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Abstract
An observational approach to excavation design and construction is commonly employed in order to assess
excavation driven displacements which, in turn, affects the design of support systems used to maintain the
stability within underground projects. A correct and accurate evaluation of the support system performance
will therefore, be critical to both the safety and economics of the construction process. This necessitates a
monitoring program capable of capturing the support system behaviour in order to verify assumptions made
at the design stage and as the excavation advances. Conventionally, this has been approached from an
external perspective where the behaviour of individual support elements has been inferred from the
measurements of the excavation periphery (e.g. geodetic monitoring) and displacements surrounding the
support (e.g. multi-point-borehole-extensometers). This is possibly due to the difficulties of operationally
instrumenting ground support. However, this has ultimately lead to a gap in knowledge in terms of the
distinct performance of each support element in isolation and as part of a multi-component support system.
Within this context, a novel distributed optical strain sensing (DOS) technology has been implemented with
rock bolt and forepole support elements. Unlike conventional, discrete strain measurement methods, the
optical technology captures a distributed strain profile along the length of a standard, low-cost, single mode
optical fiber (i.e. 1.25 millimeter spatial resolution). In this regard, this research has been devoted to
developing a technique whereby the optical sensor is capable of being installed with rock bolt and forepole
elements to be used as primary support in situ. The development of such an optical technique is a nontrivial undertaking. Furthermore, the DOS technology has never before been implemented within the
geomechanics community and was therefore subjected to a comprehensive laboratory testing program,
which considered: bending, axial loading, and shearing of optically instrumented support elements. Results
of the testing program demonstrated the capability of the optical technique to capture expected loading
mechanisms of the support elements throughout their serviceability life, agreeing well with numerical and
theoretical predictions. Additionally, the optical technique was found to capture complexities of support
behaviour at an unprecedented level, overcoming limitations of conventional monitoring.
ii

Acknowledgements
It is hard to imagine that a little over two years ago I had no conception of pursuing graduate studies let
alone in the field of geotechnical engineering. I have to express my sincerest gratitude to Dr. Nicholas
Vlachopoulos and Dr. Mark Diederichs for providing me with the tremendous opportunity to join and
develop within an industry that they are both so passionate about. Their continuous guidance and insight
has made this research endlessly compelling and I am very grateful for the unique learning experience that
they have given me as co-supervisors. I look forward to future work with them and also the other members
of the Queen’s Geomechanics Group, of which, I would like to specifically thank Jeffrey Oke and Ehsan
Ghazvinian for their help throughout and Ioannis Vazaios for his assistance during the final hours.
The work completed for this thesis would not have been possible without the equipment support
provided by YieldPoint Inc. and I am deeply grateful to Dr. Andrew Hyett. On a personal level, I must also
acknowledge Andrew’s enthusiasm as the catalyst that ignited my interest in this research topic and
ultimately led me to continue my education at Queen’s. He has been the source of many energetic
discussions over the course of this research and has always made me strive towards innovation.
It goes without saying that my parents have been behind every significant milestone throughout my
life. Their selfless nature and ceaseless support will always be the greatest motivation and unequivocally
has brought me to where I am today but, I also have to thank Shelby Smith for keeping me level along the
way.

iii

Table of Contents
Abstract ......................................................................................................................................................... ii
Acknowledgements ...................................................................................................................................... iii
List of Figures ............................................................................................................................................. vii
List of Tables .............................................................................................................................................. xv
List of Abbreviations ................................................................................................................................. xvi
List of Symbols ......................................................................................................................................... xvii
Chapter 1 Introduction .................................................................................................................................. 1
1.1 Purpose of Study ................................................................................................................................. 1
1.2 Research Objectives ............................................................................................................................ 2
1.3 Organization of Thesis ........................................................................................................................ 2
Chapter 2 Support of Underground Structures.............................................................................................. 5
2.1 Introduction ......................................................................................................................................... 5
2.2 Rock Bolt Support............................................................................................................................... 6
2.3 The Umbrella Arch: Forepole Support ............................................................................................. 11
2.4 Capturing Support Performance........................................................................................................ 13
2.4.1 Conventional Rock Bolt Monitoring.......................................................................................... 14
2.4.2 Conventional Forepole Monitoring ............................................................................................ 16
2.5 Relevance to Research ...................................................................................................................... 17
Chapter 3 Monitoring Support: Optical Strain Sensing .............................................................................. 18
3.1 Limitation of Conventional Monitoring ............................................................................................ 18
3.2 Optical Strain Sensing....................................................................................................................... 19
3.2.1 Fiber Bragg Gratings .................................................................................................................. 22
3.2.2 Brillouin Distributed Sensing..................................................................................................... 27
3.2.3 Rayleigh Distributed Sensing..................................................................................................... 30
3.3 Chosen Optical Method .................................................................................................................... 32
3.4 Relevance to Research ...................................................................................................................... 35
Chapter 4 Development of the Optical Technique ...................................................................................... 36
4.1 Introduction ....................................................................................................................................... 36
4.2 Development of the Optical Technique for Monitoring Support Elements ...................................... 37
4.2.1 Component Considerations: Operational Performance .............................................................. 39
4.2.1.1 Optical Termination ............................................................................................................ 40
4.2.1.2 Single Mode Optical Fiber .................................................................................................. 42
iv

4.2.1.3 Optical Connectors.............................................................................................................. 49
4.2.1.4 Bonding the Optical Transducer ......................................................................................... 51
4.2.2 Optical Rock Bolt Sensing ......................................................................................................... 52
4.2.3 Optical Forepole Sensing ........................................................................................................... 57
4.3 Additional Considerations ................................................................................................................ 65
4.3.1 Temperature Compensation ....................................................................................................... 65
4.3.2 Connection of Multiple Sensors ................................................................................................. 66
4.3.3 High Strain Monitoring .............................................................................................................. 67
4.3.4 Protection of the ODiSI-B Unit ................................................................................................. 68
Chapter 5 Physical Testing Program ........................................................................................................... 70
5.1 Introduction ....................................................................................................................................... 70
5.2 Rock Bolt Testing ............................................................................................................................. 70
5.2.1 Symmetric Bending Of Rebar .................................................................................................... 71
5.2.1.1 Testing Results and Analysis .............................................................................................. 72
5.2.2 Axial Loading of Rebar.............................................................................................................. 74
5.2.2.1 Testing Results and Analysis .............................................................................................. 76
5.2.3 Shear Response of Rebar ........................................................................................................... 80
5.2.3.1 Testing Results and Analysis .............................................................................................. 81
5.2.4 DOS In Situ ................................................................................................................................ 83
5.2.5 Axial Loading of D-Bolt ............................................................................................................ 86
5.2.5.1 Testing Results and Analysis .............................................................................................. 86
5.3 Forepole Testing ............................................................................................................................... 88
5.3.1 Symmetric Bending of Forepole Support .................................................................................. 89
5.3.1.1 Testing Results and Analysis .............................................................................................. 91
5.3.2 Bending of Model Forepole Support.......................................................................................... 99
5.3.2.1 Model Forepole Symmetric Bending .................................................................................. 99
5.3.2.2 Model Forepole Cantilever Bending ................................................................................. 101
5.3.3 Axial Loading of Model Forepole Support .............................................................................. 103
5.3.3.1 Testing Results and Analysis ............................................................................................ 105
5.4 Discussion ....................................................................................................................................... 109
Chapter 6 Conclusions and Future Recommendations ............................................................................. 113
6.1 Conclusion ...................................................................................................................................... 113
6.2 Major Contributions ........................................................................................................................ 114
6.3 Future Recommendations ............................................................................................................... 114
v

References ................................................................................................................................................. 116

vi

List of Figures
Figure 2-1: Example tunnel temporary support scheme including: rock bolts, steelsets, shotecrete, and
forepoles (Forbes et al., 2015a)..................................................................................................................... 6
Figure 2-2: Rock bolting system: Upper; cement grouted bolt, including an illustration of an end anchor
expansion shell (note: without grouting this would be a mechanically anchored bolt). Lower; resin
grouted bolt (Courtesy of Hoek & Wood, 1987). ......................................................................................... 8
Figure 2-3: Example failure modes of a fully grouted bolting system (Courtesy of Serbousek & Signer,
1987). ............................................................................................................................................................ 9
Figure 2-4: Typical loading sources of fully grouted rock bolts: Left; axial tensioning as the result of
loosening ground towards the excavation periphery. Right; tension and bending caused by shearing
between layers (Modified after Mark et al., 2002)...................................................................................... 10
Figure 2-5: Cross section view of an example forepole umbrella arch support system. Sections a) and b)
indicate two loading scenarios of the forepole support element depending on the phase of construction
(Forbes et al., 2015a). ................................................................................................................................. 12
Figure 2-6: Long base-length strain gauge configurations used for field trials: a; Stacked configuration. b;
Staggered configuration – increases axial resolution while sacrificing a degree of accuracy related to
bending errors (Courtesy of Spearing et al., 2013). .................................................................................... 15
Figure 3-1: Schematic of a rebar element with four equally spaced strain gauges (i.e. a discrete solution)
in comparison to a continuous measurement sensor (Forbes et al., 2015a) ................................................ 19
Figure 3-2: An example Bragg grating structure inscribed into the core of a single mode optical fiber,
where Ʌ is the spacing between individual gratings which combine to form the Bragg gauge length, L.
Also shown is an example reflection spectrum of an incident (input) light as a result of a Bragg grating.
This reflected spectrum corresponds to the difference between the incident and transmitted light
(Modified after FBGS, 2014b and Luna Innovations Inc., 2015). .............................................................. 23
Figure 3-3: Bragg wavelength shift as a result of strain being applied to the optical fiber (Modified after
FBGS, 2014b). ............................................................................................................................................ 24
Figure 3-4: Principle of the Brillouin optical time domain analysis (BOTDA) technique (Modified after
Zhang & Wu, 2012). ................................................................................................................................... 28
Figure 3-5: Example optical network using swept wavelength interferometry to interrogate strain along an
optical fiber under test (i.e. DUT) (Courtesy of Soller et al., 2005). .......................................................... 31
Figure 4-1: Basic optical fiber construction displaying the fiber core, cladding, and buffer coating
(Courtesy of Yoa, 2010). ............................................................................................................................ 38
vii

Figure 4-2: Example sensing configuration displaying: the ODiSI-B optical interrogation unit (Luna
Innovations Inc., VA), 50 meter duplex standoff cable, LC-LC connector, and optical fiber transducer
(red dashed lines). Detailed views are provided of the male LC connector at the head end of the sensor as
well as the loop optical termination at the opposing end of the sensor. ...................................................... 40
Figure 4-3: Theoretical plot of expected reflection as a function of the refractive index difference at a
boundary of materials (courtesy of U.S. Patent No. 8, 842, 963 B2, 2014)................................................ 41
Figure 4-4: Optical termination. The optical fiber is cleaved at an eight degree angle and inserted into an
index matching gel filled stainless tube. ..................................................................................................... 42
Figure 4-5: Spectral shift quality of the SMF 28e+ optical fiber (Corning Inc., NY): Upper; Original
signal. Lower; Signal after being looped once around a 20 millimeter diameter rod. ................................ 44
Figure 4-6: Spectral shift quality of the ClearCurve XB optical fiber (Corning Inc., NY): Upper; Original
signal. Lower; Signal after being looped once around a 20 millimeter diameter rod. ................................ 45
Figure 4-7: Spectral shift quality of the ClearCurve ZBL optical fiber (Corning Inc., NY): Upper; Original
signal. Lower; Signal after being looped twice around a 20 millimeter diameter rod. ............................... 46
Figure 4-8: Arc fusion splicer unit and optical cleaver. Detailed views are provided of the cleaving unit
and arc fusion process. The red dashed line represents the optical fiber to be cut in the former and the two
optical fibers to be fused in the latter. Prior to scoring and breaking the optical fiber with the cleaver it is
crucial to remove all protective coating (i.e. everything except the fiber core and cladding) and to clean
with an isopropyl alcohol. The clean cut of the optical fiber will directly impact the effectiveness of the
arc fusion process........................................................................................................................................ 48
Figure 4-9: SC (spring loaded bayonet), FC (threaded), and LC (snap clip) optical connectors. Example
connector interfaces are also displayed. ...................................................................................................... 50
Figure 4-10: Typical optical patch cord composition. This includes the optical fiber core (9.00 µm in
diameter), cladding (125 µm in diameter), buffer coating (250 µm in diameter), and additional
strengthening components which protect the optical fiber from external influences (all > 1.00 mm in
diameter). .................................................................................................................................................... 51
Figure 4-11: Diametrically opposing grooves machined along the length of a #6 Grade 60 rebar element.
The grooves are approximately 3 mm wide by 3 mm deep from the non-deformed exterior profile (i.e. not
including rib height). This corresponds to an approximately eight percent area reduction of the rebar
element. ....................................................................................................................................................... 53
Figure 4-12: Schematic detailing the position of the optical fiber throughout the rebar development and
experimentation. The optical sensor was looped at the toe end of the bolt. This was performed using one
single fiber type (i.e. for the whole sensor) as well as by splicing on a low bend loss fiber at the loop
section to improve measurement performance. .......................................................................................... 54
viii

Figure 4-13: Looping the optical sensor: Left; Additional machining at the toe end of the rebar. The
increased groove depth provides a region for the loop to remain below the exterior profile of the rebar.
Right; Looped section before being completely encapsulated with a high strength Epoxy resin. Two layers
of heat shrink are added to the looped section of the fiber transducer. The heat shrink acts as additional
protective layers and furthermore, provides rigidity to the fiber loop. The fiber is free within the heat
shrink (i.e. load is not transferred from the rebar). ..................................................................................... 54
Figure 4-14: Optical termination at the toe end of the sensor: Left; Loop termination embedded in the
machined out groove, temporarily held in position by a magnet. Right; Loop termination encapsulated
using a high strength Epoxy resin. .............................................................................................................. 55
Figure 4-15: Connector termination of the sensor: Left; Externally terminated sensor. The patch cord is
spliced to the optical transducer and is extended past the rebar. The additional protective layers were left
on the patch cord to protect the lead segment of the sensor. Right; Internally terminated sensor displaying
an LC-LC adapter. The patch cord is stripped down to the bare fiber, spliced to the optical transducer, and
plugged into a connector adapter which is fixed to the rebar. .................................................................... 56
Figure 4-16: Optical sensor embedded and encapsulated in the machined out grooves using the metal
bonding adhesive (Lord Fusor 108B). ........................................................................................................ 57
Figure 4-17: Four inch nominal pipe size schedule 40 steel pipe surface prepped for optical
instrumentation: Left; Machined groove finish. Right; Surface mount finish. ........................................... 59
Figure 4-18: Optical sensor positioned axially along the length of a 1.3 meter long forepole element. The
fiber is placed under a slight tension by tacking in position every 500 millimeters. This ensures that the
sensor is capable of measuring initial compression loads (if applicable). .................................................. 60
Figure 4-19: Loop termination of the optical sensor at the toe end of the forepole element: Left; Surface
mounted termination. Two magnets are used to temporarily position the termination for bonding with the
support element. Right; Embedded termination which has been partially embedded using the 5 Minute
epoxy resin (Devcon, MA). ........................................................................................................................ 61
Figure 4-20: Bi-winged electrical resistive strain gauge installation device used to instrument a 35
millimeter inside diameter aluminum pipe (Modified after Landers, 2014). .............................................. 63
Figure 4-21: Optical sensor bonded to the steel element: Left; Sensor embedded and encapsulated in a 3.5
millimeter wide, 2 millimeter deep groove using the 2 Ton epoxy resin (Devcon, MA). Right; Exterior
surface mounted sensor bonded and encapsulated using the metal bonding adhesive (Lord Fusor 108B). 64
Figure 4-22: Interior and exterior surface mounted optical sensor. The sensors have been externally
terminated in terms of connectorization (refer to Figure 4-15)................................................................... 64
Figure 4-23: Temperature induced strain compensation technique prior to encapsulation. A fine, 1.75
millimeter outer diameter, stainless steel tube is positioned with a machined groove along a rebar element.
ix

The optical fiber is tacked inside the approximately 10 centimeter long stainless steel tube at both ends
using the 5 Minute epoxy resin (Devcon, MA) such that the fiber is essentially “floating” within the tube.
Any strain experienced on this section of the fiber is assumed to be temperature induced. ....................... 66
Figure 4-24: Optical switch available from Luna Innovations Inc. (2013). ................................................ 67
Figure 4-25: Protective case for transportation of ODiSI-B unit and constituent components; this includes
the optical interrogation unit presented in Figure 4-2 and personal computer which connects with the
interrogator.................................................................................................................................................. 69
Figure 4-26: Protective case remodeled for use in situ. A cooling / heating system has been installed in
order to create a local climatized space for the ODiSI-B unit. Input / output ports have been added for lead
cables and power supply such that the unit does not need to be exposed when connecting individual
sensors. ........................................................................................................................................................ 69
Figure 5-1: Rebar symmetric bending apparatus: The rebar is supported by two rods separated by
approximately 800 millimeters. A vertical load is applied downwards at the middle position between the
two supports. The magnitude of applied load is recorded using a spring scale accurate to 0.5 kilograms.
Deflection at multiple locations along the steel element is monitored using both a manual and digital
readout dial gauge. The optical instrumentation is looped at the toe end of the steel element in order to
monitor opposing sides of the element. The instrumented sections were located along the top and bottom
sides of the rebar during the testing. ........................................................................................................... 72
Figure 5-2: Simple support bending test: Upper; Position of optical sensor along rebar. Middle;
Experimental results captured using the optical technique. Lower; Theoretical strain profiles predicted
from Euler Bernoulli beam theory (Modified after Hyett et al., 2013). ...................................................... 73
Figure 5-3: Rebar axial loading apparatus: A 200 millimeter length at the toe end of the rebar is grouted
within a 31 millimeter diameter preformed and reamed borehole within a concrete block (approximately
200 x 200 x 200 mm). Load is applied using a 20 tonne hollow plunger cylinder (Enerpac, WI) at a
distance approximately 900 millimeters from the grouted length. Spherical seating washers and wedges
are positioned under the hydraulic cylinder in order to reduce the degree of bending at the support head.
The optical instrumentation is positioned along opposing sides of the support element to compensate for
bending strain. ............................................................................................................................................. 75
Figure 5-4: Axial loading results: Upper; Position of optical sensor along the rebar. Lower; Strain
captured along the length of the optical sensor embedded with opposing grooves of a rebar element.
(Modified after Hyett et al., 2013). ............................................................................................................. 77
Figure 5-5: Axial loading results: Upper; Test arrangement. Lower; Average strain profile taken along the
rebar element (Modified after Hyett et al., 2013). ...................................................................................... 77
x

Figure 5-6: Axial loading results: Upper; Test arrangement. Lower; Detailed view of the strain profile
along the 200 millimeter grouted section of the rebar element (Modified after Hyett et al., 2013). .......... 79
Figure 5-7: Axial loading results: Detailed view of the strain profile along the 200 millimeter grouted
section of the rebar element at 70 kN of applied load. The spacing of rebar ribs is shown in comparison to
the captured strain profile. (Modified after Hyett et al., 2013). .................................................................. 79
Figure 5-8: Rebar double shear configuration: The optically instrumented rebar element is grouted within
three individual concrete blocks that are separated by a thin vertical plane (< 5 mm). The outer two blocks
are supported in the vertical direction while the center block is held in position solely by the grouted
support element. A downward load is applied to the central block using a 20 tonne cylinder (Enerpac,
WI). Optical instrumentation was positioned along the top and bottom sides of the rebar to capture
maximum shear strain (i.e. combination of axial and bending). Additionally, the displacement of the
central block is monitored using a magnetostrictive displacement transducer. .......................................... 81
Figure 5-9: Double shear test: Upper; Position of the optical sensor along the rebar. Lower; Strain
measured along the optical sensor that was looped at the toe end of the bolt in order to capture the strain
profile along opposite sides of the rebar. Note: 200 kN corresponds to an approximate 1 millimeter
displacement of the central block relative to the outer blocks (Modified after Hyett et al., 2013). ............ 82
Figure 5-10: Double shear test: Strain profile captured along the top segment of the grouted rebar. Note:
200 kN corresponds to an approximate 1 millimeter displacement of the central block relative to the outer
blocks. (Modified after Hyett et al., 2013). ................................................................................................. 83
Figure 5-11: In situ implementation of the DOS technique: Optically instrumented rebar bolts installed in
a roof support within a central U.S. coal mine. The bolts are both internally (left) and externally (right)
terminated at the connector end of the sensor. ............................................................................................ 85
Figure 5-12: In Situ results: Strain profile captured along a fully grouted passive optical rebar element. . 85
Figure 5-13: D-Bolt axial loading schematic: A 550 millimeter long section of the steel element was
epoxy resin grouted (2 Ton epoxy resin, Devcon, MA) within a 1.25 inch nominal pipe size schedule 40
pipe. The deformed paddle section of the support element was approximately 130 millimeters in length. A
20 tonne cylinder (Enerpac, WI) was used to apply a coaxial load at the non-deformed end of the bolt.
Optical instrumentation was positioned along opposing sides of the entire support element (including the
130 millimeter deformed section) in order to compensate for bending. ..................................................... 86
Figure 5-14: D-Bolt axial pull-out test: Strain profile captured along opposing sides of the support
element, where 0 meters along the x-axis corresponds to the center of the sensor loop. “Post” loads
indicate axial load levels post adhesion loss (Modified after Hyett et al., 2014)........................................ 87

xi

Figure 5-15: D-Bolt axial pull-out test: Average strain profile taken along opposing sides of the grouted
support element. “Post” loads indicate axial load levels post adhesion loss (Modified after Hyett et al.,
2014). .......................................................................................................................................................... 88
Figure 5-16: Forepole symmetric bending apparatus (specimen lengths < 2 meters): The optically
instrumented forepole element is supported by two roller supports. Two hemispherical plates are used to
prevent the circular element from rotating. A platen piece is used to ensure no load is directly transferred
to optical sensor from the hydraulic cylinder (i.e. only to the support element). Five electrical resistive
strain gauges were surface mounted to the forepole element for comparison with the optical technique and
an LVDT was used to monitor maximum deflection of the element. ......................................................... 90
Figure 5-17: Forepole symmetric bending apparatus (specimen lengths > 2 meters): The optically
instrumented forepole element is supported by two roller supports. Two hemispherical plates are used to
prevent the circular element from rotating. A platen piece is used to ensure no load is directly transferred
to optical sensor from the hydraulic cylinder (i.e. only to the support element). Five electrical resistive
strain gauges were surface mounted to the forepole element for comparison with the optical technique
(Modified after Forbes et al., 2015). ........................................................................................................... 91
Figure 5-18: Symmetric bending strain profiles captured within a machined groove along the top length of
a 1.40 meter simply supported forepole: Left; Strain profiles at various applied loads (Modified after
Vlachopoulos & Forbes, 2015). Right: Strain profile comparison with Euler Bernoulli beam theory as
well as the strain profile after complete unloading. .................................................................................... 93
Figure 5-19: Symmetric bending strain profiles captured along the top length of a 0.66 meter (left) and
1.00 meter (right) simply supported forepole. ............................................................................................ 96
Figure 5-20: Symmetric bending strain profiles captured along the top (left) and bottom (right) lengths of
1.25 meter simply supported forepole......................................................................................................... 96
Figure 5-21: Symmetric bending strain profiles captured along the top length of a 1.50 meter (left) and 1.9
(right) simply supported forepole. .............................................................................................................. 97
Figure 5-22: Left; Symmetric bending strain profiles captured along the top length of a 2.80 meter simply
supported forepole. Right; Corresponding deflection profile. .................................................................... 97
Figure 5-23: Symmetric bending strain profiles captured along the simply supported forepole: Left;
Normalized strain profiles captured along the top (i.e. compressed) section at 15 kN of applied force for
simple support spans of: 0.66m, 1.00m, 1.25m, and 2.80m (Forbes et al. 2015a). Right; Strain profiles
captured along the top (compressive) and bottom (tensile) length of a 1.25 meter simply supported
forepole. The strain profiles are compared against Euler Bernoulli beam theory and an absolute average of
the two sides (Modified after Forbes et al. 2015b). .................................................................................... 98
xii

