacements than at the edges, as shown in Figure 2-6. The higher local axial strain in the outer
radius induces vertical shear between the outer and inner sections of the specimen (Figure 2-7b).
At higher axial stresses, the induced shear stress can result in shear cracks that consequently dilate
at the interface between the outer and inner specimen (Figure 2-7c). As a consequence, a normal
stress is generated along the shear cracks, subjecting the outer shell to internal radial expanding
pressures (Figure 2-7a) which generate radial tensile cracks (parallel to the specimen axis and
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perpendicular to the axial shear cracks). The induced stresses caused by the non-uniform axial
displacements of the testing platens can result in surface spalling.

Figure 2-6: Axial displacement (mm) contours of a lower platen in a stiff loading frame at
77% of the applied peak stress. The perimeter of the specimen is shown with the black
dashed line. (Fakhimi and Hemami, 2015)

Figure 2-7: Simplified model of UCS specimen surface spalling caused by non-uniform
platen displacement. (a) Consequent radial and axial pressures; (b) induced internal radial
stresses, 𝝈𝒊𝒓 , and outer axial stresses, 𝝈𝒐𝒂, in the spall region ABCD; (c) deformation at the
UCS specimen end caused by axial shear cracks (for large end friction). (modified after
Fakhimi and Hemami, 2015)
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2.2.3 Failure Under Uniaxial Compression
The failure of cylindrical rock specimens under uniaxial compression is dependent on several
factors. The tensile strength of intact rock is fundamental in controlling the initial fracturing of rock
under uniaxial compression under low-to-moderate confinement, such as those present near
underground excavations (Tapponnier and Brace, 1976; Stacey, 1981; Diederichs, 1999). The
primary source of crack damage at low confinement is through Mode I extensile fractures (Figure
2-8). This type of damage is often observed in both Brazilian tensile strength and uniaxial
compressive strength laboratory tests and manifests as spalling failure at the excavation scale
(Dyskin and Germanovich, 1993; Martin et al., 1997; Diederichs, 2007). The basis for extensile
damage initiation in rock is largely founded on the work of Griffith (1921, 1924) who proposed
that microscopic internal flaws act to create a heterogenous stress state within a material.

Figure 2-8: Schematic diagram of the three fundamental modes of fracturing. (modified
after Atkinson, 1987)
At the laboratory scale, minerology and the geometric arrangements of mineral grains and voids
control the mechanical behaviour of rock. Brittle crystalline rock materials contain microscopic
discontinuities like micro-defects and intergranular cracks that affect the behaviour of intact rock
samples tested in the laboratory (Szwedzicki and Shamu, 1999). When brittle crystalline rock is
subjected to compression (i.e. uniaxial or triaxial), the micro-defects undergo a complex sequential
19

process of crack closure, crack initiation, stable crack growth, unstable cracking and eventual
failure (Bieniawski, 1967; Martin, 1993; Brady and Brown, 2004). Under a uniaxial state of stress,
pre-existing microcracks close as the applied stress reaches the crack-closure stress. Lateral tensile
stresses are induced through compression and when the local tensile strength at the tips of the
micro-flaws are exceeded, cracks begin to propagate from the tips, known as wing cracks (Figure
2-3), and align themselves in the direction of the maximum principal stress (Bobet and Einstein,
1998). Depending on the orientation and density of the cracks and the stress distribution, the failure
is instigated through extension, shear, or through coupling of shear and extension. The natural
variability of the orientation and quantity of micro-defects leads to complex failure modes that are
difficult to quantify or predict. Santarelli and Brown (1989) concluded that failure can manifest
itself in different ways depending on the microstructure of the rock. Szwedzicki (2007) and Basu
et al. (2009) indicated that even when specimens of identical lithological composition are tested, a
large range of UCS values and specimen failure modes may be observed. This is largely attributed
to the natural variability of specimen microstructure, particularly in the form of micro-cracks. Basu
et al. (2013) tested 76 UCS specimens of varying lithologies under uniaxial compression and found
there were six common failure modes observed in all rock types (Figure 2-9). The failure modes
were found to be largely dependent on the specimen’s structure and UCS. For example, the nature
of the principal failure mode for granitic UCS specimens changed from axial splitting to shearing
along a single plane to multiple fracturing as UCS increased. Therefore, the failure modes observed
by Basu et al. (2013) can be explained in terms of the damage evolution of the rocks under uniaxial
compression.
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Figure 2-9: Modes of UCS test specimen failure. (Basu et al., 2013)
Axial splitting denotes a failure along planes parallel to the direction of compression. This mode
of failure occurs when the generated wing cracks that are aligned parallel to the maximum principal
stress are free to propagate, i.e., when the microstructure of the specimen does not hinder the
propagation of wing cracks (Figure 2-10a). If the wing crack propagation in the direction of the
maximum principal stress is constrained because of existing microstructure, coalescence of
adjacent wing cracks can generate shear failure (Figure 2-10b).

Figure 2-10: (a) Axial splitting due to wing crack propagation and (b) shear failure due to
coalescence of adjacent wing cracks. (modified after Basu et al., 2013)
21

Shear failure, indicated by shearing along a single plane or double shear in Figure 2-9, is denoted
as a failure that takes place along one or more planes oriented obliquely to the direction of
compression. Multiple fracturing of a UCS specimen is another common mode of failure. This type
of failure presents itself as irregular breakage or sample disintegration along numerous planes at
various angles and occurs when the systematic coalescence of adjacent wing cracks becomes
restricted and strain energy builds up and is subsequently released. Multiple fracturing is often a
violent failure mechanism due to the large amount of energy that is released at once. For specimens
that exhibit a foliated structure (e.g. schist), failure is prone to occur along the direction of foliation
due to the shear strength of the foliation often being much lower than the intact rock shear strength.
This causes the specimen to break along the foliation planes before wing cracks can propagate
throughout the specimen. The final failure mode presented in Figure 2-9 is the Y-shaped failure
which is characterized by two joining shear planes that result in a simple extension type failure (i.e.
axial splitting type failure) at the middle of the specimen.
The failure modes presented are common in homogeneous specimens. However, in the
case of heterogeneous rock, pre-existing structure, such as veins, foliation, alteration, and layering
can lead to pre-mature shear failure along discontinuity boundaries, producing highly variable UCS
data and unpredictable failure modes. Although it is widely accepted that discontinuities affect
mechanical properties of rock and microcrack propagation, and their effect on specimen failure
propagation has been investigated by numerous authors (e.g. Horii and Nemat-Nasser, 1985; Peng
and Johnson, 1972; Farmer and Kemeny, 1992), current laboratory testing practices and standards
do not take into account the effects of these microscopic discontinuities on the mechanical
properties of rock. Additionally, end effects can influence the failure mode of specimens and it has
been widely postulated that the mode of failure depends upon the degree of the platen end
constraints and the surface quality of the parallel ends of the specimen, as discussed in Section
2.2.2.
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2.2.4 Conventional UCS Test Strain Measurement Techniques
To calculate the stiffness properties of UCS specimens, the strain response during testing must be
measured. There are several conventional ways to measure the strain of a UCS test. As per ISRM’s
Suggested Methods (1979) and ASTM standard D7012 (2014), electrical resistance strain gauges,
linear variable differential transformers (LVDTs), compressometers, optical devices or other
suitable measuring devices can be used. The most obvious method for measuring axial strain is to
measure the machine crosshead motion. Although, if the specimen displacement is assumed to be
equal to the displacement of the platen, an error is introduced by the entire loading frame deflecting
under the stress state (Motra et al., 2014). This error is dependant on the machine stiffness which
can vary based on equipment and testing conditions. Due to this error, measuring deformation using
the testing machine is often inaccurate and is not recommended.
Electric foil strain gauges are one of the tools that are most often used to measure strain of
UCS test specimens owing to their apparent accuracy, low cost, and ease of use. The metallic foiltype strain gauge consists of a grid of wire filament (i.e. a resistor) glued onto a thin electrically
insulated sheet that is bonded directly to the specimen surface by a thin layer of epoxy resin. When
a load is applied to a UCS specimen, the surface deforms and the resulting change in surface length
is transferred to the resistor length and the corresponding strain is measured in terms of the electrical
resistance of the foil wire, which varies linearly with strain. Error sources in resistance strain gauge
measuring systems are numerous. For example, there are errors due to the transverse sensitivity of
the strain gauges, temperature, misalignment, and the nonlinearity of Wheatstone bridges (Motra
et al., 2014). Also, the proper functioning of a strain gauge is dependent on the quality of contact
with the UCS test specimen. If the contact is insufficient and does not fully transmit the strain from
the specimen to the wire and foil of the gauge, the results obtained will be erroneous. As such, there
is a certain level of expertise required in order to install and utilize a strain gauge of this nature. An
example of a UCS specimen outfitted with foil strain gauges per ASTM standard D7012 (2014) is
provided in Figure 2-11a.
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Extensometers are another common tool used to measure the strain of UCS test specimens.
Extensometers use transducers made with precision resistance-type foil strain gauges bonded to a
metallic element to form a Wheatstone bridge. The transducer contacts the specimen with two knife
edged arms and the elongation or compression of the specimen causes the transducer arms to move
together or apart. This movement bends the metallic element, changing the resistance of the strain
gauges, thereby changing the balance of the Wheatstone bridge which produces an electrical output
that is proportional to the displacement of the transducer arms. Since extensometers are not bonded
to the specimens, they do not have the same inherent strain transfer errors that come with standard
foil strain gauges. However, both methods are discrete in nature and only provide strain
measurements at single locations. An example of a UCS specimen outfitted with extensometers per
ASTM standard D7012 (2014) is displayed in Figure 2-11b.

Figure 2-11: Standard UCS instrumentation configurations using (a) foil strain gauges and
(b) extensometers. (modified after Jaczkowski, 2017)
2.2.5 Non-Conventional UCS Test Strain Measurement Techniques
There are other emerging strain measurement technologies that do not rely on conventional electric
strain instrumentation. Measurement of deformations in geotechnical testing using particle image
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velocimetry (PIV), also known as digital image correlation (DIC), has become routine experimental
practise in many geotechnical research laboratories (White et al., 2003; Rechenmacher and Finno,
2004; Take, 2015). This technique was originally developed in the field of experimental solid
mechanics where it has been used to calculate strains at the surface of test specimens under
mechanical loading (Peters and Ranson, 1982; Sutton et al., 1983). PIV-DIC is a non-intrusive
image-processing technique that calculates fields of incremental displacement by comparing two
digital images and locating numerous small regions in both images to high subpixel accuracy (Take,
2015). In this scenario, an initial reference image is taken to capture the visual appearance of the
specimen surface prior to loading. Additional images are then taken during loading to capture the
visual appearance of the deformed specimen. Incremental pixel displacements representing the
deformation of the specimen surface can then be measured using PIV-DIC, allowing for the
distribution of strain throughout the specimen to be calculated. PIV-DIC is a non-contacting,
vision-based measurement method that consists of a pair of cameras, calibration tablets, lighting,
and commercial software for image acquisition and processing.
Abdulqader et al. (2020) successfully implemented the PIV-DIC technique in uniaxial
compression testing of rock cores as an alternative to conventional strain measurement systems. It
was found through their study that the PIV-DIC technique can be used to provide UCS test stressstrain data for the calculation of mechanical properties (i.e. Young’s modulus) without the need for
conventional invasive instrumentation. The method tested by Abdulqader et al. (2020) works by
applying a high contrast random speckled pattern on the cylindrical surface of a rock core specimen
(Figure 2-12) and taking successive pictures of the surface during loading with a pair of cameras.
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Figure 2-12: PIV-DIC technique core specimen with high contrast speckled pattern; inset
highlights speckle detail. (Abdulqader et al., 2020)
From Abdulqader et al. (2020), the PIV-DIC technique can acquire surface strain measurements as
small as 50 με and displacements as small as 10 μm. Although this technique is non-discrete and
can measure the strains and deformations over large surfaces, it can only measure surface strains
that are in the cameras’ field of view. Therefore, this technique is unable to measure the full-field
strain response around the entire circumference of a UCS specimen.
There have been several attempts made by researchers to integrate fiber optic sensing
(FOS) technology with UCS testing to measure the strain of UCS specimens (SchmidtHattenberger et al., 2003; Regier, 2013; Uchida et al., 2015; Sun et al., 2016). The technology and
methodology of these studies vary but are similar in purpose; to determine the feasibility of utilizing
FOS technology to measure UCS specimen strain compared to traditional strain measurement
techniques. Schmidt-Hattenberger et al. (2003) found that fiber optic sensors mounted on the
surface of granite UCS specimens can well compete with mechanical extensometers with respect
to accuracy, preparation, and handling. It was also found by Regier (2013) that fiber optic sensors
on the exterior of grout UCS specimens can produce results that strongly correlate with
26

conventional electric strain gauges. These studies show promising results and indicate that FOS
technology could be utilized to accurately measure the full-field strains of UCS specimens through
further refinement of the technique.
To the author’s knowledge, there are no current techniques used in the field of
geomechanics that can measure the full-field strain of a UCS specimen. Conventionally, discrete
strain sensors are used to measure the mid-height strain response of UCS specimens. The ability to
capture complex strain distributions throughout a specimen during uniaxial compression testing is
limited by the poor spatial resolution of these discrete strain sensing methods. Given that it is known
that UCS specimens are often subjected to non-uniform stress and strain fields, a technique that can
measure the dynamic full-field strain response of UCS test specimens is required to better
understand the response of cylindrical specimens subjected to uniaxial compression.
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Chapter 3
Optical Strain Sensing Techniques
3.1 Introduction
Optical strain sensing is a strain measuring technique that has proved to be useful in a variety of
recent applications (i.e. strain monitoring of structures, rock support, geotextiles, etc.) (Wang et al.,
2009; Habel and Krebber, 2011). This technology has the potential to capture the complex strain
distribution throughout a specimen during UCS testing due to its ability to provide a continuous
high-resolution strain profile along a length of optical fiber. This allows it to overcome limitations
associated with the limited spatial resolution of conventional discrete strain sensing methods.
As discussed in Chapter 2, the poor spatial resolution and distribution of conventional
strain measurement techniques during UCS testing produces a partial understanding of the
geomechanical responses of UCS specimens. These discrete measurements are simplifications of
the full-field UCS response and are used to calculate generalized elastic properties. This, however,
has led to a knowledge gap in the potential complexities of UCS test strain responses caused by
factors such as specimen heterogeneity and the influence of boundary conditions. This limited
understanding of the strain response is partially attributed to the lack of progress and development
of conventional electric strain measuring instrumentation (i.e. strain gauges and extensometers).
These techniques have been improved in terms of cost reduction, instrumentation reliability, and
accuracy, but remain as discrete solutions that are inadequate for capturing spatially complex strain
responses in UCS specimens. New techniques that do not rely on conventional electrical resistivity
methods, such as the PIV-DIC technique, are being researched to provide an alternate strain data
acquisition procedure for UCS testing. However, a technique that can measure the strain response
around an entire UCS test specimen (full-field response) has not been presented within the
geomechanics community. It is necessary to consider new and innovative strain measuring
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techniques to be able to provide insight into the complexity of UCS test strain responses and its
impact on the material parameters obtained from UCS testing.
Optical strain sensing is one such technique that has the ability to provide additional insight
into the strain response of a specimen during UCS testing. While this technique is not necessarily
new, the prohibitive costs associated with the early versions of the required analyzing equipment
may explain its rarity in geomechanical testing compared to conventional electrical techniques.
Despite the high cost of the analyzing equipment there are several economic and scientific reasons
why it would be beneficial to use optical strain sensing technology during uniaxial compression
testing. As the technology has advanced, the cost of analyzing equipment has decreased. While
there is still an upfront cost associated with the analyzing equipment, the sensors themselves are
made of inexpensive standard fiber optic cables that produce a relatively low-cost sensor compared
to other conventional solutions (Cruz, 2017). Additionally, the micrometer diameter of the fiber
optic cable allows for the non-intrusive bonding of sensors in various geometries around a UCS
test specimen allowing for a multitude of possible continuous strain sensor configurations. Lastly,
the most enticing aspect of the optical sensing technique is that only one length of optical fiber is
needed to produce an array of continuous measurements. Therefore, by utilizing optical sensing, a
fiber optic strain sensor can be used to measure a continuous strain profile along its entire length.

3.2 Optical Strain Sensing
Fiber optics were introduced in the 1960s as an improved method for transmitting communications
signals by replacing copper wire and electric current with glass optical fiber and light, respectively
(Koa & Hockham, 1966). An optical fiber is composed of a fused-silica core surrounded by silica
cladding and an outer buffer coating as shown in Figure 3-1. The core is typically composed of
high-quality fused silica due to its low attenuation rate of less than 3 dB/km (Rich and Pinnow,
1972). By surrounding the core with a cladding layer that has a lower refractive index (𝑛2 ), the
fiber acts as a dielectric waveguide. When the optical fiber is exposed to external physical changes
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(e.g. temperature and strain), the propagating signal within the fiber changes as well. By
determining the relationship between the physical change of the optical fiber and the spectral shift
of the signal (i.e. amplitude, frequency, and phase), an optical fiber sensor can be used to detect
changes in its environment.

Figure 3-1: Optical fiber schematic where 𝒏𝟏 and 𝒏𝟐 are the refractive index of the fiber
core and cladding, respectively
In terms of their application to the geomechanics field, it is important to note that not all fiber optic
techniques are similar (Vlachopoulos and Forbes, 2017). Current commercially available
techniques for determining local changes in strain and temperature along a micrometer-scale singlemode optical fiber include the fiber Bragg grating (FBG) and distributed optical strain sensing
(DOS) techniques. Both techniques utilize three components: an incident light source (i.e. laser),
an optical fiber (i.e. sensing element), and a detector/analyzer. In both techniques, a light wave is
propagated through the silica core of an optical fiber. As the incident light travels, its signal
undergoes changes due to the optical properties of the fiber which can then be detected and
measured by the analyzer. The FBG technique consists of inscribing a periodic modulation to the
index of refraction within the optical fiber core (termed a Bragg grating), which causes a portion
of the incident light to reflect. This technique is similar to conventional foil resistive strain gauges
in that a measurement will only be taken at the specific locations of the inscribed sensors. However,
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multiple Bragg gratings can be multiplexed into a single optical fiber, creating a multi-point discrete
sensor where longitudinal strain at specified locations along the fiber can be solved. The DOS
techniques utilize diffuse reflection and the phenomenon of back reflected scattering (as a result of
Rayleigh, Brillouin, and Raman mechanisms) to create a sensor where longitudinal strain can be
solved continuously along an optical fiber. The fundamental working principles of both the FBG
and DOS techniques are discussed in further detail in the following sections of this chapter to
provide a rationale for selecting the most applicable FOS technique to measure the full-field strain
response of UCS test specimens.
3.2.1 Fiber Bragg Gratings
A Bragg grating is a fixed refractive index modulation of an optical fiber core acting as a dielectric
mirror (Venghuas, 2006). To produce Bragg gratings, a periodic pattern of ultraviolet light is
exposed laterally along the length of a fiber optic core, imbedding a series of phase structures which
result in a permanent change to the refraction index at the exposed sections of the fiber core (Meltz
et al., 1989). A schematic of a Bragg grating structure is displayed in Figure 3-2.

Figure 3-2: Schematic of Bragg grating structure fused into core of single mode optical
fiber. Light travelling through the Bragg grating is partially reflected according to the
Bragg wavelength (𝚫𝝀𝑩𝒓𝒂𝒈𝒈) and is shifted by fluctuations in local strain and temperature.
(Forbes, 2020)
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When light is input through the Bragg grating structure it is partially reflected due to the differences
in the refraction index. At a particular wavelength, termed the Bragg wavelength (𝜆𝐵𝑟𝑎𝑔𝑔 ), the back
reflected signals are combined coherently and are centered on a wavelength position based on the
spacing of the grating structures (Λ) and the refractive index of the single mode optical fiber (𝜂𝑒𝑓𝑓 ).
The Bragg wavelength is calculated using Equation 3-1.
𝜆𝐵𝑟𝑎𝑔𝑔 = 2𝜂𝑒𝑓𝑓 Λ

(3-1)

When a Bragg grating structure is exposed to strain and temperature perturbations, the refractive
index and the periodicity of the grating structure is altered. Consequently, the center position of the
reflected Bragg wavelength is altered as well. The shift of the Bragg wavelength (Δ𝜆𝐵𝑟𝑎𝑔𝑔 ) caused
by strain of the optical fiber can be determined according to Equation 3-2, where l is the sensing
length.
Δ𝜆𝐵𝑟𝑎𝑔𝑔 = 2 [Λ

𝑑𝑛𝑒𝑓𝑓
𝑑Λ
+ 𝑛𝑒𝑓𝑓 ] Δ𝑙
𝑑𝑙
𝑑𝑙

(3-2)

The shift of the Bragg wavelength responds linearly with applied strain in single mode optical
fibers. Therefore, the initial unperturbed Bragg wavelength can be recorded as a datum
measurement to compare against future conditions whereby a shift in the Bragg wavelength can be
used to determine the strain across a Bragg grating according to Equation 3-3, where 𝐹𝑔 is a
dimensionless gauge factor that ranges from 0.75 to 1.3 for conventional silica optical fibers
(Haase, 2007; Black et al., 2008; FBGS, 2015).
Δ𝜆𝐵𝑟𝑎𝑔𝑔
⁄𝜆
𝐵𝑟𝑎𝑔𝑔
𝜇𝜀 = [
] × 106
𝐹𝑔

(3-3)

Fiber Bragg gratings are optically analogous to conventional electrical strain gauges in that a single
strain measurement is obtained per grating. However, the FBG technique uses one optical fiber as
both the transducer and lead. Additionally, one optical fiber can be used to monitor an array of
locations by inscribing multiple Bragg gratings into it. Although, it is important to note that a
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limited number of Bragg gratings can be inscribed into an individual sensor, and therefore, a limited
number of strain measurements can be taken, making the FBG technique a fundamentally discrete
strain sensing solution.
3.2.2 Distributed Optical Strain Sensing
In contrast to the FBG technique, DOS techniques do not require the modification of optical fibers
to induce spectral measurement. Instead, DOS techniques utilize the back-reflected component of
light scattering phenomena that occur continuously along the length of an optical fiber. When a
light pulse propagates along an optical fiber, the pulse interacts with imperfections in the fiber and
a small amount of that light gets reflected at each of these points (Henault et al., 2011). When a
change in local strain or temperature occurs along an optical fiber, the scattered signal (amplitude,
phase, and frequency) fluctuates and can be realized spatially along an optical fiber through optical
time domain reflectometry (OTDR) and optical frequency domain reflectometry (OFDR) methods.
The light scattering is a diffuse, spontaneous reflection that is the result of Raman, Brillouin, and
Rayleigh mechanisms. All three of these mechanisms represent a separate DOS technique. The
Brillouin and Rayleigh based DOS techniques are discussed in further detail within the following
sections. Raman scattering based techniques have been excluded due to their primary dependency
on temperature (Dakin et al., 1985).
3.2.2.1 Brillouin Distributed Sensing
Brillouin optical time domain reflectometry (BOTDR) and Brillouin optical time domain analysis
(BOTDA) are two DOS techniques that measure the Brillouin scatter mechanism and the associated
frequency shift that occurs when single mode optical fibers are exposed to strain. The BOTDR
technique monitors spontaneous Brillouin scatter, which is an inelastic phenomenon that
corresponds to a frequency shifted component of the input light that is attributed to the effective
refractive index of an optical fiber and the interaction of optical (i.e. photon) and acoustic (i.e.
phonon) waves in an optical fiber (Agrawal, 2001). The maximum frequency of the Brillouin
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scattering (𝑣𝑏 ) can be calculated according to Equation 3-4, where 𝑉𝑎 is the acoustic velocity in the
optical fiber and 𝜆 is the wavelength of incident light.
𝑣𝑏 =

2𝑛𝑒𝑓𝑓 𝑉𝑎
𝜆

(3-4)

When an optical fiber is exposed to environmental changes (i.e. strain and temperature
perturbations), the frequency of the Brillouin scatter shifts. This shift is predominately caused by a
change in acoustic velocity produced by the alteration of the optical fiber core density. The
Brillouin frequency shift has a linear relationship with applied strain according to Equation 3-5
(Horiguchi et al., 1989). The equation refers to a strain constant (𝐶𝜀 ) which is regularly quoted for
silica optical fibers as 4.4 (Shibata et al., 1988).
𝑣𝑏 (𝜀) = 𝑣𝑏 (0) + 𝐶𝜀 Δ𝜀

(3-5)

Brillouin scattering occurs continuously along the length of an optical fiber and so, by measuring
the unperturbed Brillouin frequency and comparing it to the Brillouin response at a later time, an
optical fiber can be used as a distributed strain sensor. The speed of light in the optical fiber and
the signal return time can be used in a time-of-flight analysis to spatially resolve the Brillouin
frequency along the fiber (i.e. OTDR). Using the BOTDR technique, strain can be measured over
kilometer lengths of optical fiber (Kurashima et al., 1989; Shimizu et al., 1993). However, the
detected Brillouin frequency is weak (down to the single photon level), which limits the spatial
resolution to one meter, even though Brillouin scattering occurs continuously along the fiber. This
also constrains strain measurement and acquisition rate accuracy, especially when considering long
sensing lengths. In order to combat the limitations of the technique, the low-level signal response
can be stimulated using the BOTDA technique. BOTDA (Horiguchi & Tateda, 1989; Niklès et al.,
1996) stimulates acoustic waves in an optical fiber sensor by injecting two counter propagating
waves. The counter waves are launched from opposite ends of the optical fiber with a pulsed signal
(i.e. a pump laser) at one end and tunable counter propagating continuous wave (i.e. a probe laser)
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at the other (Figure 3-3). When the frequency difference between the pump and probe signal is
equal to the Brillouin frequency (Equation 3-4), a condition of resonance is established and
Brillouin scattering is stimulated along the optical fiber. The amplified signal allows the BOTDA
technique to measure strain at comparatively better spatial resolution, accuracy, and length than the
spontaneous counterpart (i.e. BOTDR). The Neubrexcope-6000 (Zhang & Wu, 2007) and the
DITEST STA-R (Omnisens, 2014) are two commercially available BOTDA systems. The
Neubrexcope-6000 is accurate to ±25 με with a spatial resolution of ten centimeters over a
maximum optical fiber length of one kilometer. The DITEST STA-R system has a better strain
accuracy of ±1 με, but this reduces the maximum sensing length to 50 meters with a spatial
resolution of half a meter.

