Abstract

Triggered remote seismic events have been widely studied in the earthquake engineering
context where various possible explanations have been provided, including directivity of dynamic
stresses, a critically stressed environment, the presence of hydrothermal geological environments
at remote distances, and so on. Similar events have been observed in underground mining regions;
however, they have rarely been studied in terms of the underlying mechanisms such as the presence
of faults of marginal stability, increases in the stress gradient between mined-out regions as a result
of connective fractures, unclamping effect on geological features such as dikes or joint swarms,
and so on.

This research was triggered in part by the hypothesis that remote seismic events in mines could
be triggered when gravity-driven displacements are transferred to distances far from active mining
(10’s to 100’s of metres). Accordingly, the thesis focuses on experimental research on a novel
deformation sensing sensor for future verification of this assumption. A secondary focus is
mathematical modeling to help understand the deformation mechanisms and magnitudes that may
take place in a jointed rock mass.

Distributed Brillouin sensing systems (DBSs) have found growing applications in engineering
and are attracting attention in the field of underground structures including mining. The capability
for continuous measurements of strain over large distances makes DBSs a promising monitoring
approach for understanding deformation field evolution within a rock mass, particularly when the
sensor is installed away from “excavation damaged zones” (EDZ). A purpose-built fiber optic
sensing cable, a vital component of DBSs, was assessed in laboratory conditions to establish the
capability and limitations of this technology to monitor deformation fields over large distances.

A test program was performed to observe DBSs response to various perturbations including
axial and shear strain resulting from joint movements. These tests included assessments of the
strain-free cable response and the application of extensional and lateral displacement to various
sensing cable lengths (strained lengths from 1 m down to 1 cm). Furthermore, tests were done to
evaluate the time-dependent behavior of the cable and to observe the effect of strain transfer using
a soft host material (i.e., a soft grout) under lateral displacement.

The noise level of the DBSs range was +77 pe, determined through repeated measurements on
an unstrained cable. Stretching test results showed a linear correlation between the applied strain
and the Brillouin frequency shift change for all strained lengths above half the spatial resolution’
of the DBSs. However, for strained lengths shorter than half the spatial resolution, no strain
response was measurable and this is due to the applied internal signal processing of the DBSs to

1 The minimum length of a strained event that can be accurately measured by the sensor
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Chapter 1: Introduction

1. Introduction

This research is about detailed laboratory evaluation of a novel distributed fibre optic sensor to
better understand its basic performance, its response in direct tension and shear, and also the
optimum installation procedure in a borehole. The system is meant to measure the deformation
field away from active mining and to see how the hard massive rock blocks move towards the
openings. With the knowledge of deformation patterns, it becomes possible to see if there is a
relation between relative rock block movement and remote seismicity; an issue that has not been
understood clearly.

1.1. Mining-induced seismicity

Based on Cook (Cook, 1976), perturbations in the stress state of a rock mass around mine
excavations lead to movements of the rock and this in turn may lead to slip yield events which are
evidenced as mining-induced seismicity. Fracturing and seismicity are common events in deep
level mining where ore extraction induces stress-driven rock mass failure (Spottiswoode, Linzer,
& Majiet, 2008). Different factors influence mining-induced seismicity including the mined area
(volume and geometry), extraction method (rate and sequencing), geological and rock mass
characteristics and the in-situ far-field stresses at the mine depth (Milev & Spottiswoode, 2002).