Figure 5-24: Strain profiles captured along the top (compressed) length of a 1.00 meter simply supported
forepole. The strain profiles captured using the optical technique are compared against discrete electrical
resistive strain gauge measurements at post elastic levels of applied bending load (Forbes et al., 2015a). 98
Figure 5-25: Model forepole symmetric bending apparatus: The steel element is supported by two rods
separated by approximately 800 millimeters. A vertical load is applied downwards at the midpoint
position between the two supports using a turnbuckle and measured using a spring scale accurate to 0.5
kilograms. A platen piece is used to ensure the load is not directly applied to the surface mounted optical
instrumentation. The optical instrumentation was positioned along the top compressive length of the steel
element. ..................................................................................................................................................... 100
Figure 5-26: Strain profile captured along the top (compressive) length of a 0.80 meter simply supported
model forepole subjected to bending load (Modified after Vlachopoulos & Forbes, 2015)..................... 101
Figure 5-27: Model forepole cantilever bending apparatus: A 300 millimeter section at the toe end of the
steel element is grouted within a 31 millimeter diameter preformed and reamed borehole within a
concrete block (approximately 300 x 300 x 300 mm). A load perpendicular to element length is applied
approximately 400 millimeters from the grouted section using a turnbuckle. The magnitude of the applied
load is measured using a spring scale accurate to 0.5 kilograms. The optical instrumentation is looped at
the toe end of the steel element in order to monitor opposing sides of the support element using one
sensor. ....................................................................................................................................................... 102
Figure 5-28: Strain profiles captured along the top (tensile) section of a model forepole at various
cantilever loads (Courtesy of Vlachopoulos & Forbes, 2015). ................................................................. 103
Figure 5-29: Model forepole axial loading apparatus: A 300 millimeter length at the toe end of the steel
element is grouted within a 31 millimeter diameter preformed and reamed borehole within a concrete
block (approximately 300 x 300 x 300 mm). Axial load is applied using a 20 tonne hollow plunger
cylinder (Enerpac, WI) at a distance approximately 400 millimeters from the grouted length. Spherical
seating washer and wedges are positioned under the hydraulic cylinder in order to reduce the degree of
bending at the support element head. The optical instrumentation is looped at the toe end of the steel
element in order to monitor opposing sides using a single sensor. ........................................................... 104
Figure 5-30: Strain profiles captured along diametrically opposing sides of a grouted model forepole
subject to various axial loads (Forbes et al., 2015a). ................................................................................ 106
Figure 5-31: Left; Average strain profile taken from the strain along opposing sides of a model forepole
subjected to axial loading. Right; Post-test removal of the grouted section from the concrete block; Upper:
Full grouted length; Lower: Detailed view of a foam spacer used as a centering piece inside the borehole.
(1) and (2) denote the locations of foam centering spacers at the toe and loaded end of the grouted length,
respectively (Modified after Vlachopoulos & Forbes, 2015). .................................................................. 107
xiii

Figure 5-32: Axial loading of a previously cantilever loaded specimen: Left; Average strain profile taken
from the strain along opposing sides of a model forepole subjected to axial loading. Right; Post-test
removal of the grouted length from the concrete block. Upper: Fracture extending 150 millimeters along
the grout from the loaded end of the specimen, aligned with the optical sensor. Lower: Void in the grout
approximately 150 millimeters from the loaded end of the specimen. (Modified after Vlachopoulos &
Forbes, 2015). ........................................................................................................................................... 108
Figure 5-33: Strain profiles captured along the top length of a rebar element grouted into three individual
concrete blocks and subjected to a double shear loading condition. The DOS strain profile DOS (solid
line) measured at a 1.25 millimeter spatial resolution is compared against an interpolated strain profile
from discrete, electrical resistive strain gauge measurements (dashed line) taken every 250 millimeters
along the rebar (Forbes et al., 2015a)........................................................................................................ 110

xiv

List of Tables
Table 3-1: Influential summary: Operational features/capabilities and pricing for the fiber Bragg grating
(FBG), Brillouin distributed sensing (BOTDA), and Rayleigh distributed sensing (ROFDR) techniques. 33

xv

List of Abbreviations

APC

Angled physical contact polish connection

BOTDA

Brillouin optical time domain analysis

BOTDR

Brillouin optical time domain reflectometry

DOS

Distributed optical strain sensing

DUT

Distributed optical fiber length under test

FBG

Fiber Bragg grating

FC

Ferrule connection

LC

Lucent connection

LVDT

Linear variable displacement transducer

ODiSI-B

Optical Distributed Sensor Interrogator

PC

Physical contact connection

ROFDR

Rayleigh optical frequency domain reflectometry

ST

Straight tip connection

xvi

List of Symbols

A

Cross-sectional area of the given support element

c

Speed of light in a vacuum (approximately 3E8 m/s)

Cε

Strain to Brillouin scatter frequency shift constant

E

Elastic modulus of the given support element

F

Level of applied axial load

Fg

Strain to Bragg wavelength shift gauge factor

Kε

Strain calibration constant

L

Bragg grating gauge length

l

Specimen length

Lε

Spacing between strain measurement locations

Ux

Displacement at position x along the support element

Ʌ

Spacing of Bragg grating structures

Va

Acoustic velocity within the optical fiber core

Δz

Spatial resolution of strain measurement points

ΔF

Frequency scanning range of the optical laser source

Δλ

Shifted Rayleigh scatter signal

ΔλBragg

Shifted Bragg wavelength

ε

Strain

εx

Strain at position x along the support element

𝜀̅x

Average strain at position x along the support element

𝜀𝑥𝑠𝑖𝑑𝑒

Strain at position x along a specified side of the support element

ηeff

Effective refractive index of the optical component (e.g. optical fiber core)

λ

Wavelength of the incident light
xvii

λBragg

Bragg wavelength

λbw

Wavelength bandwidth of the incident light

νb

Brillouin scatter frequency

τ

Pulse width of the optical laser source

xviii

Chapter 1
Introduction
1.1 Purpose of Study
The design and application of ground support has become increasingly critical as a rising demand for
subterranean transportation and resource management has led to the development of many more
underground projects within urban environments. In such situations, the design of the support system will
be contingent upon the anticipated ground conditions as well as the project specific requirements and
limitations. An incorrect evaluation of the support system can result in catastrophic consequences to both
life and property (Marr 2001). Consequently, empirical based support design will often trend towards an
over conservative design. An observational design approach, as provided by the Austrian Society for
Geomechanics (2010), provides a design rationale that permits controlled deformations of the surrounding
ground mass in order to provide stress with an opportunity to be partly released. This is performed in a
systematic manner measuring the deformation and stresses with each excavation sequence. In this regard,
the support design is continuously updated according to the current excavation conditions rather than
designing for the worst-case scenario. This allows for the installation of a less costly and time intensive
support system (Kontogianni & Stiros, 2002); however, this also necessitates an intensive monitoring
program to verify or falsify the assumptions made during the support design (Schubert, 2008).
Conventionally this has been approached using instrumentation techniques that monitor the excavation
periphery (e.g. geodetic monitoring, convergence tape) and surrounding ground deformations (e.g.
extensometers, inclinometers). Accordingly, the performance of the support system is inferred and has
resulted in an incomplete understanding of the complex ground-support interactions and support behaviour.
In the context of ground-support interaction, an abundance of research has been conducted on
individual support elements, in isolation; however, the combined effect of full, multi-component support
systems has not been fully investigated. Additionally, in the past when support elements have been
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individually addressed, the extent of monitoring has been limited by spatial constraints of conventional,
discrete instrumentation techniques (i.e. a coarse array of measurement points captured along the given
support element) resulting in a partial understanding of related mechanisms. Moreover, this has hindered
the accuracy of input parameters for use in predictive modelling of support systems. Therefore, a
requirement exists for a sensing solution that can overcome such spatial resolution limitations of traditional
measurement techniques. In response, the implementation of a novel distributed optical strain sensing
(DOS) technology, capable of monitoring strain along a standard, low-cost optical fiber at sub-centimeter
spatial resolution (i.e. measurement point spacing of 1.25 millimeters), is proposed. However, this
technology is currently undeveloped and untested within the geomechanics community. This research has
been conducted within the framework of analyzing (i.e. improving that state of art, ensuring safety) and
optimizing support design through the development of a novel optical monitoring solution.

1.2 Research Objectives
Three major research objectives were approached in this thesis. These were to:
I.

Determine the most appropriate optical strain sensing technology to be used for monitoring
individual support elements from commercially available systems.

II.

Develop a technique for applying the chosen optical technology with rock bolt and forepole
support elements, which is suitable for implementation in both laboratory and field evaluations.

III.

Verify the capability of the optical technique to accurately and reliably capture expected in situ
behaviour of support elements and assess its abilities in comparison to conventional strain
techniques.

1.3 Organization of Thesis
The thesis has been prepared in traditional format in accordance with the thesis guidelines provided by the
School of Graduate Studies at Queen’s University. The organization of chapters is as follows:
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Chapter 1 – Introduction: The chapter provides a general introduction and states the major
objectives of the thesis.
Chapter 2 – Support of Underground Structures: A preliminary overview of underground
support is provided in this chapter with an emphasis on rock bolt and forepole support elements.
This chapter also introduces the conventional techniques that have been implemented in order to
monitor and capture the behaviour and performance of such elements.
Chapter 3 – Monitoring Support: Optical Strain Sensing: The focus of this chapter is to propose
optical strain sensing as a novel solution to support monitoring. An overview of the operating
principles for current technologies is discussed in order to provide a rationale for choosing a system
to monitor support elements.
Chapter 4 – Development of the Optical Technique: This chapter describes the non-trivial
process of applying an optical transducer with steel support elements. Significant issues addressed
in this chapter include: optimizing the signal performance of the optical sensor, connectorizing the
optical sensor, protecting and bonding the optical sensor along the length of both the rock bolt and
forepole support elements, and protection of the optical interrogation unit.

Chapter 5 – Physical Testing Program: The comprehensive physical testing program conducted
to assess the capability of the optical technique to capture expected in situ loading mechanisms is
presented within this chapter. This includes a description of the laboratory loading apparatus and
discussion of the measured results.

Chapter 6 – Conclusions and Future Recommendations: The thesis culminates with this
chapter, which summarizes the general conclusions drawn from the research undertaken and details
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its contributions to the geotechnical community. Additionally, future recommendations for
continuation of the work are addressed.
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Chapter 2
Support of Underground Structures
2.1 Introduction
The construction of underground infrastructure disturbs the pre-existing stress equilibrium within a ground
mass. This causes stress to redistribute and localize around the excavation, resulting in deformation of the
ground from regions of higher to lower stress concentration (i.e. convergence of the opening). The severity
of the ground displacements will depend on a plethora of ground conditions (e.g. magnitude and orientation
of field stresses, strength of ground constituents, degree of anisotropy) as well as the excavation geometry
and orientation. In this regard, a supporting force is required in order to provide confinement for the ground
mass and in turn reduce the stress concentration between regions. This is accomplished by implementing a
support system, often referred to as rock support. According to Brady & Brown (1993), rock support is a
widely used term describing the procedures and materials used to improve the stability and maintain the
load bearing capacity of ground near the boundaries of underground excavations. Rock support has
traditionally been described in terms of being temporary or permanent. Temporary support, the focus of
this research, refers to the support or reinforcement used to control the excavation stability and thus, safety
during the construction. Permanent support refers to the final support (e.g. pre-cast concrete liner) used to
permanently keep the excavation open post construction. In many cases a temporary support system (simply
referred to as a support system within this thesis) will involve (but not be limited to) the utilization of a
combination of rock bolt, shotcrete, steelsets, spiles, and, forepoles (Figure 2-1). The support system acts
as the first line of defense for workers and equipment at the working face and is pivotal in controlling
excavation induced displacements in order to meet project related limitations and regulations. Therefore, a
strong understanding of the behaviour and performance of the constituent support elements, as well as the
entire support system, is critical to the design and development of underground support systems. This
research has concentrated specifically on developing a technique to better understand the behaviour
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associated with fully grouted rock bolt and forepole support elements. A preliminary overview of the
behaviour and methods of monitoring these elements is therefore, presented in this chapter.

Figure 2-1: Example tunnel temporary support scheme including: rock bolts, steelsets, shotecrete,
and forepoles (Forbes et al., 2015a).

2.2 Rock Bolt Support
Rock bolting (Figure 2-2) is a very popular technique used to improve the stability and maintain the load
bearing capacity of the ground near the boundaries of the excavation in underground projects (especially in
mining). Initially, rock bolting was conducted using an end anchored system whereby loose ground
surrounding the excavation was supported through tensioning a steel bar between a faceplate at the
excavation periphery and mechanical anchor some distance away from the excavation in stable ground.
This is considered an active support system in regards to the active tension that is applied to the end
anchored rebar in order to restrain deformation and effectively retain loose block and wedges (i.e. load is
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applied to the ground mass). This system is very easy to implement and immediately reinforces the ground;
however, failure of either the end anchor or faceplate would result in complete failure of the system.
Therefore, an improvement to this system was made by cement grouting the entire length of ribbed steel
bars (i.e. rebar). This creates a bond along the entire length of the steel element used to reinforce the ground,
rather than two end points, ultimately reducing the susceptibility to failure. Unfortunately, the grout has to
cure and as a consequence the bolt cannot be actively loaded. Accordingly, the grouted rock bolt will act
as passive support which will take on load as a result of surrounding ground movements. Therefore, it is
critical that this system is installed prior to significant deformation of the ground mass. Windsor (2004) has
stated three loading mechanisms that summarize the transfer of load to the support element:

I.

Rock movement induces load transfer from the unstable rock (i.e. near the excavation surface) to
the reinforcing element.

II.

Load transfers through the reinforcing element from the unstable to stable zone (i.e. from the
excavation surface to further within the surround ground mass).

III.

Load transfers from the reinforcement element to the stable ground mass.

The transfer of load from the rock to the support element will therefore initially transfer through the grout
annulus. Serbousek & Singer (1987) and Benmokrane et al. (1995) have noted that this mechanism is
primarily attributed to the mechanical interlocking of the rebar ribs within the grout. Within this context,
further improvements have been made to the fully grouted system through the development of resin grout
cartridges to replace the concrete grout. This has enhanced the bond between the rebar and grout as well as
allowed the fully grouted bolt to be actively loaded through the use of a fast setting grout at the toe end of
the bolt. Typical resin cartridges consist of a catalyst and resin in two separate compartments. These
cartridges are aligned along the bolt and inserted into the borehole. The bolts are then spun in place, which
both mixes the resin cartridge and tensions the bolt from a superposition of the torque applied to the bolt at
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the face plate. The end anchored and fully grouted bolting systems are schematically displayed in Figure
2-2.

Figure 2-2: Rock bolting system: Upper; cement grouted bolt, including an illustration of an end
anchor expansion shell (note: without grouting this would be a mechanically anchored bolt). Lower;
resin grouted bolt (Courtesy of Hoek & Wood, 1987).
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In an ideal, continuous ground mass, the ground movement surrounding the bolt will be coaxial with the
bolt. This will apply load in a purely axial fashion. Each increment of ground movement will therefore
contribute to load transferred to the bolt. The efficiency of load transfer will depend on factors such as:

I.
II.
III.

The physical properties and dimensions (e.g. diameter, smooth or deformed surface) of the bolt.
The installation procedure (i.e. end anchored or fully grouted, active or passively loaded).
The resin-bolt and resin-ground bond (only applicable for the fully grouted bolt).

In this regard, failure of the fully grouted rock bolt system would be expected in one or more of the
following modes: shear traction failure at the grout interface (i.e. between the bolt-grout or grout-ground),
tensile failure of the bolt, or failure of the grout column. These failure modes are illustrated in Figure 2-3.

Figure 2-3: Example failure modes of a fully grouted bolting system (Courtesy of Serbousek &
Signer, 1987).
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The aforementioned loading and failure mechanisms assume that the ground movements are distributed
over the bolt length and coaxial with the bolt; however, ground movements may also be dominated by a
number of discrete (i.e. localized) occurrences (Hyett et al., 1996, Li & Stillborg, 1999). In such
discontinuous ground movement a component of transverse (i.e. shear) loading of the support element may
also exist (Figure 2-4).

Figure 2-4: Typical loading sources of fully grouted rock bolts: Left; axial tensioning as the result of
loosening ground towards the excavation periphery. Right; tension and bending caused by shearing
between layers (Modified after Mark et al., 2002).

Li (2010) has discussed such behaviour based on observations of failed bolts displaying permanent shearing
that have been exposed after a fall of ground. Accordingly, rock bolts may be subjected to a combination
of axial and shear loading. Through the serviceability life of the support, rock movements may transition
from a distributed load along the bolt to discrete localized features, when rock mass movement leads to
crack formation and shear zone propagation. This will ultimately result in a highly variable loading profile
along the fully grouted rock bolt.
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2.3 The Umbrella Arch: Forepole Support
The umbrella arch is a temporary support system forming a structural umbrella around the excavation from
the insertion of longitudinal support members installed from within the tunnel, above and around the crown
of the tunnel face. The umbrella arch is often considered a pre-support technique as the support members
are installed prior to the first pass of excavation. In this manner, the umbrella arch provides support to the
ground ahead of and at the working face as well as the unsupported span immediately behind the working
face, inside the tunnel, as illustrated in Figure 2-5. The latter is a primary distinguishing feature and benefit
of the umbrella arch in comparison to other pre-support techniques such as fiber-glass dowels (i.e. face
bolting), which may be used in combination with the umbrella arch itself.
According to the nomenclature developed by Oke et al. (2014), the longitudinal support members,
extending ahead of the excavation face and composing the umbrella arch, can be broken down into three
main support element categories:

I.

Forepoles: element length greater than the height of the excavation, installed at shallow angles to
the tunnel axis (commonly a 15m long steel pipe installed at angle 5 degrees to tunnel alignment);

II.

Spiles: element length smaller than the height of the excavation, primarily installed to control
structural driven failure (e.g. rebar); and,

III.

Grouting elements.

This research focuses specifically on the umbrella arch system composed of forepoles.
Forepoles are passive support elements activated by movements of the ground mass. Their primary
support contribution involves the longitudinal transfer of load away from the unsupported span. This is
accomplished through bending of the forepole element (often steel pipe), which will be founded on a stiff
steelset / concrete lining at both ends (refer to Figure 2-5a.) or the steelset / concrete lining and ground
ahead of the excavation face (refer to Figure 2-5b.) depending on the construction stage. In this regard, the
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forepole acts as a multi-span beam to provide confinement to the unsupported span during construction
(John & Mattle 2002). However, when initially installed the forepole will subjected to load in a cantilever
fashion due to the presence of a 1 to 3 meter “free length” until the steelset / concrete lining is able to be
installed / cure. Furthermore, depending on forepole / grout / ground interaction, axial loading of the
forepole may be expected as a result of the stiff element resisting ground movements ahead of the
excavation towards the tunnel. Respectively, the ground properties and strength and stiffness of the concrete
lining / steelset will play a major role in the support contribution of the forepole elements (Volkmann &
Schubert 2007).