Figure 3-3: Schematic of Brillouin optical time domain analysis operation (after Zhang &
Wu, 2012)
3.2.2.2 Rayleigh Optical Frequency Domain Reflectometry (ROFDR)
The ROFDR technique works by monitoring the amplitude and phase of the Rayleigh scatter along
the length of an optical fiber and comparing the signature of the fiber in its perturbed and
unperturbed state. Rayleigh scattering is an elastic spontaneous loss mechanism arising from
random fluctuations of the refractive index fused into the silica core of an optical fiber from the
manufacturing process. This is inherently different than the intentional index variations that are
fused into the silica core for the FBG technique, but ROFDR works similarly to FBG in that local
strain and temperature change to an optical fiber leads to an alteration of the local refractive index,
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and thereby the Rayleigh scatter signature. Since Rayleigh scattering is elastic, unlike Brillouin
scattering, it results in virtually no frequency change when comparing the incident light and light
scattered via the Rayleigh mechanism (Forbes, 2020). Therefore, techniques that implement OTDR
to capture Rayleigh scattering require expensive high-powered lasers and long acquisition times to
obtain comparable spatial resolutions, accuracies, and sensing lengths as the before mentioned
Brillouin techniques (Lu et al., 2010). However, as Froggatt and Moore (1998) have discussed, it
is effective to use the Rayleigh scatter frequency response to measure strain with an interferometric
technique that compares the path length difference between a measurement and reference arm
(Figure 3-4).

Figure 3-4: Schematic of an optical network used to measure Rayleigh backscatter (Soller et
al., 2005)
Rayleigh optical frequency domain reflectometry monitors the amplitude and phase of Rayleigh
backscatter by spectrally tuning a laser source through a range of frequencies along an optical fiber.
This produces a description of the Rayleigh scatter profile in the frequency domain over many submillimeter sections of the optical fiber. The discretized sections of optical data are then passed
through a Fourier transform to convert them to the time domain so that the physical locations of
the local scatter can be determined through a time of flight analysis. For any given optical fiber,
the ambient Rayleigh signature is stable and unique (Froggatt et al., 2004). The propagating signal
along the length of the fiber is altered when exposed to external physical changes (e.g. temperature
and strain). By storing the reference response of the unique ambient Rayleigh signature, strain or
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temperature change can be measured along the fiber by cross correlating the reference and
perturbed states (Froggatt & Moore, 1998). Any local strain in an optical fiber will be manifested
as a shift in the cross-correlation peak (Δ𝜆) according to Equation 3-6.
Δ𝜆
= 𝐾𝜀 𝜀
𝜆

(3-6)

For silica optical fibers, a strain calibration constant (𝐾𝜀 ) of 0.78 is often used but this can vary by
up to ten percent depending on the optical fiber composition (Kreger et al., 2007). ROFDR can
achieve spatial resolutions under one millimeter while having strain accuracies that are comparable
to FBG and Brillouin-based techniques. However, due to system noise associated with the laser
and low reflective power of the Rayleigh signal, the maximum sensing length is limited to 40 meters
for this technique.
3.2.2.3 Distributed Fiber Bragg Gratings
ROFDR utilizes standard, unmodified, single mode optical fiber and measures low-level scatter
associated with inhomogeneities in the refractive index profile of the fiber. However, scattering can
be induced by writing fiber Bragg gratings into the core of the optical fiber and can also be
measured using OFDR as the demodulation technique (Kreger et al., 2013), essentially providing
a distributed fiber Bragg grating solution (DFBG). By inducing scattering at known locations, a
significantly more powerful measured signal is created which allows for longer lead lengths (km
scale), a ±1 microstrain accuracy, and fast acquisition rates (250 Hz). However, this requires fiber
Bragg gratings be continuously etched along the length of the optical fiber, which compromises the
spatial resolution (> 6.35mm) and increases the sensor cost (Forbes, 2020).

3.3 Applicability to UCS Testing
The working principles of commercially available FBG, BOTDR/BOTDA, ROFDR, and DFBG
units have been discussed in order to provide a rationale for selecting the most applicable FOS
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technique to best measure the full-field strain of UCS test specimens. Table 3-1 provides a summary
of the operational features for each FOS technique.
Table 3-1: Summary of FOS operational features, capabilities, and pricing (Vlachopoulos
and Forbes, 2017)

Technique

FBG (Micron
Optics Inc.,
2012; FBGS,
2015)

DFBG (Luna
Innovation Inc.,
2017; Sensuron,
2017)

BOTDR/BOTDA
(Omnisens, 2014)

ROFDR (Luna
Innovation Inc.,
2017)

Max. sensing length

> 1000 m

< 52 m

> 1000 m

< 40 m

Measurement
repeatability*
Spacing of
measurements (i.e.
spatial resolution)
Max. number of
measurement points

± 0.1 − 10 με

± 1 με

± 1 με

± 5 με

0.10 m

6.35 mm

0.10 − 1m

0.65 mm

10 − 20

> 1000

> 1000

> 1000

Sensing range

± 17,500 με

± 30,000 με

± 30,000 με

± 30,000 με

Acquisition time

< 1000 Hz

< 250 Hz

< 1 Hz

< 60 Hz

$15,000 − $125,000

> $70,000 −
$125,000

$100,000 − $250,000

$60,000 −
$150,000

~ $300 − $1000 per
sensor

~ $300 − $5000 per
sensor

$0.10 per meter of
fiber

$0.10 per meter of
fiber

> 10

8

2

1

Unit price (i.e.
analyzer price)
(approximate USD)
Sensor price
(approximate USD)
Max. number of
connected
sensors**

* Repeatability will ultimately be related to the level of strain experienced by the optical sensor. At higher strain
levels (> 10,000 με) repeatability will decrease.
** Maximum number of connected sensors without the purchase of an additional switch unit.

As shown in Table 3-1, each FOS technique must make a compromise between spatial resolution,
accuracy of strain measurement, and maximum sensing length. One way this compromise is
accomplished is by using different optical fiber sensors. All the FOS techniques discussed utilize a
single mode optical fiber as the transducer and lead; however, the FBG and DFBG techniques
require that the optical fibers be subsequently manufactured to permanently inscribe Bragg gratings
into the core of the fiber. This means that the sensors are required to be individually designed and
39

manufactured which leads to sensors that are significantly more expensive than standard optical
fiber. Compared to DOS techniques, FBG is a discrete sensing solution that is only able to contain
a limited number of sensors per optical fiber. Therefore, FBG is susceptible to the same spatial
resolution concerns as electrical discrete sensing techniques. Sun et al. (2016) tested a novel
multichannel FBG sensor array for specimen strain measurement of conventional UCS tests. The
FBG sensor results from this study were found to correlate strongly with conventional LVDT
results. It was also found that the multichannel FBG sensor array could successfully capture and
measure the dynamic strain responses and crack locations of specimens both temporally and
spatially. However, due to the discrete nature of the FBG technique, the spatial density of the
sensors was limited, leaving gaps in the full-field strain response. For this reason, a DOS solution
is preferred over FBG.
The compromise between spatial resolution, maximum sensing length, and accuracy of
strain measurements is also apparent when comparing the Brillouin-based and Rayleigh-based (i.e.
BOTDR/BOTDA, ROFDR) DOS techniques. Both sensing techniques achieve relatively similar
strain accuracies, but ROFDR can monitor finer spatial resolutions while BOTDR/BOTDA can
monitor significantly longer lengths. Therefore, a decision between Brillouin or Rayleigh-based
DOS must be based upon the fundamental and specific requirements of UCS test strain monitoring.
The most pertinent shortcoming of conventional instrumentation used for strain measurement of
UCS specimens is the inadequate spatial resolution. Due to the relatively small size of UCS
specimens, the sensing length limitations of the ROFDR technique is negligible and its superior
spatial resolution is the most advantageous for measuring localized strain behaviour during uniaxial
compression testing. In addition, UCS testing programs often incorporate numerous UCS
specimens for reliability; therefore, if optical strain sensing were to be integrated in commercial
lab settings, an abundance of fiber optic sensors would be required. When considering the cost of
the different sensor types (i.e. FBG versus DOS), the ROFDR technique does not require the
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modification of optical fibers, which allows for a minimized price per instrumented specimen. The
sub-millimeter spatial resolution that is possible with the ROFDR technique also allows a single
optical fiber to measure thousands of strain readings on a single UCS specimen, allowing for higher
resolution to capture the full-field strain profile of a specimen’s surface. Currently, one of the
limited commercially available units that utilize the ROFDR technique is provided by Luna
Innovations Inc. and this work considers their Optical Distributed Sensor Interrogator (ODiSI-B).
Compared to the other FOS techniques, one of the drawbacks of the ODiSI-B unit is that it can only
measure a single optical strain sensor (without the purchase of an additional switch unit). This
restricts the possible optical strain sensor configurations to one continuous length of optical fiber.
Despite this, Vlachopoulos et al. (2018) highlighted the potential of this technique by successfully
applying it to axially loaded reinforcement members within the laboratory. The technique has also
been successfully applied to measure the strain of grout and acrylic UCS specimens by Regier
(2013) and Uchida et al. (2015), respectively. Due to the advantages in resolution and cost, the
ROFDR technique was selected for this study.
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Chapter 4
Experimental Methodology and Development of the DOS-UCS
Technique
4.1 Introduction
Uniaxial compression testing is a key tool used for determining the strength and stiffness behaviour
of rock and is often relied upon to provide input parameters for analytical solutions, empirical
methods and numerical modelling simulations used in the design of geotechnical projects.
Monitoring and measuring the strain response of a UCS specimen during a UCS test is fundamental
in characterizing its mechanical properties. However, conventional methods of measuring the strain
response of a UCS specimen are discrete (i.e. extensometers and/or electric strain gauges) and
centred at the mid-height of the specimen. Accordingly, the ability to capture complex strain
distributions throughout a specimen during uniaxial compression testing is limited by the spatial
resolution of these discrete strain sensing methods.
The state-of-the-art distributed optical sensing technology (i.e. ODiSI-B) offered by Luna
Innovations Inc. (henceforth referred to as DOS) provides a unique opportunity to address the
spatial resolution deficit of conventional UCS test strain response measurement techniques. The
strain accuracy and sub-millimetre spatial resolution that can be measured with the technology
allows for the potential to obtain a continuous full-field strain profile along the surface of individual
UCS specimens for the first time. Correspondingly, a technique which implements DOS technology
with UCS testing (henceforth referred to as DOS-UCS technique) may provide a means to conduct
enhanced post-test analysis which could result in a better understanding of UCS specimen
behaviour, allowing for greater UCS test reliability. However, the design of a DOS-UCS
instrumentation technique and subsequent data processing and analysis methods is a nontrivial
undertaking.
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This chapter presents an overview of the experimental methodology used to develop and
optimize the DOS-UCS technique. This includes descriptions of the materials and equipment used
for testing, an outline of the laboratory testing program conducted to verify and optimize the
technique, details on the various approaches used to integrate optical transducers with UCS test
specimens, and a summary of the novel processing method used to visualize the optical strain data.
The observational testing program conducted for this work was conducted in two stages (i.e. the
proof-of-concept and advanced testing stage) to iteratively improve the method of applying DOS
to UCS test specimens through the optimization of optical strain sensor configurations and
installation methods. This program was conducted with the primary goal of developing a turnkey
solution for measuring the full-field strain response of UCS test specimens.

4.2 Optical Strain Sensor Construction
The design and application of a technique that couples DOS with UCS testing is a non-trivial
undertaking. Conventionally, fiber optic cables have been designed to minimize the effects of
external influences (i.e. strain and temperature) in order to optimize signal transmission. However,
for DOS to work with UCS testing, the strain exhibited by a UCS specimen must be directly
transferred to the optical strain sensor. Strain transfer is inhibited in conventional fiber optic cables
by several protective layers that surround its core. The general construction of a single mode fiber
optic cable (Figure 4-1) consists of a high-quality fused silica core (9 μm) and cladding (125 μm),
a protective coating (250 μm), buffer (900 μm), strengthening yarn, and cable jacket (>1
millimeter). In order to inhibit strain transfer, the buffer, strengthening yarn, and cable jacket are
not directly bonded to the optical fiber core/cladding. However, the goal of using the optical strain
sensor technology to measure specimen strain during UCS testing requires strain be directly
transferred from the UCS specimen to the core in order to ensure high conformance. Therefore, the
active optical sensing length used in this experiment only makes use of the core/cladding/protective
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coating assembly as the protective coating is physically bonded to the core/cladding during the
optical fiber drawing process.

Figure 4-1: Fiber optic cable profile. Note: Core and cladding assembly is roughly the
diameter of a human hair. (Forbes, 2020)
An optical strain sensor consists of three components: the connection end, the single mode optical
fiber, and a nonreflective termination end. Since the ROFDR method relies on analyzing the
backscattered signal within an optical fiber, the terminations at the ends of the optical fiber strongly
influences the quality of the monitoring data. To create a nonreflective termination at the end of
the optical strain sensor, a 3” segment of index matching coreless fiber is spliced to the end of the
optical sensing length which is then capped with index-matching gel. The termination material
attached to the end of the optical fiber acts to absorb light and matches the index of refraction to
prevent Fresnel reflections (i.e. surface reflections from a sudden change of material density)
(Forbes, 2020). This method of termination was found to achieve the necessary light signal
dissipation needed for sensor monitoring.
The connection end of the optical strain sensor has a lucent connector (LC) with an angled
polish finish (APC) and bend-insensitive optical fiber as recommended by Luna Innovation Inc.
(2017). Several types of fiber optic cables are commercially available that can be utilized as optical
strain sensors. Acrylate coated optical fiber was chosen for its ease of stripping (for optical splicing
of termination segments) and low cost. However, for an increased price, Ormocer® and polymide
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coated optical fiber provides the best strain transfer properties as shown by Weisbrich and
Holschemacher (2018). All three components (connector, optical fiber, and termination) are spliced
together with an arc fusion splicer and protected with a fusion splice sleeve. When applying the
active fiber optic sensing length to the specimen, a strong bond is necessary to achieve the required
strain transfer. The bonding method must allow for strain transfer while also keeping the fiber
bonded to the specimen under large strains. Regier (2013) tested several adhesives for bonding
fiber optic cables to grout specimens during uniaxial compression tests and found that Devcon twopart epoxy provides the required bond and transfers strain effectively. Therefore, Devcon two-part
epoxy was used to bond all the optical strain sensors to the UCS test specimens in this research.
For full details on sensor construction and operation of the DOS analyzing unit see Forbes (2020).

4.3 UCS Specimen Material Types and Preparation
For the DOS-UCS technique to be considered a viable strain monitoring method for UCS testing,
it must be able to accurately measure strain on a variety of geomaterials. To adequately develop
the technique and determine its capability to analyze the full-field strain response of UCS
specimens, several geomaterials of varying mineralogies and strengths were utilized for UCS
testing. This section provides an overview of the grout and rock materials that were used for the
laboratory testing program.
4.3.1 Grout Specimens
Grout was chosen as a testing material to use for the proof-of-concept (POC) testing stage in order
to verify that the selected DOS technique could be used to accurately measure strain on UCS test
specimens. Grout was chosen for the POC testing because of its availability, cost-effectiveness,
and replicability. Grout was also used because, like rock, it is often subjected to UCS testing for
the confirmation of its mechanical properties. It is also analogous to a weak, isotropic, and
homogeneous geomaterial and provides a similar optical strain sensor bonding experience as rock.
To begin the development of the DOS-UCS technique, two types of grout were used for UCS
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testing. The primary grout used was a general-purpose Portland cement mixed at a water to cement
ratio of 3:1 by weight. A polyester resin-based grout from DYWIDAG-Systems International (DSI)
was also used to produce specimens to provide a comparison to the cement grout response.
4.3.2 Point Du Bois Granite
Cylindrical drill core samples of granite from the Pointe du Bois (PdB) Batholith were used to test
the capabilities of the DOS-UCS technique. The samples of PdB granite selected for this research
were NQ3 (45 mm diameter) core which was obtained from drilling programs for various
engineering projects at the Pointe du Bois Generating Station near Pointe du Bois, Manitoba
(Manitoba Hydro, 2008; Manitoba Hydro 2012a; Manitoba 2012b). The Pointe du Bois Generating
Station is geologically situated on the Pointe du Bois Batholith of the Winnipeg River domain
within the Archean Superior Province of the Precambrian Shield. Petrographic analysis conducted
by Packulak (2018) found that the PdB granite is composed of approximately 35% quartz, 30%
plagioclase, 20% alkali feldspar, and 15% accessory minerals such as biotite, muscovite, and
hornblende. The minerals range in size from 0.2 mm to 2 mm and the granite exhibits a massive,
homogeneous, granular texture with no foliations or other visible planes of weakness (Figure 4-2).
The granite from Pointe du Bois was selected as part of the laboratory testing program to measure
the full-field strain response of typical hard crystalline rock often found in the Canadian Shield.

Figure 4-2: Example of Point du Bois granite core-scale structure and minerology
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4.3.3 Cobourg Limestone
Cylindrical drill core samples of limestone from the Cobourg Formation were also used to test the
capabilities of the DOS-UCS technique. Cubic blocks of Cobourg limestone were retrieved from
the St. Mary’s Quarry in Bowmanville, Ontario and cylindrical core samples were drilled out of
the blocks using a 3” inside-diameter diamond core bit. The Cobourg Formation limestone was
selected for this study because of its core-scale intrablock structure defined by heterogeneous and
anisotropic variations in lithology, most notably the presence of calcite-rich nodules. The Cobourg
Formation is primarily composed of coarse-grained fossil rich packstone which is light grey in
colour and forms a nodular structure that is surrounded by dark grey layers composed of
argillaceous fine-grained limestone (Figure 4-3).

Figure 4-3: Example of Cobourg limestone core-scale structure
This rock is middle Ordovician in age and formed within the Michigan and Appalachian Basins
during shallow sea flooding that resulted in a marine environment (Frizzell et al., 2008). The
nodular structure of the formation is characteristic of both physical and chemical compaction
effects on a bioturbated, shell-rich carbonate material with interbedded clays that would have been
located in the shallow shelf to shoal environment (Brookfield and Brett, 1988). At the core scale,
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nodules vary in diameter from 20 mm to 80 mm and the dark grey wisps surrounding the nodules
create discontinuous layering with variable orientations throughout the rock. Selvadurai (2019)
determined the mineralogical composition of the lighter and darker phases of Cobourg limestone
from the St. Mary’s Quarry using X-ray fluorescence (XRF), X-ray powder diffraction (XRD), and
JEOL Ltd. electron probe analyses. The mineralogical compositions of the two phases are given in
Table 4-1.
Table 4-1: Mineralogical composition of Cobourg Limestone (Selvadurai, 2019)
Minerals

Lighter Grey Nodular Phase

Darker Argillaceous Phase

Calcite

86%

51%

Dolomite

5%

16%

Quartz

8%

22%

Clay Minerals

0.3%

2.4%

4.4 Specimen Preparation
As discussed in Section 2.2.1, proper preparation of UCS specimens is crucial in producing reliable
UCS test results. This section outlines the standards and procedures that were followed to prepare
the UCS specimens tested for this research.
4.4.1 Grout Specimen Preparation
All grout UCS specimens were prepared in accordance to ASTM standard C39: Standard Test
Method for Compressive Strength of Cylindrical Concrete Specimens (ASTM, 2020) and C617:
Standard Practise for Capping Cylindrical Concrete Specimens (ASTM, 2015). First, the grout was
mixed and prepared according to manufacturer’s instructions and poured into cylindrical casts to
create 10 cm by 20 cm grout cylinders (i.e. length to diameter ratio of 2:1). Once the casts were
filled, a shake table was used to release any air that may have become entrapped during the mixing
process. The casts were then allowed to cure for two weeks (14 days). When removed from the
casts, the end surfaces of the grout specimens did not meet the planeness and perpendicularity
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requirements of ASTM standard C39. Due to the non-conformance of planeness and
perpendicularity the ends of the grout cylinders were capped with sulfur mortar according to ASTM
C617 (ASTM, 2015).
4.4.2 Rock Specimen Preparation
A summary of the control manual specifications is provided in Table 4-2. For a detailed explanation
of the sample preparation procedure, see Jaczkowski (2017).
Table 4-2: UCS specimen quality control procedure and tolerances. (modified after Labeid,
2019)

Measurement

Procedure/Frequency

Tolerance

Diameter

3 heights x 2 diameters

To, at most, nearest 0.1 mm

Length

2 measurements

To, at most, nearest 0.25 mm

Side Straightness

3 lengths, 120° separation

< 0.5 mm deviation

End Flatness

2 perpendicular diameters, 2 ends

<0.025 deviation from straight
line of best fit

Perpendicularity

Both ends

< 0.25° deviation from
perpendicularity

End Parallelism

2 perpendicular diameters, 2 ends

< 0.25° deviation between lines
for spherical platen. < 0.13°
deviation between lines for
fixed platen

Length to Diameter
Ratio

Average length/average diameter

2.5 ± 1%

Mass

NA

To, at most, nearest 0.01 g

Diameter to Grain
Size Ratio

2-3 samples per test program

≥ 10:1

All rock UCS specimens were prepared in accordance to ASTM standard D4543 (ASTM, 2019)
and the related ISRM suggested methods (ISRM, 1979). To meet the requirements of both methods,
the rock specimens were made to have a length-to diameter ratio of 2.5. This was achieved by
cutting the test specimens with a diamond saw to the desired length plus an additional 2 mm to
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allow for grinding of the specimen ends using a GCTS RSG-200 grinder with a diamond grinding
wheel. The grinding process was used to both prepare the ends to meet the flatness and parallelism
requirements as well as shorten the specimen to the specified length-to-diameter ratio of 2.5. The
quality control procedure and tolerances set out by the Queen’s University Advanced
Geomechanics Testing Laboratory internal quality control manual, in accordance with ASTM
standard D4543 (2019), were used to prepare the rock UCS specimens

4.5 Testing Apparatuses
The laboratory testing in this study was conducted at two separate laboratories, the Royal Military
College of Canada (RMC) Structural Testing Laboratory and Queen’s University’s Advanced
Geomechanics Testing Laboratory. The details of the two different testing apparatus systems
which were used for the laboratory testing program are described in the following section.
4.5.1 Proof-of-Concept Testing Equipment
Initial POC testing was performed at RMC’s Structural Testing Laboratory on a 1350 kN RIEHLE
Compression Machine as shown in Figure 4-4. The applied load from the RIEHLE Compression
Machine, axial and lateral strain from strain gauges, and time were recorded and collected by a
MGCPlus data acquisition unit (DAQ) and processed using Catman® software. UCS tests were
conducted at a platen displacement rate of approximately 0.1 mm/min and was controlled manually
by matching a load pacer. The tests were stopped at failure, which was defined as the point when
the specimen continued to deform without taking on additional load. This setup was acceptable for
preliminary testing but did not meet ASTM testing standard D7012 (2014) and was therefore
deemed too unreliable for the further stages of the testing program.
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Figure 4-4: Material testing equipment for POC testing which includes the 1350 kN
RIEHLE Compression Machine, MGCPlus Data Acquisition Unit, and ODiSI-B analyzer.
4.5.2 Advanced Testing Equipment
All tests during the advanced testing stage were conducted in the closed-loop, computer-controlled,
servo-controlled MTS 815 Rock Mechanics Testing System in the Advanced Geomechanics
Testing Laboratory at Queen’s University, shown in Figure 4-5. The system consists of the
following:
•

MTS 315.02 loading frame (Figure 4-5a) with differential pressure transducer

•

MTS Model 505.07 Silent Flo hydraulic power supply (Figure 4-5b)

•

MTS FlexTest 60 controller (Figure 4-5c)

The loading frame is sufficiently stiff to provide minimal rebound from the system at peak loads,
with a load frame spring rate of 9.0 x 109 N/m (Mistras Group Inc., 2002). The frame is rated for a
maximum compression force of 2700 kN, tension force of 1350 kN, and stroke of 100 mm. The
differential pressure transducer monitors the pressure difference on each side of the actuator piston
and is calibrated to represent the force output of the actuator to provide continuous load readout
during testing. The differential pressure transducer is accurate to ±1% of the calibrated range at
loads exceeding 1000 kN. The load frame produced the necessary pressure to operate through an
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MTS 505.07 hydraulic power supply while the MTS FlexTest 60 controller provided manual and
automated servo-control of the hydraulic power supply and loading frame. Input to the controller
was sent from a dedicated testing computer with proprietary MTS Geomechanics Application
Software.