Hasegawa et al. (Hasegawa, Wetmiller, & Gendzwill, 1989) explained mechanisms by which
mining-induced seismicity could occur in underground mines, as shown in Figure 1-1. Extrusion
of in-place rock material into an opening forms an extended cavity, whether the extrusion occurs
as a rockburst or rockfall (Figure 1-1(a)). Pillar burst happens because of accumulation of
unsustainable strains (stresses) resulting from both stope convergence and creep effects
(Figure 1-1(b)). A mine roof (back) consisting of a strong rock that is undergoing bending will
tend to fracture in tension in the bottom fiber, potentially leading to roof beam collapse
(Figure 1-1(c)). More commonly, large shear displacements can occur along crushed rock zones
in pre-existing faults near stope faces, and these may be called burst fractures, which create
vibrations in the rock mass (McGarr, 1971). A rupture through intact rock usually takes place in a
normal faulting manner (Figure 1-1(d)), and it can occur above a mine stope (McGarr & Green,
1975). Also, ruptures of a thrust fault nature (Figure 1-1(e)) can happen either in intact rock close
to a stope or on a pre-existing fault in ground where high horizontal stresses exist (o, = 03, Gumax
>> g,). Another mechanism could happen as an almost horizontal rupture similar to overthrust
faulting (Figure 1-1(f)) above the mine roof if sub-horizontal layers slip relative to each another
(Hasegawa et al., 1989).

Several research studies have been devoted to understanding the connection between large
seismic events and various geological structures in underground mining (e.g. (Gay et al., 1984;
Lourence, Jung, & Sprenke, 1993)). Not all large seismic events will cause damage to underground
structures, but those seismic events prone to induce damage, known as rockbursts or fault slip, can
have severe consequences and may even generate fatalities. At the Klerksdorp gold-field mine
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(Gay et al., 1984), most of the large seismic events that caused fatalities were associated with
geological features such as dykes or faults. Dykes and faults play an important role in mining-
induced seismicity as regions around these pre-existing features can often be at a critical state of
stability such that fairly small changes in energy (alteration of stresses or strain changes) cause
sudden failure. In practice, changes in elastic strains and stresses in a rock mass surrounding a
stope are transformed to inelastic deformation along weaker features, such as a fault or a joint, as
mining progresses (McGarr, 1971). Also, structures such as dykes or other features that lead to
sharp stiffness contrasts across a narrow contact surface cause shear stress accumulations to
happen naturally as mining progresses, and these surfaces are therefore more prone to rupture.
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Figure 1-1. Six possible mechanisms for mining-induced tremors are schematically shown. Solid arrows represent the
direction of mine-induced force on the rock mass during induced seismicity. Dashed arrow in (e) indicates ambient tectonic
stress (modified from (Horner & Hasegawa, 1978))
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Changes in strain energy of a rock mass induced by fault slip generally depend on the location
of the fault relative to the stopes. Stope convergence could happen because of mining-induced
fault slip where the fault intersects the stope or is very close to it. Because of this volume change
(i.e. convergence), a part of the stored energy is released. In contrast, if a fault located at a distance
remote to the active stopes undergoes shear displacement, the elastic strain energy near it is
redistributed to a larger volume by the slip, or the total energy decreases since no volume change
occurs (McGarr, 2000). A shear fracture which intersects a tabular ore body stope would
experience a shear displacement almost ten times more than a shear fracture located far ahead of
the face (Spottiswoode et al., 2008). Among a number of intersecting faults, those critically
oriented such that induced shear stresses are highest would most likely be activated, assuming that
other factors such as the fault’s strength properties are constant. In contrast, widely-spaced faults
have the least chance of interaction with mining zones and developments since any shear
displacement on one will not likely produce sufficient stress perturbations around the others as to
trigger further slip and sudden energy release (Dupin, Sassi, & Angelier, 1993).

1.2. Problem definition and hypothesis

Typically rock failures and seismic events are directly related in space and time with active
mining, generally occurring within tens of meters from the active mining front (Cook, 1976). Apart
from near-field seismicity related to the mining-induced stress changes, it is expected that the more
remote rock mass is seismically quiet (unless in a tectonically active area) and not affected by the
mine workings. However, some failures have been observed that are spatially remote from current
activity in the mine and occur at time periods not related to major blasts. These events have been
considered to occur in association with geological features on a regional scale (Cook, 1976).