Figure 2-5: Cross section view of an example forepole umbrella arch support system. Sections a) and
b) indicate two loading scenarios of the forepole support element depending on the phase of
construction (Forbes et al., 2015a).

Volkman & Schubert (2006) have discussed two options available for forepole installation: the predrilling system and the cased-drilling system. The pre-drilling system consists of drilling the boreholes and
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then installing the forepole support element. Due to the weak nature of the ground that forepoles are
routinely installed in, the pre-drilled hole will begin to converge on itself. Therefore, it is critical to install
the support immediately post drilling. If this is not performed in a timely manner, the pre-drilled hole may
converge to the point where the forepole cannot be completely installed and must be re-drilled.
Consequently this will emerge in the form of surface settlement potentially at both the excavation and
ground surface (which may be detrimental to a given project). The case-drilling system offers a method to
avert convergence of the drilled hole by drilling and installing the forepole simultaneously (i.e. the forepole
follows directly behind the drilling bit). In this manner, the forepole immediately provides support to the
periphery of the drill hole. In weak ground masses this may be critical to successfully installation of the
forepole. Volkmann (2004) has also found that the cased-drilling system significantly reduced surface
settlements during the installation period of a forepole umbrella arch. However, this method will most likely
require the pipe to be installed as connected segments (i.e. installed to match drilling bit extensions). In this
regard, innovative junctions are required to connect segments of a forepole in a fashion that the overall
support capacity of the element is not hindered (e.g. Volkmann & Dolsak, 2014).

2.4 Capturing Support Performance
The support system is relied upon to maintain excavation stability (and therefore, safety) throughout the
construction process and is therefore, an integral component of the design of underground structures. It is
necessary to ensure that individual elements, as well as the entire system, are working in accordance with
the chosen design rationale. Therefore, along with a need to monitor the excavation induced ground
deformations, there is also a need to monitor the performance of individual support elements, which may
provide significantly more instructive information than deformations alone. In this regard, there is also an
opportunity to improve support design by increasing the current understanding of the mechanistic behaviour
and interaction parameters associated with such support elements in isolation and as part of a multicomponent system. The back-analysis of this information can be used to directly improve current analytical
and numerical predictive models, which in essence, are only as good as their input parameters (Romero,
13

2002). A brief overview of significant previous research efforts made to capture such support behaviour for
rock bolt and forepole support through laboratory scale and in situ experiments is discussed within the
following sections.

2.4.1 Conventional Rock Bolt Monitoring
Anchor pull-out tests are the most commonly performed assessments of fully grouted rock bolts. This
testing is conducted in order to determine the anchoring capacity (i.e. ultimate load) as well as the system
of failure (refer to Figure 2-3) of the grouted tendon under uniform axial loading. Generally this has been
assessed using a torque wrench (e.g Barry, 1954) or hydraulic cylinder assembly (e.g. Mark et al., 2002) to
apply load. A pressure cell and string-pot potentiometer is often used to correlate load at the bolt head with
displacement of the system. However, this technique provides very little insight into how the load profile
varies along the length of the bolt. Therefore, it does not account for the potential variability of loading in
the form of a discontinuous ground mass response (e.g. multiple layer separation, shearing between layers).
Furthermore, it does not detail the load profile along the bolt, nor does it account for variability in the form
of discontinuous loads in the ground mass (e.g. multiple layer separation, propagation of cracks, shearing
between layers). Moreover, this is a destructive testing method that renders the support elements
inoperative. The measured behaviour must, therefore, be assumed to be applicable to the surrounding
untested bolts. Steblay (1987) and Zou & Cui (2011) have discussed non-destructive methods to monitor
and check the bolt integrity and performance using guided, ultra-sonic wave technologies; yet, these
techniques were not able to adequately or reliably determine a load distribution along the bolt.
Work completed by Farmer (1975), Freeman (1978) Sebousek & Singer (1987) has considered a
contrasting approach to the aforementioned techniques; instead of externally monitoring the bolt,
instrumentation was applied along the length of the support itself, and ultimately made part of the bolt. This
was accomplished by positioning an array of electrical resistive strain gauges along the length of rebar
specimens. The distribution of strain along the length of the support elements could, therefore, be
determined through the interpolation of discrete measurement points (i.e. wherever a strain gauge was
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positioned). This provides an abundance of information in comparison to pull-out testing and additionally
does not damage the integrity of the support system. However, this instrumentation technique results in
large sections of the bolt going unmonitored (i.e. the space between strain gauges). Consequently, localized
loading along the element may be underestimated or entirely missed by the discrete sensors. In addressing
this issue, Spearing et al. (2013) developed a method for instrumenting rebar bolt elements with long baselength inductive strain gauges. Typical gauge lengths for this technique were 200 to 500 millimeters.
Accordingly, this allowed for the entire length of a given support element to be monitored by discretizing
it into measurement “zones” as opposed to measurement points as illustrated in Figure 2-6. Similar to the
traditional strain gauges, the long base-length gauges may result in peak loads being underestimated if
loading is not uniform across the gauge length. The technique cannot readily distinguish between single or
multiple loading features causing the development of strain. Additionally, the long base-length makes the
technique unsuitable for monitoring localized shearing as such behaviour will essentially be averaged out
by the gauge length.

Figure 2-6: Long base-length strain gauge configurations used for field trials: a; Stacked
configuration. b; Staggered configuration – increases axial resolution while sacrificing a degree of
accuracy related to bending errors (Courtesy of Spearing et al., 2013).
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2.4.2 Conventional Forepole Monitoring
The extent of instrumenting and monitoring forepoles at the laboratory scale and in situ is very limited in
comparison to rock bolts. Volkmann & Schubert (2008) and Volkmann & Dolsak (2014) have conducted
laboratory four-point flexural tests on standard as well as connected (i.e. threaded, welded, nipple
connections) steel pipe segments monitored using exterior mounted linear variable displacement
transducers (LVDT). This testing was instructive for determining the flexural capacity of forepole segments
from an operational stand point; however, the LVDT measurement system does not provide a solution for
capturing performance within the context of ground-support interaction. This has been approached by
experiments conducted by Lunardi et al. (1992) in situ and Shin et al. (2007) at the laboratory scale using
electrical resistive strain gauges mounted along pipe elements, although, the installation procedure of the
support element damaged many of the transducers. As a result, measurements taken using traditional strain
gauges have been inconclusive and there has been a tendency to infer forepole behaviour from displacement
measurements of the ground. This has been conducted in terms of the excavation face, surrounding ground,
and measurements of the surface settlements. This method of inferring behaviour of the support system is
routinely performed in situ (e.g. Heinz et al., 1989), but has also been the topic of model centrifugal
experiments, which have been conducted to determine the influence of combined forepole parameters
including, but not limited to: spacing between forepoles, angle of insertion (refer to Figure 2-5), dimensions
of the support element (i.e. stiffness), and unsupported length (e.g. Yeo, C.H., 2011). Perhaps the only
successful implementation of instrumentation directly with forepole support in situ has been presented by
Volkmann (2003). In this work a 20 meter long chain inclinometer composed of ten 2 meter lengths was
installed within a steel pipe. The pipe was positioned above and parallel to a recently installed forepole
umbrella arch used during the construction of the Birgltunnel (Austria). As the excavation advanced, the
overall deflection of the forepole umbrella arch was captured. There is certainly an opportunity to improve
upon such work through an increased spatial resolution and the development of a technique that could be
installed with the primary support elements (i.e. not installed in a secondary member).
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2.5 Relevance to Research
This chapter has provided a preliminary overview of support in underground infrastructure in order to
provide context for the remaining sections of this thesis.
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Chapter 3
Monitoring Support: Optical Strain Sensing
3.1 Limitation of Conventional Monitoring
A plethora of work has been conducted by various researchers using conventional, discrete instrumentation
solutions (e.g. Farmer, 1975, Volkmann, 2003, Grasselli, 2005, Spearing et al. 2013); however, a lack of
spatial resolution in such works has resulted in a partial understanding of the related mechanisms involved
with rock bolt and forepole support. This has also led to a knowledge gap in terms of the distinct
performance of each support element in isolation and as part of a multi-component support system (i.e.
discrete elements versus collective performance). This may be attributed to the observation that
conventional, electrical instrumentation techniques (i.e. strain gauges, displacement transducers,
inclinometers) have not progressed or been developed to an adequate state that allows the complex groundsupport interaction to be fully captured. Manufacturing techniques have been able to reduce costs, improve
instrumentation accuracy, reliability, and sensing range; yet, these traditional techniques remain to be a
discrete solution. In this regard, the spatial resolution, and in turn, the extent of conventional monitoring, is
controlled by the number of sensors that can be applied to a given specimen. Ultimately this will be limited
by the increased cost and manufacturing difficulties of adding more measurement points. Therefore, the
success of conventional monitoring solutions is entirely contingent upon significant loading features
occurring within the region of a discrete transducer. This may be acceptable within a controlled laboratory
environment; however, in reality a discontinuous (i.e. highly variable) support response is expected. In this
manner, a monitoring solution will often be limited to a choice between many poorly instrumented support
elements (i.e. a poor spatial resolution along each specimen) or a few highly instrumented support elements
(i.e. a poor spatial resolution between instrumented specimens). Within this context, it is necessary to
consider new and innovative strain techniques, which have yet to proven within the geomechanics
community.
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A particularly interesting solution is optical sensing. While not necessarily a new technique, the
harsh and unclean conditions within underground projects provides a potential explanation as to why its
use is not nearly as prevalent in comparison to electrical techniques. Nevertheless, optical sensing provides
several enticing features for monitoring support. First, optical sensing uses light as the transmission signal.
As a result, the technology is inherently intrinsically safe. Second, the optical sensor, being a glass optical
fiber, will not degrade or require constant recalibration or reconfiguration over time as does its electrical
counterpart. Third, the diameter of the optical fiber transducer is on the micrometer scale and can therefore
be bonded and protected along the length of a support element without greatly altering the element itself
(i.e. can still be used as primary support and additionally boreholes are not required). But perhaps the most
intriguing aspect of optical sensing is the potential to use one optical fiber as the transducer for an array of
measurements (i.e. a continuous measurement sensor), as displayed in Figure 3-1.

Figure 3-1: Schematic of a rebar element with four equally spaced strain gauges (i.e. a discrete
solution) in comparison to a continuous measurement sensor (Forbes et al., 2015a)

3.2 Optical Strain Sensing
Fiber optics was initially proposed as an improved method for the communications industry in the 1960’s
(Koa & Hockham, 1966). In comparison to the conventional electrical methods, often using copper wire,
fiber optics was determined to have much lower attenuation rates and to be capable of carrying greater
19

amounts of information. These were determined using a single mode optical fiber composed of a high
quality, fused silica core surrounded by a lower refractive index silica cladding (i.e. coating around the
core). In this manner, the optical fiber is a dielectric waveguide, which directs light (an electromagnetic
wave) through the fiber core from the source (e.g. a laser emitting diode) to a receiving end (e.g. a
photodetector). The cladding provides protection to the fine optical core (often 9 micrometers in diameter)
and additionally prevents light from escaping the core (i.e. through reflection and refraction if the optical
fiber is not perfectly straight) according to Snell’s Law. With this technique it was determined that signals
(i.e. patterns of light) could be transmitted and decoded over much longer distances: potentially thousands
of kilometers (U.S. Patent No. 3, 711, 262 A). Additionally, the signal is immune to electromagnetic and
radio frequency interference. This amounts to fiber optics being an ideal method for transmitting data from
geotechnical instrumentation (e.g. electrical strain gauges) back to central monitoring stations. In this sense,
the optical fiber is used extrinsically to aid a monitoring solution. This technique can be improved upon by
considering an intrinsic solution whereby the optical fiber itself acts as both a transmission medium and
transducer.
External perturbations (i.e. temperature and pressure) causing physical change to the optical fiber
will disturb the propagating signal within. In this manner, an optical sensor can be realized by determining
a relationship between physical change in the optical fiber and the spectral shift (e.g. amplitude, frequency,
and phase) of the signal. Current commercially available solutions, which can determine the strain and
temperature change locally along a single mode optical fiber, include fiber Bragg grating and distributed
optical sensing techniques. The former consists of inscribing a periodic modulation of the index of
refraction within the optical fiber core, which in turn will reflect a portion of the incident light (termed a
Brag grating). This technique is optically analogous to conventional foil resistive strain gauges in that the
number of measurement locations corresponds directly to the number of sensors; however, many Bragg
gratings can be multiplexed into a single optical fiber at specific locations. Therefore, one optical fiber can
act as a multi-point discrete sensor to resolve longitudinal strain at various locations along the fiber. The
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latter techniques utilize the back reflected component of scattering phenomenon, a diffuse reflection, which
occurs continuously along an optical fiber. Scattering is a result of Rayleigh, Brillouin, and Raman
mechanisms. A change in local strain or temperature will induce a modulation of the scattered signal in
terms of the amplitude, frequency, and phase. These relations can be realized spatially along the fiber
through optical domain reflectometry and optical frequency domain reflectometry methods, which were
initially proposed to monitor attenuation and detect faults along fiber runs in communications (Barnoski et
al, 1977). The quintessential distributed sensor would therefore provide a continuous strain profile (i.e.
infinite measurement points) along the length of a given optical fiber. In reality, the spatial resolution will
be controlled by technological limitations arising from the selected time domain or frequency domain
technique. The spatial resolution (Δz) will be derived from the speed of light in the fiber core (i.e. the speed
of light in a vacuum, c, by the effective refraction index of the fiber core, neff) using both methods. However,
the time and frequency domain spatial resolution will ultimately be controlled by the pulse width of the
laser source (τ), as presented in Equation 3-1 (Kingsley & Davies, 1985), and the frequency scanning range
of the laser source (ΔF), as shown in Equation 3-2 (Froggatt et al., 2004); where the scanning frequency
range is further dependent on the center wavelength (λ) and wavelength bandwidth, Δλbw, (Equation 3-3).

∆𝑧 =

∆𝑧 =

𝜏𝑐
2𝑛𝑒𝑓𝑓

(3-1)

𝑐
2𝑛𝑒𝑓𝑓 ∆𝐹

𝑐
∆𝐹 = ( 2 ) Δ𝜆𝑏𝑤
𝜆

(3-2)

(3-3)

It is important to note that an inverse relationship exists between the spatial resolution, measurement
repeatability, and maximum sensing length. For example, the pulse width with an optical time domain
technique can be increased to improve the maximum length of the sensor, but this will in return decrease
the sensitivity of the spatial resolution (i.e. increase distance between measurement points) according to
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Equation 3-1. Similarly, the repeatability of the measurement may be increased by taking an average of a
series of local measurement points, which in effect makes the spatial resolution coarser. Regardless,
distributed sensing techniques provide a motivating solution for strain monitoring of support, whereby a
single optical fiber can be used to monitor potentially thousands of measurement locations.
The aforementioned fiber Bragg grating and distributed sensing methods are discussed in further
detail within the following sections of this chapter. The fundamental working principles of each technique
are provided in order to provide a rationale for choosing the most applicable technology in the development
of a novel geotechnical strain sensing technique. Raman distributed sensing has been excluded from the
following discussion as the respective scattering is primarily temperature dependent (Dakin et al., 1985),
which would require an unnecessary degree of temperature compensation measures.

3.2.1 Fiber Bragg Gratings
The first considered optical sensing technique is the use of multiplexed fiber Bragg gratings (FBG) to
monitor strain along an optical fiber. A Bragg grating is fundamentally a fixed refractive index modulation
of the fiber core acting as dielectric mirror (Venghuas, 2006). Bragg gratings are commonly produced by
laterally exposing the fiber core to a periodic pattern of ultraviolet light. The exposure results in the
fabrication of phase structures directly in the fiber core which results in a permanent change of the refraction
index at exposed sections (Meltz et al., 1989 and FBGS, 2014a). An example Bragg grating is displayed in
Figure 3-2.
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Figure 3-2: An example Bragg grating structure inscribed into the core of a single mode optical fiber,
where Ʌ is the spacing between individual gratings which combine to form the Bragg gauge length,
L. Also shown is an example reflection spectrum of an incident (input) light as a result of a Bragg
grating. This reflected spectrum corresponds to the difference between the incident and transmitted
light (Modified after FBGS, 2014b and Luna Innovations Inc., 2015).

The incident light spectrum (i.e. the input light) will be partially reflected at each grating structure.
Therefore, across the Bragg grating structure there will be multiple reflections of the incident light occurring
along the repeated modulation of the refractive index. At a particular wavelength the back reflected signals
will be combined in a coherent fashion. This wavelength is termed as the Bragg wavelength (λBragg) and
will have a centered wavelength position according to the spacing of the grating structures (Ʌ) and the
effective refractive index of the single mode optical fiber (neff), as shown in Equation 3-4.

𝜆𝐵𝑟𝑎𝑔𝑔 = 2 𝑛𝑒𝑓𝑓 Λ

(3-4)

All other wavelengths forming the incident light will pass through the Bragg grating structure unaffected
as displayed in Figure 3-2. The center position of the Bragg wavelength will also be influenced by both
strain and temperature perturbations to the fiber which in return will affect both the refractive index and the
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periodicity of the grating structures. As such, external disturbances resulting in a change in length or
temperature of the optical fiber will shift the centered position of the Bragg wavelength, as demonstrated
in Figure 3-3.

Figure 3-3: Bragg wavelength shift as a result of strain being applied to the optical fiber (Modified
after FBGS, 2014b).

The shift in the centered position of the Bragg wavelength (ΔλBragg), as a result of strain being applied to
the optical fiber, can be determined using Equation 3-5.

∆𝜆𝐵𝑟𝑎𝑔𝑔 = 2 [Λ

𝑑𝑛𝑒𝑓𝑓
𝑑Λ
+ 𝑛𝑒𝑓𝑓 ] Δ𝑙
𝑑𝑙
𝑑𝑙
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(3-5)

In the previous expression for the shifted Bragg wavelength, l is the specimen length. In a single mode fiber
the shift of the Bragg wavelength will respond linearly with applied strain (ε) according to Equation 3-6
(Micron Optics Inc., 2012).

𝜀 𝐹𝑔 =

∆𝜆𝐵𝑟𝑎𝑔𝑔
𝜆𝐵𝑟𝑎𝑔𝑔

(3-6)

Many manufacturers will specify the expected gauge factor (Fg) for the strain to Bragg wavelength shift
which will depend on the fiber core material and Bragg grating specifications. Generally for conventional
silica optical fibers the gauge factor will be a value within the range of 0.75 pm per microstrain (Haase,
2007 and FBGS, 2015) to 1.3 pm per microstrain (Black et al., 2008). In this manner, the initial, unperturbed
Bragg wavelength can be recorded as a reference measurement to compare against future conditions where
a shift in the Bragg wavelength can be used to determine strain in the fiber with microstrain accuracy.
FBG are optically analogous to conventional electrical strain gauges where a measurement of
strain is taken for each transducer. However, a distinguishing feature of the FBG technique is that the
transducer (i.e. the optical fiber) is also the lead. Furthermore, multiple Bragg gratings can be multiplexed
into a single fiber, such that one optical fiber is used to monitor an array of locations along the fiber. This
can be particularly advantageous for projects requiring many measurements locations, for example the
monitoring of circumferential tunnel deformation in the Rossio tunnel, Portugal (Barbosa et al. 2009). The
project consisted of installing a total of 872 Bragg gratings, which were chosen instead of electrical foil
resistive strain gauges, over 2.6 km section of the tunnel. Using the FBG technique, eight Bragg gratings
were inscribed per fiber sensor, significantly reducing lead cable management. Additionally, the signal
integrity of the Bragg wavelength over long distances eliminated the need for signal amplification systems
(i.e. to transmit the measurement signal back to a central monitoring station). Yet, it is important to note
that the FBG technique remains a discrete solution. A limited number of Bragg gratings can be inscribed
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into an individual sensor, and therefore, a limited number of strain measurements can be taken along the
optical fiber.
The maximum number of Bragg gratings per sensor (i.e. per optical fiber) will be controlled by
numerous factors, including: manufacturing limitations (e.g. precision of the UV laser source, how closely
gratings can be spaced), the sensor length in comparison to Bragg grating length (i.e. gauge length), and
the required strain range. Regarding the latter, FBG interrogation units (e.g. the sm125 unit produced by
Micron Optics Inc.) will generally implement a swept wavelength technique where the incident light
spectrum will have a wavelength spectrum varying from 1510 nm to 1590 nm, utilizing a limited
wavelength spectrum which can be reflected by the Bragg gratings. The spectral range set for each Bragg
grating must therefore be wide enough to capture the shifted Bragg wavelength at the strain range required.
For example, considering a gauge factor of 1 pm per microstrain, a 2 nm Bragg wavelength shift from an
initial Bragg wavelength of 1550 nm will correspond to approximately 1300 microstrain, according to
Equation 3-6. This implies that the set spectral range of the Bragg grating must be at least 2 nm to capture
1300 microstrain unidirectional (i.e. compressive and tensile strain will shift the Bragg wavelength in
opposing directions). A Bragg wavelength shift past this value would otherwise not be measured. Therefore,
care must be taken such that spacing of the Bragg gratings both physically and spectrally are not so close
that the sensor will be prone to overlapping of the Bragg wavelengths (i.e. a shifted Bragg wavelength could
be mistaken for a separate initial Bragg grating). This leads to a direct trade-off between the spatial
resolution and the required strain range using the FBG technique. In terms of monitoring temporary support
elements in underground applications, strain levels well over 10,000 microstrain (i.e. 1% strain) can be
expected in various support regimes. While this may not exceed the physical limits of the optical fiber, it
may dramatically limit the number of Bragg gratings unless techniques which dampen the amount strain
transferred to the sensor are applied (e.g. Schroeck et al., 2000).
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3.2.2 Brillouin Distributed Sensing
Brillouin optical time domain reflectometry (BOTDR) and Brillouin optical time domain analysis
(BOTDA) are two distributed sensing techniques which measure the Brillouin scatter frequency shift along
a low cost single mode optical fiber. The former monitors spontaneous Brillouin scattering, an inelastic
phenomenon corresponding to a frequency shifted component of the input light which is attributed to the
effective refractive index of the optical fiber (neff) and the interaction of optical (i.e. photon) and acoustic
(i.e. phonon) waves in the optical fiber (Agrawal, 2001). The frequency of the Brillouin scattering (vb) will
be maximum according to Equation 3-7, where Va is the acoustic velocity in the optical fiber and λ is the
wavelength of the incident light.