Figure 4-5: Queen’s Advanced Geomechanics Testing Laboratory’s MTS 815 testing
apparatus consisting of (a) MTS 315.02 loading frame, (b) MTS 505.07 hydraulic power
supply, and (c) MTS FlexTest 60 controller. (Jaczkowski, 2017)

4.6 Laboratory Testing Program
A comprehensive UCS testing program was performed to assess the merits of the DOS-UCS
technique. The testing program was conducted as two separate stages to first validate and then
optimize the DOS-UCS technique based upon the results and feedback obtained during each stage.
The first stage, known as the POC testing, was developed to validate the DOS-UCS technique on
sacrificial grout specimens before switching to more costly rock specimens. The second stage,
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known as the advanced testing stage, was used to optimize the DOS-UCS technique and test under
laboratory conditions that met ASTM standard D7012 (2014). In total, 16 UCS tests were
conducted on a combination of grout and rock specimens with four optical strain sensor
configurations. Each UCS test specimen was given a unique identification number based on the
lithology of the specimen and the optical strain sensor (OSS) configuration used. Table 4-3 outlines
the specimens tested in this program.
Table 4-3: List of UCS test specimens and corresponding dimensions
Sub-Program

POC Testing

Advanced
Testing

Specimen ID*

Length (mm)

Diameter (mm)

Test Date
(dd/mm/yyyy)

Cem-C-1

199

101

09/07/2019

Cem-C-2

198

101

09/07/2019

Res-C

200

101

09/07/2019

Cem-B

200

101

09/07/2019

Res-B

201

101

09/07/2019

Gr-H-1

114.37

44.97

13/09/2019

Gr-H-2

112.96

45.00

13/09/2019

Gr-H-3

113.70

45.00

13/09/2019

Cem-H-1

199

101

12/09/2019

Cem-H-2

200

101

12/09/2019

Lm-H

190.94

76.04

12/09/2019

Lm-F-1

194.73

76.07

13/02/2020

Lm-F-2

192.46

75.37

13/02/2020

Lm-F-3

190.82

75.37

13/02/2020

Lm-F-4

192.33

75.48

13/02/2020

Lm-F-5

192.96

75.61

12/02/2020
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4.6.1 Optical Strain Sensor Configurations
One of the superior attributes of DOS technology is the endless number of optical strain sensor
configuration possibilities, due to the fact that the optical strain sensors are constructed from
continuous single-mode optical fiber. Throughout the laboratory testing program, the optical strain
sensor configurations for the DOS-UCS technique was iteratively optimized by analyzing,
improving, and implementing recommended changes between each testing suite and stage. Each of
the configurations were analyzed based on the following criteria:
•

The optical strain sensor configuration provides comprehensive strain measurement
coverage of the specimen’s surface;

•

The layout of the configuration is conducive to measuring circumferential strain, axial
strains, or both; and

•

The optical strain sensor configuration can be easily replicated and efficiently installed.

During the testing program, if a configuration did not meet these criteria, the configuration design
was altered to overcome deficiencies for the next round of testing. This iterative approach to
designing the optical strain sensor configurations allowed for continual optimization of the DOSUCS technique, strengthening the overall effectiveness of the technique and the final
implementation recommendations.
The inherent limitations of the DOS system applied to all the optical strain sensor
configurations created in this testing program. First, the ODiSI-B DOS system is only capable of
measuring one optical strain sensor at a time. Therefore, all the configurations were designed
around the use of one continuous length of optical fiber. Second, the unit is limited to a total sensing
length of 10 m. However, due to the relatively small size of the UCS test specimens, this was not a
relevant limitation. Finally, as recommended by Luna Innovations Inc. (2017), the optical strain
sensor configurations could not contain a bend radius of less than 1 cm.
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4.6.1.1 POC Optical Strain Sensor Configurations
The primary purpose of the POC testing phase was to determine the feasibility of using DOS
technology to measure the full-field strain response of UCS test specimens. Two optical strain
sensor configurations were designed for this stage and are displayed in Figure 4-6.

Figure 4-6: a) (Left) Circumferential (C) optical strain sensor configuration. (Right) Pretest photo of UCS specimen Cem-C-1. b) (Left) Combined (B) optical strain sensor
configuration. (Right) Pre-test photo of UCS specimen Cem-B.
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The circumferential optical strain sensor configuration (C configuration) was designed to measure
the full-field strain response of a UCS specimen by connecting a series of vertically spaced
circumferential sensor loops along the length of the specimen, thereby measuring circumferential
strain around the entire circumference and length of the specimen. The C configuration consists of
10 circumferential sensor loops, numbered 1 to 10 from top to bottom, spaced 2 cm apart. This
spacing was chosen because it created an even number of sensor loops and provided room for foil
strain gauges (i.e. redundancy in strain measurement capture) to fit between the loops on the surface
of the specimen so that strain measurement techniques could be compared. For the C configuration
to work with one continuous optical fiber length, each of the circumferential sensor loops was
connected by transitional lengths of fiber. These transitional lengths are part of the continuous
optical fiber length but were not used for monitoring strain during testing.
The combined optical strain sensor configuration (B configuration) was designed to
measure both circumferential and axial strains of a UCS specimen using one continuous length of
optical fiber. This was achieved by connecting a combination of horizontally spaced axial sensor
lines and vertically spaced circumferential loops. Three 15 cm long axial sensor lines were spaced
equidistantly around the circumference of the specimen and 5 horizontal circumferential sensor
loops were spaced 4 cm apart along the length of the specimen. The axial sensor lines were first
glued onto the specimen so that the entire length of the line could maintain contact with the
specimen. However, this required the sensor loops be glued on top of the sensor lines, creating
locations of interference where the sensor loops were not able to contact the specimen. These
interference locations are unavoidable when trying to measure both axial and circumferential
strains using one optical fiber length, as presented in the B configuration. This interference is
considered a fundamental disadvantage of the combined optical strain sensor configuration (B
configuration).
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For both configurations, several N11-FA-5-120-11 type foil strain gauges (SG) were
placed near the optical strain sensors to compare the measurements gathered from the two strain
measurement methods. These strain gauges are 9.5 mm by 3.5 mm in size meaning they are much
smaller than traditional UCS test strain gauges, which would normally extend at least ten grain
diameters in magnitude. These strain gauges were selected because they easily fit between the
optical strain sensors allowing for a comparison between the more conventional electrical
resistance strain data and the data obtained using the DOS technique. The locations of the strain
gauges for configuration C and B are shown in Figure 4-6.
After preparing the POC samples with the C and B configurations, it was clear that
adjustments to the configuration design would be needed for the advanced testing stage. Ultimately,
the POC configuration designs did not meet the installation efficiency or replicability criteria. For
instance, the POC layouts required several hours of set up time, due to the complexity of the design.
The designs were also found to be an inefficient use of a continuous optical strain sensor because
they included a lot of transitional lengths of optical fiber that were not used to measure strain.
4.6.1.2 Advanced Testing Optical Strain Sensor Configurations
In the advanced testing stage, a new sensor configuration was designed to overcome some of the
shortfalls of the configurations used in the POC stage. The adjusted design consisted of an optical
strain sensor wrapped around a UCS specimen with a constant pitch and helix angle to create a
helical configuration (H configuration) (Figure 4-7). The pitch (P) and helix angle (𝜃) of the sensor
configuration is related to the circumference of the UCS specimen (C) by Equation 4-1.
𝑃 = 𝐶 ∗ 𝑡𝑎𝑛𝜃

(4-1)

The H configuration has several advantages compared to the B and C POC configurations. First,
the H configuration utilizes the continuous optical strain sensor more effectively by removing the
transitional optical sensor lengths. Removing the transitional lengths of optical fiber simplified the
configuration design which had the added benefit of reducing the installation time. Second, the H
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configuration is easily reconfigurable for any size UCS specimen by altering the helix pitch and
associated number of revolutions. Finally, the H configuration has the potential to provide nearcontinuous strain measurements on the specimen’s surface by reducing the helix angle of the sensor
configuration. However, since the simplified design is not aligned with the circumferential or axial
directions, the H configuration requires more extensive post-processing to correct for the subhorizontal orientation of the optical sensor.

Figure 4-7: (Left) Helical (H) optical strain sensor configuration. (Right) Pre-test photo of
specimen Gr-H-1.
To measure the axial strain, axial extensometers were placed at the mid-height of the specimen
every 120° as shown in Figure 4-7. To compare the strain measurements from the two strain
measurement techniques three type N11-FA-5-120-11 foil strain gauges (SG) were also used in
conjunction with the H configuration. Two strain gauges were placed on either side of the optical
sensor at the mid-height of the specimen. One strain gauge was orientated horizontally in order to
measure circumferential strain (SG1) to compare the circumferentially converted optical strain. The
other strain gauge was orientated parallel to the optical sensor to compare the raw strain
measurements (SG2). Since the helical optical strain sensor measurements are sub-horizontal, a
strain gauge (SG3) was orientated perpendicular to the fiber optic sensor (𝜃+90°) to calculate the
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correction factor needed to convert to principal strains. Both granite and cement grout specimens
were used to test the H configuration. The specimens varied in size and as such, the pitch, number
of helix revolutions, and helix angles were modified to fit each specimen. Table 4-4 summarizes
the specimens that utilized the H configuration with their associated geometric parameters. For
specimen Cem-H-1 and Cem-H-2, a helix pitch of 2 cm and 4 cm were used respectively to examine
the effect of varying optical strain sensor spatial densities.
Table 4-4: List of specimens that utilized the helical optical strain sensor configuration and
their corresponding geometric parameters
Specimen ID

Helix Revolutions

Pitch (cm)

Helix Angle (θ)

Gr-H-1

5

2

8.1°

Gr-H-2

5

2

8.1°

Gr-H-3

5

2

8.1°

Cem-H-1

9

2

3.6°

Cem-H-2

4.5

4

7.2°

9

2

4.8°

Lm-H

Upon testing the H configuration UCS specimens, several modifications were made to the H sensor
configuration to create the final optical strain sensor configuration (F configuration). First, the
helical portion of the optical sensor was supplemented with circumferential loops at the top and
bottom of the configuration to remove large data gaps at the specimen ends. Second, a
circumferential loop was added at the mid-height of the specimen to replicate a traditional chainextensometer and to allow for the conversion of the helical strain sensor measurements to
circumferential strain. Finally, the perpendicular strain gauge (SG3) was removed because it
limited the allowable optical sensor pitch. For the purposes of comparing the two strain
measurement techniques, the circumferential strain gauge (SG1) was kept. The axial extensometers
were also kept in the F configuration to measure axial strain. The final configuration was applied
to five (5) Cobourg limestone specimens. The strain measurement spatial resolution was designed
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to map the potential strain heterogeneity associated with the heterogenous limestone specimens and
therefore the geometry was adjusted to allow for more helix revolutions than the previous tests.
Since the diameter of the calcite nodules in the limestone specimens varied between 2 cm and 8
cm, an optical strain sensor pitch of 2 cm or larger would be insufficient at covering all the nodules.
Therefore, the pitch of the helical portion of the F configuration was reduced to 1 cm, resulting in
18 helical revolutions and a respective helix angle (𝜃) of approximately 2.4°, in addition to the
three circumferential loops at the top, centre and bottom of the sample. A schematic of the sensor
layout and a photo of test specimen Lm-F-5 with the described instrumentation is displayed in
Figure 4-8.

Figure 4-8: (Left) Final optical strain sensor configuration. (Right) Pre-test photo of UCS
specimen Lm-F-5.
4.6.2 Optical Strain Sensor Installation
For the DOS-UCS technique to be considered a viable method of UCS test strain monitoring for
research and industry use, sensor installation time and accuracy must be comparable to traditional
techniques. In addition to improving the design of the sensor configuration throughout the
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laboratory testing program, improvements were made to the method of installation. During the POC
stage, all sensors were installed manually by first measuring out and drawing the placement
locations for the optical strain sensor configurations on the specimens, then taping down the optical
fiber on the marked locations and gluing down the sensor. The process of manually measuring out
and drawing the optical strain sensor configurations on the specimens was inefficient and took
upwards of 20 minutes to complete per specimen. During the advanced testing stage, the installation
process was improved by using 3D-printed stencils to draw the sensor locations on to the
specimens. The 3D-printed stencil was designed to slide over the specimen (Figure 4-9). This
allowed for the sensor locations to be correctly marked without having to manually measure and
draw the configurations, thereby reducing the overall installation times. The stencils were also
necessary due to the increased precision requirements of the helical configuration, which would
have been extremely difficult to accurately measure and mark out by hand.

Figure 4-9: Granite sample with (right) and without (left) 3D printed stencil sleeve used to
trace H sensor configuration locations
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While the 3D-printed stencils increased the efficiency and accuracy of marking the sensor
locations, they also introduced additional preparation time. A single 3D-printed stencil required up
to 4 hours to 3D-print. Due to the differences in specimen size and circumference, each specimen
required its own stencil which led to several days of the sample preparation being used to 3D-print
stencils. Additionally, the 3D-stencil method did not alter the remaining installation process. The
installation process required the sensors be glued to the specimen by hand for both the manual
measurement procedure used for the POC stage and the stencil measurement procedure used for
the H configuration of the advanced testing stage. Manual installation of the sensors was a tedious
process that took several hours to complete a single specimen. Having to glue the sensors on by
hand also required the specimens be handled during installation, which resulted in some optical
fibers breaking during the installation process due to their fragility. When an optical fiber breaks
during installation the entire fiber must be discarded and the installation needs to be restarted,
increasing installation times dramatically. Installing the sensors by hand also led to human error
during installation causing imprecise gluing of the sensors (i.e. misalignment of sensor locations
and improper amount of adhesive), differences in cable tension, and areas of poor sensor/specimen
contact. The hand-installation method used for the POC stage and the helical configuration
specimens was deemed too lengthy a process for it to become widely adopted in industry.
4.6.2.1 Automated Optical Strain Sensor Installer
Based on the deficiencies observed in the installation methods used for the POC stage and H
configuration tests it was determined that a more efficient method of installing optical strain sensors
was required to reduce the installation time, increase the installation precision, and reduce damage
of sensors during DOS instrumentation installation. The Automated Optical Strain Sensor Installer
(AOSSI) was designed and built to take the majority of human error out of the sensor installation
process and to increase the output of instrumented specimens. The AOSSI (Figure 4-10) device
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was designed to efficiently position the final optical strain sensor configuration around a UCS
specimen with minimal operator input.
The AOSSI is an Arduino controlled electric gearbox that is composed of two modules;
the spindle and lead screw module. The spindle module rotates a clamped UCS specimen at a fixed
rate while the lead screw module moves a spooling arm laterally at a defined rate based on the
desired pitch of the helical sensor. Together, the device precisely directs optical fiber onto the
exterior of the rotating UCS specimen. This was verified by pre-measuring and marking the
location of the sensor along one side of the specimen and ensuring the AOSSI spooled the optical
fiber into the required position.

Figure 4-10: Schematic of the Automated Optical Strain Sensor Installer (AOSSI)
The spindle module controls the rotation of the UCS specimen with a 6 rpm 12V direct current
(DC) motor. The DC motor is connected to a speed adjustable pulse width modulation (PWM) DC
motor controller which allows the user to control the spindle’s rate of rotation between 0 and 6 rpm
in the clockwise and counterclockwise directions using button and dial inputs. The spindle module
has the option of being controlled using foot pedals to keep the user’s hands free to glue the optical
fiber as it is being spooled onto the UCS specimen.
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The lead screw module controls the lateral movement of the fiber optic cable lead which
directs the optical fiber onto the UCS specimen. The fiber optic cable lead is attached to a lead
screw which, when rotated, moves the cable lead at a rate of 8 mm per revolution. The optical fiber
can be spooled at a desired helical pitch based on the number of lead screw rotations per spindle
rotation (𝜔) given Equation 4-2, where pitch (P) is measured in centimetres.
𝜔=

𝑃
0.8

(4-2)

A 6V 400 step per revolution stepper motor and driver board are used to control the lead screw
rotation. Using a stepper motor allows for the rotation of the lead screw to be adjusted based on the
input of spindle rotation rate and desired pitch. The spindle rotation is measured and output to the
Arduino board using an optical encoder and 500 pulse per revolution code wheel that is attached to
the spindle shaft. The desired sensor configuration pitch is selected by the user and inputted through
uploading customized Arduino code.
There are 400 stepper motor steps for one rotation of the lead screw and 500 optical encoder
pulses for one rotation of the spindle. Therefore, 𝜔 can also be defined based on the number of
stepper motor steps required to turn the lead screw for each rotation of the spindle (𝛼) (i.e. per 500
encoder pulses) given Equation 4-3. By combining Equation 4-2 and Equation 4-3, the number of
stepper motor steps required per 500 optical encoder pulses based on the desired pitch of the helical
sensor is given by Equation 4-4.
𝛼
400

(4-3)

𝛼 = 500𝑃

(4-4)

𝜔=

Given Equation 4-4, the lateral movement of the cable lead per rotation of the UCS specimen can
be defined based on the ratio of stepper motor steps to optical encoder pulses (i.e. step-to-pulse
ratio). For example, if a pitch of 1 cm is desired, 500 stepper motor steps is required per 500 optical
encoder pulses which reduces to a 1:1 step-to-pulse ratio. The simplified step-to-pulse ratio is input
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through the uploaded Arduino code and controls the AOSSI spooling rate. Table 4-5 displays
examples of stepper motor step and optical encoder pulse inputs based on desired helical optical
sensor pitch.
Table 4-5: Example stepper motor step and optical encoder pulse inputs for desired pitch of
optical fiber helix
Pitch (cm)

Stepper Motor Steps

Optical Encoder Pulses

0.1

1

10

0.25

1

4

0.5

1

2

1

1

1

2

2

1

2.5

5

2

5

5

1

Before the fiber optic cable can be helically spooled onto the UCS specimen, the cable lead must
first be seated. Seating positions the cable lead so that the optical fiber is at the required helix angle
(𝜃) throughout the spooling process. The required seating length (SL) is calculated by the Arduino
code by inputing the desired pitch of the sensor configuration and the circumference of the UCS
specimen using Equation 4-5, where Equation 4-5 is formulated based on the triginometric
geometry displayed in Figure 4-11. The cable lead is automatically seated and unseated by the user
by pressing the designated seating button on the lead screw module.
𝑆𝐿 = 112(𝑃/𝐶)
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(4-5)

Figure 4-11: Geometry of fiber optic cable lead seating length (SL)
The lead screw and spindle modules are connected to an Arduino board which uses custom Arduino
code to operate the AOSSI. The Arduino code presented in Appendix A can be modified by the
user to allow the AOSSI to quickly and accurately spool optical fiber helically onto a UCS specimen
at a pitch ranging from 1 mm – 5 cm. The accuracy of the spooling is contingent on the error of the
lead screw which is approximately ±0.5 mm. The AOSSI can also be adjusted to fit a range of UCS
specimen sizes. The spindle vice can hold specimens ranging from 12.5 cm to 21.5 cm in length.
For specimens that are between 12.5 cm and 8.5 cm in length, a 3D printed spacer can be used to
account for the additional distance between the spindle hubs. Assuming a length-to-diameter ratio
of 2.5, the AOSSI can spool optical fiber onto specimens ranging from 3.4 cm to 8.6 cm in diameter
which corresponds to drill core sizes ranging from BQ (36.5 mm) to PQ (85 mm). Photos of the
device being used to install a sensor on specimen Lm-F-2 are displayed in Figure 4-12. A wiring
diagram of the AOSSI is provided in Appendix B and instructions for installing optical sensors
using the AOSSI is detailed in Appendix C.
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Figure 4-12: Pictures of the AOSSI being used to install an optical strain sensor on
specimen Lm-F-2 (i.e. pitch of 1 cm, 18 helix revolutions, and helix angle of 2.4°)
By using this device, the time to install the sensors was drastically reduced from approximately 2.5
hours to approximately 45 minutes for installation on the limestone specimen shown in Figure 4-12.
The majority of the installation time is consumed by mixing the 2-part epoxy, which the operator
applies as the AOSSI spools the fiber optic cable onto the specimen. There is the potential to further
reduce the installation time if an automatic glue mixing and application system was added to the
apparatus or a suitable adhesive that does not require mixing is used. The device also improved the
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quality of the optical sensor by maintaining constant tension on the optical fiber during installation
and providing improved sensor/specimen contact. Overall, it was found this device could be a
turnkey solution to quickly and effectively install optical strain sensors onto UCS test specimens.

4.7 Optical Strain Sensor Data Processing and Visualization
While analyzing the optical strain sensing data from the POC UCS tests it was determined that a
novel data processing method was required to properly interpret the strain data. The fundamental
purpose of this research is to provide an optical strain sensing method that can measure the fullfield strain response of UCS specimens, and so, a novel data processing method was developed to
produce graphical representations of the strain data collected by each of the optical strain sensor
configurations. One of the challenges with representing the 5-dimensional strain response of a UCS
test (i.e. x, y, z spatial dimensions, strain, and time) is configuring it in a 2-dimensional form for
presentation, interpretation, and analysis purposes. To visualize the full-field strain response of a
UCS test in 2D, contour plots (henceforth known as strain scans) were created to represent the
strains on the specimens’ cylindrical surfaces. To produce the strain scans, three steps of processing
were required and are further described in this section:
1. Calibrate the locations of the optical strain sensor data points on the surface of the UCS
specimen;
2. Convert the strain measurements to principal strains (i.e. circumferential/axial strain) if
the optical strain sensor configuration is not orientated in a principal direction (i.e. for the
H and F configuration); and,
3. Plot the strain data as a linearly interpolated 2D contour plot.
4.7.1 Sensor Location Calibration Methods
To calibrate the locations of the optical strain sensor data points, one of the spatial coordinate
variables was removed by representing the 3-dimensional cylindrical surface of UCS specimens as
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a 2-dimensional rectangle (i.e. planar representation). This way only an x/y coordinate system was
required to identify the locations of the strain data points on the UCS specimen surface. The
convention used for data processing purposes was an x/y origin at the bottom left most corner of
the instrumentation configuration as shown in Figure 4-13. The strain orientation conventions are
also displayed in Figure 4-13, where 𝜀𝑥 and 𝜀𝑦 are strain in the x and y directions, respectively, and
𝜀𝑥′ and 𝜀𝑦′ are strain in the direction of the helical optical strain sensor and direction perpendicular
(𝜃+90°) to the helical optical strain sensor, respectively.