These remote events are often located at distances where the stress change directly attributable
to the extraction of a stope would be expected to be negligible (Kaiser, Vasak, Suorineni, &
Thibodeau, 2005; Urbancic & Trifu, 1995). Although stress-driven failures close to opening
boundaries have been well studied through seismic monitoring (Cai, Kaiser, & Martin, 1998, 2001)
and other approaches (extensometers, stress cells...), the causes for mining-induced remote
seismicity remain poorly understood. Understanding of such events will increase mine safety and
economy.

For this research, it is hypothesized that distant seismic events may be triggered by remote
stress-changes induced by gravity-driven deformation processes (GDDP). According to this
GDDP hypothesis, deformations induced by ore extraction will propagate quite far under
gravitational stress. It should be noted that transfer of deformations could be facilitated by mining
at lower levels Hence, based on GDDP, it is a transfer of deformations, not stress, that leads to
stress changes at remote locations. .

This transfer process is a chain-like movement of discrete, massive rock blocks. Kaiser et al.
(Kaiser et al., 2005) used a train analogy to describe the sequential movement of rock blocks, in
that the movement will transfer along the whole system. The last car in a train will not feel the
locomotive movement immediately and will start moving only with some delay. Similarly, if there
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is such a delay, or a deformation gradient, in the chain-like displacement of rock blocks, stress
might buildup and induce a failure if intact rock blocks and joints are already highly stressed.

1.3.1. Gravity-driven deformation process (GDDP)

When an excavation is created in an undisturbed, massive, hard rock mass, deformation transfer
will be limited to the excavation boundaries. This situation is similar to block cave mining where
the very first cave will stop propagating not long after the undercut has formed.

The deformation transfer will be prevented from propagating to upper levels in the rock mass
because stress-arching happens. Stress-arching depends on a number of factors such as
interlocking degree of the rock mass, intact rock strength (breakability of the rock), and the overall
rock mass stiffness which affects the load transfer system around the mining area. Therefore,
distant seismic events because of stress changes induced by deformation transfer cannot happen at
remote location from the active mining because the elastic deformations attenuate quickly with
distance.

The interlocking degree depends on a number of parameters such as block size and shape, which
both vary with the number of joint sets, their orientation, persistency, and surface characteristics
(rigidity at various scales).

With respect to the block size, scale effects should be considered. For example, numerical
modeling of a block caving mine for two different block sizes with the same undercut size showed
that the deformation propagated more readily to higher levels in the case of smaller block size.
This is because the degree of freedom for the larger rock blocks is limited in comparison with
smaller blocks and also stress-arching occurs at a relatively early stage of caving, a situation similar
to that shown in Figure 1-2(a). The reader is referred to appendix Al for the complete results of
the modeling carried out.

In the 2D given example, the rock mass have only two joint sets. In the case that there are more
joint sets forming larger numbers of smaller blocks that decrease the interlocking degree, or a low-
strength intact rock that can break under the applied stresses, the deformation propagation will not
stop at a small distance above the mining level because of stress—arching. Under such
circumstances, displacement will be able to propagate further, even to the ground surface, forming
a collapse chimney or resulting in a settlement trough. According to these settlement profiles
within the rock mass, zero lateral deformation boundaries (DBs) will be formed, as shown in
Figure 1-2(b). Formation of these DBs, might cause a deformation gradient in the movement of
the massive rock blocks above the mining level. Consequently, a horizontal stress change will be
induced at the DBs because of such deformation gradients.