𝑣𝑏 =

2 𝑛𝑒𝑓𝑓 𝑉𝑎
𝜆

(3-7)

Strain and temperature perturbations affecting the optical fiber will shift the frequency of the Brillouin
scatter. The shift predominately arises from the change in acoustic velocity as a result of the density of the
fiber core being modulated. The relationship between strain (ε) and Brillouin frequency shift is linear
according to Equation 3-8 (Horiguchi et al. 1989).

𝑣𝑏 = 𝑣𝑏0 (1 + 𝐶𝜀 × ∆𝜀)

(3-8)

A strain constant (Cε) of 4.4 is regularly quoted for silica optical fibers, but this depends on the composition
of materials (i.e. different concentrations and dopants) for the optical fiber being interrogated. Shibata et al
(1988) has shown that the strain coefficient will not differ significantly for various fiber types. As Brillouin
scattering occurs continuously along the length of the optical fiber, a distributed sensor can be realized by
measuring the unperturbed Brillouin frequency over the entire length of the interrogated optical fiber and
comparing it to the Brillouin response at a later time. The BOTDR technique accomplishes this by injecting
27

a pulsed light into the fiber and recording the backscattered Brillouin frequency with a coherent receiver.
The backscattered light is resolved into distance along the optical fiber by monitoring the return time of the
signal and knowing the speed of light in the fiber (i.e. Optical time domain reflectometry). Using this
technique strain can be monitored over the length of optical fibers that can be kilometers in length
(Kurashima et al., 1989 & Shimizu et al., 1993). Yet, a significant issue with the BOTDR technique is the
low level of detected signal (i.e. the Brillouin frequency). This results in the spatial resolution of strain
measurements being limited to one meter, even though the Brillouin frequency shift occurs continuously
over the length of the optical fiber. Furthermore, the strain accuracy will be limited to approximately 50
microstrain. According to Equation 3-1, the spatial resolution of measurements can be reduced by
shortening the pulse width of the input signal, but this will in return drop the strength of the Brillouin signal
to undetectable levels. However, the low signal response may be overcome by stimulating the Brillouin
scattering process in order to amplify the measurement signal. This is often referred to as BOTDA
(Horiguchi & Tateda, 1989a, Niklès, 1994).
Acoustic waves can be stimulated by injecting two counter propagating waves into an optical fiber.
This requires access to both ends of the optical fiber under test. An overview of the BOTDA is displayed
in Figure 3-4.

Figure 3-4: Principle of the Brillouin optical time domain analysis (BOTDA) technique (Modified
after Zhang & Wu, 2012).
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In the above Figure a pulsed signal (i.e. the pump laser) and a tunable counter propagating continuous wave
(i.e. the probe laser) are launched into an optical fiber at opposing ends. When the frequency difference
between the pumped and probe signal is equal to the Brillouin frequency shift, Equation 3-7, at some point
along the fiber a resonant condition will be established and Brillouin scattering will be stimulated. At this
position in the fiber the probe signal will be amplified, carrying the local strain information, as described
in Equation 3-8, to the receiver at a comparatively stronger signal than BOTDR technique (Horiguchi &
Tateda, 1989b & Boa et al., 1994). The probe signal will also carry time domain information from the pulse
signal, which allows the position of the stimulated Brillouin frequency shift to be determined along the
length of the fiber (likewise to the BOTDR technique) (Inaudi & Glisic, 2006). The amplified signal permits
the BOTDA technique to monitor the strain profile along optical fibers that can be kilometers in length at
strain accuracies comparatively better than when using the spontaneous counterpart (i.e. BOTDR). Two
commercially available BOTDA systems using the amplified Brillouin response are the Neubrexcope-6000
(Zhang & Wu, 2007) and the DITEST STA-R (Omnisens, 2014). The former is capable of measuring strain
at a spatial resolution of 0.1 meters over a maximum fiber length of one kilometer at a strain accuracy of
25 microstrain. The latter is capable of a strain accuracy of two microstrain, although this in turn reduces
the maximum sensing length to under 50 meters and spatial resolution to 0.5 meters. It is important to note
that the stimulated Brillouin scattering process is only possible by using counter propagating waves. As
such, this technique will require both ends of the fiber to be accessible, which may require innovative
techniques for implementation in situ.
The spatial resolution limitations prevent both the BOTDR and BOTDA techniques from truly
being a distributed sensor (i.e. continuous measurement points along the entire length of the sensor);
however, the long sensor length capabilities (i.e. kilometer scale) allows thousands of individual
measurement points to be taken along the length of a single optical fiber. This makes the Brillouin scattering
based systems an attractive solution for large scale geotechnical monitoring projects such as: slope stability
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(e.g Shi et al., 2006), tunnel deformation (e.g. Moffat et al., 2015), geotextile performance (e.g Habel &
Krebber, 2011), and pipeline monitoring (e.g Inaudi, 2010).
3.2.3 Rayleigh Distributed Sensing
Rayleigh scattering is a spontaneous loss mechanism arising from random fluctuations of the refraction
index fused into the silica core of an optical fiber during manufacturing. Unlike Brillouin scattering,
Rayleigh scattering is elastic, resulting in virtually no frequency change when comparing the incident light
and light scattered via the Rayleigh mechanism. As such, techniques implementing optical time domain
reflectometry to capture the Rayleigh signal across an optical fiber require high powered lasers and long
acquisition times (e.g. Lu et al., 2010) to obtain comparable sensing lengths and spatial resolutions as the
aforementioned Brillouin scattering techniques. Additionally Rayleigh scatter is independent of strain and
temperature. For these reasons the emphasis on developing a Rayleigh distributed sensing solution with
time domain techniques has not been on strain sensing. However, Froggatt & Moore (1998) have discussed
the potential of using the Rayleigh scatter frequency response (i.e. Optical frequency domain reflectometry)
to measure strain with an interferometric technique.
Rayleigh scatter is not directly dependent on strain; yet, a local compression or tension applied to
the optical fiber will lead to an alteration of the local refractive index of the fiber (which Rayleigh scattering
is dependent upon). This implies that strain can be determined by measuring the path length difference of
Rayleigh scatter between a reference and measurement arm (i.e. a segment of optical fiber exposed external
perturbations) of an optical interferometer (Froggatt et al., 2004). Currently, the only commercially
available Rayleigh optical frequency domain reflectometry based units are provided by Luna Innovations
Inc. (Virginia, US). This work has considered the ODiSI-B unit, which is abbreviated for the Optical
Distributed Sensor Interrogator. The method by which this system determines strain along the length of an
optical fiber can be described in reference to Figure 3-5.
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Figure 3-5: Example optical network using swept wavelength interferometry to interrogate strain
along an optical fiber under test (i.e. DUT) (Courtesy of Soller et al., 2005).

The ODiSI-B unit utilizes a swept wavelength interferometric technique measuring the Rayleigh back
scatter signal (i.e. backwards propagating Rayleigh scatter). Light from a tunable laser source is split at an
optical coupler into a reference and measurement path. A second optical coupler in the measurement path
further splits the light to interrogate a length of optical fiber under test (i.e. DUT in Figure 3-5) and to return
the back scattered Rayleigh signal. A final optical coupler then recombines the light from the reference and
measurement paths. At this stage, a polarization controller and polarization beam splitter are used to split
the combined signal equally into two orthogonal polarization states. This ensures that an interference signal
from the reference and measurement paths will be present at one of the photodiodes (i.e. S and P in Figure
3-5). This step is performed in order to manage the polarization sensitivity of the optical frequency domain
reflectometry technique and is discussed in much greater detail by Soller et al. (2005). The interference
from recombination of light in the measurement and reference paths provide a frequency domain
description of the Rayleigh back scatter in the optical fiber under test. An inverse Fourier transform converts
the frequency response into the time domain, and therefore allows the back scattered signal to be realized
spatially along the optical fiber under test at segments given by Equation 3-2. Similar to the fiber Bragg
grating and Brillouin scatter techniques previously discussed, the Rayleigh back scatter signature will be
measured and stored at an ambient (i.e. unstrained) state. Any segment of the fiber experiencing a change
in strain will also experience a corresponding shift in the reflected spectrum. Strain is then determined by
conducting a complex cross-correlation between the ambient and strained fiber signature. A strain
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perturbation (ε) will be manifested as a shift in the cross-correlation peak (Δλ) by a linear relationship given
by Equation 3-9 (Gifford et al., 2005).

∆𝜆
= 𝐾𝜀 𝜀
𝜆

(3-9)

In this manner, the distribution of strain along at the optical fiber is determined by scaling the spectral
shift of the back scattered Rayleigh signature, where Kε is a strain calibration constant. Luna recommends
a value of 0.78, but this may change by approximately ten percent depending on the optical fiber
composition (Kreger et al., 2007).
The ODiSI-B optical interrogator is currently limited to a sensor length (i.e. the optical fiber) of
40m due to system noise (e.g. phase noise of the laser). This is significantly shorter than the sensor length
capabilities of the previously discussed fiber Bragg grating and Brillouin scattering techniques; however,
the Rayleigh optical frequency domain technique is capable of a spatial resolution of 1.25 millimeters (i.e.
a strain measurement point every 1.25mm along the optical fiber under interrogation) at a strain accuracy
of ±5 microstrain (Luna Innovations Inc., 2014). In this regard, the ODiSI-B provides a solution for a
truly distributed sensor that measures the continuous strain profile along the entire length of a single
optical fiber. However, it is important to note that the measurement increment (i.e. the spatial resolution)
will in turn affect the spectral resolution and signal to noise ratio. In this manner, the resolution and
accuracy of strain measurements may be enhanced by increasing the distance between strain measurement
locations. Yet, the current limitations of the maximum sensing length may provide some insight into why
this technology has not been as aggressively implemented with geotechnical structures as the fiber Bragg
grating and Brillouin scattering techniques.

3.3 Chosen Optical Method
The goal of this chapter is to provide a rationale as to which optical sensing technology is the most
applicable for the development of a novel support monitoring technique. The following table provides a
32

summary of influential features for the previously discussed optical strain technologies: fiber Bragg grating
(FBG), Brillouin distributed sensing (BOTDA), and Rayleigh distributed sensing (ROFDR).
Table 3-1: Influential summary: Operational features/capabilities and pricing for the fiber Bragg
grating (FBG), Brillouin distributed sensing (BOTDA), and Rayleigh distributed sensing (ROFDR)
techniques.
Technique

Max. sensing length
Measurement
repeatability
Spacing of measurement
(i.e. spatial resolution)
Max. number of
measurement points
Unit price
(approximate USD)
Sensor price
(approximate USD)
Max. number of
connected sensors

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

BOTDA
(Omnisens, 2014)

ROFDR
(Luna Innovation
Inc., 2014)

> 1000 m

> 1000 m

< 40 m

± 0.1-10 µε

± 1 µε

± 5 µε

10 cm
(practically)
10 – 20
(practically)

0.5 – 1 m

1.25 mm

> 1000

> 1000

$15,000 – $125,000

$100,000 - $250,000

$60,000 – $150,000

~ $300 - $1000
per sensor

$0.10 per meter of
fiber

$0.10 per meter of
fiber

> 10

2

1

An immediate consideration is the choice between the fiber Bragg grating and distributed sensing methods.
All three techniques utilize a single mode fiber as the transducer and lead, but the Bragg grating technique
involves additional complexities during the manufacturing process to permanently inscribe the Bragg
sensors. This brings forth two apparent issues: a) the sensor price (i.e. the optical fiber under test) will be
significantly more expensive than the distributed solution and b) the sensors must be individually addressed
and designed per order (i.e. will be dependent on the support monitoring specifications) resulting in
potential delays to the testing program while the manufacturer processes the order. Furthermore, it will be
both costly and time consuming to make adjustments to the sensors if specifications change or need to be
altered throughout the testing program. In comparison, the standard optical fiber used by the distributed
sensing methods is readily available by an abundance of sources. Yet, the most substantial consideration is
that the fiber Bragg grating method is a discrete sensing solution with a limited number of practical sensors
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capable of being inscribed per optical fiber sensor. This implies that the initial, comparatively lower, upfront
costs of the fiber Bragg grating unit will almost immediately be offset on a price per measurement basis
when implementing a distributed solution. While the fiber Bragg grating method certainly has merit to be
used in many geotechnical situations, it will experience the same limitations discussed for conventional
instrumentation techniques, specifically where the location(s) of significant loading features are not known
a priori.
As discussed throughout this chapter, an apparent tradeoff exists between spatial resolution,
repeatability of measurements, and maximum sensing length for the distributed sensing techniques. But this
tradeoff also exists in comparison between the Brillouin and Rayleigh scatter technique. The Brillouin
optical time domain method is capable of monitoring much longer sensing distances as well as higher strain
levels than the Rayleigh optical frequency domain method. This is attributed to the Brillouin frequency
shift measured by the technique, which is an absolute measurement. The Rayleigh system, in comparison,
detects relative changes from reference conditions, implying that higher strain values (i.e. >5000
microstrain) may result in weak correlations between reference and measurement readings and thus
omission of the measurement is a possibility (a similar issue as Bragg grating sensing widths). Yet, what
the Rayleigh method lacks in terms of maximum strain and length range is made up for in terms of spatial
resolution. The decision between the Brillouin and Rayleigh method must, therefore, be based upon the
fundamental requirements of an ideal support monitoring technique. Previous efforts have indicated that
the most pertinent shortcomings of conventional instrumentation have been in regards to the increased costs
and manufacturing difficulties which arise from highly instrumenting individual support elements, in turn
preventing a combined support system from being monitored. The low cost optical fiber employed by both
distributed sensing techniques provides a significant breakthrough in terms of the number of support
elements that can be instrumented (i.e. on a cost per sensor basis); yet, the spatial resolution of the Brillouin
technique will ultimately fail to be able to accurately capture sharp concentrations of strain (similar to the
fiber Bragg grating and conventional techniques). This further implies that the Brillouin technique would
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not be capable of capturing the changing support behaviour and performance in response to various stages
of construction sequence and support life. It is believed that the Rayleigh optical frequency domain method,
having a spatial resolution in the sub-centimeter scale, provides the best opportunity to capture a wide range
of support behaviour, especially where loading may vary rapidly with distance. As stated in the preceding
chapters, this work is primarily focused upon instrumenting rebar bolt and forepole elements, both of which
rarely exceed 20 meters in length. Therefore, while the extremely long sensing lengths provided by the
Brillouin optical time domain technique is a very intriguing solution for many projects, it is not relevant to
the work undertaken and thus the comparatively low sensing length of the Rayleigh technique is
insignificant. Additionally, the stimulated Brillouin technique requires access to both ends of the optical
fiber to inject the counter propagating signal, affecting both the accessibility and instrumentation design for
use in situ. In summary, the Rayleigh optical time domain reflectometry technique captures strain accurately
at an unparalleled spatial resolution (i.e. 1.25mm) while utilizing a standard, low-cost optical fiber as the
transducer. Therefore, this technique has the potential to be used as a method for monitoring an entire
support system without sacrificing the accuracy required to determine complex discrete support behaviour.

3.4 Relevance to Research
This chapter has provided an overview of the limitations of conventional instrumentation and furthermore,
presented the option of using an optical sensing technology to overcome these constraints, including, an
introductory overview of the fundamental working principles and capabilities of optical fiber Bragg grating
(FBG) and distributed strain sensing techniques. This is by no means an exhaustive description of the optical
techniques; however, it provides a rationale as to why the Rayleigh scattering based ODiSI-B unit has been
chosen as the most appropriate technology for implementation with support elements.
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Chapter 4
Development of the Optical Technique
4.1 Introduction
There will always exist a need to monitor support schemes in underground structures. From an operational
standpoint, the support system (i.e. procedures and materials used) improves the stability and maintains the
load bearing capacity of the ground mass surrounding the excavation boundaries (Hoek & Wood, 1987).
The support system will be relied upon to control the excavation induced displacements, implying that an
appropriate monitoring program must be able to accurately capture the actual ground and support system
behaviour and interaction (Goricki et al., 2006). However, in reality, the heterogeneity and discontinuous
behaviour of the ground mass in many geotechnical projects makes this a difficult task to accomplish.
Furthermore, the discontinuous loading and behaviour of individual support elements, and holistically the
entire support system, is a challenging burden in terms of instrumentation design and operation. As such,
the problem remains to define the constitutive behaviour (peak & post yield) of complex, supported
materials (Vlachopoulos & Diederichs, 2007).
The Rayleigh distributed optical strain sensing technology offered by Luna Innovations Inc. (which
will herein be referred to as DOS) is believed to provide a unique opportunity to address this understanding
deficit in terms of practical engineering performance and complex support-ground mass interaction. The
state of the art sub-centimeter spatial resolution and strain measurement accuracy suggests that for the first
time a continuous strain profile can be captured along the length of individual support elements using a low
cost single mode fiber. Correspondingly, a technique which implements the DOS technology with
temporary support elements may provide an increase in the degree to which support behaviour is
“realistically” captured. In return, this would bring more relevance to a support design optimization cycle,
such as the iterative approach suggested for cable bolts by Hutchinson & Diederichs (1996), whereby the
initial design is continuously updated and adjusted according to the captured support behaviour. However,
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the design of such an optically instrumented technique for support elements is a nontrivial undertaking.
Traditional, fiber optics cable design has been aimed at providing the best protection of the fiber itself from
any external influence. In contrast, an optical sensor requires loading of the support element to be directly
transferred to the optical fiber.
In this regard, this chapter presents an overview of the considerations in developing an instrumented
technique using DOS. This includes the method in which the optical transducer is combined with discrete
rock bolt and forepole support elements for verification through laboratory and field studies. The
development of the technique has been considered as an observational testing program, in which the method
to apply DOS with support elements was continuously improved upon throughout the testing to be discussed
in Chapter 5. This program has been conducted with the ultimate goal of developing a turnkey solution for
monitoring support which would require minimal interference with the conventional construction process
(i.e. installing support) in situ.

4.2 Development of the Optical Technique for Monitoring Support Elements
The primary focus of this research has been devoted to developing the optical technique for rock bolt and
forepole support elements. The physical geometry, installation procedure, and assumed loading behaviour
throughout the lifecycle of such support elements, discussed in Chapter 2, are believed to provide an ideal
scheme for transferring the optical technique to other types of support (i.e. if an adequate technique is found
for the rock bolt and forepole support elements, then it should be applicable to other support elements). As
such, the foremost concern for implementing the DOS technology is protection of the optical fiber itself.
As stated in Chapter 3, the DOS technology utilizes a standard single mode fiber as the transducer and the
lead. The general construction of such a fiber is displayed in Figure 4-1. This consists of a high quality
fused silica fiber core and cladding and thermoplastic buffer coating (i.e. acrylic, polyimide, nylon) which
are approximately 9 micrometers, 125 micrometers, and 250 micrometers in diameter, respectively.
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Figure 4-1: Basic optical fiber construction displaying the fiber core, cladding, and buffer coating
(Courtesy of Yoa, 2010).

On one hand, it is necessary to protect the fine optical fiber from external distress, but on the other hand, it
is equally important that the load is transferred from the support element to the optical fiber. As such, it is
not ideal to add layers of protection to the active sensing length of the optical fiber, which will essentially
dampen the transmission of load. Yet, this may be of interest for yielding support members, which will be
discussed in later sections. For monitoring of elastically loading support members, or just past the yield
point (i.e. the support does not extend past the 10,000 microstrain range of DOS), it is desirable for the
optical transducer to move directly with the support element and to use the fine diameter optical fiber in a
manner that benefits the instrumentation design. The small imprint of the optical transducer requires
minimal surface area for bonding with the support. Therefore, little to no alteration of the support element
is required to provide an adequate surface area for adhering, and possibly embedding, the optical fiber with
the support element. This suggests that instrumented DOS support specimens could still be used as the
primary support in situ. In terms of the lead management and protection, the ideal design will interfere as
little as possible with the construction sequence of the underground excavation while also ensuring lead
fiber safety. The quintessential solution would allow the DOS support element to be installed in the exact
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same manner as its non-instrumented counterpart. But at the same time, the lead protection should not result
in accessibility issues (i.e. unable to easily access the instrumentation to log data). The following sections
will discuss how such issues have been approached in terms of optimizing the operational performance of
DOS, applying DOS to rock bolt elements, and applying DOS to forepole support elements for use in
laboratory and ultimately field studies.