Figure 4-13: Coordinate and strain conventions used to process strain scans
Given that the raw optical strain sensor data recorded by the analyzer was measured based on the
linear distance from the sensor’s connection end, the location of each strain measurement according
to the x/y coordinate system shown in Figure 4-13 had to be determined. The method used to
calibrate the locations of the optical strain sensors was improved over the course of the laboratory
testing program in parallel with the optimization of the sensor configurations, as described in the
sections below.
4.7.1.1 POC Sensor Location Calibration
For the POC testing configurations (sensor configuration C and B), the locations of strain
measurements were calibrated using the ODiSI-B analyzer before testing. The optical strain sensors
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of the POC testing specimens were connected to the analyzer before testing and a hot metal probe
was used to create a measurable strain anomaly to locate the start and end points of each sensor
loop/line. However, the strain anomaly formed from the heated probe decayed along the optical
sensor resulting in a calibration location measurement accuracy of ±5 mm. Figure 4-14 displays
the calibration locations for the planar and linear C sensor configuration as well as calibration
location measurements from specimen Cem-C-1. The planar and linear optical sensor
configurations are a planar (2D) and linear (1D) representation of the optical sensor location on the
3D surface of a UCS specimen, respectively.

Figure 4-14: POC sensor configuration method. (a) Planar C sensor configuration marked
with calibration points, (b) linear C sensor geometry, (c) example calibration point
measurement values for specimen Cem-C-1.
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By calibrating the start and end locations of the strain sensor loops before testing, the raw optical
strain sensor data could be separated into individual arrays for each sensor loop during data
processing. Then, based on the x and y coordinate of the starting location in the loop, and the data
point spacing, each measurement location from the optical strain sensor was allocated an x-y
coordinate. This method of sensor location calibration was effective for the POC configurations
because the optical strain sensors were oriented parallel to the x and y coordinate directions. This
method of calibrating each loop was necessary for the POC configurations because the lengths of
the transitional sections between the sensor loops/lines varied. The POC calibration method
required a large number of calibration points to determine the transitional optical sensor lengths
and optical strain sensor locations which thereby increased the sensor configuration time.
4.7.1.2 Advanced Testing Sensor Location Calibration
One of the primary reasons that the transitional optical sensor lengths were removed for the
advanced testing configurations was the substantial calibration time required to determine the
optical sensor locations. Along with the new advanced testing sensor configurations, a new method
of sensor location calibration was developed. Since the advanced testing configurations (sensor
configuration H and F) were designed around a continuous helical sensor, the issues associated
with the transitional sections of the POC configurations were nullified and less calibration points
were required. In the advanced testing configurations only the starting location of the optical fiber,
the specimen circumference, and the helical pitch and angle were required to calibrate the entire
strain sensor length.
For the H sensor configuration, the continuous helical sensor forms a perfect trigonometric
pattern that can be utilized to calibrate the x and y coordinates of the optical sensor. The
trigonometric pattern of the H configuration sensor can be solved using Equation 4-6 and 4-7. These
equations were used to calculate the coordinates of the H configuration sensor based on the helix
angle (𝜃), distance along the fiber (d), the circumference of the specimen (C), and the helix
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revolution number (N). The helix revolution number denotes which helical revolution the strain
measurement is in, where R is the total number of helical revolutions and R = 1 is the bottom most
revolution (Equation 4-8).
𝑥 = (𝑐𝑜𝑠𝜃 × 𝑑) − (𝐶(𝑁 − 1))

(4-6)

𝑦 = 𝑠𝑖𝑛𝜃 × 𝑑

(4-7)

𝑁 = [1, 2, … , 𝑅]

(4-8)

The equations above were modified for the F optical strain sensor configuration to accommodate
the addition of the supplemental circumferential sensor loops. To calculate the x and y coordinates
of the planar F sensor configuration the layout is visualized as a linear sensor. The linear
configuration has the sensor continue in the x direction instead of returning to x = 0 after each
revolution and keeps the same y coordinates as the planar configuration (Figure 4-15). Also, for
the sake of coordinate calculation, the F sensor configuration is separated into five sections; the
top, bottom, and mid-height circumferential loops, and the top and bottom half of the helical sensor.
To calculate the planar coordinates of the F sensor configuration data points to create the strain
scans, a system of equations was developed to first determine the coordinates of the linear sensor
layout as displayed in Table 4-6, where 𝑥𝑙 is the x coordinates of the linear F sensor configuration.
Each of the equations shown in Table 4-6 were derived based on the trigonometric
geometry of the linear sensor shown in Figure 4-15. Since the y coordinates are the same for the
linear and planar F configuration, the y equations in Table 4-6 are used to calculate the y coordinates
for both the linear and planar layouts. However, the x equations in Table 4-6 are only valid for
calculating the x coordinates of the linear F sensor configuration (𝑥𝑙 ). To calculate the planar x
coordinates, the linear x values must be corrected so that they return to 0 after each helical
revolution. This was achieved by following the logic shown in Equation 4-9, where the edges (e)
of each revolution are defined by Equation 4-10 and Equation 4-11.
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Figure 4-15: Planar and linear F sensor configurations used for strain measurement x-y
coordinate calculations
Table 4-6: System of equations used to determine the linear F sensor configuration
coordinates
Sensor Section
Top Circumferential
Loop

xl Equations

y Equations

𝑥𝑙 = (𝑅 + 2)𝐶 + [𝑑 − (2𝐶 +

𝑅𝐶
)]
𝑐𝑜𝑠𝜃

𝑦 = 𝑅𝑃

Top Half of Helical
Sensor

(𝑅/2)𝐶
𝑅
𝑥𝑙 = [( ) + 2] 𝐶 + [𝑑 − (2𝐶 +
)] 𝑐𝑜𝑠𝜃
2
𝑐𝑜𝑠𝜃

Mid-Height
Circumferential Loop

(𝑅/2)𝐶
𝑅
𝑥𝑙 = [( ) + 1] 𝐶 + [𝑑 − (𝐶 +
)]
2
𝑐𝑜𝑠𝜃

𝑦 = (𝑅/2)𝑃

Bottom Half of Helical
Sensor

𝑥𝑙 = 𝐶 + (𝑑 − 𝐶)𝑐𝑜𝑠𝜃

𝑦 = (𝑑 − 𝐶)𝑠𝑖𝑛𝜃

Bottom
Circumferential Loop

𝑥𝑙 = 𝑑

𝑦=0
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𝑦 = [𝑑 − (2𝐶 +

(𝑅/2)𝐶
)] 𝑠𝑖𝑛𝜃 + (𝑅/2)𝑃
𝑐𝑜𝑠𝜃

The logic shown in Equation 4-9 discretizes the sensor length by revolution sections and calculates
the true x coordinate by subtracting the length of total revolutions prior to the measurement point.
𝑒𝑗 ≤ 𝑥𝑙 < 𝑒𝑗+1 → 𝑥 = 𝑥𝑙 − 𝑒𝑗

(4-9)

𝑒 = [𝑒1 , 𝑒2 , … , 𝑒𝑗 ]; 1 ≤ 𝑗 ≤ 𝑅 + 4

(4-10)

𝑒𝑗 = (𝑗 − 1)𝐶

(4-11)

4.7.2 Principal Strain Conversion
After the x and y coordinate locations of the strain data were calculated, any strain measurements
that were not oriented in a principal direction (i.e. the helical portions of the H and F sensor
configurations) were converted to principal strains. To complete this conversion, the strain
orientation conventions shown in Figure 4-13 were utilized. In a UCS test it is understood that the
maximum principal strain (𝜀1 ) and minimum principal strain (𝜀3 ) are in the axial and
circumferential directions, respectively. These principal strains align with the x-y coordinate
system used to calculate the strain measurement locations for the strain scans, where
circumferential strains are in the x direction (𝜀𝑥 ) and axial strains are in the y direction (𝜀𝑦 ). The
sensor measurements from the helical geometry are neither axial nor circumferential but are tilted
by the helix angle (𝜃). By rotating the coordinate system by the helix angle (𝜃) strain variables that
correspond with the direction of the helical optical strain sensor (𝜀𝑥 ′ ) and the direction
perpendicular (𝜃+90°) to the helical optical strain sensor (𝜀𝑦′ ) can be obtained, as shown in Figure
4-13. If the strain in the x’ and y’ directions are known, the helical strain sensor measurements can
be converted to strains in the principal directions (i.e. x and y) using Equation 4-12 and Equation
4-13. Equation 4-12 calculates the associated shear strain (𝛾𝑥′𝑦′ ) based on the helix angle (𝜃) and
strain in the x’ and y’ directions. Then, the helical optical strain (𝜀𝑥′ ), the strain perpendicular to
the helical sensor (𝜀𝑦′ ), and the associated shear strain are used to calculate the principal strains
with Equation 4-13.
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𝛾𝑥′𝑦′ = (𝜀𝑥 ′ − 𝜀𝑦′ )𝑡𝑎𝑛2𝜃

𝜀x,y =

𝜀𝑥 ′ + 𝜀𝑦 ′
2

± √(

𝜀𝑥 ′ − 𝜀𝑦 ′ 2
𝛾𝑥′𝑦′ 2
) +(
)
2
2

(4-12)
(4-13)

To calculate the principal strains using the equations above, both the strain in the x’ and y’
directions must be known. The method of determining the strain in the y’ direction was optimized
over the course of the laboratory testing program. For all the H configuration tests, a strain gauge
was placed at the mid-height of the specimen oriented perpendicular to the optical strain sensor to
measure 𝜀𝑦′ . This method was effective in obtaining a 𝜀𝑦′ value for conversion to circumferential
strain but was ultimately deemed too unreliable to be recommended for use in the analysis of the
final tests of the laboratory testing program due to the method relying on measurements from only
one discrete strain gauge. Using the perpendicular strain gauge also constrained the helical pitch of
the sensor configuration thereby constraining the spatial density of the optical strain sensor
measurements, and as such, the perpendicular strain gauge was removed for the final configuration.
For the F sensor configuration tests, instead of using a direct measurement via a foil strain
gauge, the strain transformation equation shown in Equation 4-14 was used to calculate the
theoretical strain perpendicular to the helical sensor (𝜀𝑦′ ), where 𝜀̅1 is the average axial strain
measured by three axial extensometers and 𝜀̅3 is the average circumferential strain measured by the
optical circumferential loop at the mid-height of the specimen. This way the perpendicular strain
(𝜀𝑦′ ) is determined based on the global principal strains at the mid-height of the specimen. Equation
4-12 was then used to calculate the shear strains at each point along the fiber optic sensor and
Equation 4-13 was used to calculate the corrected circumferential strains. For the F sensor
configuration, this conversion process was only conducted on the helical portion of the sensor as
the circumferential loops measured the principal strain directly.
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𝜀𝑦′ = (

𝜀̅3 + 𝜀̅1
𝜀̅3 − 𝜀̅1
)−(
) 𝑐𝑜𝑠2𝜃
2
2

(4-14)

4.7.3 Optical Strain Sensor Data Visualization
To visualize the raw optical strain sensor data as 2D strain scans, a novel data processing technique
was developed. A one-dimensional x and y coordinate array are created after calculating the x and
y coordinates for each of the sensor configurations, as shown in Equation 4-15 and Equation 4-16,
where g is the total number of strain measurements along the optical strain sensor. Strain
measurements along the optical sensor are recorded by the DOS analyzer at a user defined
frequency, creating an array of data acquisition times (t) given by Equation 4-17, where h is the
total number of measurement acquisitions collected during a UCS test. The data acquisition and
coordinate arrays correspond to a two-dimensional optical strain matrix of dimensions g by h given
by Equation 4-18.
𝑥 = (𝑥1 , 𝑥2 , … , 𝑥𝑔 )

(4-15)

𝑦 = (𝑦1 , 𝑦2 , … , 𝑦𝑔 )

(4-16)

𝑡1
𝑡=(⋮)
𝑡ℎ

(4-17)

𝜀𝑥1 ,𝑦1 ,𝑡1
𝜀𝑡1
( ⋮ )= ( ⋮
𝜀𝑡ℎ
𝜀𝑥𝑔,𝑦𝑔,𝑡ℎ

⋯
⋱
⋯

𝜀𝑥𝑔,𝑦𝑔,𝑡1
⋮ )
𝜀𝑥𝑔,𝑦𝑔𝑡ℎ

(4-18)

The strain measurement locations from any optical strain sensor configuration can be examined by
plotting their corresponding x and y coordinate arrays. Figure 4-16 displays the locations of all the
strain data measurement points from the test specimen Lm-F-3. Figure 4-16 shows the technique’s
ability to transform the linear sensor data to the planar x-y coordinate system as well as the
unprecedented spatial resolution that the distributed optical strain sensing technique provides,
averaging a 0.65 mm spacing between strain measurement points. As an example, Figure 4-16
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shows that a total of 7620 strain measurements were recorded by the optical strain sensor over a
surface area of 431 cm2 for an average data point density of 17.7 measurements per cm2. To
examine the spatial distribution of the F configuration strain data, a quadrant density analysis was
conducted.

Figure 4-16: Calculated strain measurement locations of specimen Lm-F-3
To conduct a quadrant density analysis, the F configuration data for test specimen Lm-F-3 (helix
pitch of 1 cm and helix angle of 2.4°) was plotted as a bivariate histogram with 1 cm 2 quadrants
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(Figure 4-17) where the grey scale represents the number of data points in each quadrant. Figure
4-17 shows that the spatial distribution of data across the sample surface is relatively even,
averaging 16.7 measurements per cm2. In the areas where the helical and circumferential loop
sections meet (e.g. the mid-height of the specimen), the spatial density of the data reaches upwards
of 32 measurements per cm2.

Figure 4-17: Quadrant density analysis of F sensor configuration data (helix pitch of 1 cm
and helix angle of 2.4°) where the grey scale represents the number of data points in each
quadrant
The high spatial resolution of strain data allows for the possibility of realistic data contouring. By
contouring the strain data, plots can be produced that depict the full-field strain response of a UCS
specimen’s surface. To accomplish this, a grid of specified query points is applied to the strain scan
and the optical strain measurement matrix is used to populate and interpolate strain values between
these query points. The spacing of the query points are based on the spatial resolution of the data
in the x and the y directions. The spacing of the data points in the x direction is approximately 0.65
mm and is constrained by the spatial resolution of the optical strain sensor, while the spacing in the
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y direction is constrained by the helix pitch. Given these constraints the query points are spaced
1 mm apart in the x direction and spaced according to the pitch of the helical sensor/spacing of the
circumferential loops in the y direction for all configurations used in this study. For example, the
spacing of the query points in the y direction for the F sensor configuration is 1 cm. The interpolated
strain data at each query point is then contoured to create a strain scan of the UCS specimen’s
surface. There are several methods of interpolation that can be used to contour the strain data which
are further examined in Figure 4-18.

Figure 4-18: Comparison of strain scan interpolation methods for specimen Lm-F-3 at UCS.
Note: extensional strain is represented by warm colours.
The four methods of interpolation tested in the strain scans shown in Figure 4-18 are linear, nearest
neighbor, natural neighbor, and cubic interpolation. Each interpolation method produced similar
strain scan results, except for the nearest neighbor interpolation method, which produced offset
contouring along the center line of the scan (at approximately 120 mm circumference). Due to the
large quantity of data points, there was little variation between the strain scan results obtained by
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the different interpolation methods. Linear interpolation was used to create the strain scans shown
throughout this work because of its superior processing time and the relative confidence in results
when comparing it to the nearest neighbor method.
The strain scans allow for interpretation of the spatial strain response on the surface of a
UCS specimen. A single strain scan represents the strain response at one time of data acquisition.
By creating a series of strain scan ‘frames’ at each time of data acquisition time, the frames can be
played back in succession to create a strain scan video. By creating a video, the dynamic full-field
response of the UCS specimen’s surface can be viewed and analyzed with respect to time and the
associated applied stress. For presentation purposes, the strain scan results for this research are
presented as individual frames from critical stages of the UCS test. Four frames from specific
percentages of the final UCS stress (40%, 70%, 90% and 100%) were selected to show the strain
response development over the course of a UCS tests. These frames were selected based on the
typical UCS values which divide the major stages of damage and strain progression in UCS
specimens. As discussed in Section 2.2.1, the first onset of new distributed grain scale cracks within
a UCS specimen is represented by the crack initiation threshold (CI). There is a well-established
correlation between CI and UCS demonstrated by Brace et al. (1966), where the CI/UCS ratio
generally lies between 0.3 and 0.5. Therefore, the strain scan at 40% UCS roughly represents the
strain response at CI. Following CI, the threshold for crack accumulation, propagation, and
interaction (CD) is reached where cracks begin to occur in an unstable manner (Bieniawski, 1967).
In contrast to CI, CD is more associated with loading conditions and confining stress, however,
several researchers have found CD to occur between 0.7 > CD/UCS > 0.85 (Martin, 1993; Perras
and Diederichs, 2014). Therefore, the strain scan at 70% UCS roughly represents the strain response
at CD. Finally, after CD, UCS specimens begin accumulating unrecoverable strain at a rapid rate,
and so a strain scan at 90% of UCS was selected to represent this stage. Finally, to capture the fullfield strain response at the time of specimen failure, the UCS strain scan is presented.
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4.7.3.1 Three-Dimensional Strain Scan Visualisation
Due to the innate limitations associated with interpreting 3D data visualizations (i.e. scale
distortion, hidden data, etc.) the optical strain sensor data is primarily presented as 2D contour
plots. However, the optical strain data represents a 3D UCS specimen and the deformations at the
surface of the UCS specimen can be calculated to produce a full-field 3D representation of the UCS
specimen deformation. To accomplish this, the 2D x-y coordinates of the optical sensor location
must be converted to a 3D coordinate system (Figure 4-19).

Figure 4-19: 3D cylindrical coordinate system used for processing 3D UCS specimen
deformation models
Using the 2D x-coordinates of the sensor location, the angular coordinate (𝜑) of each strain
measurement location is calculated using Equation 4-19. Then, the measured radial strain (𝜀𝑟 ) at
each data point is used to calculate the radius after deformation (r’) using Equation 4-20, where r
is the radius of the specimen pre-deformation. Then, the polar coordinates (𝜑, 𝑟′) are converted to
3D x-y coordinates (𝑥3𝐷 ,𝑦3𝐷 ) using Equation 4-21 and Equation 4-22. Finally, the average axial

82

strain (𝜀̅1 ) measurements from the axial extensometers are used to calculate the 3D z coordinates
(𝑧3𝐷 ) after deformation using Equation 4-23.
𝜑=

𝑥 × 360
𝐶

(4-19)

𝑟 ′ = (𝜀𝑟 × 𝑟) + 𝑟

(4-20)

𝑥3𝐷 = 𝑟′𝑐𝑜𝑠𝜑

(4-21)

𝑦3𝐷 = 𝑟′𝑠𝑖𝑛𝜑

(4-22)

𝑧3𝐷 = (𝜀̅1 × 𝑦) + 𝑦

(4-23)

By plotting the deformed 3D coordinates with a contoured strain data overlay, a 3D model of the
full-field strain response of a deformed UCS specimen can be generated (Figure 4-20). Similar to
the 2D strain scan, by plotting the 3D UCS specimen deformation model at each time of data
acquisition, a video can be produced that shows the progression of deformation of the UCS
specimen over the course of an entire UCS test. For presentation purposes, four frames of the LmF-3 test response are shown in Figure 4-20. The deformations of the test response can be
exaggerated to better visualize and analyze the full-field deformation of the UCS specimen. These
visualization techniques (i.e. 2D strain scans and 3D deformation models) have the potential to
allow for real time monitoring of strain and deformation of UCS specimens if they are able to be
integrated with the DOS analyzer. The MATLAB code used to produce the 2D and 3D
visualizations of the F sensor configuration strain measurements obtained with the DOS-UCS
technique is provided in Appendix D.
It should be noted that the radial deformations in the 3D deformation models are calculated
based on the circumferential strain measurements from the optical sensors. Therefore, if the
circumferential strains measured by the optical sensors are created by cracks on the surface of the
UCS specimen, the 3D models are not able to accurately reflect the specimen deformation.
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Figure 4-20: 3D deformation model of specimen Lm-F-3. Note: deformations exaggerated
by a factor of 100.
In other words, the 3D deformation models are not currently able to replicate surface cracking and
associated dilation and will instead interpret these features as large radial deformations. The 3D
deformation models also assume that the average axial strain measured by the axial extensometers
is uniform throughout the specimen, and therefore, that the axial deformations are uniform
throughout the specimen. Therefore, for UCS tests with large variances in axial strain, the axial
deformations in the 3D models will be unrealistic.
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Chapter 5
Laboratory Testing Program Results
5.1 Introduction
The intention of this work is to develop a technique that utilizes DOS to measure the full-field strain
response of UCS test specimens and to demonstrate the merits of the DOS-UCS technique through
a comprehensive testing program. It should be noted that this work is not intended to rigorously
investigate any specific issue with UCS testing. Within this context, the testing program, as
discussed in Chapter 4, was designed with multiple stages to incrementally develop and optimize
the DOS-UCS technique based on the results and feedback obtained during each previous stage.
The first stage, known as the POC testing, was conducted to validate that DOS can adequately
measure circumferential and axial strains on UCS specimens. The POC testing stage refined the
technique on grout samples before it was integrated with rock specimens in an advanced testing
environment. The second stage, known as the advanced testing stage, was conducted in an advanced
geomechanics laboratory to further optimize the technique and test its adequacy compared to
traditional strain measurement instrumentation. In total, 16 UCS tests were conducted on a variety
of materials with four different optical strain sensor configurations. The results of these tests are
outlined in this chapter.

5.1 Proof of Concept Testing Results
In order to determine the feasibility and applicability of using ROFDR fiber optic strain sensing
technology to measure the full-field strain response of UCS specimens, fiber optic cables were
applied to the exterior of five laboratory scale cylindrical cement and resin grout specimens, as
discussed in Chapter 4. Three of the specimens were outfitted with the circumferential (C)
configuration (specimen Cem-C-1, Cem-C-2, and Res-C) and two of the specimens were outfitted
with the combined (B) configuration (specimen Cem-B and Res-B) as shown in Figure 5-1. This
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section highlights the results from these five tests and discusses the implications for optimization
in the advanced testing stage.

Figure 5-1: Proof of concept UCS test specimens after sensor installation
5.1.1 Combined (B) Sensor Configuration Assessment
The combined (B) sensor configuration consists of 3 equidistant 15 cm long axial sensors and 5
circumferential sensors spaced 4 cm apart. This configuration was designed to measure both axial
and circumferential strains using a continuous optical strain sensor and was tested on two
specimens (Cem-B and Res-B). In this section, a detailed analysis of the axial and circumferential
strain response of specimen Cem-B and Res-B is presented.
5.1.1.1 Specimen Cem-B Results
The response of the three axial optical sensors on specimen Cem-B at 40%, 70%, 90% and 100%
of UCS (47 MPa) is shown in Figure 5-2. UCS tests conducted by O’Connor (2020) on type 10
portland cement specimens with the same dimensions and same testing apparatus found that the
average Young’s modulus and Poisson’s ratio of the material was 13.2 GPa and 0.2, respectively.
This was found to be consistent with elastic parameters found in literature (Hyett et al., 1992; Kilic
et al., 2002). As such, assuming the testing apparatus achieved a uniform uniaxial compressive load
with no frictional platen end effects, the expected axial response of the specimen at corresponding
UCS percentages was calculated using Equation 5-1 and displayed in Figure 5-2 for reference. The
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calculated theoretical axial strains are compared to the measured average strain from each of the
optical sensor lines in Table 5-1, where negative stain is compressional.
𝜀𝑎 =

𝜎
𝐸

(5-1)

Table 5-1: Comparison of theoretical and measured axial strains for test specimen Cem-B
Line 1

Line 2

Line 3

Theoretical
Strain*

Average*

% Error

Average*

% Error

Average*

% Error

40%

-1409

-2192

55.6%

-1326

5.9%

-1533

8.8%

70%

-2466

-3274

32.8%

-2346

5.1%

-2456

0.4%

90%

-3171

-3537

11.5%

-3349

5.3%

-2963

6.5%

UCS

-3524

-3249

7.8%

-3952

12.1%

-3233

8.2%

% of UCS

*Units of microstrain

From Table 5-1 it is evident that the axial optical strain sensors correlated strongly with the
calculated theoretical strain, averaging a 13.3% error between the theoretical and measured strain.
However, when looking at the responses across the length of the specimen compared to the
theoretical response (Figure 5-2), there are noticeable differences. If the specimen were exposed to
uniform uniaxial stress with zero frictional end effects, the expected axial strain response along the
length of the specimen would be uniform. However, in all three of the responses, the axial strain
fluctuates along the optical strain sensing lengths with distinct drops in axial strain towards the
specimen ends. The decrease in axial strains near the ends of the specimen is likely caused by the
constrained expansion of the specimen ends due to frictional confinement from the testing
apparatus platens. To quantify the spread of the axial strain data along each of the sensing lengths,
the standard deviations (SD) and relative standard deviations (RSD) at the corresponding UCS
percentages are displayed in Table 5-2. It is clear from Table 5-2 that the response along the length
of the axial optical sensors varied, averaging an 18% relative standard deviation. Also, in general,
the deviation of the axial strain data increased as the test approached UCS, with an average RSD
of 15.8% at 40% UCS and 24% at UCS. Therefore, in this case, the axial strains became less
87

uniform when approaching UCS, which is likely caused by the deterioration of the specimen and
the increased influence of the frictional platen end effects.