However, there are many different situations where mining will be under progress in a disturbed
rock mass. Such a disturbance could be a pre-existing mined-out block at some distance from the
active mining at some higher levels. Such a condition is shown in Figure 1-2(c). Similar to the
previous case in (b) deformation boundaries will also be formed in this case and the potential
deformation gradient might induce a horizontal Ag at DBs. The difference between (b) and (c) is
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that the rock mass surrounding the pre-excavated mines at higher levels have been disturbed. Stress
redistribution around older mining zones can be possibly so high that even a small increase of the
stress can result in intact rock failure. Furthermore, there are many joints around these mine
openings that are critically stressed, apart from those joints that have already slipped.
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Figure 1-2. a) Stress-arching occurs when mining in massive or moderately jointed or highly interlocked rock mass. b) mining
in highly jointed or less interlocked rock mass can cause displacement propagation to much higher levels so that a settlement
bowl can form on the surface. c) mined-out zones above current mining levels in case (b) can result in occurrence of some

seismic events around a highly disturbed rock mass (i.e. EDZ) at higher levels. This is because the stress change due to gravity-
driven deformation transfer happens at the zero deformation boundaries

Case (c) in Figure 1-2 was considered for further study in numerical modeling. The objective
was to understand if the GDDP hypothesis is reasonable, because mining at lower levels can cause
shear slip along joints or intact rock failure when the rock mass at some distance above the mining
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level was disturbed because of pre-existing excavations. The rock mass had two joint sets inclined
at 60° and 120° with effective joint persistency values of 73% and 60%, respectively. Figure 1-3(a)
shows the shear slip events at the middle of the rock mass around an old backfilled mine.
Figure 1-3(b) show the shear slip distribution after the main mining activity is simulated using a
200 m long trapdoor, where the rock moved down 40 cm. Although stress-arching happened at
some distance above the trapdoor and large displacements were prevented from propagating to
upper levels, over 300 joints that were critically stressed after the old mining slipped after the
simulated mining at lower levels. This simple model showed that the GDDP hypothesis can explain
some remote seismicity where the rock mass is disturbed and critically stressed conditions already
exist before the main (deeper) mining activity.
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Figure 1-3. Shear slip distribution along joints in a discrete element model of a large volume of rock mass where a 100x100 m?
area in the middle of the model was backfilled a) before and b) after a deeper zone was extracted.

1.3. Research motivation

The last case shown in Figure 1-2(c) is a typical condition for underground hard rock mining
environments in Canada. According to the GDDP hypothesis, displacement propagates to higher
levels where rock blocks move towards an opening in a sequential manner. Therefore,
understanding if a deformation gradient exists between moving massive rock blocks, within which
mines had been extracted, can help clarify a potential relation between GDDP and remote
seismicity.

The main motivation for this thesis is, therefore, to measure the deformation between two
seismically active areas, i.e. old extracted zones at higher levels above the current active mining,
to see if, for example, the displacement rate at point Ai is similar to that at point A1 (similar to the
condition where particles can flow in a silo), or to examine whether rock blocks are moving at
different rates. To this end, measurements with a distributed deformation sensor that can return
many measurement points along its length will enable us to study the deformation field away from
active mining.
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Such a distributed deformation sensor was installed in the Coleman Mine in Sudbury for the
first time. A 25 m high sill pillar was instrumented with five distributed sensors and monitored for
over two months. Three sensors were broken in early stages of the sill pillar mining, and analysis
of measurements from the two remaining sensors did not yield much information. On one of these
two sensors, a very high strain response was noticed in a small section, a response quite different
from the rest of the sensor data. This high local strain was found to be associated with a rock block
detaching from the mine back at a joint location, and confirmed with the results from optical
imaging of the borehole. It was then decided to study the strain response of such a system in great
detail in the laboratory before trying more field installations.

1.3. Research objectives

Deformation measurement is usually executed locally near excavation boundaries where the
rock mass is most disturbed. More distant from the excavated damaged zone (EDZ), the rock mass
surrounding the entire mine geometry is treated as the loading system and to date has never been
directly monitored for deformations. Various parameters influence the mechanical behaviour of
the system to mining activity, including the stiffness of the rock mass in the hangingwall, footwall,
and orebody, and the presence of structural features such as faults and dykes. Therefore, there is
a need to understand deformation fields at a much greater scale than the regional proximal to
openings, i.e. at the mine scale.