4.2.1 Component Considerations: Operational Performance
The ODiSI-B unit allows optical fiber sensors to be “keyed,” that is to use prior complex frequency domain
measurements of a given fiber segment’s Rayleigh signal as a reference to compare against future
measurements and thus, determine strain (Froggatt et al., 2004). This process further allows the length of
the sensor to be set, defining a unique sensor which will be identifiable by the optical interrogator. As
previously stated, the active length of the sensor is a single mode optical fiber. To couple with the ODiSiB unit, the sensor must be connected to a provided 50-meter standoff cable (i.e. optical fiber) which will
transmit the source signal to the sensor and return the back reflected component from the sensor. Therefore,
in order to produce a sensor that is capable of being “keyed,” the segment of optical fiber needs to be
terminated at both ends. At one end, this will be accomplished by an optical connector, which herein will
be referred to as the head of the sensor. At the opposite end, a non-reflective termination is required. This
termination is crucial for preventing spurious signals from interfering with the intended signal being
monitored (i.e. the Rayleigh backscatter). The OdiSI-B unit and an example sensor are displayed in Figure
4-2.
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Figure 4-2: Example sensing configuration displaying: the ODiSI-B optical interrogation unit (Luna
Innovations Inc., VA), 50 meter duplex standoff cable, LC-LC connector, and optical fiber
transducer (red dashed lines). Detailed views are provided of the male LC connector at the head end
of the sensor as well as the loop optical termination at the opposing end of the sensor.

4.2.1.1 Optical Termination
The termination of the optical fiber will strongly influence the quality of the monitoring data and is
therefore, a necessary consideration when developing the technique. However, in addition to requiring
optimal performance from the system (i.e. reduce reflections at the termination), it is also essential to ensure
that the termination structure itself does not greatly alter the spatial requirements that make optical fiber
such an attractive solution. Several methods to terminate the fiber include, but are not limited to: attaching
a “coreless” fiber, cleaving or polishing the fiber end at a significant angle relative to the axis of the fiber,
using an absorptive material confined to the fiber core (U.S. Patent No. 6, 496, 643), and creating an
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essentially infinite loop which diffuses the signal. It is significant to recognize that any material attached to
the fiber to absorb light as a termination must be index matched (i.e. match the index of refraction) to
prevent Fresnel reflections (i.e. surface reflections from a sudden change of material density, for example
an air gap between two optical fibers). The degree of reflection is highly sensitive to the difference in
refraction indices between the boundary of two materials as displayed in Figure 4-3.

Figure 4-3: Theoretical plot of expected reflection as a function of the refractive index difference at
a boundary of materials (courtesy of U.S. Patent No. 8, 842, 963 B2, 2014).

In terms of spatial considerations, the latter method of creating an “infinite” loop with the optical fiber will
result in a termination that is significantly larger than the optical fiber (approximately 2.5 to 10 millimeters
in diameter). However, the loop termination itself is very easy to construct and will not incur a noteworthy
expense to the sensor manufacturing process. An example loop termination at the end of an optical sensor
is shown in Figure 4-2. Conversely, the former three termination methods all require precise equipment and
methods to construct. These would significantly increase the cost of the testing program, but they produce
a termination which is essentially the same size as the optical fiber (i.e. 250 micrometer diameter). As this
represents the preferred solution, a termination was constructed using the principles of these
aforementioned techniques, but without purchasing the precise equipment. The termination is constructed
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from a fine stainless steel tube (1.75mm in diameter) which is filled with an index matching gel in order to
diffuse the signal from the fiber and prevent a significant reflection event. The end of the fiber sensor is
cleaved at an angle to reduce the amount of reflections into the fiber core and is inserted into the gel filled
tube. An epoxy resin is then used to bond the fiber with the stainless tube as displayed in Figure 4-4.

Figure 4-4: Optical termination. The optical fiber is cleaved at an eight degree angle and inserted
into an index matching gel filled stainless tube.

Both the loop and stainless tube absorption termination types were used successfully throughout the
development and verification of the optical technique; however, the construction of the infinite loop was
found to be much less time intensive and more robust during sensor handling. For these reasons it was
preferred over the stainless tube solution when spatially suitable.

4.2.1.2 Single Mode Optical Fiber
In addition to termination procedures, three commercially available single mode fiber types were
considered: Corning SMF 28e+ (Corning, 2005), Corning ClearCurve XB (Corning, 2010a), and Corning
ClearCurve ZBL (Corning 2010b). These were purchased as bare optical fibers (i.e. core, cladding, and
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buffer) in order to ensure the optimal transfer of load from the support element to the fiber. The rationale
for testing the various fibers was to determine the most appropriate fiber for use as the transducer based on
attenuation characteristics and costs. Attenuation or loss of power to the input signal occurs continuously
along the length of a given optical fiber and at discrete locations depending on the fiber construction (e.g.
connectors, damage to the fiber, etc.). In terms of optical sensors, the continuous attenuation arises primarily
from scattering (i.e. continuous diffuse reflection along the fiber), while the discrete loss will be from
bending loss, and splice loss. However, the loss of signal from scattering is largely an issue of fiber lengths
in the kilometer scale; hence, it is not a significant consideration when implementing DOS (maximum
sensing length of 40m). The three fiber types considered all have the same core, cladding, and buffer
dimensions. Where the fibers differ is in terms of their bend sensitivity (i.e. the amount to which bending
of the fiber attenuates the signal). The ClearCurve ZBL (abbreviated for zero bend loss) delivers optimized
macrobending performance (i.e. insensitive to bending) followed by the ClearCurve XB and finally the
SMF 28e+. As noted by Moffat et al. (2015), distributed sensing techniques are very sensitive to bending
loss. Tight bending radiuses (i.e. radius under 50 millimeters) will greatly attenuate the forward passing
signal, which in turn, will make the backscattered signal (i.e. the signal being monitored) undetectable. This
results in very limited sensor design options as the optical fiber transducer must essentially remain straight
along the support element. This was a major motivation for testing the three fiber types, as a bend insensitive
fiber capable of transmitting signals past tight radiuses would allow diverse sensor designs to be considered.
Testing the bend insensitivity of the fiber types was approached by creating an approximately one meter
long sensor from each fiber type and monitoring the spectral shift quality of the signal after wrapping the
fiber around a 20 millimeter diameter rod (a very tight bending radius in terms of optical communication).
The spectral shift quality is a merit function that describes the correlation strength between the measurement
(i.e. after the fiber has been looped around the rod) and baseline backscattered spectra (i.e. unlooped fiber).
Luna specifies an acceptable correlation to be that with a spectral shift quality above 0.015. The initial
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unlooped spectral quality and corresponding looped spectral shift quality are displayed for the SMF 28e+,
ClearCurve XB, and ClearCurve ZBL in Figure 4-5, Figure 4-6, and Figure 4-7, respectively.

Figure 4-5: Spectral shift quality of the SMF 28e+ optical fiber (Corning Inc., NY): Upper; Original
signal. Lower; Signal after being looped once around a 20 millimeter diameter rod.
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Figure 4-6: Spectral shift quality of the ClearCurve XB optical fiber (Corning Inc., NY): Upper;
Original signal. Lower; Signal after being looped once around a 20 millimeter diameter rod.
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Figure 4-7: Spectral shift quality of the ClearCurve ZBL optical fiber (Corning Inc., NY): Upper;
Original signal. Lower; Signal after being looped twice around a 20 millimeter diameter rod.
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Referring to Figure 4-5, the SMF 28e+ fiber (the most susceptible to bending loss) is not capable of
operating with a tight bending radius imposed on it. The single loop around the 20 millimeter diameter rod
causes an immediate drop in signal quality. The remaining signal quality along the fiber after the looped
section is all below the 0.015 standard and would be ineffective as a sensor. Similarly, the ClearCurve XB
optical fiber is affected by the loop, but to a much lower extent. As displayed in Figure 4-6, the loop causes
the signal quality to momentarily drop below the signal quality threshold at the location of the loop. The
remaining length of the fiber returns a signal well above the designated 0.015 constraint; however, this
signal is at a slightly lower quality than the signal before the fiber loop. It is important to note that the
attenuation caused by the loop is essentially doubled, meaning that it is experienced twice by the sensor.
The incident signal will initially be lessened by the loop of the fiber and consequently the return signal will
experience the bend loss from the loop on its path back to the head end of the fiber. Figure 4-7 displays the
signal quality of the ClearCurve ZBL when two loops of the optical fiber were wrapped around the rod.
The additional loop was performed because one loop was practically indistinguishable along the spectral
shift quality profile. As such, it was concluded that the ClearCurve ZBL is the optimal fiber for use as the
sensor transducer. Yet, the manufacturing process of making a bend insensitive fiber (i.e. creating an
additional optical trench of comparatively lower refractive index between the fiber core and cladding)
results in the fiber being more expensive; approximately $0.43 per meter, where as the SMF 28e+ is
approximately $0.10 per meter (note: this is inexpensive in comparison to conventional strain monitoring
techniques). Additionally, the high bend insensitivity of the ClearCurve ZBL is so effective that it is
problematic to reliably create an infinite loop termination. Therefore, to reduce costs of the overall sensors,
the bend insensitive fiber would ideally only be used only at locations where the fiber must be maneuvered
in a manner that results in a tight bend. This implies that the individual fiber segments must be spliced.
In addition to the three individual fiber types being chosen to test their susceptibility to bending,
they were also selected for their splicing compatibility. An arc fusion splicer has been considered
throughout the development of this optical technique. This technique welds two optical fibers together by
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briefly exposing two aligned fibers to an intense heat which in essence melts the fibers together. In
comparison, mechanical splicing techniques which use a precision sleeve and index matching gel are faster
to complete, but more prone to reflection events. The INNO Instrument View 5 Fusion Splicer (INNO
Instrument Inc., KR) and optical cleaver used to precisely cut the optical fiber for alignment is displayed in
Figure 4-8.

Figure 4-8: Arc fusion splicer unit and optical cleaver. Detailed views are provided of the cleaving
unit and arc fusion process. The red dashed line represents the optical fiber to be cut in the former
and the two optical fibers to be fused in the latter. Prior to scoring and breaking the optical fiber with
the cleaver it is crucial to remove all protective coating (i.e. everything except the fiber core and
cladding) and to clean with an isopropyl alcohol. The clean cut of the optical fiber will directly impact
the effectiveness of the arc fusion process.

The three Corning optical fibers all have an acrylic buffer coating that is ideal for mechanical stripping.
This is required in order to cleave the optical fiber using a score and break method which will cut the fiber
very precisely such that two optical fiber cores can aligned and fused together. The arc fusion splicer
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displayed in Figure 4-8 has a self-aligning function to very accurately align the cores and thus, very low
splice loss is achievable. This greatly enhances the potential to make very low cost and low loss sensors
from various fiber types. Additionally, the splicing capabilities allow the strain sensor to be completed by
adding a connector to the head end of the optical transducer.

4.2.1.3 Optical Connectors
Referring to Figure 4-2, the optical standoff provided by Luna accepts a LC APC (i.e. angled physical
contact) connector to precisely align with the optical sensor (i.e. allow the light to pass between the two
fiber segments). This is accomplished by bringing the cores of the two fiber segments in physical contact
with each other, Figure 4-9. LC (i.e. lucent connector) describes the housing of the connector unit, while
APC describes the finish and polish of the connector head. APC connectors are polished at a slight angle
(the industry standard is eight degree from normal with the fiber core) which reduces the amount of light
which is reflected at the interface back into the fiber core. Various PC (i.e. physical contact) connectors are
also available, which align the fiber cores at a perpendicular interface, but these connections are more prone
to back reflection. Since the DOS technique monitors backscattered light resulting from the index profile
of the optical fiber, it is critical to minimize the amount of back reflected signal from auxiliary sources.
Yet, the LC housing, being a small snap connection, may not provide the best solution for in situ
implementation of the technique, where harsh conditions may dictate a more rugged and robust connection.
Accordingly, two other connection housings were considered: a ST housing equipped with a spring loaded
bayonet, and a threaded FC housing. These connection housings, in addition to the LC housing, are
displayed in Figure 4-9.
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Figure 4-9: SC (spring loaded bayonet), FC (threaded), and LC (snap clip) optical connectors.
Example connector interfaces are also displayed.

In terms of terminating the fiber at the head end (i.e. connectorizing the bare optical fiber transducer),
splicing a pre-connectorized segment of an optical patch cord was determined to be the most effective
method. In essence, an optical patch cord is an optical fiber extension cord. This is assembled from a single
mode fiber length supplemented with two connectors at opposing ends. In this regard, an optical patch cord
can be cut to a desired length and spliced with the optical fiber transducer (i.e. the active sensor). There are
two key features that make this method more suitable than an alternative technique, such as a splice on
connector kit. Firstly, optical patch cords are inexpensive (often under $10) and are sold as preconnectorized units. In this regard, it is not necessary to physical splice the connector itself with the active
length of optical fiber, a nontrivial undertaking. Secondly, optical patch cords are regularly available with
protective layers in addition to the buffer coating, Figure 4-10.
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Figure 4-10: Typical optical patch cord composition. This includes the optical fiber core (9.00 µm in
diameter), cladding (125 µm in diameter), buffer coating (250 µm in diameter), and additional
strengthening components which protect the optical fiber from external influences (all > 1.00 mm in
diameter).

The additional protective layers can quite easily be removed; however, they may be used to advantage in
the sensor design. It is probable that this section of the fiber will not be in use as the active monitoring
length and therefore, the additional protective layers can be used as lead protection. This connectorizing
method was used with the three connector types and was implemented throughout the testing program. The
applicability of the connectorizing method and connector types will be discussed in further detail in later
sections of this document.

4.2.1.4 Bonding the Optical Transducer
A critical component to the optical technique is ensuring a strong bond between the optical strain sensor
and the support element. In the testing program reported in this thesis, the primary objective is to have the
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optical sensor and given support elements strain equally (i.e. directly transfer strain to the sensor). Four
adhesive types were considered to bond the optical sensor with the support specimen. These included: a
cyanoacrylate “superglue” (Loctite 4851), two epoxy resins (Devcon 5 Minute and Devcon 2 Ton), and a
metal bonding adhesive (Lord Fusor 108B). The adhesive types had a tensile lap shear strength ranging
from 1900 to 2250 Psi; however, their individual compressive strengths and stiffness were a distinguishing
factor during testing. The application of the adhesives as well as preparation procedures for both the rock
bolt and forepole support elements will be discussed in further detail within the following sections of this
chapter.
4.2.2 Optical Rock Bolt Sensing
Initial laboratory and field studies conducted using instrumented rock bolts were presented by Farmer
(1975) and Freeman (1978). In these works a smooth length was machined along the rebar bolts in order to
surface mount electrical resistive strain gauges. Schroeck et al. (2000) as well as Habel & Krebber (2011)
implemented a similar technique where optical fiber Bragg gratings were surface mounted to the exterior
profile of rebar. However, this approach provides little to no protection for the optical sensor and
consequently leaves the fiber exposed to a potentially hazardous environment. Surface mounted fiber could
potentially withstand a controlled laboratory testing environment, but the preferred solution should be
suitable for installation in situ. In this regard, the optical instrumentation must be capable of surviving the
transportation to the construction site and more importantly endure various installation methods as well a
variety of loading mechanisms. These mechanisms will ultimately depend on the how the rock bolt is
implemented (e.g. end anchored, active or passive fully grouted, etc.: refer to Chapter 2). An approach
whereby the sensor is adhered slightly below the exterior profile of the rebar is therefore a more suitable
approach. Such an approach has been implemented in multiple laboratory and field projects using electrical
strain gauges positioned within grooved slots along the rebar (e.g. Serbousek & Signer, 1987, McHugh &
Signer, 1999, Spearing et al., 2013). Following this previous experience, a pair of 3 mm wide by 3 mm
deep diametrically opposing grooves were machined out along the length of a standard #6 grade 60 rebar
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for this research work (i.e. 19.05 mm outer diameter, 120 kN minimum yield load), Figure 4-11. Grooves
were additionally machined along the length of a 20 mm outer diameter D-bolt with 27 mm diameter
anchors (140 kN minimum yield load).

Figure 4-11: Diametrically opposing grooves machined along the length of a #6 Grade 60 rebar
element. The grooves are approximately 3 mm wide by 3 mm deep from the non-deformed exterior
profile (i.e. not including rib height). This corresponds to an approximately eight percent area
reduction of the rebar element.

The machined out slots provide ample area for the optical transducer to be embedded below the rebar
exterior profile and encapsulated using one of the aforementioned adhesives. After the grooves were
machined out used a milling process, it was critical to then prep the grooves for the instrumentation. This
included: surface abrading the grooves with a 220-grit sandpaper, cleaning the grooves with a solvent
degreaser, and conditioning / neutralizing the surface of the grooves). In regards to the rebar testing, a 3.2
meter long optical transducer was laid out along the grooves. A slight tension was placed on the fiber by
tacking the ends on each side using 5 Minute epoxy resin (Devcon, MA). This ensures the fiber is capable
of measuring initial compression changes. The sensor was looped at the toe end of the bolt such that one
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optical fiber was monitoring both sides of the support element, Figure 4-12. Looping the fiber provides
redundancy measure and furthermore allows bending to compensated for. The method by which the loop
was protected is displayed in Figure 4-13.

Figure 4-12: Schematic detailing the position of the optical fiber throughout the rebar development
and experimentation. The optical sensor was looped at the toe end of the bolt. This was performed
using one single fiber type (i.e. for the whole sensor) as well as by splicing on a low bend loss fiber at
the loop section to improve measurement performance.

Figure 4-13: Looping the optical sensor: Left; Additional machining at the toe end of the rebar. The
increased groove depth provides a region for the loop to remain below the exterior profile of the
rebar. Right; Looped section before being completely encapsulated with a high strength Epoxy resin.
Two layers of heat shrink are added to the looped section of the fiber transducer. The heat shrink
acts as additional protective layers and furthermore, provides rigidity to the fiber loop. The fiber is
free within the heat shrink (i.e. load is not transferred from the rebar).
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The optical transducer is only 250 micrometers in diameter and therefore, there is a possibility to
significantly reduce the size of the grooves. However, the ribs along the rebar length impose a machining
difficulty in terms of maintaining a constant groove depth during milling (or grinding). As such, the 3 mm
width and 3 mm depth was the most economically reliable groove dimensioning to ensure consistency
throughout the testing program. Advantageously, this groove dimensioning allowed the loop termination to
be positioned at the end of the sensor without additional alteration to the support element, Figure 4-14.

Figure 4-14: Optical termination at the toe end of the sensor: Left; Loop termination embedded in
the machined out groove, temporarily held in position by a magnet. Right; Loop termination
encapsulated using a high strength Epoxy resin.

At the opposing end of the sensor (but same end of the rebar) the connector was spliced to the active
transducer length by two methods: 1) A patch cord with additional length was spliced to the sensor. This
prolonged length of patch cord acts as the lead to be connected directly with the ODiSI-B unit. This was
considered as externally terminating the sensor. 2) A patch cord is spliced to the sensor whose combined
length will equal the length of the bolt. A connector adapter, dependent on the type of connector used (i.e.
LC-LC, SC-SC, or FC-FC), is attached (i.e. plugged into) the spliced on patch cord and fixed to the end of
the bolt. In this manner, a lead cable (i.e. another patch core) is required to connect the sensor with ODiSI55

B unit. This was considered as internally terminating the sensor. The latter method results in no section of
the fiber (bare or with protective layers) being exposed past the exterior profile of the rebar, providing a
very robust solution. However, it was necessary for the rebar to have a forged head (or a larger diameter
rebar size to be used) in order to position the LC-LC adapter below the exterior profile of the rebar. The
connector terminations are displayed in Figure 4-15.

Figure 4-15: Connector termination of the sensor: Left; Externally terminated sensor. The patch
cord is spliced to the optical transducer and is extended past the rebar. The additional protective
layers were left on the patch cord to protect the lead segment of the sensor. Right; Internally
terminated sensor displaying an LC-LC adapter. The patch cord is stripped down to the bare fiber,
spliced to the optical transducer, and plugged into a connector adapter which is fixed to the rebar.

After the optical sensor has been positioned along the machined grooves, looped at the toe end of the bolt,
and terminated at both ends it will then be encapsulated with one of the aforementioned adhesive types.
Encapsulating the sensor bonds the optical transducer along the entire length of the rebar, and, furthermore,
provides a protective barrier between the optical transducer and external influences. It was not possible to
fill the 3 millimeter groove depth using the cyanoacrylate (i.e. Loctite 4851) and, in addition, it was
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problematic to provide a pressure to the fiber and rebar in order to cure the adhesive. As such, this adhesive
type was not considered suitable for use in situ. In contrast, the epoxy resins and metal bonding adhesive
allowed the grooves to be filled with ease; however, care was required to ensure the adhesive did not fill
past the groove height (i.e. above the exterior profile of the rebar). If neglected, the cured adhesive and fiber
composition could potentially be damaged if the bolts were to be spun in place in situ. Moreover, the nut at
the head end of the bolt must be capable of being threaded on without damaging the sensor. An example
instrumented rebar encapsulated using the metal bonding adhesive is displayed in Figure 4-16.

Figure 4-16: Optical sensor embedded and encapsulated in the machined out grooves using the
metal bonding adhesive (Lord Fusor 108B).