Figure 5-2: Axial optical strain sensor responses of specimen Cem-B
Table 5-2: Standard deviations (SD) and relative standard deviations (RSD) of axial optical
sensing line data from specimen Cem-B
Line 1

Line 2

Line 3

% of UCS
SD*

RSD

SD*

RSD

SD*

RSD

40%

205

9.4%

354

26.7%

173

11.3%

70%

377

11.5%

417

17.8%

327

13.3%

90%

638

18.0%

529

15.8%

494

16.7%

UCS

711

21.9%

830

21.0%

970

30.0%

*Units of microstrain
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Traditional foil strain gauges were used to verify the accuracy of the axial optical strain sensor
measurements gathered from the Cem-B UCS test, as shown in Figure 5-3. Of the three axial optical
strain sensor lines, only Line 3 showed a similar correlation to the adjacent strain gauge. However,
considering that each of the optical lines measured a comparable response in Figure 5-3, and that
the optical sensor responses correlated well with the theoretical response in Figure 5-2, it is more
likely that the foil strain gauges are the reason for the discrepancy in strain measurements. In other
words, it is more likely that the strain gauges were not properly adhered to the specimen due to
installation error and therefore measured inaccurate strain responses when compared to the optical
strain sensors. This assumption is strengthened by the fact the strain gauge responses in Figure 5-3
are much more variable than the optical strain sensor responses.

Figure 5-3: Specimen Cem-B optical strain sensor and foil strain gauge measurement
comparison
The analysis conducted on the axial optical sensors was also conducted on the circumferential
sensors of specimen Cem-B. The response of the five circumferential optical strain sensor loops on
specimen Cem-B at various percentages of UCS is shown in Figure 5-4. To compare the results,
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the theoretical circumferential strains were calculated by multiplying the theoretical axial strains
by a Poisson’s ratio of 0.2 and are displayed in Figure 5-4 for reference. The calculated theoretical
circumferential strains and the averages of each optical strain sensor loop are compared in Table
5-3.

Figure 5-4: Circumferential optical strain sensor responses of specimen Cem-B
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Table 5-3: Comparison of theoretical and measured circumferential strains for specimen
Cem-B
% of UCS

40%

70%

90%

UCS

Theoretical Strain*

282

493

634

705

Average*

405

1391

3603

8071

% Error

44%

182%

468%

1045%

Average*

1034

1944

2838

4643

% Error

267%

294%

348%

559%

Average*

825

1547

2363

3349

% Error

193%

214%

273%

375%

Average*

533

1086

1577

2024

% Error

89%

120%

149%

187%

Average*

440

636

814

851

% Error

56%

29%

28%

21%

Loop 1

Loop 2

Loop 3

Loop 4

Loop 5

*Units of microstrain

It is clear from Table 5-3 that the circumferential strain responses of specimen Cem-B greatly
exceeded the expected theoretical strains, averaging a 247% error between the theoretical and
measured strains. This is further illustrated in Figure 5-4 where the top of the specimen at UCS
reached upwards of 1% circumferential strain which is an order of magnitude larger than the
theoretical response. It is also evident from Figure 5-4 that the circumferential strain response
around the circumference of specimen Cem-B was not uniform. Considering the cement grout is a
homogeneous material, if exposed to a uniform uniaxial load at low stresses it is expected that there
would be minimum variations in lateral expansion around the circumference of the specimen. At
high stresses, larger variations in strain are expected to occur due to the formation of surface cracks,
which is likely the cause of some of the circumferential strain peaks at UCS in Figure 5-4.
To quantify the spread of the circumferential strain data along each of the sensing loops,
the standard deviations (SD) and relative standard deviations (RSD) at the corresponding UCS
percentages are displayed in Table 5-4. From Table 5-4 it is clear that the circumferential response
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had a much greater variation in measurements when compared to the axial sensors, averaging a
33% relative standard deviation. Even at 40% UCS, the relative standard deviation averaged 33%,
which indicates there was a large variation in circumferential strain well before UCS was reached.
Table 5-4: Standard deviations (SD) and relative standard deviations (RSD) of Cem-B
circumferential optical sensing loops
Loop 1

Loop 2

Loop 3

Loop 4

Loop 5

% of
UCS

SD*

RSD

SD*

RSD

SD*

RSD

SD*

RSD

SD*

RSD

40%

119

29.4%

415

40.1%

454

55.0%

129

24.2%

58

13.2%

70%

458

32.9%

735

37.8%

716

46.3%

286

26.3%

40

6.3%

90%

1361

37.8%

972

34.1%

908

38.4%

648

41.1%

61

7.5%

UCS

3574

44.3%

1866

40.2%

1569

46.8%

1163

57.5%

103

12.1%

*Units of microstrain

5.1.1.2 Specimen Res-B Results
The response of the three axial optical sensors on specimen Res-B at various percentages of UCS
is shown in Figure 5-5. The axial response at UCS is not available in Figure 5-5 because the optical
sensor failed before the UCS stress of 26 MPa was reached. Investigations after testing found that
the specimen had not fully cured, which resulted in a lower than expected UCS. Therefore, a
comparison of theoretical and measured strains was not conducted on specimen Res-B because the
response of a partially cured specimen is not expected to correlate with the response of a fully cured
specimen. However, the results from specimen Res-B are useful for comparing the resin and cement
grout responses. The average, standard deviation (SD) and relative standard deviation (RSD) for
each axial sensing line at the corresponding UCS percentages are displayed in Table 5-5.
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Figure 5-5: Axial optical strain sensor responses of specimen Res-B
Table 5-5: Mean (Avg.), standard deviation (SD), and relative standard deviation (RSD) of
Res-B axial optical sensing line measurements
Line 1

Line 2

Line 3

% of UCS
Avg.*

SD*

RSD

Avg.*

SD*

RSD

Avg.*

SD*

RSD

40%

-2364

344

14.6%

-1454

737

50.7%

-633

NA

NA

70%

-3524

521

14.8%

-1395

258

18.5%

-2036

783

38.5%

90%

-4424

1054

23.8%

-1563

548

35.1%

-3633

1818

50.0%

*Units of microstrain
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To reiterate, assuming the testing apparatus subjected the specimen to a uniform uniaxial stress
with no frictional end effects, a uniform axial strain response along the length of the specimen is
expected, which should incrementally increase as stress increases. However, the axial optical strain
measurements from specimen Res-B are non-uniform, and do not uniformly increase as stress
increases. The axial strain varied along the length of the sensors, with an average relative standard
deviation of 31%, a 13% increase compared to specimen Cem-B. This is likely due to the specimen
being inadequately cured, causing axial strain to accumulate in areas of partial strength. To verify
the axial optical measurements gathered from Res-B, the results were compared to foil strain gauge
measurements (Figure 5-6).

Figure 5-6: Res-B optical strain sensor and foil strain gauge measurement comparison
Out of the three axial optical strain sensor lines, only Line 3 had a strong correlation between the
optical sensor and foil strain gauge measurements. The correlation between Line 3 and its adjacent
strain gauge indicates that DOS can produce results that match traditional foil strain gauge results.
The inconsistent measurements between the other optical sensor lines and strain gauges could be
caused by several factors, such as differences in local strain or poor adhesion causing
94

instrumentation decoupling. The response of the five circumferential optical sensor loops on
specimen Res-B at various percentages of UCS are shown in Figure 5-7.

Figure 5-7: Circumferential optical strain sensor responses of specimen Res-B. Note: strain
data is not presented at UCS due to sensor failure prior to UCS.
Similar to Cem-B’s response, it is clear from Figure 5-7 that Res-B experienced the largest amount
of circumferential strain at the top of the specimen. Loop 1 (the top of the specimen) approached a
maximum strain measurement of 1% at 90% UCS while Loop 5 (the bottom of the specimen)
experienced a maximum strain measurement slightly above 0.1% strain. This order of magnitude
difference between the circumferential strain at the top and bottom of the specimen is the same
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result that was found in specimen Cem-B. Another similar result between the two tests is the nonuniform circumferential strain around the circumference of the specimens. Loops 1 and 2 on
specimen Res-B have large strain peaks at approximately 20 cm along the sensing length. These
peaks only manifest around 90% of UCS and is therefore likely caused by a rupture on the surface
of the specimen. Since the sensor broke not long after this peak occurred in the data, it is also likely
that the rupture caused the optical sensor to fail before UCS was reached. A table outlining the
mean, SD, and RSD of the circumferential strain data along each of Res-B’s sensing loops is
displayed in Table 5-6. The circumferential response had a similar variation in measurements when
compared to Cem-B’s circumferential sensors, averaging a 26% RSD. The averages of the data
from the five circumferential loops show that the top two loops experienced a much greater strain
response when compared to the bottom three loops, with the top of the specimen averaging around
double the amount of circumferential strain compared to its bottom.
Table 5-6: Mean (Avg.), standard deviation (SD), and relative standard deviation (RSD) of
Res-B circumferential optical sensing loop measurements
% of UCS
Loop 1

Loop 2

Loop 3

Loop 4

Loop 5

40%

70%

90%

869

1632

3153

309

492

600

35.6%

30.1%

19.0%

807

1827

4584

261

517

580

32.3%

28.3%

12.7%

Avg.*
SD*

540

925

1377

189

284

479

RSD
Avg.*
SD*
RSD
Avg.*
SD*
RSD

35.0%

30.7%

34.8%

544

936

1333

152

216

343

27.9%

23.1%

25.7%

394

703

1041

79.5

105

209

20.2%

14.9%

20.1%

Avg.*
SD*
RSD
Avg.*
SD*
RSD

*Units of microstrain
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5.1.1.3 Full-Field Strain Response of B Configuration Specimens
It is difficult to visually correlate the peaks in strain spatially between the optical sensors using
only the graphical representations of the optical strain sensor responses (e.g. Figure 5-4 and Figure
5-7). Therefore, it was determined that an alternate means of data visualization would be required
to recognise spatial patterns in the strain responses. In order to visualize the full-field strain
response of specimen Cem-B and Res-B, the optical strain sensor measurements were processed
into 2-dimensional strain scans as described in Section 4.7. Figure 5-8 displays the full-field axial
strain response of specimen Cem-B and Res-B at various percentages of UCS where axial strains
are characterized using a colour map with large compressional strains being represented by warm
colours. Figure 5-9 displays the full-field circumferential strain response of specimen Cem-B and
Res-B at various percentages of UCS where circumferential strains are characterized by large
extensional strains being represented by warm colours.

Figure 5-8: Cem-B and Res-B full-field axial strain responses at various percentages of UCS
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Figure 5-9: Cem-B and Res-B full-field circumferential strain responses at various
percentages of UCS
A common occurrence in the POC strain scans is the presence of data gaps, which appear as white
rectangles in the strain scans. These gaps in data are caused by two different means. First, the
presence of data gaps at low stresses indicates that the sensor was poorly terminated, and Fresnel
reflections interfered with the backscattered signal. This interference had the largest effect on the
portion of the sensor closest to the termination point (termination was at the bottom of the POC
specimens). To improve the termination of the sensor for future tests, the amount of coreless fiber
added to the end of the sensor was increased from 2” to 3” and index-matching gel was added to
the end of the termination. At high stresses, if the sensing range of the DOS analyzer is exceeded
(±10000 microstrain), the optical strain sensor does not return measurements at the location and
also creates a gap in data.
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Figure 5-8 and Figure 5-9 illustrates how DOS can be utilized to measure the full-field
strain responses of UCS specimens. By processing the DOS data to create strain scans, spatial strain
response patterns can be realized and examined. For example, the full-field axial strain responses
between specimen Cem-B and Res-B are quite different. For specimen Cem-B, axial strain
accumulated at the middle of the specimen with a relatively uniform distribution around its
circumference. Specimen Res-B however had a much more inconsistent axial strain response, with
axial strain accumulating in discrete areas, such as the large strain concentration that formed at the
coordinates (22,12). This large strain concentration is also present in the Res-B circumferential
strain response at the same location, indicating an area of concentrated specimen failure. From
Figure 5-9 it is apparent that both of the specimen’s circumferential strain responses varied greatly
both quantitatively and spatially. In both specimen Cem-B and Res-B, strain concentrations were
forming prior to 40% UCS. As the stress increased on the specimen, these concentrations grew
larger in size and magnitude. At UCS, the specimens experienced the largest circumferential strains
in their upper half. The circumferential strain in both specimens varied greatly, with the optical
sensors going beyond their sensing range (10000 με) in some discrete locations, while barely
exceeding 1000 με in others. Even specimen Cem-B, which had a relatively uniform axial strain
response, had large circumferential strain concentrations. Despite the differences in behaviour
between each of the tests, the full-field strain responses were successfully captured by integrating
DOS with UCS testing.
5.1.2 Circumferential (C) Sensor Configuration Assessment
The circumferential (C) sensor configuration consists of 10 circumferential optical sensors spaced
2 cm apart and was designed to further assess the ability of DOS to measure the full-field
circumferential strain response of UCS test specimens. Each circumferential fiber optic length is
described as a ‘loop’ and is numbered 1 through 10 from top to bottom. To compare the
measurements of the optical strain sensors, standard foil strain gauges were placed at the midpoint
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between each pair of circumferential loops and were numbered 1 through 5 from top to bottom.
Three POC specimens (Cem-C-1, Cem-C-2, and Res-C) were set up with this configuration and
the results of the tests are discussed below.
The response of each optical strain sensor loop on specimen Cem-C-1 at various
percentages of UCS is shown in Figure 5-10. When comparing the circumferential strain response
of Cem-C-1 with that of Cem-B, several similarities are noticeable.

Figure 5-10: Circumferential optical strain sensor responses of specimen Cem-C-1
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First, the largest circumferential strain measurements for both specimens were concentrated in the
top-most loop, reaching above 14000 microstrain in both circumstances, which is approximately
20 times larger than the expected theoretical circumferential strain. Second, the optical strain sensor
loops at the bottom of the specimens had measurements much closer to the expected circumferential
strain response and exhibited much less strain than at the top of the specimens (less than 2000
microstrain). Lastly, both responses show large fluctuations in strain along the optical sensor loops.
These peaks in strain are likely due to the formation of cracks and the weakening of the material in
discrete zones.
Although it can be useful to analyze the response of each individual optical sensor loop as
shown in Figure 5-10, this method of visualization impedes full-field interpretation. Without spatial
representation of the optical sensor locations, visualizing the size and scale of strain accumulation
zones is unfeasible. Therefore, the optical strain sensor measurements from all three of the C
configuration specimens were processed into strain scans, as shown in Figure 5-11. The UCS of
specimens Cem-C-1, Cem-C-2, and Res-C was 41 MPa, 42 MPa, and 55 MPa respectively. The
‘Sensor Failure’ label at UCS of specimen Cem-C-2 and Res-C indicates that the sensors at this
time were either broken or exceeded their sensing range.
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Figure 5-11: Full-field circumferential strain responses of specimen Cem-C-1, Cem-C-2, and
Res-C
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Although the grout specimens are homogeneous, the strain scans displayed in Figure 5-11 are nonuniform. In all three tests, areas of strain concentration formed early as small variations at low
stress then grew larger in size and magnitude as stress increased. At UCS, the cement grout
specimens exhibited maximum circumferential strain along the top platen-specimen boundary. The
accumulation of strain at the top of the cement grout specimens is further verified by examining a
photo of specimen Cem-C-1 after failure (Figure 5-12). It is clear from this picture that the top of
the specimen expanded laterally at a much greater rate than the rest of the specimen, causing the
top to bell out (red line in Figure 5-12). The rapid expansion at the top of specimen Cem-C-1 and
Cem-C-2 is also recorded by the foil strain gauges at the top of the specimens as shown in Figure
5-13. The results from the other strain gauges on these specimens are excluded from this work due
to performance issues associated with poor strain gauge-specimen contact.

Figure 5-12: Post-test picture of specimen Cem-C-1. Red line highlights belled out specimen
shape.
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Figure 5-13: Circumferential strain response at the top of specimens Cem-C-1 and Cem-C-2
Figure 5-13 highlights the strong correlation between the strain gauge and the optical strain sensor
measurements. This correlation further verifies that DOS can measure the circumferential strain
response of UCS tests and produce comparable results to standard foil strain gauges. Figure 5-13
also highlights the issue of using discrete strain measuring devices on UCS tests. In both tests, the
strain responses measured by Loop 1 and Loop 2 differed, which means the 2 cm spacing between
the loops was enough to have different local strain responses. For specimen Cem-C-1, the strain
gauge between Loop 1 and 2 correlated more closely to Loop 1 while for Cem-C-2 it correlated
more closely to Loop 2. In this case, since there are large strain gradients that quickly decay from
the top of the specimens, using only one strain gauge in the two-centimetre zone at the top of the
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specimens could not adequately illustrate the presence of the strain gradient. Using DOS however,
the presence of strain anomalies and strain gradients during UCS tests are easily identifiable due to
the high spatial resolution of data.
The full-field circumferential strain response of the resin-grout specimen (Res-C) is
noticeably different compared to the cement grout responses. First, instead of a strain concentration
forming at the top platen-specimen boundary, a large amorphous strain concentration formed along
one side of the specimen. This difference in response is likely due to the difference in failure
mechanisms of the two materials. In general, cement grout is brittle, and the randomly scattered
strain concentrations are likely caused by areas of discrete brittle failure on the specimen’s surface.
The resin however behaved in a ductile manner by undergoing a significant amount of plastic
deformation before rupture. This is further outlined in the optical sensor and foil strain gauge data
displayed in Figure 5-14. Compared to the cement grout response, which experienced a large
increase in strain at the end of the test, specimen Res-C slowly accumulated strain during plastic
deformation.
Figure 5-14 also depicts the strong correlation between the two strain measurement
methods. The average difference in the strain responses between the optical strain sensor loops and
the traditional foil strain gauges ranged from 24 με in Line 7 to 740 με in Line 9. Given that the
foil strain gauge and optical strain sensor strain measurements were 1 cm apart, the presence of
strain gradients along the specimen’s surface could explain the strain discrepancies between the
measurement methods.
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Figure 5-14: Specimen Res-C optical strain sensor and foil strain gauge measurement
comparison

5.2 Advanced Testing Results
Through the POC testing, it was revealed that ROFDR fiber optic strain sensing technology can
measure the full-field strain response of UCS test specimens. However, the POC testing apparatus
did not meet ASTM standards and introduced a lot of uncertainty in the UCS tests. Therefore, by
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continuing the testing program at Queen’s Advanced Geomechanics Testing Laboratory, the DOSUCS technique could be further improved through iterative testing and the results could be assessed
based on standard geomechanical testing procedures. This section highlights the results of the
advanced testing stage.
5.2.1 Helical (H) Sensor Configuration Assessment
The POC testing analyzed the combined (B) and circumferential (C) optical sensor configurations.
Although both configurations were found to be effective at measuring the full-field strain of UCS
tests, the potential strain data spatial resolution of the configurations were limited, and the
configurations were inefficient to install and difficult to replicate. For instance, due to the
complexity of the design, the POC layouts required several hours to install. The designs were also
found to be an inefficient use of a continuous optical strain sensor because they included transitional
lengths of optical fiber that were not used for strain sensing. Since the main goal of this research is
to provide a turnkey solution to measure the full-field strain of UCS tests, it is essential that the
final solution be easy to install and use. From these requirements, the helical (H) sensor
configuration was designed to increase the spatial resolution of strain data, improve installation
times, and remove the unnecessary lengths of transitional optical fiber. This configuration was
tested on two different geomaterials. First, the H sensor configuration was tested on two cement
grout specimens to assess whether changing the testing apparatus would produce different
responses. Then, the configuration was tested on three PdB granite specimens to assess the fullfield strain response of high-strength crystalline rock. All of these tests were controlled using axial
extensometers at a displacement rate of 0.01 mm/min. Presented in this section are the results from
these tests.
5.2.1.1 Cement Grout H Configuration Results
The H sensor configuration was first tested on two 10 cm diameter cement grout specimens shown
in Figure 5-15 (Cem-H-1 and Cem-H-2). The Cem-H specimens were prepared at the same time
107

and were from the same batch as the POC cement specimens. Therefore, the Cem-H specimens are
expected to have similar strain responses as the POC specimens. By testing the same material as
was used in the POC stage it allows the two testing apparatuses to be directly compared through
the results of the full-field strain responses. As another way of testing the effect of strain data spatial
resolution, Cem-H-1 and Cem-H-2 were set up with different helical configurations. Cem-H-1 had
a helix pitch of 2 cm, resulting in 9 complete helix revolutions while Cem-H-2 had a helix pitch of
4 cm, resulting in 4.5 helix revolutions. The circumferential strain scans of the two grout specimens
undergoing uniaxial loading are displayed in Figure 5-16. The UCS of specimen Cem-H-1 and
Cem-H-2 was 35 MPa and 37 MPa, respectively.

Figure 5-15: Cement grout H configuration specimens (Cem-H-1 and Cem-H-2)
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Figure 5-16: Circumferential strain scans of specimen Cem-H-1 and Cem-H-2
As shown in Figure 5-16, the circumferential strain responses of both specimens remained spatially
uniform below 70% of UCS. Beyond 70% UCS, areas of strain concentration began to form. In
both tests, circumferential strain concentrated at the bottom of the specimens near the platenspecimen boundary and grew in magnitude until UCS was reached. At UCS, the grout cylinders
rapidly expanded at their base while the rest of the specimens were largely unaffected. At the base
of the specimens, circumferential strain measurements exceeded 4000 με, while at the mid-height
of the specimens, circumferential strain barely exceeded 1500 με. This rapid end expansion is the
same response that was measured during the POC testing, but the POC specimens expanded at the
top instead of the bottom. This difference in response could be due to discrepancies in loading
caused by irregularities in the sulphur mortar caps, however, each of the grout specimen caps were
installed to meet ASTM standard C617 (2015). Therefore, it is more likely that the difference in
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response is due to platen configuration differences between the two apparatuses. First, the platen
diameter of the POC testing apparatus was more than twice the diameter of the specimen, which
exceeds the standard in ASTM D7012 (2014). Second, although both apparatuses have a spherically
seated upper platen and a fixed bottom platen, the spherically seated platen of the advanced testing
apparatus is spring loaded, and in general, of a higher quality. Therefore, it is likely the advanced
testing apparatus is more effective at reducing shear stresses at the top specimen boundary
compared to the POC testing apparatus. In general, it seems more likely that rapid end expansion
would occur along the fixed platen boundary (as seen in the advanced testing) due to non-uniform
axial loading and shear stresses induced by the immobile platen. The area of rapid expansion at the
bottom of specimen Cem-H-2 is highlighted in the post-test picture displayed in Figure 5-17.