4.2.3 Optical Forepole Sensing
The extent of previous studies in which instrumented forepole support elements have been successfully
implemented in either laboratory or field testing is minimal. As discussed in Chapter 2, the major emphasis
of completed work with forepole support has involved monitoring the tunnel displacements and face
stability. In such work, the support response of the forepole elements has been inferred from the results of
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geodetic surveying and displacement transducers. Such instrumentation is positioned within the excavation,
and, therefore, is unable to capture a large component of the forepole support, which occurs ahead of the
excavation face. Volkmann (2003) presented perhaps the only effort in which the forepole support was
directly monitored in situ, implementing a 20 meter long chain inclinometer composed of ten 2 meter
lengths. In this testing scheme the instrumentation was installed within a secondary pipe that was inserted
above and parallel to the primary umbrella arch support. If a similar approach were attempted by embedding
the fine optical transducer within a steel pipe, it is anticipated that this approach would fail. For example, a
direct solution would be to grout the fiber within the hollow centre of the pipe, but the optical fiber will be
prone to damage as the grout strains and cracks (e.g. Heasley et al. 1997). Shin et al. (2007) attempted to
instrument scaled forepole elements using surface mounted electrical resistive strain gauges during a
laboratory constructed tunnel, but the strain gauges were damaged during the grouting process. Moreover,
the installation procedure of forepole elements would require the optical sensor to be heavily protected if
mounted to the exterior or interior surface of the support element.
Referring to Section 4.2.2, the optical sensor was protected along rock bolt elements by embedding
and encapsulating the optical sensor in machined grooves along the length of the support element. However,
as a consequence of the hollow cross-section this solution may not be fitting for forepole support elements.
Considering the rock bolt technique; a groove depth of 3 millimeter is approximately half the thickness of
a conventional four inch nominal pipe size, which is a commonly used pipe size in situ and would therefore,
notably impact the strength capacity of the element. In addition the sensor could not be looped at the toe
end of the element. Individual forepoles are often installed as multiple connected segments such that long
ultimate lengths (i.e. 15 to 20 meters) can be installed even in limited space conditions (Volkmann &
Dolsak, 2014). As a result, the forepole would most likely be required to be instrumented post installation
in many cases. There is a possibility that the DOS sensor could be protected and inserted within an installed
forepole and subsequently grouted to form a bond with the support element (e.g. Mohamad et al., 2011,
monitored pile elements with a Brillouin optical sensor in this fashion). However, this will introduce a level
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of uncertainty arising from the steel-grout-sensor behaviour. This necessitates an initial proof of concept
program that can: 1) demonstrate the DOS technique is capable of capturing expected loading mechanisms
of individual forepole support elements at various stages of their service life, and 2) capture accurate
baseline data of the support response which can be used to calibrate a sensor suitable for in situ
implementation. In this regard, it was chosen to both embed and encapsulate the instrumentation within a
3.5 millimeter wide by 2 millimeter deep groove and to surface mount the optical sensor along forepole
elements for use in controlled laboratory testing, Figure 4-17.

Figure 4-17: Four inch nominal pipe size schedule 40 steel pipe surface prepped for optical
instrumentation: Left; Machined groove finish. Right; Surface mount finish.

In the same manner as the technique discussed for the rock bolts, the surface of the forepole element was
abraded using a 220-grit sandpaper, cleaned using a solvent degreaser, conditioned, and neutralized for
optimal bonding of the sensor. The optical sensor was then positioned axially along the length of the support
element and placed under a slight tension by tacking the sensor every 500 millimeters with the 5 Minute
59

epoxy (Devcon, MA), Figure 4-18, prior to bonding the entire length with an epoxy or metal bonding
adhesive.

Figure 4-18: Optical sensor positioned axially along the length of a 1.3 meter long forepole element.
The fiber is placed under a slight tension by tacking in position every 500 millimeters. This ensures
that the sensor is capable of measuring initial compression loads (if applicable).

Unlike the rock bolt technique, where the fiber was looped at one end of the support, the optical sensor
along the forepole only monitored one length (i.e. one side). In this manner, the toe end of the support
element was also the terminated end of the sensor, as illustrated in Figure 4-19. This negated the use of the
bend insensitive optical fiber, and, therefore, allowed the low cost SMF 28e+ to be implemented as the
transducer for all the forepole support elements.
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Figure 4-19: Loop termination of the optical sensor at the toe end of the forepole element: Left;
Surface mounted termination. Two magnets are used to temporarily position the termination for
bonding with the support element. Right; Embedded termination which has been partially embedded
using the 5 Minute epoxy resin (Devcon, MA).

It is important to note that the controlled laboratory environment allows for the sensor to be looped
at the end of the support element (even looped multiple times). This is undoubtedly advantageous in terms
of the support behaviour being monitored, but would induce several issues to the testing program. For
example, considering surface mounting the optical sensor, platen pieces are required to ensure that load is
applied to the support element and not directly to the optical sensor. Such components would have to be
custom manufactured depending on the sensor and test configuration. This issue can be avoided by
embedding the optical instrumentation within grooves, although this would cause noteworthy alteration to
the support element (i.e. strength reduction). As such, the support behaviour monitored may not reflect the
true behaviour of a conventional support element. Accordingly, surface mounting of the optical
instrumentation to the interior of the pipe was also considered. Bonding the sensor to the interior surface of
the forepole involves the same steps required as in surface mounting to the exterior profile of the element;
however, accessibility issues results in each step being significantly more challenging to complete. Unlike
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the exterior surface, where a 10 to 20 millimeter wide length along the surface can be prepared in a
controlled fashion, as demonstrated in Figure 4-17, the entire interior surface must go through the process
of surface preparation to ensure an adequate line for the sensor (i.e. without developing a prepping tool
specific for this project). Abrading the interior surface was accomplished by making a first pass with a wire
brush followed by a 220-grit sandpaper attached to a drill. The surface was then cleaned using an aerosol
degreaser and by pushing non-lint wipes through the hollow element. As the entire interior surface was
prepped, this method was both more material-wise and time-wise consuming than exterior surface
mounting. Nonetheless, the most challenging aspect is positioning and bonding the sensor, which, again, is
primarily hampered by the accessibility to the interior surface. This issue was approached by considering
three techniques: 1) Temporarily splitting the support element in half (e.g. O’ Looney, 2009), 2)
Implementing a bi-winged installation tool (Caliendo et al., 1999, Landers, 2014), and 3) inflating surgical
tubing within the support element (Micro-Measurements, 2010). At the laboratory scale, the former method
provides the most straightforward solution for bonding the optical sensor. But as a consequence,
recombining the support element introduces a level of uncertainty in terms of the distribution of stress in
comparison to an unaltered support element. The latter two methods circumvent this issue by inserting an
expansive piece within the hollow element. Concerning the bi-winged approach, a mechanically expanding
device (which must be custom designed to the given pipe dimensions), Figure 4-20, is used to bond “preepoxied” electrical resistive strain gauges at multiple points within the support element. Yet, in contrast to
the discrete strain gauges, the optical sensor must be bonded along its entire length; otherwise the distributed
nature of the technique (i.e. capturing continuous strain profile) is not effectively utilized. In addition, the
optical transducer does not provide a comparable surface area to pre-epoxy the sensor. Therefore, the
installation device itself is required to house both the adhesive and sensor prior to being installed within the
support element. In a similar fashion, this would also be required when inflating a bladder (e.g. a surgical
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tube) to bond the transducer within the hollow support element, although this method would not require the
complexities of developing the given mechanical installation device.

Figure 4-20: Bi-winged electrical resistive strain gauge installation device used to instrument a 35
millimeter inside diameter aluminum pipe (Modified after Landers, 2014).

It is noteworthy that the latter two methods benefit from not necessitating an alteration of the
support element (i.e. splitting in half), but they ultimately remain susceptible to issues of accessibility in
the manner that the bonded transducer cannot be visually inspected (i.e. reliably or with ease).
Consequently, externally mounting the optical sensor was deemed a more viable option to assess the merits
of the optical technique, as shown in Figure 4-21. In reality, surface mounting the bare optical transducer
to either the interior or exterior surface of the forepole element is not considered an applicable solution in
situ. This is chiefly attributed to the harsh installation procedures of the element that have been discussed
in Chapter 2. Referring to Figure 4-21 and Figure 4-22, all instrumentation methods have been considered
and developed; nevertheless, in the controlled laboratory setting, the exterior mounting technique is the
most advantageous sensing technique. The accessibility issues experienced while interior mounting the
optical instrumentation are avoided and no alteration of the support element (which would alter the
behaviour of the support) is required (e.g. grooving the element). Therefore, the exterior option not only
accelerates the pace at which support elements can be instrumented, but also increases the accuracy,
reliability, and repeatability of the instrumenting process.
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Figure 4-21: Optical sensor bonded to the steel element: Left; Sensor embedded and encapsulated in
a 3.5 millimeter wide, 2 millimeter deep groove using the 2 Ton epoxy resin (Devcon, MA). Right;
Exterior surface mounted sensor bonded and encapsulated using the metal bonding adhesive (Lord
Fusor 108B).

Figure 4-22: Interior and exterior surface mounted optical sensor. The sensors have been externally
terminated in terms of connectorization (refer to Figure 4-15).

64

4.3 Additional Considerations
This section of the Chapter provides a brief description of additional considerations that were found to be
significant during the development of the optical technique. Those considered are: temperature
compensation, permanent connection of multiple sensors, large strain monitoring, and protection of the
ODiSI-B unit.

4.3.1 Temperature Compensation
It is critical to understand that the DOS technique does not discriminate between strain and temperature
perturbations to the optical transducer (i.e. both result in a linear spectral shift of the Rayleigh scatter). As
such the cross-correlation that is performed to determine the spectral shift of the Rayleigh scatter is a result
of both strain and temperature. During the laboratory testing within this work the climate was controlled
and the temperature was monitored. However, implementation of the optical technique in situ and also in
other laboratory environments may not allow the temperature or climate to be controlled. Therefore,
assuming that temperature is constant may not be a viable assumption (i.e. no temperature induced strain).
Compensation for temperature induced strain was accomplished by unbonding a small segment of the
optical sensor from the support element (i.e. a small section would not strain with the given support
element). A 1.75 millimeter diameter stainless steel tube (i.e. the same tube used for terminating the fiber,
Figure 4-4) was used to house the optical fiber at this particular segment of the sensor such that the fiber
was “free” or “floating” within the tube, Figure 4-23. In this regard, any strain that is monitored along this
free section of the sensor is considered to be temperature induced and can manually be removed from the
strain captured along the rest of the sensor. Circumstantially, this method requires the assumption that there
is no temperature gradient across the instrumented support element.
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Figure 4-23: Temperature induced strain compensation technique prior to encapsulation. A fine, 1.75
millimeter outer diameter, stainless steel tube is positioned with a machined groove along a rebar
element. The optical fiber is tacked inside the approximately 10 centimeter long stainless steel tube
at both ends using the 5 Minute epoxy resin (Devcon, MA) such that the fiber is essentially “floating”
within the tube. Any strain experienced on this section of the fiber is assumed to be temperature
induced.

4.3.2 Connection of Multiple Sensors
A particular shortcoming of the ODiSI-B unit is its ability to connect to only one sensor to be monitored at
any particular time. As such, each unique sensor must be connected / disconnected every time a
measurement is to be made with a different sensor. This did not hinder the design or testing of the optical
technique presented in this work, although it may severely limit the monitoring capability of the DOS
technique in future implementations. For example, many large scale projects will have a central monitoring
station where the majority of the instrumentation leads will be brought to for automated data measurements.
This is not possible with the current arrangement of the ODiSI-B unit when more than one sensor is required
to be monitored (i.e. at least not without using an individual optical interrogation unit for every unique
sensor; which would be highly uneconomical). Disconnecting / connecting a sensor also momentarily
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exposes the connector head to a relatively unclean environment, which over time wears the quality of the
connector polish. Most connector types have a rated lifecycle of approximately 500 connections in an ideal
environment before the signal is significantly disturbed through increased connection loss and back
reflection (Alwayn, 2004). This is a severe issue if the DOS technique is to be implemented in long term
projects or to act as a permanent inspection tool within a structure. A possible solution is to implement an
optical switch. This would allow many sensors to be permanently connected to one source, Figure 4-24. It
would be crucial that the connection at the switch would have a minimal loss, as it would be experienced
twice by the entire sensor (i.e. that the signal into the sensor and the back scattered measurement component
would both be affected by the connection loss, Soller et al., 2005). An optical switch was not tested within
this presented work, but it will be an essential component to future work and implementation of the optical
technique.

Figure 4-24: Optical switch available from Luna Innovations Inc. (2013).

4.3.3 High Strain Monitoring
The primary goal in developing the optical technique within this work was to have the optical sensor strain
directly with the bonded support element. As previously stated, the limitation for monitoring with the DOS
technique does not come from the physical characteristics of the optical fiber, but from the correlation limits
of the sensing technique; a maximum of 10,000 microstrain. Elastic loading of the steel support elements
will be well below this sensing limit and the low loads provide a very controllable method for determining
the baseline accuracies of the optical technique. However, the behaviour of these elements past their yield
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strength (i.e. strain > 10,000 microstrain) and also the behaviour of yielding elements (e.g. the D-Bolt, Li,
2010) may create difficulties when applying the technique. Schroeck et al. (2000) have presented a method
using fiber Bragg gratings positioned at an angle relative to the axial line of rebar in order to measure axial
elongations upwards of 20 percent. However, this technique relies upon a continuous and purely axially
loading mechanism of the support element. In reality, this cannot be assumed. It is therefore, worthwhile to
consider how the optical technique developed within this work can be adapted for high strain conditions.
In such situations a bonding agent or even additionally protective layering of the fiber could be used as a
buffer between the optical sensor and the highly straining support element. The buffer would act as a method
to reduce the degree at which the optical fiber is strained. Nevertheless, the “buffered” measurements would
need to be initially calibrated to accurately correlate with the strain of the support element. This could be
provided by the optical technique discussed within this research.

4.3.4 Protection of the ODiSI-B Unit
A majority of this chapter has focused on developing a method which bonds the optical transducer to various
support elements in a way that the fine optical fiber sensor is protected during operation. However, this
mentality must also be established for the optical interrogation unit itself. The ODiSI-B unit is quoted by
Luna to have an operating temperature range of 10 to 35 degrees Celsius and a maximum 80 percent relative
humidity (Luna Innovations Inc., 2014). While this can be accommodated for in the laboratory
environment, the conditions in situ will vary from project to project and in many cases may not be capable
of being controlled or regulated within the operating capacity of the optical interrogator. Additionally, the
unit must also be able to withstand transportation to site and be protected during operation. Figure 4-25
displays the protective case and constituents of the ODiSI-B unit. This protective casing was remodeled to
include a cooling / heating system and ports for power and lead cables such that the unit is isolated from a
potential hazardous operating environment in situ, Figure 4-26.
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Figure 4-25: Protective case for transportation of ODiSI-B unit and constituent components; this
includes the optical interrogation unit presented in Figure 4-2 and personal computer which connects
with the interrogator.

Figure 4-26: Protective case remodeled for use in situ. A cooling / heating system has been installed
in order to create a local climatized space for the ODiSI-B unit. Input / output ports have been added
for lead cables and power supply such that the unit does not need to be exposed when connecting
individual sensors.
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Chapter 5
Physical Testing Program
5.1 Introduction
A comprehensive testing program has been performed to assess the merits of the optical technique. The
program consisted of subjecting rock bolt and forepole support elements to expected loading mechanisms
in situ. Results presented within this chapter can be used in developing the current state of empirical and
analytical models that predict and describe the behaviour and response of such support elements; however,
the intention of this work is to demonstrate the DOS technique’s ability to accurately identify and capture
expected support behaviour as opposed to rigorously investigating any one specific problem. Within this
context, the testing program and the optical technique, discussed in Chapter 4, were developed and
optimized based upon the results and feedback obtained during each stage of the program. All testing
considered within this program was conducted multiple times to ensure consistency and accuracy of results
using the optical technique.

5.2 Rock Bolt Testing
Two rock bolt classifications have been tested with the optical technique: a #6 (19.05 mm diameter) Grade
60 rebar (120 kN minimum yield strength, 180 kN minimum tensile strength) and a 20 millimeter diameter
D-Bolt deformed with 27 millimeter diameter anchors (140 kN minimum yield strength, 190 minimum
tensile strength). A pair of diametrically opposed grooves were machined out along the length of both bolt
types in order to embed and encapsulate the optical sensor with an epoxy resin or metal bonding adhesive.
The sensor was looped at the toe end of the bolt to enable the monitoring of both grooves. As discussed
throughout Chapter 2, rock bolts are commonly subjected to a combination of bending, axial, and shear
loading. These loading mechanisms were simulated at the laboratory scale through symmetric bending,
axial-pull out, and double shear configuration tests. All testing was performed within the elastic limits of
the steel elements, which in turn, allowed multiple tests to be conducted with just one instrumented sample.
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Moreover, this established the repeatability and accuracy of the results and thus, the optical technique.
Elastic loading was ensured by loading the support elements in a cyclical fashion throughout the testing
program; whereby, each increased increment of applied load was followed by a return to a zero loading
condition that allowed the first presence of residual strain to be detected (i.e. yielding of the steel element,
adhesive, or instrumentation).

5.2.1 Symmetric Bending Of Rebar
Symmetric bending represents the most controlled method for establishing the baseline accuracy of the
optical technique. The low loads (i.e. < 1 kN) required to deflect the rebar allows numerous tests to be
conducted in a controlled and repeatable fashion. Figure 5-1 displays the loading apparatus of the symmetric
bending tests, consisting of an optically instrumented rebar specimen positioned on two roller supports
which are approximately 800 millimeters apart. Load is applied vertically downwards at the center position
between the two supports using a turn buckle attached to a spring scale. The rebar is oriented in a way such
that the optical instrumentation is aligned along the top and bottom segments of the specimen during the
test. This effectively allows the maximum compressive and tensile bending strain to be captured,
respectively.

71

Figure 5-1: Rebar symmetric bending apparatus: The rebar is supported by two rods separated by
approximately 800 millimeters. A vertical load is applied downwards at the middle position between
the two supports. The magnitude of applied load is recorded using a spring scale accurate to 0.5
kilograms. Deflection at multiple locations along the steel element is monitored using both a manual
and digital readout dial gauge. The optical instrumentation is looped at the toe end of the steel
element in order to monitor opposing sides of the element. The instrumented sections were located
along the top and bottom sides of the rebar during the testing.

5.2.1.1 Testing Results and Analysis
Strain along the rebar was recorded at loading increments of 10 kilograms ranging from zero to 70
kilograms. The strain profile captured at 1.25 millimeter spatial resolution using the optical technique as
well as a theoretical simulation based on Euler Bernoulli beam theory is presented in Figure 5-2. The
comparison between the optical instrumentation and theory is within a ±5% range, but, more remarkably,
the shape of the two plots are essentially identical. The “V-shaped” strain profile captured along the top
(compressive) and bottom (tensile) segments of the rebar are indicative of a parabola like deflection, and,
72

as expected, approximately mirror one another. This implies that the strain profile is wholly constituted of
bending load.

Figure 5-2: Simple support bending test: Upper; Position of optical sensor along rebar. Middle;
Experimental results captured using the optical technique. Lower; Theoretical strain profiles
predicted from Euler Bernoulli beam theory (Modified after Hyett et al., 2013).
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5.2.2 Axial Loading of Rebar
The apparatus used to assess the capabilities of the optical technique to capture axial deformation along the
rebar element is shown in Figure 5-3. The optically instrumented bolt was centered within a 31 millimeter
preformed and reamed borehole that extends through a 200 millimeter long concrete block (40 MPa mix).
The optical loop, and correspondingly the toe of the rebar, was positioned at the end of the concrete block
and the annulus between the rebar and borehole wall was filled with a resin grout (i.e. a 200 millimeter
grouted length). At a position of approximately 900 millimeters along the rebar from the concrete block a
tensile, axial load was applied using a 20 tonne hollow plunger cylinder (Enerpac, WI). A hollow steel
section was used to hold the hydraulic cylinder coaxial with the bolt and did not interfere with the 900
millimeter “free length” of rebar in-between the position of applied load and concrete block (i.e. the grouted
section).
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Figure 5-3: Rebar axial loading apparatus: A 200 millimeter length at the toe end of the rebar is
grouted within a 31 millimeter diameter preformed and reamed borehole within a concrete block
(approximately 200 x 200 x 200 mm). Load is applied using a 20 tonne hollow plunger cylinder
(Enerpac, WI) at a distance approximately 900 millimeters from the grouted length. Spherical seating
washers and wedges are positioned under the hydraulic cylinder in order to reduce the degree of
bending at the support head. The optical instrumentation is positioned along opposing sides of the
support element to compensate for bending strain.
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5.2.2.1 Testing Results and Analysis
The plot displayed in Figure 5-4 shows the strain profile along the length of the optical sensor. Again, the
optical sensor was looped at the end of the concrete block in order to monitor both sides of the rebar element.
While conducting the axial experiments, it was observed that a solely axial load is extremely difficult to
apply to the grouted rebar element. This arises from initial straightening and realignment of the rebar within
the test frame while applying load, resulting in components of bending. Referring to Figure 5-4, the ‘free
length” sections along the opposing sides of the rebar (approximately 0.90 to 1.8 meters, and 2.49 to 3.30
meters along the optical fiber) are observed to essentially mirror one another in the manner that the strain
profile along one side is convex shaped and along the opposing side is concave shaped. In this regard, an
average was taken between the opposite lengths of the rebar in order to remove the component of bending
strain according to Equation 5-1. The resulting plot is presented in Figure 5-5, which resembles an expected
axial profile.

𝜀̅𝑥 =

𝜀𝑥𝑠𝑖𝑑𝑒 1 + 𝜀𝑥𝑠𝑖𝑑𝑒 2
2
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(5-1)

Figure 5-4: Axial loading results: Upper; Position of optical sensor along the rebar. Lower; Strain
captured along the length of the optical sensor embedded with opposing grooves of a rebar element.
(Modified after Hyett et al., 2013).

Figure 5-5: Axial loading results: Upper; Test arrangement. Lower; Average strain profile taken
along the rebar element (Modified after Hyett et al., 2013).
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The “free length” and the grouted section of the rebar element are clearly distinguishable along the averaged
strain profile plot. The former is fundamentally an axial loaded member, which is strained at a constant
level between the position of applied load and beginning of the grouted section. The magnitude of strain
captured with the optical technique agreed well with predicted levels according to Equation 5-2, considering
the level of applied load (F), the modified (i.e. grooved) cross-sectional area of the bolt (A), and elastic
modulus of the steel (E).

𝜀=

𝐹
𝐴𝐸

(5-2)

Figure 5-6 illustrates a detailed view of the strain along the grouted length of rebar. The constant level of
strain along the free length is observed to decay in an exponential form as detailed by Farmer (1975) and
Serbousek & Signer (1987). In addition, periodic disturbances along the strain profile appear to correlate
with the spacing of the rebar ribs (approximately 18.7 millimeters apart). In this manner the optical
technique is capable of capturing the anchoring effect (i.e. the mechanical interlock – Serbousek & Signer,
1987, and Windsor, 1997) of individual rebar ribs. Such an effect has been simulated numerically by Jalaifar
(2006) and analytically by Cao et al. (2014). This degree of fine detail support behaviour has never before
been experimentally captured within the geomechanics community.

78

Figure 5-6: Axial loading results: Upper; Test arrangement. Lower; Detailed view of the strain profile
along the 200 millimeter grouted section of the rebar element (Modified after Hyett et al., 2013).

Figure 5-7: Axial loading results: Detailed view of the strain profile along the 200 millimeter grouted
section of the rebar element at 70 kN of applied load. The spacing of rebar ribs is shown in
comparison to the captured strain profile. (Modified after Hyett et al., 2013).
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5.2.3 Shear Response of Rebar
The support contribution from rock bolts in jointed rock masses has been the subject of research in
numerous studies (e.g. Bjurström, 1974, Ferrero, 1995, and Grasselli et al., 2002); however, the complex
shear response of the bolt has been inherently difficult to capture using conventional strain techniques. This
is primarily attributed to the spatial resolution limitations, resulting in the instrumentation not being capable
of measuring the sharp strain gradient across the shear plane (guillotine-like loading). It has also been found
problematic to protect the instrumentation lead wire at the location of shearing, even when the
instrumentation has been embedded within machined grooves (McHugh & Singer, 1999). Additionally, in
situ monitoring of such support behaviour would require an a priori knowledge of such shearing locations
in order to be captured (Spearing et al. 2013). In regards to the optical technique, the capability to monitor
shear cannot be ascertained from the previously discussed bending and axial tests (even though shear
loading can be considered a combination of both). Therefore, monitoring shear with the optical technique
was approached by subjecting an optically instrumented rebar to a double shear configuration as shown in
Figure 5-8. Similar to the aforementioned axial configuration, the instrumented support specimen was
centered and grouted within a preformed borehole through three individual concrete blocks using a high
strength resin grout. A thin (< 5 millimeters), low friction, vertical plane was created between the concrete
blocks by positioning a plastic sheet in the block form during casting in order to promote “pure” shear
displacement of the central block (i.e. reduce the number of uncertainties arising from dilation and frictional
resistance at the concrete interfaces). The axial length of the grouted rebar was perpendicular to the shear
displacement and was oriented such that the optical sensor was positioned along the top and bottom length
of the support element (i.e. oriented to capture maximum strain).

80

Figure 5-8: Rebar double shear configuration: The optically instrumented rebar element is grouted
within three individual concrete blocks that are separated by a thin vertical plane (< 5 mm). The
outer two blocks are supported in the vertical direction while the center block is held in position
solely by the grouted support element. A downward load is applied to the central block using a 20
tonne cylinder (Enerpac, WI). Optical instrumentation was positioned along the top and bottom sides
of the rebar to capture maximum shear strain (i.e. combination of axial and bending). Additionally,
the displacement of the central block is monitored using a magnetostrictive displacement transducer.

5.2.3.1 Testing Results and Analysis
Figure 5-9 and Figure 5-10 display the strain profiles captured along the entire length of the optical sensor
(i.e. along the top and bottom lengths of the rebar) and a detailed view of the strain along the top length of
the rebar, respectively. At each discontinuity (i.e. shear plane) a distinct shear couplet is measured. This
corresponds to a compressive strain on one side of the discontinuity which is accompanied by a tensile
strain on the opposite side. Similar to the symmetric bending test displayed in Figure 5-2, the shear
behaviour at each discontinuity is essentially mirrored on the opposite side of the rebar. Bending is the most
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evident component of strain observed as a result of the shear loading; however, a component of axial strain
forms as well. In this experimental setup, the axial component appears to decay within 150 millimeters
from the position of the shear plane. Accordingly, a 50 millimeter segment of rebar centered in the middle
concrete block in essence acts as an axially loaded member (i.e. the axial components from the two shear
planes overlap). This support behaviour has been numerically simulated by Jalalifar (2006) and similarly
has been discussed as an “S-bend” (McHugh & Signer, 1999) and a “plastic hinge” (Grasselli, 2005). The
sharp strain gradient captured across the shear plane (approximately 3000 microstrain at a 1.00 mm
deflection of the central block) has never been captured before to such a degree experimentally and,
furthermore, provides evidence as to why fully grouted bolts are often found to fail under such shear loading
conditions in situ (e.g. Li, 2010).

Figure 5-9: Double shear test: Upper; Position of the optical sensor along the rebar. Lower; Strain
measured along the optical sensor that was looped at the toe end of the bolt in order to capture the
strain profile along opposite sides of the rebar. Note: 200 kN corresponds to an approximate 1
millimeter displacement of the central block relative to the outer blocks (Modified after Hyett et al.,
2013).
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Figure 5-10: Double shear test: Strain profile captured along the top segment of the grouted rebar.
Note: 200 kN corresponds to an approximate 1 millimeter displacement of the central block relative
to the outer blocks. (Modified after Hyett et al., 2013).

5.2.4 DOS In Situ
Following the successful implementation of the DOS technique with rebar at the laboratory scale, an in situ
test was performed using DOS instrumented rebar as roof support within a room and pillar U.S. coal mine.
This experiment installed 1.20 meter long rebar bolts with the same size and strength specifications as those
used throughout the laboratory testing as fully grouted passive elements. The instrumented bolts were
installed as tertiary support, approximately 50 meters away from the working face (i.e. 3 rooms away). The
existing primary and supplementary support rounds consisted of bolts approximately twice the length as
the instrumented bolts. As such, the major emphasis of the test was to determine the applicability of the
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optical technique in the underground construction environment as opposed to monitoring the support
response, which was expected to be minimal.
The optical instrumentation was applied to the rebar in the same manner of looping the sensor at
the toe end of the bolt in order to monitor strain along opposing sides of the rebar element. However, in
comparison to the laboratory tests, a much greater emphasis was placed on the protection of the connector
at the head of the bolt. The bolts were connectorized considering the internal and external terminations
discussed in Chapter 4. The former was necessary in order for the bolt to be spun in place using a resin
grout cartridge, while the latter was subjected to hand installation using pumped cement grout. The
instrumented bolts were successfully installed and remained operational for both installation methods
(Figure 5-11). Limited time on site permitted only two measurements sets to be taken using the DOS
technique: one immediately post installation of the bolts and another 24 hours after installation. Yet, as the
sensors were tared (i.e. zeroed) immediately post installation, the first measurement (i.e. post install) only
acts as a baseline profile for future readings. The strain profile captured for one of the spun in place bolts
is presented in Figure 5-12. The plot details that the bolt has gone into a slight compression over the 24
hour period. This is hypothesized to result from the bleeding off of an unintended initial tension applied to
the bolt while being spun in place. Such initial behaviour of spun in place bolts has also been proposed by
Spearing et al. (2011). Therefore, in future tests the sensor should be tared prior to installation. In this
manner, the loading as a result of the installation process can be measured. Unfortunately, within the 24
hour period following the installation of the bolts, this specific bolt was the only one to show any significant
loading in comparison to the baseline readings. However, this does not wholly diminish the value of the
test. This experiment demonstrated the capability of the DOS technique to survive installation procedures
and to operate within the harsh working conditions of an underground coal mine. While it was noted that
the external connection (i.e. free LC connector) was much easier to keep clean, both the internal and external
connection operated well throughout the 24 hour period. The ODiSI-B unit did not experience any
operational issues and the modified protective casing was very effective in both transporting the optical
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interrogator as well as maintaining an operational climate. Moreover, this testing represents the first time
that the distributed sensing technique has been implemented in situ within the geomechanics community in
such context.

Figure 5-11: In situ implementation of the DOS technique: Optically instrumented rebar bolts
installed in a roof support within a central U.S. coal mine. The bolts are both internally (left) and
externally (right) terminated at the connector end of the sensor.

Figure 5-12: In Situ results: Strain profile captured along a fully grouted passive optical rebar
element.
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5.2.5 Axial Loading of D-Bolt
The D-Bolt is an energy absorbing fully grouted rock bolt composed of a smooth steel bar with a limited
number of anchors (i.e. deformed paddles often at one meter intervals) spaced along the bar. Unlike
conventional rebar, where the ribs continuously interlock with the grout (refer to Figure 5-6), the limited
number of deformed paddles are firmly fixed in the grout, while the smooth section of the D-Bolt,
constituting a majority of its length, has a very weak bond with the grout. This allows the bolt to provide
both high static strength as well as a large displacement capacity (Li, 2010). The optical technique was
applied to the D-Bolt in the same manner as the rebar (i.e. within machined grooves and looped once to
monitor opposing sides) to assess the capacity of transferring the technique to similar support elements.
The D-Bolt was developed predominately for axial loading, and therefore, the optically instrumented
specimen was subjected to an embedded pull-out test as described in Figure 5-13.

Figure 5-13: D-Bolt axial loading schematic: A 550 millimeter long section of the steel element was
epoxy resin grouted (2 Ton epoxy resin, Devcon, MA) within a 1.25 inch nominal pipe size schedule
40 pipe. The deformed paddle section of the support element was approximately 130 millimeters in
length. A 20 tonne cylinder (Enerpac, WI) was used to apply a coaxial load at the non-deformed end
of the bolt. Optical instrumentation was positioned along opposing sides of the entire support element
(including the 130 millimeter deformed section) in order to compensate for bending.

5.2.5.1 Testing Results and Analysis
Figure 5-14 presents the measured strain profile along opposite sides of the D-Bolt during initial loading;
however, as explained for the axially loaded rebar test, it is inherently difficult to apply a purely axial load
without a component of bending being introduced. Therefore, the average strain profile was calculated
according to Equation 5-1 to compensate for the bending component of strain. The resulting strain profile
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is displayed in Figure 5-15. During initial loading of the D-Bolt (i.e. < 15 kN) the strain profile clearly
indicates adhesion between the smooth length of the support element and the resin grout. However,
following a significant acoustic event while raising the load past 15 kN, the applied load dropped down to
12 kN. This drop in load corresponds to the loss of adhesion between the D-bolt and inner grout annulus
resulting in a dramatic redistribution of the strain profile. Post adhesion loss, the D-bolt behaves in a very
similar manner to the grouted rebar element, shown in Figure 5-5, where the deformed paddles are
comparable to the embedded section of rebar. In this manner, strain decays across the deformed paddles
acting as anchors within the grout and the smooth section of the bar experiences a uniform tension as shown
in Figure 5-15. Without the 1.25 millimeter spatial resolution captured using the DOS technique, it is not
likely that the initial adhesion behaviour and the subsequent redistribution of the strain profile along the DBolt would have been captured. But more importantly, the testing with the D-Bolt has demonstrated the
ability for the optical technique to be transferred to a different support element.

Figure 5-14: D-Bolt axial pull-out test: Strain profile captured along opposing sides of the support
element, where 0 meters along the x-axis corresponds to the center of the sensor loop. “Post” loads
indicate axial load levels post adhesion loss (Modified after Hyett et al., 2014).
87

Figure 5-15: D-Bolt axial pull-out test: Average strain profile taken along opposing sides of the
grouted support element. “Post” loads indicate axial load levels post adhesion loss (Modified after
Hyett et al., 2014).

5.3 Forepole Testing
Developing the optical technique for forepole support elements is inherently a demanding task because of
the installation procedures in situ as well as the hollow cross-section of the element. In this regard, the focus
of the forepole testing program was to demonstrate the capability of the optical technique to capture
expected loading mechanics throughout the installation and serviceability life of forepole support elements.
As discussed in Chapter 2, forepole members act bi-directionally in both the radial and longitudinal
direction. The radial support component will initiate in response to the state of the excavation sequence,
which will transition from a cantilever to a fixed-continuous multi-span support reaction. Forepole
segments ahead of the excavation face (i.e. within the ground mass) will additionally resist ground
movement in the longitudinal direction and as a result will be loaded in an axial manner. Therefore, the
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testing program considered cantilever bending, axial loading, and symmetric bending of these support
elements at the laboratory scale. Two ASTM A53 Gr. B steel (i.e. 240 MPa minimum yield strength) pipe
sizes were tested as the forepole member in this program: 1) A 114.3 millimeter outer diameter, 6.020
millimeter wall thickness pipe (i.e. a four inch nominal pipe size schedule 40 pipe), and 2) a 21.30
millimeter outer diameter, 2.769 millimeter wall thickness pipe (i.e. a half inch nominal pipe size schedule
40 pipe). The former is a commonly used forepole size in industry and will herein be referred to as a
“forepole” specimen throughout the discussion of the testing program. The latter was chosen for comparison
against the aforementioned rebar tests, having a similar second moment area as the solid cross-section rebar.
Respectively, this pipe size will be referred to as a “model forepole” throughout the discussion of the testing
program. The two pipe sizes were optically instrumented by surface mounting the sensor to both the interior
and exterior surfaces of the pipes, as well as by embedding and encapsulating the sensor in a 3.5 millimeter
wide by 2.0 millimeter deep groove (not applicable for the model forepole). Again, this testing program
was designed to provide a proof of concept for the optical technique at the laboratory scale. This is a
necessary component of work prior to developing an optical solution for in situ implementation with
forepole support, which ultimately will require calibration from the results of this program.

5.3.1 Symmetric Bending of Forepole Support
For a majority of their service life, forepole support elements will act as stiff beams transferring radial load
in a longitudinal fashion to the steel set / concrete lining / ground mass they are found on. In this regard,
the engineering properties of the ground mass as well as the strength and stiffness of steel set / concrete
lining will play a major role in the support contribution of the forepole (Volkmann & Schubert, 2007). This
multi-span bending of the forepole has been simplified to a symmetric three point bending configuration,
which has similarly been discussed by Volkmann & Schubert (2008). Similar to the symmetric bending
tests with rebar, the optically instrumented forepoles were supported by two roller supports and load was
applied at the central position between the supports. The distance between the supports (i.e. the support
span) was varied from 0.50 to 3.00 meters. Two loading frames were used in order to accommodate for the
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range of tests. The testing apparatus used for forepole specimens simply supported under 2.00 meters in
length is displayed in Figure 5-16 and the apparatus for support spans greater than 2.00 meters is displayed
in Figure 5-17. The optical sensor was predominantly surface mounted on the exterior of the forepole
specimen and oriented along either the top (compressive) or bottom (tensile) length to capture maximum
bending strain; however, embedding the instrumentation within a machined groove, and surface mounting
to the interior surface, was also considered.

Figure 5-16: Forepole symmetric bending apparatus (specimen lengths < 2 meters): The optically
instrumented forepole element is supported by two roller supports. Two hemispherical plates are
used to prevent the circular element from rotating. A platen piece is used to ensure no load is directly
transferred to optical sensor from the hydraulic cylinder (i.e. only to the support element). Five
electrical resistive strain gauges were surface mounted to the forepole element for comparison with
the optical technique and an LVDT was used to monitor maximum deflection of the element.
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Figure 5-17: Forepole symmetric bending apparatus (specimen lengths > 2 meters): The optically
instrumented forepole element is supported by two roller supports. Two hemispherical plates are
used to prevent the circular element from rotating. A platen piece is used to ensure no load is directly
transferred to optical sensor from the hydraulic cylinder (i.e. only to the support element). Five
electrical resistive strain gauges were surface mounted to the forepole element for comparison with
the optical technique (Modified after Forbes et al., 2015).

5.3.1.1 Testing Results and Analysis
The first implementation of the optical technique with forepole support was performed on a 1.40 meter
simply supported forepole member. The optical sensor was embedded within a 3.50 millimeter wide and
2.00 millimeter deep machine groove and encapsulated using the 2 Ton epoxy resin (Devcon, MA). The
specimen was oriented with the sensor along the top (compressive) length of the forepole in order to capture
maximum bending strain. Load was applied to the instrumented forepole specimen in a cyclical fashion to
ensure the elastic limits of the steel element or the optical technique (i.e. the optical sensor and adhesive)
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were not undesirably exceeded. A platen piece was used to ensure that load was applied to the forepole and
not directly to the optical sensor. The strain profile captured along the top section of the forepole specimen
is displayed in Figure 5-18 (left). In an unexpected fashion, a distinct concentration of strain developed
within the region of applied load. In comparison to Euler Bernoulli beam theory (Figure 5-18: right), the
forepole primarily responds in an expected linear manner; however, within the region of applied load the
maximum strain is over double the predicted magnitude (i.e. at 25 kN) and exceeds the yield strength of the
steel (approximately 1200 microstrain). Correspondingly, a residual strain profile was observed after
unloading the sample. Of particular interest is the “locked in” component of tensile strain, which contradicts
the captured high level of compressive strain; however, this residual tension was attributed to the debonding
of the stiff epoxy resin within the machined groove. In this regard, the “locked in” strain arises from the
permanent deformation of both the steel element (compressive) and the adhesive (tension). Additionally,
this unanticipated non-linear response could be partially attributed to the weakening effect of the machined
groove, being one third of the forepole’s wall thickness. Therefore, it was necessary to determine if the nonlinear response was caused solely by the instrumentation technique or if it reflected an inherent tendency
towards flexural buckling of the pipe. This issue was approached by surface mounting the optical sensor
with a comparatively more ductile metal bonding adhesive to compare against the first test. Accordingly,
the structural integrity of the pipe is unaltered and the adhesive is less prone to brittle failure. To conduct
this test, the surface mounted, optically instrumented forepoles were subjected to symmetric bending tests
with support spans ranging from 0.50 to 3.0 meters (i.e. expected spacing of forepole foundations – steels
sets / concrete lining / excavation face).
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Figure 5-18: Symmetric bending strain profiles captured within a machined groove along the top
length of a 1.40 meter simply supported forepole: Left; Strain profiles at various applied loads
(Modified after Vlachopoulos & Forbes, 2015). Right: Strain profile comparison with Euler Bernoulli
beam theory as well as the strain profile after complete unloading.

Similar to the initial forepole test, a platen piece was used to ensure load was not directly transferred
to the surface mounted sensor and elastic levels of load were applied in a cyclical fashion. Figures 1-19
through 1-22 display the strain profiles captured for the range of tested support spans in comparison to
Euler Bernoulli beam theory. Referring to Figure 5-19 and Figure 5-20, the strain distribution along
forepoles subjected to bending at support spans less than 1.50 meters deviate from the theorized linear strain
profiles. A distinct concentration of strain is observed along these strain profiles within the region of applied
load, although, to a lesser extent than the grooved forepole response and they also appear to lessen with
increased support spacing. Additionally, there was no permanent deformation of the forepole or sensor (i.e.
no residual profile). Referring to Figure 5-21 and Figure 5-22, at support spans greater than 1.50 meters the
captured strain distributions compare well with the predicted, linear profiles. The optically measured strain
profiles also have a strong correlation with discrete measurement points taken along the forepole using
surface mounted electrical resistive strain gauges. The results depict a general trend towards linear strain
response that culminates at the support spacing of 2.80 meters (widest support span tested). This strain
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profile was shown to correspond to an expected parabola-like displacement profile (U) according to
Equation 5-3; the piecewise summation of the product of strain, εx, and measurement point spacing, Lε (i.e.
spatial resolution).