Figure 5-17: Specimen Cem-H-2 post-test. Highlighted is the area of concentrated
circumferential strain that correlates with Cem-H-2’s strain scan.
The rapid expansion of the cement grout specimen ends during UCS testing is consistent with the
findings of Fakhimi and Hemami (2015) discussed in Section 2.2.2. To review, Fakhimi and
Hemami observed that higher local axial strains in the outer shell of the specimen relative to its
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interior induces vertical shear between the outer and inner sections of the specimen. At higher axial
stresses, the induced shear stress produces shear cracks which dilate at the interface between the
outer shell and interior of the specimen. The dilation along the interface between the inner and outer
sections of the specimen generates a normal stress along the shear cracks and subjects the outer
shell to internal radial expanding pressures. This generates radial tensile cracks in the shell (parallel
to the specimen axis and perpendicular to the axial shear cracks) resulting in surface spalling
(Figure 5-17). This phenomenon was successfully captured using the DOS-UCS technique,
whereas if the traditional discrete strain measuring devices were used to monitor the response of
Cem-H-1 and Cem-H-2, the only evidence of the rapid base expansion phenomenon would come
from examining the post-test specimen. It also begs the question whether the UCS values produced
from these two tests are valid considering both specimens failed due to stresses created by the
interface between the platen and specimen. If instead the test achieved uniform axial stresses and
contained no platen boundary effects, it is possible the specimens would have achieved a larger
UCS.
To verify the DOS results, foil strain gauges were placed next to the optical sensors. One strain
gauge was oriented parallel to the direction of the optical sensor and one was oriented horizontally
in the direction of the minimum principal strain. Due to the different sensor pitches, the optical
strain sensors and parallel strain gauges were oriented 3.6° and 7.2° from horizontal for Cem-H-1
and Cem-H-2, respectively. Figure 5-18 compares the results from the strain gauges and optical
sensors of both specimens.
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Figure 5-18: Comparison of data from optical strain sensors and strain gauges from
Cem-H-1 and Cem-H-2
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As seen in Figure 5-18, the optical strain sensors recorded similar responses in both tests. However,
since specimen Cem-H-2 had a larger helix angle, it required a larger correction factor to convert
the optical sensor data to circumferential strains. The average correction factor for Cem-H-1 and
Cem-H-2 was 7.4 με and 13.8 με, respectively. Therefore, as expected, by decreasing the helix
angle of the optical sensor configuration, the measurements approach circumferential strain. Also,
by decreasing the helix angle of the sensor configuration, the spatial resolution of strain data is
increased. The total number of strain measurements on Cem-H-1 and Cem-H-2 was 4396 and 2206,
respectively. This corresponds to a spatial measurement density of 7.8 and 3.9 measurements per
cm2, respectively. Therefore, a more accurate and detailed representation of the full-field strain
response of a UCS specimen is acquired when the helix angle of the sensor configuration is
decreased.
It is noticeable from Figure 5-18 that the optical strain sensor and strain gauge data do not
correlate well. The strain gauges on specimen Cem-H-1 recorded consistently less strain over the
course of the test, averaging a difference of 194 με between the optical sensor and parallel strain
gauge. While the strain gauges on specimen Cem-H-1 recorded a consistent increase in strain over
the course of the test, the results from the strain gauges on specimen Cem-H-2 were sporadic and
do not reflect the results from the optical strain sensor. After completing several UCS tests on
cement grout it should be noted that the optical strain sensors often performed more consistently
than the foil strain gauges. Although the foil strain gauges were installed according to the
manufacturer’s specifications, they often dislodged from the surface of the cement grout during
testing. It is suspected that the strain gauges used did not provide enough surface area to properly
adhere to the cement grout. In contrast, since the optical strain sensors are wrapped tightly around
the UCS specimens, the outward expansion of the specimens during testing due to Poisson’s effect
produces tension in the optical fiber, keeping the sensor tight to the surface. In other words, the
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optical strain sensors rely less on surface adhesion compared to foil strain gauges because of the
natural constriction of the sensor around the specimen during testing.
5.2.1.2 Granite H Configuration Results
Although many material testing laboratories routinely subject grout specimens to UCS tests for
civil construction projects, the Queens’s Advanced Geomechanics Testing Laboratory specializes
in conducting UCS tests on rock. Therefore, the goal of this work is to produce an accurate method
of full-field strain measurement for UCS tests of rock specimens. To begin testing the feasibility
of using the DOS-UCS technique on rock specimens, optical strain sensors were applied in the H
configuration to the exterior of three laboratory scale PdB granite specimens (Gr-H-1, Gr-H-2, and
Gr-H-3). All specimens were produced to meet the standards set out by ASTM D4543 (2008) and
were tested according to ASTM D7012 (2014).
The results from the granite test series outfitted with the H sensor configuration are
presented in Figure 5-19. For each test, the results from the strain gauges, extensometers, and
optical strain sensors are compared. The fiber optic strain (FO strain) measurements shown were
taken from the section of sensor that crossed the mid-height of the specimen, the same section that
was straddled by the circumferential and parallel strain gauges (SG1 and SG2). The perpendicular
strain gauge (SG3) results were used to axially/circumferentially convert the fiber optic strain
measurements as described in Section 4.7.2. Table 5-7 outlines the average differences between the
methods of strain measurement and the average conversion factors that were used to convert the
helical optical strain measurements to circumferential and axial measurements. The UCS of
specimens Gr-H-1, Gr-H-2, and Gr-H-3 was 233 MPa, 253 MPa, and 241 MPa, respectively.
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Figure 5-19: Comparison of strain measuring devices on three PdB granite UCS tests using
H sensor configuration. Note: extensional strain is negative, compressive strain is positive.
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Table 5-7: Comparison table of fiber optic (FO) and strain gauge (SG) measurements
Gr-H-1

Gr-H-2

Gr-H-3

Mean absolute
difference

31.6 με

17.1 με

136 με

Mean relative
difference

9.8%

3.0%

26.7%

Mean absolute
difference

87.4 με

107 με

68.8 με

Mean relative
difference

24.4%

17.4%

12.3%

Mean absolute
difference

20.3 με

55.1 με

102 με

Mean relative
difference

6.3%

9.7%

5.0%

Mean absolute
difference

118 με

33.7 με

211 με

Mean relative
difference

8.1%

1.8%

10.3%

Mean circumferential correction factor

-35.4 με

-34.6 με

-35.4 με

Mean axial correction factor

1768 με

1728 με

1769 με

FO strain vs parallel SG strain

Circ. converted FO strain vs
circ. SG

Parallel SG vs circ. SG

Axially converted FO strain vs
extensometer strain

In each test there is a strong correlation between the optical strain sensor measurements and the
measurements from the strain gauges running parallel to it, with average absolute differences
ranging from 17 to 136 με, which corresponds to average relative differences ranging from 3% to
27%. This close correlation indicates that the two strain measurement methods were adequate at
measuring the strain response of the granite specimens. It also verifies that the method of adhesion
used to attach the optical strain sensors to the granite UCS specimens achieved optimal strain
transfer.
The average correction factor used to convert the optical strain sensor data for the three
tests was -35 με for circumferential strain and 1755 με for axial strain. Since the helical optical
strain sensor is at a low angle to the horizontal axis of the UCS specimen (8°), a small
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circumferential correction factor is needed. Conversely, there is a large angle between the helical
optical strain sensor orientation and the vertical axis of the UCS specimen (82°) which requires a
large axial correction factor. Therefore, only a slight conversion of the unaltered strain
measurements is required to calculate circumferential strain, considering the accuracy of the system
is ±25 με. The conversion to axial strain however relies primarily on the measurement of the
perpendicular strain gauge (SG3). Although the axially converted optical strain and the
extensometer strain correlated strongly with an average absolute difference ranging from 34 to 211
με in the three tests (i.e. 2% to 10% relative difference), the reliance on one strain gauge to convert
to axial strain is unreliable and seen as a fundamental flaw in the H configuration design. To
highlight this, a notable offset in the axially converted optical strain of Gr-H-2’s response is visible
at approximately 50 MPa. This discrepancy was caused by a disturbance in the strain gauge
connection wires during testing, and since the conversion strongly relies on the strain gauge
measurements, the disturbance is clearly visible.
Considering the parallel and circumferential strain gauges were oriented with an 8°
difference, the circumferential strain gauge responses should be approximately 35 με less than the
parallel strain gauge responses. However, only test Gr-H-3 had the circumferential strain gauge
measuring lower strains than the parallel strain gauge (mean absolute difference of 102 με). A
possible explanation for this phenomenon is that the strain gauges were in different locations on
the specimen’s face during testing, subjecting the strain gauges to different local strain conditions.
The potential influence of spatial strain variability is highlighted in the strain scans of the three PdB
granite tests displayed in Figure 5-20.
Figure 5-20 shows that the three granite UCS tests experienced a variety of strainresponses. This is further detailed in Table 5-8 which compares the strain responses of each test.
At 40% UCS, the circumferential strains are relatively uniform, with an average range of 261 με
between the minimum and maximum strain values and an average RSD of 12.2%. At 70% UCS,
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although the average range of strain increases to 541 με, the average RSD remains essentially the
same at 12.5%. At 90% UCS, the average range of strain increases to 1052 με and the average RSD
increases to 17.6%. Finally, at UCS, the average range of strain reaches 3260 με with an average
RSD of 30.6%. These trends indicate that for the majority of the UCS test the dispersion of strain
values relative to the mean remain constant. However, near the end of the test, above 90% UCS,
the range between the minimum and maximum strain values increases dramatically. Therefore, as
the test approaches the UCS of the specimen, the specimen’s full-field strain response becomes
increasingly non-uniform. This is highlighted in the strain scans shown in Figure 5-21 where at the
point of UCS all three specimens developed a large area of strain concentration. The value of
maximum strain in all three tests were similar, but the locations of maximum strain varied.
Although the location of maximum strain is expected to occur at the mid-height of the UCS
specimens, this did not always occur. For instance, the maximum strain of Gr-C-1 occurred near
the top of the specimen. Although the maximum strains occurred in different locations on the
surface of the specimens, in all three tests the minimum strain values occurred along the upper and
lower boundaries, adjacent to the platens. This is likely manifested through the confining effects of
platen friction, which reduces the expansion of the specimen ends and causes the cylinders to barrel.
It is also observed that the strain distributions were not always uniform around the circumference
of the specimens. This is most pronounced in tests Gr-H-1 and Gr-H-3 where opposite sides of the
specimens, at approximately 40 mm and 110 mm along the circumference, correspond to a low and
high strain concentration, respectively. A possible explanation for this phenomenon is
discrepancies in specimen end flatness. Table 5-9 outlines the end flatness measurements taken
during the specimen preparation process and shows that specimen Gr-H-2 had ends that were flatter
than specimens Gr-H-1 and Gr-H-3. It is expected that specimens with flatter ends produce more
uniform stress and strain fields which is why current standards have requirements on specimen end
flatness (ASTM, 2019).
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Figure 5-20: Circumferential strain scans of specimen Gr-H-1, Gr-H-2 and Gr-H-3
Table 5-8: Summary of strain data variation from the three PdB granite UCS tests
% of UCS

40%

70%

90%

100%

Min.*

157

249

290

323

Avg.*

255

516

810

1227

Max.*

338

632

1112

3527

RSD

10.5%

13.1%

21.8%

39.4%

Min.*

146

294

416

426

Avg.*

332

707

1195

2259

Max.*

390

813

1389

4057

RSD

9.3%

9.7%

12.8%

24.0%

Min.*

78

149

211

261

Avg.*

312

664

1128

1908

Max.*

436

869

1573

3206

RSD

16.8%

14.6%

18.2%

28.6%

Gr-H-1

Gr-H-2

Gr-H-3

*Units of microstrain
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Table 5-9: PdB granite specimen end flatness measurements
Specimen End Flatness

Gr-H-1

Gr-H-2

Gr-H-2

Diameter 1 (mm)

0.006

0.002

0.006

Diameter 2 (mm)

0.014

0.009

0.012

Diameter 1 (mm)

0.013

0.006

0.011

Diameter 2 (mm)

0.008

0.002

0.003

End 1

End 2

To determine if the strain concentrations in the UCS strain scans were caused by sample
heterogeneity, a core scan photo of each specimen was examined (Figure 5-21). The core scan
photos of the granite reveal it is relatively homogeneous, equigranular, and has no discernible
structure. It is apparent that the strain concentrations do not correlate with any defects or structural
weakness within the samples. Therefore, it is more likely that the strain concentrations are a product
of the specimen failure modes. To examine the modes of failure of each of the granite specimens,
a post-test photo was taken (Figure 5-22). As observed in Figure 5-22, specimen Gr-H-1 failed
through a double shear mechanism which gives the failed specimen a distinctive hour-glass failure
shape. Specimens Gr-H-2 and Gr-H-3 however failed in a Y-shaped pattern which is characterized
by two shear planes which join to result in a simple extension type failure (or an axial splitting type
failure) at the middle of the specimen. These failure modes are also reflected in the areas of strain
concentration seen in the UCS strain scans. In the UCS strain scan of specimen Gr-H-1, a large
strain concentration formed at the top of the specimen and the mid-height of the specimen was
largely unaffected. This area of strain concentration at the top of the specimen also directly
correlates with a shear fracture which is highlighted in Figure 5-22. Therefore, the Gr-H-1 strain
concentration is likely the location of shear initiation where cracking began. For specimens Gr-H2 and Gr-H-3, strain concentrated around the mid-height of the specimen in a more uniform way
than Gr-H-1. This could be explained as a response to the axial splitting failure, where axial
fractures dilated to create an area of bulging and increased circumferential strains at the mid-height
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of the specimens. Overall, the locations of maximum circumferential strain were not always
recorded at the mid-height of the specimens (where traditional strain gauges would normally be
placed). This spatial variance in strain presents a challenge when considering the traditional strain
monitoring techniques used for uniaxial compression testing. Based on the test results presented,
using discrete strain gauges could lead to large discrepancies between the measured maximum
strain and the actual maximum strain experienced by the specimen.

Figure 5-21: PdB Granite specimen core-scan photos. Sensing zones outlined in red.

Figure 5-22: Post-test photos of PdB granite specimens. Note: Dashed red line highlights
fracture that correlates with location of strain concentration anomaly.
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5.2.1.3 Crack Detection and Spatial Verification Results
To assess the spatial accuracy of the H sensor configuration and data processing method, a UCS
test was conducted on an intact limestone specimen (Lm-H) that contained two visible sub-vertical
surface cracks (Figure 5-23). By testing a pre-cracked specimen, the expectation was that most of
the strain would center around these cracks as they progressively opened during the course of the
test. Therefore, the strain concentrations associated with the expansion of the cracks during testing
could be directly correlated with the crack locations in the specimen’s core scan photo. This
provides a means of verifying the spatial accuracy of the H sensor configuration and the DOS-UCS
technique. It also tests the ability of the optical sensors to detect crack propagation and dilation.
Figure 5-24 presents the circumferential strain scans of specimen Lm-H. Highlighted in Figure 5-24
is the results from the circumferential strain scan at UCS (45 MPa) overlaid by a semi-transparent
core scan photo of specimen Lm-H. It is clear from Figure 5-24 that the optical strain sensor
configuration was successful in detecting the presence of the surface cracks.

Figure 5-23: (Left) Photo of specimen Lm-H before testing. (Right) Core scan photo of
specimen Lm-H with sensing zone highlighted in red.
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Figure 5-24: (Left) Circumferential strain scans of specimen Lm-H. (Right) UCS strain scan
overlaid by semi-transparent core scan photo of specimen Lm-H.
At 40% UCS, a sub-vertical strain concentration in the approximate location of the central surface
crack was detected. Then, as stress increased, the strain anomaly increased in size and magnitude.
At UCS, the strain anomaly reached its largest size and magnitude while the rest of the specimen
saw little change in its strain response. By overlaying the core scan photo of specimen Lm-H onto
its corresponding UCS strain scan, the location of the strain anomaly and surface cracks can be
correlated. As expected, the surface crack and strain anomaly correlated strongly, sharing the same
shape and location. One main difference between the size and shape of the surface crack and strain
concentration is their width. Although the surface fracture opening is less than a millimeter wide,
the strain concentration is approximately a centimeter in width. This phenomenon is likely caused
by the decoupling of the optical strain sensor from the specimen at the crack location which causes
the strain at the opening of the crack to disperse along a longer section of the optical sensor. Overall,
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this test verifies that the H sensor configuration and DOS-UCS technique can detect the location of
cracks and produce strain scans that are spatially accurate.
5.2.2 Final (F) Sensor Configuration Assessment
After completing the H sensor configuration testing series, several modifications were made to the
instrumentation set-up to create the final (F) sensor configuration. The F sensor configuration
improved on the H sensor configuration in several ways. First, the helical portion of the optical
strain sensor configuration was supplemented with circumferential loops at the specimen ends. This
way the strain scans provide better coverage of the UCS specimen’s surface, filling in the gaps of
data at the specimen ends in the H configuration strain scans. Second, a circumferential loop was
added at the mid-height of the specimen to replicate a traditional chain extensometer. By doing
this, the optical strain sensor measurements could be circumferentially converted without a
perpendicular strain gauge (SG3). In the H sensor configuration, SG3 was a discrete measurement
that limited the allowable helical pitch and thereby limited the potential spatial resolution of the
strain measurements. By removing SG3, the reliability of the circumferential strain conversion
process was strengthened while also increasing the potential spatial resolution of strain
measurements. By making these changes, the F sensor configuration pitch was decreased to 1 cm
which corresponds to a helix angle of 2.4°. To test the capabilities of the F sensor configuration
and the DOS-UCS technique, a UCS testing series was conducted on five nodular Cobourg
limestone specimens to examine the effects of sample heterogeneity on UCS specimen strain. The
tests were conducted at a platen displacement rate of 0.1 mm/min. The strain response results of
the F sensor configuration limestone test series is presented in Figure 5-25. The plots display the
average of the three axial extensometers and the average circumferential strain measured from the
top, middle and bottom circumferential optical sensor loops. The strain response plots show that
the circumferential strain rate at the top, middle and bottom heights of the sample quickly diverged
after loading began.
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Figure 5-25: Cobourg limestone circumferential (circ.) and axial strain response plots
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It is also observed that at the end of the test the circumferential strain at the bottom of the specimens
often rapidly increased and surpassed the circumferential strains at the middle and top of the
specimens. This rapid expansion of the specimen’s base at UCS is similar to the responses observed
from the cement grout testing series and is likely due to the same mechanisms. Another noticeable
trend in the strain response plots is that the mid-height of each specimen expanded laterally at a
faster rate than the ends. This is consistent with the effects of platen friction restricting the lateral
expansion of the specimen ends and causing the cylindrical specimens to barrel. The confining
effects were also measured to be consistently greater at the bottom of the specimens than at their
tops. This is likely due to the difference in platen fixity. Since the top platen is spherically seated,
it conforms to the same orientation as the top surface of the specimen. The bottom platen however
is fixed which likely causes greater frictional effects, inducing larger shear stresses and causing
greater confinement at the bottom of the specimen.
To verify the optical strain sensor measurements shown in Figure 5-25, each of the
responses from the mid-height circumferential loops were compared to conventional foil strain
gauges as shown in Figure 5-26. The strain gauges on specimens Lm-F-1 and Lm-F-5
malfunctioned during their tests and are therefore not presented. The average relative and absolute
differences between the strain measurement techniques are displayed in Table 5-10. In general, the
optical strain sensor and foil strain gauge measurements correlated strongly in each of the tests.
The difference in the circumferential strain measured from the optical strain sensors and the foil
strain gauges was on average 15.6% of the absolute value over the entire loading range. The mean
absolute difference between the two techniques was 61 με. This further indicates that the optical
strain sensors can precisely measure circumferential strain and produce results that are comparable
to traditional foil strain gauges.
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Table 5-10: Comparison of optical strain sensor and foil strain gauge results for Cobourg
limestone UCS tests
Lm-F-2

Lm-F-3

Lm-F-4

Mean relative difference
between techniques (%)

40.3

16.3

6.7

Mean absolute difference
between techniques (με)

152

59.8

28.9

Mean circumferential
correction factor (με)

-3.42

-3.31

-3.59

Figure 5-26: Comparison of strain measuring devices during three Cobourg limestone
uniaxial compression tests using the F sensor configuration. Note: Extensional strain is
negative.
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Also note that Table 5-10 outlines the mean circumferential correction factor required to convert
the raw optical strain data to circumferential strain. On average, a -3.44 με correction factor was
required, which is near negligible compared to the accuracy of the DOS system (± 25 με).
The geomechanical properties of each specimen were calculated based on the strain
responses displayed in Figure 5-25. The value of Young’s modulus (E) was calculated as the
tangent of the axial stress-strain curve at 50% of UCS. The value of Poisson’s ratio (υ) was
calculated as the tangent of the axial strain-circumferential strain curve at 50% of UCS. By
assuming the axial strain measured at the mid-height of the specimen is uniform along its length, a
Poisson’s ratio value was calculated at the top, bottom and mid-height of the sample to compare
the relative lateral expansion along the length of the specimens. A summary of the calculated values
is shown in Table 5-11. No data is presented for the top fiber optic loop of sample Lm-F-2 due to
sensor damage that occurred during installation.
Table 5-11: Cobourg limestone test specimen’s geomechanical properties.
Sample

UCS (MPa)

E (GPa)

Lm-F-1

41.3

Lm-F-2

Poisson's Ratio
Bottom

Middle

Top

49.3

0.130

0.708

0.605

138.4

41.4

0.146

0.261

NA*

Lm-F-3

154.1

49.1

0.184

0.268

0.216

Lm-F-4

156.7

46.2

0.155

0.281

0.221

Lm-F-5

123.1

44.4

0.160

0.248

0.194

*Top of sensor inoperable due to damage during installation

When examining the properties of the five limestone specimens, several conclusions can be made.
First, Lm-F-1 has a much lower UCS compared to the other tests and the calculated Poisson’s ratios
at the top and middle of Lm-F-1 are much higher than the other specimens. Second, in each test,
the relative Poisson’s ratios at the top and bottom of the specimen were lower than at the midheight, which confirms the specimen ends were laterally confined. Figure 5-27 shows that the
Poisson’s ratios at each of the respective measurement heights had similar values between tests but
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the values differed based on their proximity to the platens. Lm-F-1 is excluded from Figure 5-27
due to it being an extreme outlier. The average Poisson’s ratio at the top, middle, and bottom of the
samples were 0.210, 0.265, and 0.161, respectively. This further illustrates how the confining
effects were greatest at the bottom of the specimen.

Figure 5-27: Relative Poisson's ratios at bottom, middle, and top of Cobourg limestone UCS
specimens
Excluding specimen Lm-F-1, each of the UCS tests produced similar results which is necessary to
provide an accurate estimate of the true geomechanical properties. Excluding Lm-F-1, the average
UCS and Young’s modulus of the limestone is 143 MPa and 45.3 GPa, respectively. Jaczkowski
(2017) conducted a UCS testing program on Cobourg limestone specimens from the same quarry
stone as the specimens outlined in this section. Jaczkowski’s testing program was designed to
investigate the influence of saturation, scale, and loading rate on the geomechanical properties of
the rock. Therefore, only 3 specimens were tested with the same geometry and axial displacement
rate as the specimens outlined in this section. The range of UCS between these three specimens
was 107-128 MPa with an average UCS of 116 MPa. Therefore, the average strength of the
limestone in this study is 27 MPa larger than Jaczkowski’s program.
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The increased strength of the UCS specimens outfitted with optical strain sensors could be
caused by the fiber optic cables restricting lateral expansion. As the axial stress increases during
the test, the corresponding lateral strain increases, and the fiber optic cables develop a tensile hoop
stress balanced by radial pressure which reacts against the lateral expansion of the specimen. The
confining action of an optical strain sensor on a UCS specimen is shown in Figure 5-28.

Figure 5-28: Confinement pressure due to fiber optic cables (modified from Benzaid and
Mesbah, 2013)
The maximum confining pressure provided by the fiber optic cable is related to the strength and
quantity of the fiber optic cable and the diameter of the UCS specimen. The maximum confining
pressure that the fiber optic cable can exert is achieved when the fiber optic cable reaches its
ultimate circumferential strain and ruptures. This confining pressure is given by Equation 5-2:
𝜎𝑐 =

2𝑡𝑓𝑜 𝐸𝑓𝑜 𝜀𝑢 2𝑡𝑓𝑜 𝜎𝑓𝑜 𝜌𝑓𝑜 𝜎𝑓𝑜
=
=
𝑑
𝑑
2

(5-2)

where 𝜎𝑐 is the maximum lateral confining pressure, 𝐸𝑓𝑜 is the elastic modulus of the fiber optic
cable, 𝜀𝑢 is the ultimate tensile strain of the fiber optic cable, 𝜎𝑓𝑜 is the ultimate tensile strength of
the fiber optic cable, 𝑡𝑓𝑜 is the total thickness of the fiber optic cable, 𝑑 is the diameter of the UCS
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specimen, and 𝜌𝑓𝑜 is the fiber optic volumetric ratio given by Equation 5-3 for fully wrapped
circular cross sections.
𝜌𝑓𝑜 =

𝜋𝑑𝑡𝑓𝑜
4𝑡𝑓𝑜
=
2
𝜋𝑑 /4
𝑑

(5-3)

Therefore, given that the tensile strength of the optical fiber is 0.7 GPa (Corning, 2014), if the UCS
specimens were fully wrapped with fiber optic cable, the maximum lateral confining pressure
exerted would be 4.7 MPa. However, for the F sensor configuration, the total length of fiber optic
cable on the UCS specimen’s surface is 4952 mm. Given the thickness of the optical fiber is 0.25
mm, the F sensor configuration covers an area of approximately 1238 mm2. Since the average
surface area of the UCS specimens cylindrical face is 45746 mm2, the F sensor configuration only
covers 2.7% of the face. Therefore, the actual maximum confining pressure exerted by the F sensor
configuration is approximately 0.13 MPa. This signifies that the optical sensors produce very little
confining pressure on the UCS specimens and is unlikely to be the cause of the increased strength.
To support this, Alejano et al. (2017) conducted a series of UCS tests on Indiana limestone that
were strapped with various materials, such as polyamide tie wraps and 3mm steel cables. The
results from this testing was that the pre-peak behaviour of the specimens was essentially
unaffected by the presence of the strapping. It was also found that the peak strength of the
specimens was unaffected. Therefore, it should be noted that even if the entire specimen were
wrapped in optical cable, due to the lack of initial tension in the cables and the relatively low
amount of strain exerted on them, it is unlikely that the confinement would largely affect the prepeak behaviour and UCS of the specimen.
The wide range in Cobourg limestone UCS values is more likely due to lithological
variations between specimens and flaws in UCS testing rather than the confining effects of the
optical fiber. This is illustrated well by the circumferential strain scans of the five Cobourg
limestone tests outfitted with the F sensor configuration (Figure 5-29) and the associated data
summary tables displayed in Appendix E. This data provides insight into the similarities and
differences between the tests. For example, the average circumferential strains between tests
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correlated strongly, with the largest discrepancy between tests being 143 με. However, the extent
of variability in relation to the mean varies greatly between tests. The average RSD of specimens
Lm-F-1 to Lm-F-5 is 62.4%, 27.2%, 26.8%, 17.3%, and 37%, respectively. Specimen Lm-F-1 had
a consistently larger variation of strain measurements compared to the other tests, while specimen
Lm-F-4 consistently had the lowest. These results are consistent with the strain patterns that are
displayed in Figure 5-29. Lm-F-1 has a unique parabolic strain pattern that is an outlier compared
to the other tests, while Lm-F-4’s strain pattern is relatively uniform throughout. Excluding Lm-F1, the accumulation and distribution of strain at each stress stage is comparable between tests. At
40% UCS, the circumferential strains are relatively low and uniform with an average strain of 280
με and an average RSD of 18.3%. Spatially, small areas of strain concentration begin to appear at
this stage. At 70% UCS, the average circumferential strain increases to 559 με but the average RSD
remains the same at 18.3%. Spatially, the areas of strain concentration visible at 40% UCS are now
larger in size and magnitude. At 90% UCS, the average circumferential strain further increases to
814 με while the average RSD slightly increases to 22.2%. The same areas of strain concentration
that are visible at 40% and 70% UCS have continued to grow in size and magnitude. Up to this
point, the quantity of strain concentrations remains the same in each test and no additional strain
concentrations form. However, at UCS, the average circumferential strain increases to 1152 με and
the average RSD increases dramatically to 49.5%. This drastic increase in strain variability is due
to the formation of large strain concentrations that are only present at UCS. These discrete areas
are understood to be the locations of specimen failure which occur in different locations for each
test. For specimens Lm-F-2 and Lm-F-5, strain concentrated near the platen boundaries. For
specimens Lm-F-3 and Lm-F-4, strain concentrated in discrete locations around the mid-height of
the specimens, and for specimen Lm-F-1, a very pronounced parabolic strain concentration formed.
To better interpret the shapes of these strain concentrations, the UCS strain scans of each test were
overlaid with a semi-transparent, sharpened greyscale core scan photo as displayed in Figure 5-30.
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Figure 5-29: Circumferential strain scans of the Cobourg limestone UCS specimens
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Figure 5-30: Strain scans of limestone samples at UCS overlaid by semi-transparent core
scan photos
By overlaying a core scan photo on each of the respective UCS strain scans, sample structure can
be correlated with areas of strain concentration. This is best exemplified by sample Lm-F-1 shown
in Figure 5-30. It was noted that there is a parabolic strain concentration measured in Lm-F-1 which
is difficult to explain without context. However, by comparing the structure of the sample, it was
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determined that the strain concentration directly correlates with a healed fracture. The healed
fracture is a weak point within the sample that created a preferential failure location where strain
concentrated. It was determined that Lm-F-1 was an outlier when comparing the geomechanical
properties of the specimens, but conventional strain measurement techniques could not provide a
reason for its uniquely low strength and large Poisson’s ratios. However, by measuring the spatial
strain response of the sample, the explanation for it being an outlier is clear. For the rest of the
specimens, the strain concentrations were predominantly within the clay-rich inter-nodular layers.
Due to the variable material that makes up the inter-nodular layers (i.e. clays, detrital silicates, and
organic matter), and the variable strength of these materials, the inter-nodular layers are likely
lower strength compared to the calcite nodules. It was observed that the inter-nodular layers began
cracking prior to the calcite nodules which created preferential fracture pathways through the clayrich layers. However, not all layers outlined in the core scans correspond with strain concentrations.
It should be noted that the core scans represent the structure at the surface of the specimens and the
continuation of layers within the specimens is unknown. It is possible that layers that appear at the
surface of the samples are truncated by calcite nodules within. Clay-rich layers that run
continuously around the circumference of a sample are more likely to be throughgoing. An example
of this can be seen in Figure 5-30 where Lm-F-3’s area of strain concentration correlates with a
clay-rich layer that runs continuously around the sample at a height of approximately 65 mm. This
area of strain concentration also correlates with a zone of concentrated damage in the post-yield
sample as shown in Figure 5-31.
Since the DOS-UCS technique measures the full-field strain of UCS specimens, the
response at any area on the surface of the UCS specimen can be further examined. Taking specimen
Lm-F-3 as an example, the response at the area of strain/damage concentration can be evaluated
and compared to the response at the mid-height of the specimen, where strain monitoring
instrumentation would traditionally be placed for UCS tests, as shown in Figure 5-32.
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Figure 5-31: Post-test photo of specimen Lm-F-3. Highlighted is an area of concentrated
damage.

Figure 5-32: a) Locations of strain response probing on Lm-F-3. b) Material response at the
mid-height and clay seam of specimen Lm-F-3. c) Simplified model of Lm-F-3’s response.
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Conducting the analysis shown in Figure 5-32 allows for the calculation of radial stiffnesses at each
probed location. Accordingly, the radial stiffness of the clay layer is 83 GPa while the radial
stiffness around the mid-height of the specimen is 187 GPa (where the radial stiffness is measured
as the tangent of the axial stress-circumferential strain curve at 50% of UCS). Therefore, the
resistance to lateral expansion was much greater in the calcite-rich nodules compared to the clay
layer. Since uniaxial compression tests do not provide radial confinement, if a UCS specimen has
a heterogeneous distribution of radial stiffnesses, the areas of lower stiffness are free to expand at
a greater rate than the rest of the sample. In the case of specimen Lm-F-3, this resulted in the clay
layer rapidly expanding and collapsing as shown in the simplified model displayed in Figure 5-31.
Therefore, the failure of the specimen, and the corresponding UCS, was governed by the strength
of the clay layer.
To further examine the Cobourg limestone modes of failure, each of the UCS strain scans
were processed into 3D deformation models as shown in Figure 5-33. The deformations in these
models are exaggerated by a factor of 100 for better visualization. These models depict the response
of each specimen at UCS and further reveal how each specimen failed non-uniformly. In the case
of specimen Lm-F-2 and Lm-F-5, the 3D deformation models make it clear that the specimen ends
were the first locations to rupture. Both of these specimens had clay-rich layers at their ends (Figure
5-30) and therefore, when exposed to the confining effects and shear stresses induced by the
platens, the clay layers failed first. This is reflected in the UCS data as well, with specimen Lm-F2 and Lm-F-5 having the lowest UCS values (excluding Lm-F-1). In contrast, the ends of the
specimens with the highest UCS values (Lm-F-3 and Lm-F-4) did not rupture. Although their ends
did not rupture, the 3D deformation models show that their ends were confined, and the cylindrical
specimens barrelled. The 3D deformation model of Lm-F-3 also resembles the simplified model in
Figure 5-32, and confirms that the specimen failed through the collapse of its clay layer.
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Figure 5-33: 3D deformation models of the Cobourg limestone specimens at UCS. Note:
deformations exaggerated by a factor of 100.
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5.2.3 DOS-UCS Technique Discussion
Through the optimization of the DOS-UCS technique, the full-field strain response of UCS tests
can be measured with a high spatial density. This provides a much larger data set compared to
traditional discrete strain measurement techniques, which is necessary to garner statistical
significance. The large data sets allow for in-depth statistical analysis of individual UCS test strain
responses. At each time of data acquisition, measures of central tendency and dispersion can be
calculated to analyze the distribution of strain on a UCS specimen’s surface. The amount of strain
dispersion in a UCS test strain response signifies how uniform the test response is. Therefore, by
measuring the average relative standard deviation of UCS test strain data, specimens with nonuniform strain distributions can be highlighted. Through this analysis it was found that UCS
specimens with larger distributions of strain over the course of a UCS test are more likely to fail at
lower stresses. This trend is highlighted in Figure 5-34 where the average RSD of the PdB granite
and Cobourg limestone specimens are plotted against their respective UCS values.

Figure 5-34: Correlation between the average RSD and UCS of Cobourg limestone and PdB
granite
Figure 5-34 shows that the UCS of both rock types decreased as average RSD increased. In other
words, UCS tests with larger strain variability failed at lower stresses. These trends appear to be
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linear for both the PdB granite and Cobourg limestone tests. Both datasets have a good fit to the
linear trendlines with an R2 value of 0.96. The trendlines also have similar slopes, producing values
of -2.6 and -2.7 MPa/%RSD for the PdB granite and Cobourg limestone tests, respectively. This
indicates that UCS varies linearly based on the amount of strain variation in a UCS test. However,
it should be noted that these trends are based on small sample sizes. Therefore, to increase the
reliability of this analysis, further testing should be conducted.
The DOS-UCS technique cited herein provides superior strain data spatial resolution
consisting of a strain measurement per 0.65 mm of length of optical fiber. However, currently, for
it to be considered a viable method of strain response measurement for the calculation of
geomechanical properties, it must meet ASTM standard D7012 that is dated 7 years ago in 2014
prior to the use of up-to-date, more advanced testing apparatus, techniques and methods. ASTM
standard D7012 (2014) states that “the strain/deformation measuring system shall measure the
strain with a resolution of at least 25 × 10-6 strain and an accuracy within 2% of the value of readings
above 250 × 10-6 strain and accuracy and resolution within 5 × 10-6 for readings lower than 250 ×
10-6 strain, including errors introduced by excitation and readout equipment.” The cited values of
× 10-6 denote microstrain (με). The resolution of a measuring system describes the degree to which
a change can be detected and is given as the smallest signal increment that can be clearly recognized
or sensed. Accuracy describes the amount of uncertainty that exists in a measurement with respect
to the most probable value or relevant absolute standard. Accuracy should be based on the ability
to capture the most probable physical behaviour that is exhibited by a test specimen rather to a set
standard based on strain gauges. It should be noted that the ASTM standard refers to a single
measurement device (set at a particular point location) such as an electrical resistance strain gauge
or extensometer. Based on the standard, the accuracy of the strain measurement system must be
dynamic. This is inherently true for standard foil strain gauges, where strain measurement error
increases as a percentage of readout voltage. The error in the strain measurements as they related
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to foil strain gauges used in this research project is approximately 1% of the readings. However,
the ODiSI-B system utilized in this research has a proven accuracy of ±25 microstrain (with a mode
of operation of 23.8 Hz) for a single measurement at a single discrete location (Luna Innovations
Inc., 2017). Accuracy reflects ODiSI measurements compared to National Institute of Standards
and Technology (NIST) traceable extensometer measurements. The accuracy data is based on an
average of 150 scans at each of seven increments of strain, from 0 to maximum strain. Repeatability
of the measurement is ±0.55%. Repeatability across strain range refers to the average repeatability
over full strain range. Repeatability is measured and reflects 2σ standard deviation from the mean
with sample size of 150 scans with no filtering that is applied. Therefore, if the accuracy stated in
the standard is interpreted as the accuracy of a single discrete measurement, the DOS system would
only be sufficiently accurate for readings that exceed 1250 microstrain and this would not meet
ASTM requirements, as shown in Figure 5-35. However, the DOS-UCS technique produces
thousands of strain measurements, and the mean of this large data set (likely in the mid-third of the
specimen to negate platen effects) are surely enough readings in order to converge onto the true
value in order to pass ASTM standards. In addition, numerous measurements over a short time can
be stacked to reduce random errors in the readings. Therefore, although the accuracy of individual
measurements may not meet the requirements set out by ASTM standard D7012 (2014), the DOSUCS technique is better suited for capturing the true behaviour of UCS test specimens, and the
large quantity of data that is gathered through the technique allows for the possibility of accurate
strain measurements through a large sample size and data redundancy. In general, ASTM standard
D7012 (2014) does not seem to address the issue of heterogenous strains in a test sample and the
degree to which a single measurement is an accurate reflection of sample behaviour. If needed, the
DOS-UCS technique can be used with single strain gauges as a verification and calibration tool.

141

Figure 5-35: Comparison of DOS and foil strain gauge error relative to ASTM standard
D7012 (2014).
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Chapter 6
Conclusions and Recommendations
6.1 Conclusion
This research has demonstrated a novel distributed optical sensing (DOS) technique for measuring
the dynamic full-field strain response of UCS specimens (DOS-UCS technique). The DOS-UCS
technique has been verified to have the capability of capturing dynamic full-field strain responses
of homogeneous and heterogeneous rock specimens subjected to uniaxial compression through a
comprehensive laboratory testing program.
By utilizing an iterative testing approach, the design of the DOS configuration was
developed in parallel with the optimization of the sensor installation method. This led to the design
and construction of a novel automated optical strain sensor installation device which can accurately
and efficiently install helical optical strain sensors. The result is an easy-to-install, low-cost sensing
solution that can measure a high spatial density of strain measurements on the surface of a UCS
specimen. The technique can also be used to measure standard geomechanical properties. This was
highlighted by successfully installing optical strain sensors on granite and limestone UCS test
specimens, representing the first application of its kind.
Furthermore, the full-field strain response captured using the DOS-UCS technique has
exposed the inability of traditional discrete strain measurement techniques to capture the
complexities of highly variable UCS test strain responses. In this regard, it has been found that
measuring the distribution of strain on a UCS specimen’s surface can allow for in-depth strain
response analysis that discrete strain measurement techniques cannot provide. For example, it has
been shown that the technique can successfully detect the locations of strain concentrations. By
comparing a specimen’s full-field strain response to its geologic structure, correlations between
strain concentrations and specimen discontinuities can be made. Through this analysis, outliers in
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a UCS testing program can be easily identified and a reason for their nonconforming properties can
be given. Therefore, the DOS-UCS technique can be used as a novel quality control tool by
providing geotechnical engineers with a method for analyzing the quality of individual UCS tests.
It also provides engineers with a method of analyzing the merits of the UCS test itself.
The testing program conducted in this study reveals that UCS tests do not provide uniform
stress and strain fields. This is largely due to boundary effects at the specimen-platen contacts.
Specifically, the DOS-UCS technique confirms that platen friction confines the lateral expansion
of UCS specimen ends. This confinement can lead to the premature failure of low-strength UCS
specimens through the rapid expansion and rupture of specimen ends. Therefore, UCS is influenced
by the testing geometry in addition to rock properties. In conclusion, the developed DOS-UCS
technique provides unparalleled insight into the geomechanical behaviour of UCS specimens and
is worthy of adoption by practitioners in geotechnical engineering laboratories.

6.2 Major Contributions
The following are the major contributions from this research work:
1. Developed and optimized a novel technique for measuring the dynamic full-field strain
response of UCS specimens using Rayleigh Optical Frequency Domain Reflectometry
technology (DOS-UCS technique).
2. Verified the capability of the DOS-UCS technique to accurately and consistently capture
the complex strain distributions of UCS specimens.
3. Developed a novel data processing method to visualize the full-field strain response of
UCS specimens in 2D and 3D.
4. Designed and constructed a novel device that can accurately and efficiently install optical
strain sensors to the surface of UCS specimens.
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5. Demonstrated the high behavioural variability and deviation from continuum behaviour
that takes place after yield in rock samples, illustrating the degree of machine and
procedural control on the UCS of a sample (such that it is clearly shown not to be a material
property). The yield threshold, CD, marking the onset of crack interaction within the
specimen does manifest as a material property with minimal test-induced control.

6.3 Future Recommendations
The work presented in this thesis demonstrates the potential of the DOS-UCS technique as an
improved solution for strain response measurement of UCS tests. As such, it is recommended that
the technique be further developed and tested. Recommendations based on the findings of this
research include:
1. It is recommended that tests of similar design be performed to complement the findings of
this research and provide statistically significant results.
2. Only two rock lithologies were tested with the DOS-UCS technique. It is recommended
that a larger testing program be conducted on a wide variety of rock types, including a
variety of rock strengths and structures, to find trends in full-field strain responses.
3. By utilizing the DOS-UCS technique on heterogeneous limestone specimens, it was
determined that lithological weaknesses can be identified. Future tests should be
completed on other heterogeneous specimens (e.g. veined specimens) to further examine
the effects of specimen heterogeneity on full-field strain.
4. The DOS-UCS technique can measure and visualize the confining effects induced by
platen friction. Future tests should utilize the DOS-UCS technique to examine alternative
platen solutions (i.e. brush platens and material inserts) that could mitigate the influence
of platen friction.
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5. The DOS-UCS technique highlights the influence of testing geometry on the full-field
strain response of UCS specimens. Using the DOS-UCS technique, future tests should be
conducted examining the influence of specimen geometry (i.e. end flatness and
perpendicularity) on UCS and full-field strain.
6. The proposed DOS-UCS technique utilizes a single helical wrap to calculate the full-field
circumferential strain of a UCS specimen. However, a configuration that utilizes two
helical wraps with two different pitch values would allow for both the circumferential and
axial strains to be characterized as the loading direction angle is fixed (vertical) providing
three unique pieces of information required for full strain tensor resolution.

It is

recommended that the feasibility of a dual-helical configuration be assed in a future testing
program.
7. The DOS-UCS technique was tested solely on geomaterials with naturally varying
mechanical properties. It is recommended that the DOS-UCS technique be tested on
synthetic materials with known mechanical properties (i.e. aluminum/steel), like the
specimen shown in Figure 6-1, to assess the repeatability and accuracy of the technique
(the onset of COVID-19 restrictions in 2020 prevented the execution of this stage of work).
8. This research highlights the benefits of integrating DOS with geomechanical laboratory
testing. Therefore, it is recommended that DOS be implemented and tested in other
common geomechanical tests (i.e triaxial and BTS testing).
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Figure 6-1: Partially installed optical strain sensor on an aluminum UCS specimen. Note:
the onset of COVID-19 restrictions in 2020 prevented this specimen from being tested.
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Appendix A
AOSSI Arduino Code

// Stepper Motor Driver connections
#define step_pin 9 // Pin 9 connected to Steps pin
#define dir_pin 8 // Pin 8 connected to Direction pin
// Rotary Encoder Module connections
#define inputCLK 6 // Generating interrupts using CLK signal
#define inputDT 5 // Reading DT signal
// Lead Screw Module Button connections
#define returnButton 10 // Pin 10 connected to return button
#define seatingButton 11 // Pin 11 connected to seating button
#define bypassButton 12 // Pin 12 connected to bypass button
volatile boolean TurnDetected; // volatile for interrupts
int stepperPosition = 0; // store Stepper Motor Position
int currentStateCLK; // store current interrupt state
int previousStateCLK; // store previous interrupt state
int encdir = 0; // store direction of encoder rotation (1 = CW, 2 = CCW)
int count = 0; // store number of encoder pulses
int seatingState = 0; // variable for seatingButton status
int seating = 1; // determine seating/unseating (1 = seating, 2 = unseating)
int bypassState = 0; // variable for bypassButton status
int returnState = 0; // variable for returnButton status
float stepstoTake = 1; // steps of stepper motor per encoder pulse
float skips = 1; // number of encoder pulse skips
float diameter = 76; // sample diameter in mm
float circumference; // circumference of sample
float pitch; // pitch of optical fiber helix
float seatingLength; // length of seating required
float seatingRev; // number of screw rotations for seating
float seatingSteps; // number of steps for seating
void setup () {
// Set Stepper Motor Driver Pins to Output
pinMode(dir_pin, OUTPUT);
pinMode(step_pin, OUTPUT);
delay(4); // Wait for Driver wake up
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// Set Encoder Pins to Input
pinMode(inputCLK, INPUT);
pinMode(inputDT, INPUT);
// Set button pins to Input
pinMode(returnButton, INPUT);
pinMode(seatingButton, INPUT);
pinMode(bypassButton, INPUT);
// Read the initial state of inputCLK
// Assign to previousStateCLK variable
previousStateCLK = digitalRead(inputCLK);
circumference = diameter*3.14159; // circumference of UCS specimen
pitch = (stepstoTake/skips)*10; // pitch of optical fiber helix
seatingLength = 112*(pitch/circumference); // length of seating required
seatingRev = seatingLength/8; // number of screw rotations for seating
seatingSteps = seatingRev*400; // number of steps for seating
}
void loop () {
seatingState = digitalRead(seatingButton); // read the state of the seating button value
bypassState = digitalRead(bypassButton); // read the state of the bypass button value
returnState = digitalRead(returnButton); // read the state of the return button value
// Execute lead screw code if bypass button is turned OFF
if (bypassState == LOW) {
// Execute lead screw code if return button is not pressed
if (returnState == LOW) {
// Read the current state of inputCLK
currentStateCLK = digitalRead(inputCLK);
// If the previous and the current state of the inputCLK are different then a pulse has occured
if (currentStateCLK != previousStateCLK) {
// If the inputDT state is different than the inputCLK state then
// the encoder is rotating clockwise
if (digitalRead(inputDT) != currentStateCLK) {
encdir = 1; // 1 = CW
TurnDetected = true;
count++;
} else {
// Encoder is rotating counterclockwise
encdir = 2; // 2 = CCW
TurnDetected = true;
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count++;
}
}
// Update previousStateCLK with the current state
previousStateCLK = currentStateCLK;
if (count == skips) {
if (TurnDetected) {
TurnDetected = false; // do NOT repeat IF loop until new rotation detected
// Which direction to move Stepper motor
if (encdir == 1) { // Move motor CW (Reverse)
digitalWrite(dir_pin, LOW); // (High = CCW / Low = CW)
for (int x = 0; x < stepstoTake; x++) {
digitalWrite(step_pin, HIGH);
delay(0.5);
digitalWrite(step_pin, LOW);
delay(0.5);
stepperPosition--;
}
}
if (encdir == 2) { // Move motor CCW (Forward)
digitalWrite(dir_pin, HIGH); // (High = CCW / Low = CW)
for (int x = 0; x < stepstoTake; x++) {
digitalWrite(step_pin, HIGH);
delay(0.5);
digitalWrite(step_pin, LOW);
delay(0.5);
stepperPosition++;
}
}
count = 0;
}
}
if (seatingState == HIGH && seating == 1) { // if seating button is pressed and seating = 1
(seat)
digitalWrite(dir_pin, HIGH); // (High = CCW / Low = CW)
for (int i = 0; i<seatingSteps*2; i++) {
digitalWrite(step_pin, HIGH);
delay(1);
digitalWrite(step_pin, LOW);
delay(1);
}
seating = 2;
seatingState = LOW;
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}
if (seatingState == HIGH && seating == 2) { // if seating button is pressed and seating = 2
(unseat)
digitalWrite(dir_pin, LOW); // (High = CCW / Low = CW)
for (int i = 0; i<seatingSteps*2; i++) {
digitalWrite(step_pin, HIGH);
delay(1);
digitalWrite(step_pin, LOW);
delay(1);
}
seating = 1;
seatingState = LOW;
}
}
else { // Return spooling arm to starting position if return button is pressed
for (int n = 0; n<stepperPosition/20; n++) {
digitalWrite(dir_pin, LOW); // (High = CCW / Low = CW)
for (int i = 0; i<20; i++) {
digitalWrite(step_pin, HIGH);
delay(1);
digitalWrite(step_pin, LOW);
delay(1);
}
}
stepperPosition=0;
}
}
// Bypass lead screw module if bypass button turned ON
else {
delay(1);
}
}
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Appendix B
AOSSI Wiring Diagram
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Appendix C
AOSSI Operation Instructions
1. Mark UCS specimen ends for AOSSI alignment.
a. At the centre of each specimen end, mark a 58 mm diameter circle. If specimen is
too small to fit between the hubs, mark a 67 mm diameter circle at one of the
ends.