𝑥=𝑙

𝑈𝑥=𝑙 = ∑ 𝜀𝑥 ∙ 𝐿𝜀

(5-3)

𝑥=0

A normalized plot of the strain profiles captured at various support spans is displayed in Figure 5-23. This
clearly illustrates the transition from a non-linear to an expected linear strain response with increased
support spacing. This brings forth a significant design consideration. In the context of material design, the
outer diameter and thickness of the steel pipe will govern the stiffness; however, the length of the steel pipe
under load (i.e. support span) will also contribute to the stiffness of the system. In this regard, the supported
length in comparison to the second moment area of the steel pipe will describe the pipe’s natural tendency
towards flexural buckling (i.e. non-linear, elliptical behaviour). Referring to Figure 5-19, a shorter support
spacing (i.e. < 1.50 meters) results in higher levels of compressive strain in the pipe than expected which
has the potential to lead to an overestimate of the support capacity during design. Referring to Figure 5-20,
this tendency towards flexural buckling (i.e. non-linear behaviour) at low support spacing is illustrated
through comparing the strain along the top and bottom segment of the forepole. Along the bottom (tensile)
segment of the forepole, the magnitude of strain is less than the maximum expected by theory. However,
this appears to correspond with the additional level of strain experienced by the top (compressed) segment
of the forepole. In this regard, a strain profile almost identical to the predicted linear profile was obtained
by taking the absolute average of the strain along top and bottom segments of the forepole (Figure 5-23 right). It is apparent that this elliptical behaviour was over exaggerated when the optical sensor was
embedded within a machined groove and encapsulated using the comparatively stiff epoxy resin.
Nevertheless, a distributed load should be applied along the steel pipe in future work to determine if the
94

elliptical behaviour is still apparent under a more accurate simulation of forepole response in situ (even
though theoretically, the loading should be the same).
With respect to the optical sensor, the metal bonding adhesive was preferred as a surface mounting
solution, although, the comparatively stiffer epoxy resin would most likely provide a higher degree of
accuracy. In this regard, bonding the sensor with the epoxy resin is the most suitable solution to capture
low strain, localized, support behaviour and features; however, as displayed in Figure 5-18, it is prone to
brittle failure at higher, concentrated loads. Yet, the metal bonding adhesive was demonstrated to be within
an operational accuracy of the data captured using discrete electrical resistive strain gauges (Figure 5-21).
Additionally, the correlation between discrete strain gauges and the optical technique was demonstrated at
higher strain levels by loading a 1.00 meter simply supported forepole specimen to its ultimate strength
capacity. The results of this test are presented in Figure 5-24, which illustrates the strain captured along the
optical sensor to agree well with the discrete transducers. It is debatable whether the strain profile measured
with the optical technique could accurately be inferred using only the discrete measurement points;
especially at higher loads where strain develops at a much higher gradient. A significant observation from
this test was the presence of only compression strain in the residual strain profile (i.e. the lack of a tensile
component). This implies that the metal bonding adhesive did not debond from the steel element even
though the level of strain along the element was almost four times that which caused debonding with the
epoxy resin, Figure 5-18 (right). However, neither the metal bonding adhesive nor the epoxy resin provided
a suitable solution for bonding the sensor to the interior surface of the forepole as it was difficult to bond
the entire sensor reliably. Exterior surface mounting of the optical sensor permits greater reliability and it
was, therefore, considered an appropriate solution for the symmetric bending tests.
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Figure 5-19: Symmetric bending strain profiles captured along the top length of a 0.66 meter (left)
and 1.00 meter (right) simply supported forepole.

Figure 5-20: Symmetric bending strain profiles captured along the top (left) and bottom (right)
lengths of 1.25 meter simply supported forepole.
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Figure 5-21: Symmetric bending strain profiles captured along the top length of a 1.50 meter (left)
and 1.9 (right) simply supported forepole.

Figure 5-22: Left; Symmetric bending strain profiles captured along the top length of a 2.80 meter
simply supported forepole. Right; Corresponding deflection profile.
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Figure 5-23: Symmetric bending strain profiles captured along the simply supported forepole: Left;
Normalized strain profiles captured along the top (i.e. compressed) section at 15 kN of applied force
for simple support spans of: 0.66m, 1.00m, 1.25m, and 2.80m (Forbes et al. 2015a). Right; Strain
profiles captured along the top (compressive) and bottom (tensile) length of a 1.25 meter simply
supported forepole. The strain profiles are compared against Euler Bernoulli beam theory and an
absolute average of the two sides (Modified after Forbes et al. 2015b).

Figure 5-24: Strain profiles captured along the top (compressed) length of a 1.00 meter simply
supported forepole. The strain profiles captured using the optical technique are compared against
discrete electrical resistive strain gauge measurements at post elastic levels of applied bending load
(Forbes et al., 2015a).
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5.3.2 Bending of Model Forepole Support
5.3.2.1 Model Forepole Symmetric Bending
The multi-span bending of forepole support elements in situ was simplified to a symmetric three point
bending test to assess the optical technique using model forepole elements (i.e. 21.30 millimeter outer
diameter pipe). In comparison to the forepole element bending tests, the model forepole provides a more
controlled method (i.e. low load) for assessing the capability of the optical technique. Figure 5-25 displays
the loading apparatus, which is the same as that used for the symmetric bending of rebar. The optical sensor
was surface mounted along the top (compressive) segment of the model forepole using the metal bonding
adhesive such that maximum bending strain was captured. A platen piece was manufactured to fit the model
forepole in order to prevent load from being directly applied to the optical sensor.
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Figure 5-25: Model forepole symmetric bending apparatus: The steel element is supported by two
rods separated by approximately 800 millimeters. A vertical load is applied downwards at the
midpoint position between the two supports using a turnbuckle and measured using a spring scale
accurate to 0.5 kilograms. A platen piece is used to ensure the load is not directly applied to the
surface mounted optical instrumentation. The optical instrumentation was positioned along the top
compressive length of the steel element.

The strain profiles captured along the model forepole at various applied bending loads are displayed in
Figure 5-26. Unlike the initial bending tests with forepole specimen, the small diameter model forepole
responded to bending load in an expected, linear manner; even though the support length was less. In
comparison the strain profiles captured for the rebar element (Figure 5-2), the peak strain, under the position
of applied loading, appears to be less concentrated (i.e. a more rounded profile). This is attributed to the
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metal bonding adhesive, which forms a more ductile bond in comparison to the epoxy resins (and thus a
slight accuracy loss).

Figure 5-26: Strain profile captured along the top (compressive) length of a 0.80 meter simply
supported model forepole subjected to bending load (Modified after Vlachopoulos & Forbes, 2015).

5.3.2.2 Model Forepole Cantilever Bending
The forepole support element will initially undergo cantilever loading during the first 1-3 meters of
excavation after being installed. At this stage of the construction the forepole is founded solely in the ground
ahead of the excavation face and is relied upon to maintain stability within the region of the working face
while the concrete liner is formed and/or steel set is installed. This loading condition was simulated by
grouting an optically instrumented model forepole into a 31 millimeter diameter, 300 millimeter long
borehole of a concrete block (40 MPa mix). A point load perpendicular to the axis of the steel pipe was
applied at a distance of 400 millimeters along the model forepole from the concrete block. The level of
applied cantilever load was within the elastic limit of the steel. The cantilever loading apparatus is displayed
in Figure 5-27 and the strain profiles captured along the tensile length of the model forepole are present in
Figure 5-28. The plot displays maximum strain at the boundary of the concrete block closest to the applied
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load, which decays very fast within the grouted section. This behaviour was similarly found with rebar
elements by Hyett et al. (2013), which behave in accordance with beam theory. However, it is important to
note that the condition of the ground in situ (i.e. damaged excavation face) may result in a strain profile
similar to an asymmetric bending case (i.e. a less abrupt decay of strain). Furthermore, the elliptical
behaviour captured under symmetric bending of the 114.3 millimeter diameter forepole (i.e. concentration
of strain at short support spans) needs to be investigated under the cantilever loading condition. Such
behaviour could have profound ramifications on the safety factor of the support design in the unsupported
span.

Figure 5-27: Model forepole cantilever bending apparatus: A 300 millimeter section at the toe end of
the steel element is grouted within a 31 millimeter diameter preformed and reamed borehole within
a concrete block (approximately 300 x 300 x 300 mm). A load perpendicular to element length is
applied approximately 400 millimeters from the grouted section using a turnbuckle. The magnitude
of the applied load is measured using a spring scale accurate to 0.5 kilograms. The optical
instrumentation is looped at the toe end of the steel element in order to monitor opposing sides of the
support element using one sensor.
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Figure 5-28: Strain profiles captured along the top (tensile) section of a model forepole at various
cantilever loads (Courtesy of Vlachopoulos & Forbes, 2015).

5.3.3 Axial Loading of Model Forepole Support
In addition to providing radial support, the forepole will also resist ground movements in the longitudinal
direction (i.e. ahead of the excavation face) and as a result will be loaded axially. A similar testing apparatus
as described for the cantilever loading was used to conduct pull-out tests with optically instrumented model
forepoles grouted within a 300 millimeter long borehole in a concrete block. The optical instrumentation
for the axial specimens was mounted to the steel pipe along diametrically opposing sides, with the fiber
looped at the toe end (i.e. end of grouted section); enabling both sides of the steel pipe to be monitored
using one optical fiber. Load was applied parallel to the axis of the steel pipe at a distance of 400 millimeters
from the concrete block using a 20 tonne hydraulic cylinder (thus, a 400 millimeter free length of steel pipe
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between the position of applied load and grouted section). The axial loading apparatus is displayed in Figure
5-29.

Figure 5-29: Model forepole axial loading apparatus: A 300 millimeter length at the toe end of the
steel element is grouted within a 31 millimeter diameter preformed and reamed borehole within a
concrete block (approximately 300 x 300 x 300 mm). Axial load is applied using a 20 tonne hollow
plunger cylinder (Enerpac, WI) at a distance approximately 400 millimeters from the grouted length.
Spherical seating washer and wedges are positioned under the hydraulic cylinder in order to reduce
the degree of bending at the support element head. The optical instrumentation is looped at the toe
end of the steel element in order to monitor opposing sides using a single sensor.
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5.3.3.1 Testing Results and Analysis
As mentioned for the axial loading of the rock bolts, applying load in a purely axial manner is very difficult,
if not impossible to accomplish, as any slight imperfection from ideal axial alignment (e.g. misalignment
of the steel pipe within the borehole, initial seating of the cylinder / barrel and wedge used to apply the load
to the pipe) will result in a component of bending. This is illustrated in Figure 5-30, which displays an
overlay of the strain profiles captured along the opposing sides of the steel pipe. The component of bending
strain is perhaps most pronounced at the boundary between the grouted and free length of the steel pipe
(0.30 meters in the plot). At an applied axial load of 1000 Psi, there is a difference of over 1000 microstrain
between the opposite sides of the steel pipe; when in theory, the two sides should be under the same strain.
Additionally, the strain along opposing sides of the free length of the model forepole (0.30 to 0.70 meters
in the plot) essentially mirror each other (i.e. one side displays a concave profile which is accompanied by
a convex profile on the opposing side).
The bending component of strain was again compensated for by taking an average of the opposing
sides according to Equation 5-1, and is presented in Figure 5-31. In this plot, the free length of the steel
pipe (i.e. from 0.30 to 0.70 meters) is observed as a uniform strain level, which also corresponds to predicted
magnitudes using Equation 5-2. Along the grouted section of the steel pipe (i.e. from 0.00 to 0.30 meters)
the strain exponentially decays from the uniform strain level at the loaded end of the concrete block to zero
at the unloaded end. However, the distribution of strain along the grouted section of the model forepole also
shows the influence of boundary conditions on the support response. Referring to Figure 5-31, this is
observed in two aspects: 1) the embedded length, and 2) the apparatus setup. Concerning the former, the
300 millimeter embedment length was insufficient to transfer the applied level of axial load. A minor slip
of the steel element was measured at the toe end (i.e. unloaded end of grouted section) using a LVDT. This
slipping corresponds with an abrupt load pickup between 0.00 and 0.05 meter in the plot (i.e. a “jump” from
zero microstrain to the exponential profile at approximately 0.04 meters). Regarding the latter, two foam
spacers (25 millimeters long) were used as centering pieces while the model forepole was grouted in the
concrete block. The effect of these two spacers is clearly distinguishable in the strain profile, denoted as (1)
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and (2) in Figure 5-31. A piecewise-defined relation according to the level of applied axial strain was
determined from this test and was repeatable in subsequent experiments with different specimens. However,
Figure 5-32 illustrates the results of an axial test where this was not the case.

Figure 5-30: Strain profiles captured along diametrically opposing sides of a grouted model forepole
subject to various axial loads (Forbes et al., 2015a).
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Figure 5-31: Left; Average strain profile taken from the strain along opposing sides of a model
forepole subjected to axial loading. Right; Post-test removal of the grouted section from the concrete
block; Upper: Full grouted length; Lower: Detailed view of a foam spacer used as a centering piece
inside the borehole. (1) and (2) denote the locations of foam centering spacers at the toe and loaded
end of the grouted length, respectively (Modified after Vlachopoulos & Forbes, 2015).
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Figure 5-32: Axial loading of a previously cantilever loaded specimen: Left; Average strain profile
taken from the strain along opposing sides of a model forepole subjected to axial loading. Right; Posttest removal of the grouted length from the concrete block. Upper: Fracture extending 150
millimeters along the grout from the loaded end of the specimen, aligned with the optical sensor.
Lower: Void in the grout approximately 150 millimeters from the loaded end of the specimen.
(Modified after Vlachopoulos & Forbes, 2015).

The plot displayed in Figure 5-32 presents the strain profiles captured along an axially loaded model
forepole that had previously been subject to cantilever loading. During the axial testing (i.e. post cantilever
loading) it was evident using the optical technique that a deficiency existed within the grouted section of
the specimen (e.g. a void or debonded section) as an eccentric strain profile was captured. Specifically, a
peculiarity was observed between 0.15 to 0.20 meters along the strain distribution. Referring to Figure 5-28,
the cantilever load induced strain that extended to approximately this position within the concrete block.
Therefore, while the steel pipe experienced elastic deformation during the cantilever loading, it is possible
that the grout was permanently damaged. This was confirmed post-test by extracting the grouted length
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from the concrete block (i.e. the concrete block was cut off). Referring to Figure 5-32, a 150 millimeter
long fracture was discovered along the extracted grout annulus. In addition, a void in the grout was also
identified at approximately 150mm from the loaded end of the concrete block. Comparing these post-test
discoveries of the grouted segment with the axial strain profiles verifies the accuracy and scale at which the
optical instrumentation operates. Using conventional, discrete instrumentation, such unforeseen support
behaviour would most definitely be misinterpreted, if not entirely omitted. To this extent, the results of the
axial tests with the model forepole provide further confirmation of the capabilities of the optical technique
to capture complex support behaviour and interaction.

5.4 Discussion
The comprehensive testing scheme conducted using DOS instrumented rock bolts and forepole support
elements has demonstrated the capability of the optical technique to capture expected load mechanisms,
which included: symmetric and cantilever bending, axial loading, and shearing of the support elements. In
this manner, the majority of the testing has been devoted to capturing large scale strain and support
behaviour; however, the optical technique should not be disregarded in terms of its potential to detect
features at the microscopic level. For example, the ability to capture the anchoring effect of individual rebar
ribs (Figure 5-7), strain across tightly spaced shear planes (Figure 5-10), and minor imperfections within a
grouted annulus (Figure 5-32) displays the scale at which the technique operates. Prior to this testing
program, such features have only be discernable through numerical simulation (specifically the anchoring
of rebar ribs and shear couplet). The ability to distinguish such behaviour is predominately attributed to the
unprecedented, 1.25 millimeter spatial resolution, allowing for a continuous strain profile to be measured
along the length of the given support element. In this regard, the optical technique has demonstrated its
capability to overcome the majority of limitations when using conventional, discrete strain measurement
methods, which in most cases (i.e. other than continuous loading mechanism) will not fully capture the
complexities of support response of ground-support interaction. This arises primarily from the requirement
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to interpolate between discrete measurement points, which in turn can result in misinterpretation of local
support behaviour. This is perhaps most apparent when considering the highly variable strain profiles
captured for the double shear loading of rebar (Figure 5-10). In order to indisputably demonstrate this
constraint of discrete monitoring, the double shear strain profile captured at the sub-centimeter spatial
resolution with DOS has been compared against discrete measurement points taken every 250 millimeters
(which would not be considered a coarse resolution in terms of in situ instrumentation) along the rebar
sample and plotted in Figure 5-33.

Figure 5-33: Strain profiles captured along the top length of a rebar element grouted into three
individual concrete blocks and subjected to a double shear loading condition. The DOS strain profile
DOS (solid line) measured at a 1.25 millimeter spatial resolution is compared against an interpolated
strain profile from discrete, electrical resistive strain gauge measurements (dashed line) taken every
250 millimeters along the rebar (Forbes et al., 2015a).
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The strain profiles interpolated between the discrete measurement points entirely miss the localized shear
behaviour. This profile would most likely be identified as minor bending of the rebar, when in reality the
rebar has been subjected to highly localized straining. It could be argued that the discrete measurement
sensors could be concentrated within the region of shearing in order to crudely identify the shear plane;
however, in situ, the positions of such localized strain developments is often not known beforehand. In this
regard, it is completely fortuitous for such a discrete sensing solution to even remotely capture
discontinuous behaviour. However, the continuous strain profile captured by the optical technique makes
this a trivial task, as long as the optical sensor has been positioned along the entire length of the given
element. As a result, the position of significant loading features do not need to be known a priori, and in
turn, can be identified by the optical technique. Accordingly, DOS represents an enhanced solution for
monitoring the ground mass in addition to the support itself. In this regard, an instrumented forepole
element (extending longitudinally ahead of the excavation face) can be regarded as a novel tool in which
the ground-support interaction can be used to infer the ground behaviour and conditions ahead of the tunnel
face. Such a measurement system would allow the full displacement profile of the excavation periphery,
which initiates ahead of the excavation face, to be captured. This could provide great insight into the
calibration of predictive analytical displacement techniques (e.g. Vlachopoulos & Diederichs, 2009).
The optical technique can therefore be realized as a novel tool with the capability to “see” and
“sense” into the ground ahead of the excavation face as well as that surrounding the excavation periphery.
Concerning the latter, this could provide the design engineer with the opportunity to react and make
adjustments to the support and excavation process in response to future ground conditions. This would
certainly benefit current observational construction techniques, which are based on the data obtained and
interpreted from monitoring instrumentation. Furthermore, the low costs per instrument (i.e. optical sensor)
means that the DOS provides an economic solution for monitoring a cluster of instrumented support
specimens (e.g. an entire umbrella arch system), while not sacrificing the resolution or accuracy at which
each support specimen is monitored (i.e. an insignificant cost per measurement). An interpolation of such
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optically instrumented support elements would provide unparalleled information concerning the groundsupport behaviour and interaction, as well as provide an enhanced three-dimensional visualization of the
ground deformation. The back-analyzation of such information could readily be used in predictive
modelling methods and ultimately support design optimization.

112

Chapter 6
Conclusions and Future Recommendations
6.1 Conclusion
This line of research has demonstrated a novel distributed optical sensing (DOS) technique for
monitoring the behaviour of rock bolt and forepole support elements. The optical technique has been
verified to have the capacity to capture expected in situ loading mechanisms of the given support
elements through the completion of a comprehensive physical testing program. The development of
this testing program was conducted in parallel with the advancement of the sensing solution design.
Ultimately, this resulted in the successful installation of rebar rock bolts equipped with the DOS
technique within an operating coal mine, representing the first in situ application of its kind.
Furthermore, the continuous strain profile captured using this low cost sensing solution has exposed
the inability of traditional, discrete monitoring solutions to capture fine scale support complexities in
highly variable loading conditions. In this regard, it has been found more instructive to capture the
distribution of strain along a given support element in comparison to a highly accurate localized set of
measurements. This suggests that a distributed strain sensor provides an economical solution for
monitoring an array of support elements (i.e. a cluster in instrumented elements) without sacrificing the
resolution and accuracy required to obtain support mechanistic behaviour and response. In addition, the
optical technique can be realized as a novel tool with the capability to “see” and “sense” into the ground
ahead of the working face. This would provide geotechnical engineers with an opportunity to react and
make adjustments to the support and excavation process in response to future ground conditions. In
conclusion, the developed optical technique has demonstrated its superiority in the field of support system
monitoring and is worthy of adoption by practitioners in the geotechnical engineering discipline.
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6.2 Major Contributions
I.

Developed and optimized a novel distributed optical sensing technique using a Rayleigh Optical
Frequency Domain Reflectometry technology capable, for the first time, of capturing a continuous
strain profile along the length of rock bolt and forepole support elements.

II.

Verified the capability of the optical technique to accurately and consistently capture expected
loading mechanisms of rock bolt and forepole support at the laboratory scale. The technique was
further demonstrated as an unparalleled solution for monitoring never before captured complex
support behaviour. This included shearing across tightly spaced joints and the individual anchoring
effect of rebar ribs.

III.

Successfully implemented the optical technique in situ, which represented the first time the
Rayleigh based sensing technology has been used within this capacity.

6.3 Future Recommendations
The work presented within this thesis has demonstrated the potential and capacity for the optical technique
to be used as an improved solution for monitoring underground support. This indicates that further
development and testing with the optical technique is worthwhile. Recommendations based on the findings
within this thesis include:
I.

Developing the optical technique for use with Forepole elements in situ: The major obstacle for
this technique will be withstanding the harsh procedures of forepole installation. It is
recommended that this undertaking be approached by developing a stand-alone sensor. This unit
could be inserted within the forepole post installation and therefore, avoid disrupting the
construction process. Additionally, this stand-alone sensor would have the potential to be used in
applications beyond forepole support and geomechanics specific topics.

II.

Back analyze results to improve analytical and numerical techniques: The unparalleled spatial
resolution captured using the optical technique warrants the continuation of a physical testing
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program with support elements. This would consist of a more rigorous testing scheme focused on
systematically determining specific support features and interaction parameters that currently are
ambiguous within analytical and numerical techniques.
III.

Developing the technique to capture three-dimensional support and ground behaviour: The
optical technique developed within this thesis has considered monitoring two opposing lengths
of a given support element. Consequently, this prevents a guarantee of capturing maximum levels
of bending strain without an a priori knowledge of the orientation of bending. A minimum of
three sensor orientations is required to derive the complete, three-dimensional bending vector.
Therefore, an additional “loop” of the fiber sensor is required to monitor three lengths of a given
support element. The most ideal solution would involve orienting the sensing lengths at 120
degrees from one another around the support element.
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