Figure C-1: UCS specimen end marked with 58 mm diameter circle
b. Along one of the axial lines used for conformity testing, mark out the starting
position of the optical strain sensor and the location of each consecutive
revolution (determined by pitch of helical sensor).

Figure C-2: Optical sensor location tick marks on limestone UCS specimen (1 cm pitch)
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2. Update Arduino code:
a. Open file Spooler_Code_v4 on computer with Arduino Code Editor.
b. Input number of steps and skips required for desired helix pitch (see Section
4.7.2.1).
c. Input specimen diameter.

Figure C-3: Highlighted required input for AOSSI Arduino code
3. Install UCS specimen into AOSSI:
a. Move the adjustable hub so the gap between the hubs is 5mm larger than the
length of the specimen. (Unloosen the four 8mm screws, slide adjustable hub,
then tighten screws).

Figure C-4: AOSSI Adjustable hub
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b. Clamp UCS specimen between rotating hubs with adjustable hub crank. Ensure
the specimen is centred by aligning the marked circles on the specimen ends. If
the specimen is too small to fit between the hubs when the adjustable hub is fully
extended, add the 3D-printed hub extension.

Figure C-5: Adjustable hub with 3D-printed hub extension
c. Ensure specimen is clamped tight enough so it does not loosen during
installation. Do not over tighten.

Figure C-6: UCS specimen clamped between spinning hubs
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4.

Set up optical fiber for installation
a. Place spool of optical fiber on 3D-printed spool holder.
b. Feed end of optical fiber through cable lead pully.
c. Tape down optical fiber at starting position mark. Ensure enough extra optical
fiber for splicing on FOS connector (approximately 2’). Spool extra optical fiber
around hub end and tape down.

Figure C-7: Optical fiber tapped down at starting position
5. With a square, align the cable lead pully by hand turning the lead screw so that the optical
fiber is perpendicular to specimen’s long axis.
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Figure C-8: Using square to ensure optical fiber is perpendicular to UCS specimen
6. Turn on AOSSI with green Main Power button (Ensure 12VDC power supply is plugged
in and connected to Arduino power port).
7. Upload customized Arduino code:
a. Plug in computer with Arduino Code Editor using USB cable.
b. Verify and upload customized Spooler_Code_v4 using Arduino Code Editor.
8. Turn on stepper motor bypass using green Bypass button
9. Using either the forward spindle control button or foot pedal, spool the optical fiber once
around the circumference of the specimen, gluing as the optical fiber is spooled on.
a. To glue on optical fiber, mix equal parts of epoxy resin and hardener and apply
as the specimen is spinning. The two-part epoxy dries in 5 minutes, so the mixing
and applying of the glue must be done iteratively.
10. Turn off the stepper motor Bypass button
11. Seat the cable lead pully by pressing the Seating button
12. Once the cable lead pully is seated, continue spooling and gluing the optical fiber onto
the specimen until the mid-height is reached.
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Figure C-9: UCS specimen during optical sensor installation
13. Unseat the cable lead pully by pressing the Seating button
14. Follow steps 8-11
15. Spool on the optical fiber until the end of the specimen is reached
16. Follow step 13
17. Follow step 8-9
18. Cut the optical fiber approximately 2’ away from the last glued location for the
termination connection.
19. The sensor installation is now complete. Wait a couple minutes for the glue to fully dry
and remove the specimen from the AOSSI by extending the adjustable hub crank.

Figure C-10: UCS specimen after sensor installation process is completed
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Appendix D
MATLAB F Sensor Configuration Data Processing Code

% Matlab code for processing optical strain sensor data. Input optical strain
data and MTS data excel files (specimen Lm-F-3 files shown below for example).
Outputs strain scan plots, strain scan video, and 3D deformation model video.
%-Import MTS and FO data from excel files-%
fodata = xlsread('Lm-B2-3-1', 'FJM5:QRR1336');

% Import optical strain

sensor data from excel file
mtsdata = xlsread('MTS_Lm-B2-3-1', 'A21:K3110');

% Import MTS data from

excel file
fotimer = xlsread('Lm-B2-3-1', 'B7:B1336');

% Import optical strain

sensor data acquisition times from excel file (s)
fosz = size(fodata);

% Matrix dimensions of

fiber optic data
fosdata = fodata (3:fosz(1,1),1:fosz(1,2));

% Separate strain data from

all optical sensor data
%-Assign UCS specimen properties-%
D = 75.37;

% D = sample diameter (mm)

rd = D/2;

% rd = sample radius (mm)

L = 190.82;

% L = sample length (mm)

R = 21;

% R = number of optical strain sensor revolutions

r = R-3;

% r = number of helical optical strain sensor

revolutions
P = 10;

% P = pitch of fiber optic helix (mm)

C = D*pi;

% C = circumference of sample (mm)

theta = atand (P/C);

% theta = helix angle (degrees)

%-Define MTS data-%
mtssz = size(mtsdata);

% Matrix dimensions of

mts data
n = mtssz(1,1);

% number of MTS data

acquisitions
mtstimer (1:n, 1) = mtsdata (1:n, 1)- mtsdata(1,1);
times (s)
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% MTS data acquisition

axial_stress (1:n, 1) = mtsdata (1:n, 4);

% MTS axial stress data

(MPa)
axial_strain (1:n, 1) = mtsdata (1:n, 6).*-10^6;

% MTS axial extensometer

data (microstrain)
SG_horiz_V (1:n, 1) = mtsdata (1:n, 10);

% Circumferential strain

gauge measurements (volts)
SG_parallel_V (1:n, 1) = mtsdata (1:n, 11);

% Parallel strain gauge

measurements (volts)
GF = 2.1;

% Strain gauge gauge

factor
GF_error = 0.01;

% Strain gauge gauge

factor error (%)

Discretize Optical Strain Sensor Data into Section Lengths
%-Discretize optical strain sensor into linear sensor configuration-%
dis = (fodata(1:1, 1:fosz(1,2))-fodata(1,1))*1000;

% Distance along

optical strain sensor (mm)
section_ends = [0, C,
C+((r/2)*C)/cosd(theta),(2*C)+((r/2)*C)/cosd(theta),(2*C)+(r*C)/cosd(theta),
(3*C)+(r*C)/cosd(theta)];

% Set section end locations

sections = discretize(dis,section_ends);

% Discretize distance along optical

strain sensor by section end locations
N = histcounts(sections);

% Return the count of measurements

in each sensing section
mid = N(1,1) + N(1,2);

% Return the count of measurements

below the middle circumferential loop
top = N(1,1) + N(1,2) + N(1,3) + N(1,4);

% Return the count of measurements

below the top circumferential loop
for i = 1:fosz(1,2)

% Loop through each optical strain

sensor measurement location
if sections(1:1, i:i) == 1

% If the discretized index is equal

to 1 (measurement is in the bottom circumferential loop)
rawx(1:1, i:i)= dis(1:1, i:i);

% Linear x location is equal to the

distance along the optical strain sensor (mm)
y(1:1, i:i) = 0;

% Set y location to 0 mm
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loopb(:,i:i) = fodata(3:fosz(1,1),i:i);

% Separate bottom

circumferential loop data
elseif sections(1:1, i:i) == 2

% If the discretized index is equal

to 2 (measurement is in the bottom half of helical sensor)
rawx(1:1, i:i)= C+(dis(1:1, i:i)-C)*cosd(theta); % Calculate linear x
locations
y(1:1, i:i) = (dis(1:1, i:i)-C)*sind(theta);

% Calculate y

locations
elseif sections(1:1, i:i) == 3

% If the discretized index is equal

to 3 (measurement is in the mid-height circumferential loop)
rawx(1:1, i:i)= (1+r/2)*C+(dis(1:1, i:i)-(C+(9*C)/cosd(theta)));
% Calculate linear x locations
y(1:1, i:i) = (r/2)*P;

% Set y location to half the sensing

height
loopm(:,i-mid:i-mid) = fodata(3:fosz(1,1),i:i);

% Separate mid-

height circumferential loop
elseif sections(1:1, i:i) == 4

% If the discretized index is equal

to 4 (measurement is in the top half of helical sensor)
rawx(1:1, i:i)= (2+r/2)*C+(dis(1:1, i:i)((2*C)+((9*C)/cosd(theta))))*cosd(theta);

% Calculate linear x locations

y(1:1, i:i) = ((dis(1:1, i:i)((2*C)+((9*C)/cosd(theta))))*sind(theta))+90;
elseif sections(1:1, i:i) == 5

% Calculate y locations

% If the discretized index is equal

to 5 (measurement is in the top circumferential loop)
rawx(1:1, i:i)= (R-1)*C+(dis(1:1, i:i)-(2*C+(18*C)/cosd(theta)));
% Calculate linear x locations
y(1:1, i:i) = r*P;

% Set y location to the total

sensing height
loopt(:,i-top:i-top) = fodata(3:fosz(1,1),i:i);

% Separate top

circumferential loop
elseif isnan(sections(1:1, i:i))

% If the discretized index returns

nan (section past end location of optical sensor)
rawx(1:1, i:i)= NaN;

% set x locations to nan

y(1:1, i:i) = NaN;

% set y locations to nan
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end
end
%-Discretize linear optical strain sensor into planar sensor configuration-%
for i = 1:R+1

% Loop through number of optical sensor

revolutions
edges (1:1, i:i) = (i-1)*C;

% Set edges of each revolution based on

circumference of specimen
end
bins = discretize(rawx,edges);

% Discretize the linear x values by revolution

index
for i = 1:fosz(1,2)

% Loop through each optical strain sensor

measurement location
for q = 1:R

% Loop through number of optical sensor

revolutions
if bins(1:1, i:i) == q

% If the revolution index is equal to loop

index
x(1:1, i:i) = rawx(1:1, i:i)-C*(q-1);

% Correct linear x to true x by

subtracting number of circumference revolutions
elseif

isnan (bins(1:1, i:i))

% If the revolution index is

equal to nan
x(1:1, i:i) = NaN;

% Set true x to nan

end
end
end
loopb_avg = mean(loopb,2);

% Calculate bottom circumferential loop average

loopm_avg = mean(loopm,2);

% Calculate mid-height circumferential loop

average
loopt_avg = mean(loopt,2);

% Calculate top circumferential loop average
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MTS Data Processing
%-Convert strain gauge data from volts to microstrain-%
SG_parallel =
((4.*((SG_parallel_V./100)/5))./(GF.*(1.+2.*(SG_parallel_V./100)./5))).*1000000
;

% Calculate parallel strain gauge microstrain

SG_horiz =
(4.*((SG_horiz_V./100)/5))./(GF.*(1.+2.*(SG_horiz_V./100)./5)).*1000000;
% Calculate circumferential strain gauge microstrain
%-Interpolate MTS measurements to correspond with optical strain sensor
acquisition times-%
for k = 1:mtssz(1,2)

% Loop through all MTS data acquisition times

mtsdata_int(:,k) = interp1(mtstimer, mtsdata(1:n,k),fotimer);

% Align

MTS data with optical strain sensor acquisition times
end
SG_p_int = interp1(mtstimer,SG_parallel,fotimer);

% Align

parallel SG measurements to optical strain sensor acquisition times
SG_h_int = interp1(mtstimer,SG_horiz,fotimer);

% Align

circumferential SG measurements to optical strain sensor acquisition times
axial_stress_int = interp1(mtstimer, axial_stress, fotimer);

% Align

axial stress measurements to optical strain sensor acquisition times
as_int = mtsdata_int (1:fosz(1,1)-2, 6).*-10^6;

%

Define extensometer axial strain from MTS data (microstrain)

Optical Strain Sensor Processing
%-Calculate principal strains at each optical strain measurement location-%
perp_strain = ((loopm_avg+as_int)./2)-((loopm_avg-as_int)./2).*cosd(2*theta);
% Calculate theoretical strain perpendicular to helix sensor
for

i = 1:fosz(1,2)-2

% Loop through optical strain data acquisition

times

shear_strain(:,i:i) = (fosdata(:,i:i)-perp_strain).*tand(2*theta);
% Calculate shear strain at each optical strain data location
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fosdata_x(:,i:i) =
((fosdata(:,i:i)+perp_strain)./2)+sqrt(((fosdata(:,i:i)perp_strain)./2).^2+(shear_strain(:,i:i)./2).^2);

% Calculate

circumferential strain at each optical strain data location
fosdata_y(:,i:i) = ((fosdata(:,i:i)+perp_strain)./2)sqrt(((fosdata(:,i:i)-perp_strain)./2).^2+(shear_strain(:,i:i)./2).^2);

%

Calculate axial strain at each optical strain data location
end
%-Combine circumferential optical strain sensor data from each sensor section
into one variable-%
fosdata_com(:,1:N(1,1)) = fosdata(:,1:N(1,1));
% Circumferential strain data for bottom circumferential loop (not converted)
fosdata_com(:,N(1,1)+1:N(1,1)+N(1,2)) = fosdata_x(:,N(1,1)+1:N(1,1)+N(1,2));
% Circumferential strain data for bottom half of helical section (converted)
fosdata_com(:,N(1,1)+N(1,2)+1:N(1,1)+N(1,2)+N(1,3)) =
fosdata(:,N(1,1)+N(1,2)+1:N(1,1)+N(1,2)+N(1,3));
% Circumferential strain data for mid-height circumferential loop (not
converted)
fosdata_com(:,N(1,1)+N(1,2)+N(1,3)+1:N(1,1)+N(1,2)+N(1,3)+N(1,4)) =
fosdata_x(:,N(1,1)+N(1,2)+N(1,3)+1:N(1,1)+N(1,2)+N(1,3)+N(1,4));
% Circumferential strain data for top half of helical section (converted)
fosdata_com(:,N(1,1)+N(1,2)+N(1,3)+N(1,4)+1:N(1,1)+N(1,2)+N(1,3)+N(1,4)+N(1,5))
= fosdata(:,N(1,1)+N(1,2)+N(1,3)+N(1,4)+1:N(1,1)+N(1,2)+N(1,3)+N(1,4)+N(1,5));
% Circumferential strain data for top circumferential loop (not converted)
comsize = size(fosdata_com);
% Matrix dimensions of combined circumferential optical strain data

Process Strain Scan Video
vidObj = VideoWriter('Lm_F_3_SSvideo.avi');
% Write to strain scan video file
open(vidObj);
for m = 1:fosz(1,1)-2

% Loop through each optical strain sensor data

acquisition frame
clf

% Clear figure at each iteration

z(m:m, 1:comsize(1,2)) = fosdata_com (m,:);
each corresponding data acquisition frame
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% Store strain data at

[xi, yi] = meshgrid (linspace(0,C,370),linspace(180,0,19));

% Create set

of evenly spaced query points for linear interpolation
zi = griddata(x(1,1:comsize(1,2)),y(1,1:comsize(1,2)),z(m, 1:comsize(1,2)),
xi, yi);

% Interpolate the strain data at the query points specified by

(xi,yi) and return the interpolated values
contourf(xi,yi,zi,20, 'edgecolor', 'none') % Contour and plot interpolated
strain data
xlabel('Cylinder Circumference (mm)') % Set x axis label
ylabel('Sensing Section Length (mm)') % Set y axis label
set(gca, 'DataAspectRatio', [1 1 1]); % Set 1:1:1 plot aspect ratio
caxis ([0 3000]) % Set colorbar limits
c = jet(256);

% Set colorbar color spectrum

c(64,:) = [1 1 1];
colormap(c(64:256,:));
cb = colorbar;
colorTitleHandle = get(cb, 'Title');
titleString = sprintf('

% Set colorbar title

Strain (\\mu%s)',char(949));

set(colorTitleHandle,'String',titleString);
title(sprintf('Stress: %.2f MPa',axial_stress_int(m:m, 1:1)));
strain scan stress counter
drawnow
CF = getframe(gcf);

% Get plot as frame for video

writeVideo(vidObj,CF);

% Write to strain scan video

end
close(vidObj)

Print Strain Scans at 40%, 70%, 90%, and 100% UCS
UCS = max(axial_stress_int);

% Set UCS as maximum axial stress

CI = UCS*0.4;

% Set variable CI as 40% UCS

CD = UCS*0.7;

% Set variable CD as 70% UCS

PreUCS = UCS*0.9;

% Set variable PreUCS as 90% UCS

m1 = find(abs(axial_stress_int-CI) == (min(abs(axial_stress_int-CI))));
% Find data acquisition index where axial stress is closest to 40% UCS
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% Set

z(m1, 1:comsize(1,2)) = fosdata_com (m1,:);
% Set strain data at corresponding data acquisition frame (m1)
[x1, y1] = meshgrid (linspace(0,C,370),linspace(180,0,19));
% Create set of evenly spaced query points for linear interpolation
z1 = griddata(x(1,1:comsize(1,2)),y(1,1:comsize(1,2)),z(m1,
1:comsize(1,2)), x1, y1);

% Interpolate strain data at the query points

specified by (x1,y1) and return the interpolated values (z1)
m2 = find(abs(axial_stress_int-CD) == (min(abs(axial_stress_int-CD))));
% Find data acquisition index where axial stress is closest to 70% UCS
z(m2, 1:comsize(1,2)) = fosdata_com (m2,:);
% Set strain data at corresponding data acquisition frame (m2)
z2 = griddata(x(1,1:comsize(1,2)),y(1,1:comsize(1,2)),z(m2,
1:comsize(1,2)), x1, y1);

% Interpolate strain data at the query points

specified by (x1,y1) and return the interpolated values (z2)
m3 = find(abs(axial_stress_int-PreUCS) == (min(abs(axial_stress_int-PreUCS))));
% Find data acquisition index where axial stress is closest to 90% UCS
z(m3, 1:comsize(1,2)) = fosdata_com (m3,:);
% Set strain data at corresponding data acquisition frame (m3)
z3 = griddata(x(1,1:comsize(1,2)),y(1,1:comsize(1,2)),z(m3,
1:comsize(1,2)), x1, y1);

% Interpolate strain data at the query points

specified by (x1,y1) and return the interpolated values (z3)
m4 = find(abs(axial_stress_int-UCS) == (min(abs(axial_stress_int-UCS))));
% Find data acquisition index where axial stress is closest to UCS
z(m4, 1:comsize(1,2)) = fosdata_com (m4,:);
% Set strain data at corresponding data acquisition frame (m4)
z4 = griddata(x(1,1:comsize(1,2)),y(1,1:comsize(1,2)),z(m4,
1:comsize(1,2)), x1, y1);

% Interpolate strain data at the query points

specified by (x1,y1) and return the interpolated values (z4)
%-Plot Strain Scan at 40% UCS-%
ah1 = subplot(4,1,1);
contourf(x1,y1,z1,100, 'edgecolor', 'none')
set(gca, 'DataAspectRatio', [1 1 1]);
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set(gca,'XTick',(0:60:240))
set(gca,'YTick',(0:60:180))
caxis ([0 3000])
c = jet(256);
c(64,:) = [1 1 1];
colormap(c(64:256,:));
title('Lm-F-3 Circumferential Strain', 'Position', [110 190 0]);
%-Plot Strain Scan at 70% UCS-%
ah2 = subplot(4,1,2);
contourf(x2,y2,z2,100, 'edgecolor', 'none')
ylab = ylabel('Sensing Section Height (mm)');
set(gca, 'DataAspectRatio', [1 1 1]);
set(gca,'XTick',(0:60:240))
set(gca,'YTick',(0:60:160))
set(ylab, 'Units', 'Normalized', 'Position', [-0.25, -0.025, 0]);
caxis ([0 3000])
c = jet(256);
c(64,:) = [1 1 1];
colormap(c(64:256,:));
cb = colorbar;
%-Plot Strain Scan at 90% UCS-%
ah3 = subplot(4,1,3);
contourf(x3,y3,z3,100, 'edgecolor', 'none')
set(gca, 'DataAspectRatio', [1 1 1]);
set(gca,'XTick',(0:60:240))
set(gca,'YTick',(0:60:160))
caxis ([0 3000])
c = jet(256);
c(64,:) = [1 1 1];
colormap(c(64:256,:));
%-Plot Strain Scan at UCS-%
ah4 = subplot(4,1,4);
contourf(x4,y4,z4,100, 'edgecolor', 'none')
xlabel('Cylinder Circumference (mm)')
set(gca, 'DataAspectRatio', [1 1 1]);
set(gca,'XTick',(0:60:240))
set(gca,'YTick',(0:60:160))
caxis ([0 3000])
c = jet(256);
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c(64,:) = [1 1 1];
colormap(c(64:256,:));
%-Set Strain Scan Subplot Dimensions-%
% find current position of plots
poscb = get(cb,'Position');
pos4 = get(ah4,'Position');
pos3 = get(ah3,'Position');
pos2 = get(ah2,'Position');
pos1 = get(ah1,'Position');
% set width of second axes equal to first
pos2(3) = pos1(3);
set(ah2,'Position',pos2)
% eliminate tick marks on top three subplots
set(ah1,'XTickLabel','')
set(ah2,'XTickLabel','')
set(ah3,'XTickLabel','')
% set plots so they are connected top to bottom
pos2(2) = pos1(2) - pos2(4);
set(ah2,'Position',pos2)
pos3(2) = pos2(2) - pos3(4);
set(ah3,'Position',pos3)
pos4(2) = pos3(2)- pos4(4);
set(ah4,'Position',pos4)
% set colorbar
set(cb,'Position',[poscb(1)+0.05 pos3(2) poscb(3) pos3(4)*2])

% Change

size of colorbar
colorTitleHandle = get(cb, 'Title');
set(colorTitleHandle, 'Position', [15 105 0]);
titleString = sprintf('Strain (\\mu%s)',char(949));
set(colorTitleHandle,'String',titleString)
% print strain scans
res = 400;

% Set dpi to 400

print('Lm-B2-3-1_StrianScans','-dtiff',['-r' num2str(res)]); % Print
picture with given file name
drawnow
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Process 3D Deformation Model Video
vidObj = VideoWriter('Lm_F_3_3DVid.avi');

% Write to video file

open(vidObj);
for m = 1:fosz(1,1)-2

% Loop through each

optical strain sensor data acquisition frame
clf
z(m:m, 1:comsize(1,2)) = fosdata_com (m,:);

% Store strain data at

each corresponding data acquisition frame
[xi, yi] = meshgrid (linspace(0,C,340),linspace(180,0,19));
% Create set of evenly spaced query points for linear interpolation
zi = griddata(x(1,1:comsize(1,2)),y(1,1:comsize(1,2)),z(m, 1:comsize(1,2)),
xi, yi);

% Interpolate the strain data at the query points specified by

(xi,yi) and return the interpolated values
int_angle = (xi.*360)./(2*pi*rd);

% Calculate internal

angle to each data points
r_def = (zi.*10^-6.*rd)+rd;

% Calculate deformed

radius after strain
x_3d = r_def.*cosd(int_angle);

% Calculate deformed x

coordinate
y_3d = r_def.*sind(int_angle);

% Calculate deformed y

coordinate
z_3d = (axial_strain_int(m,:).*10^-6.*yi)+yi;

% Calculate deformed z

coordinate

surf(x_3d,y_3d,z_3d,zi)

% Plot 3D coordinates

shading interp

% Smooth shading of plot

set(gca, 'DataAspectRatio', [1 1 1]);

% Set 1:1:1 plot aspect ratio

xlim([-50 50])

% Set x axis limits

ylim([-50 50])

% Set y axis limits

zlim([0 200])

% Set z axis limits

caxis ([0 3000])

% Set colorbar limits

c = jet(256);

% Set colorbar color spectrum

c(64,:) = [1 1 1];
colormap(c(64:256,:));
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cb = colorbar;
colorTitleHandle = get(cb, 'Title');
titleString = sprintf('

% Set colorbar title

Strain (\\mu%s)',char(949));

set(colorTitleHandle,'String',titleString);
title(sprintf('Stress: %.2f MPa',axial_stress_int(m:m, 1:1)));

% Set plot

title
drawnow
CF = getframe(gcf);

% Get plot as frame for video

writeVideo(vidObj,CF);

% Write frame to video

end
close(vidObj)
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Appendix E
Cobourg Limestone Strain Data Summary Tables
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