This research seeks to better understand the underlying mechanisms contributing to the trigger
of distant seismic events in underground mines. Hence, the main objective of the research was to
study a novel deformation sensing system that is capable of monitoring deformation at large
distances from mining such that a better understanding of the process leading to the occurrence of
remote seismicity in mines.

A better understanding of the relation between deformation fields within the rock mass and
remote seismic events can help test hypotheses such as at remote distances. The tested deformation
measurement device is therefore meant to be deployed to record the deformation pattern away
from active mining. Although optical fibre technology has been in use for almost a decade in
different engineering contexts, there is a limited number of cases where such a system has been
applied in underground mining. Consequently, a detailed examination of a suitable fibre optic
system is needed before deployment in an underground mining environment where many activities
and factors may have an adverse effect on measurements. This thesis presents the findings of a
comprehensive laboratory testing program that was set up to explore the following:

e study the performance of the selected system in terms of accuracy, resolution, and
repeatability;

e define the base noise level of the system;

e cstablish the relation between deformation and the system’s internal measured parameter,
i.e. frequency (Chapter 2);
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e cxplore the sensing system’s response to direct tension;

e cxplore the system’s response to spatial and sequential distribution of applied deformations;
e investigate the strain transfer processes when the sensor is embedded in a filling material;

e cexplore time-dependencies of the system response when under constant strain; and

e investigate the response to direct shear displacement when the sensor is installed in a
borehole crossing various joints at different inclinations.

In addition, practical questions for successful utilization of fiber optics are addressed:

e I[s the system capable of registering the relative movement of a series of rock blocks next to
each other?

e What would be the system response be when rock blocks deform in different sequences over
the course of mining?

e What is the best installation procedure?

e What grout properties are required for hole filling to achieve optimal strain transfer?

e What borehole size should be used for the system to have optimum performance?
1.4. Deformation measurement

1.4.1. Conventional and new sensors

The main instrument conventionally used for rock mass deformation measurement is the
borehole extensometer (BX). These instruments have either single or multiple anchors (MPBX)
that measure the average deformation of the rock mass between that anchor and a fixed reference
surface. MPBXs measure the deformation in one direction, which is along the rod axis; therefore
they must be installed in other directions in order to obtain the deformation tensor.

There are other instruments that work based on deformation measurement. For example,
overcoring stress measurement devices use electrical strain gauges (ESG). There are some
drawbacks using ESGs in underground excavations such as difficulty in proper attachment to the
rock, monitoring of strains in the close vicinity of the gauge, sensitivity to noise and electro-
magnetic interference, frailty in damp and wet environments, and low stability for long-term
monitoring (Bhalla, Yang, Zhao, & Soh, 2005).

Another common type of strain gauges is based on the vibrating wire principle (VWSG).
VWSG measures the vibration frequency of a tensioned wire attached across a gage length to
compute the strain the rock is experiencing (Y. W. Yang, Bhalla, Wang, Soh, & Zhao, 2007).
There are some advantages in using VWSG over ESG such as consistency in long-term strain
monitoring, and insensitivity to signal distortion during transmission over long distances since they
are frequency-based. However, they are more expensive and massive than ESGs and are easily
affected by external mechanical vibrations (Bhalla et al., 2005).
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Figure 5-1. Test setup for shear displacement composed of two moving (middle and right) and one fixed plate (left). The
setup allows for direct shear (sensing cable perpendicular to the shear movement) and combined shear-tension (oblique
cable as shown) as well as the consideration of the effect of the kink length. The inset on the top left shows a magnified view
of the kink guide used to simulate kink length. It has a slot with a dimension slightly larger than that of the cable.

5.3. Tests involving a single joint
Tests involving a single joint were performed first and are presented in the following Sections.

5.3.1. Effect of strained length

Tests on the SMARTprofile™ under shear displacement were realized by clamping a certain
length of the sensing cable at both ends to the linear moving plates at right angles to the joint trace.
The whole length of the clamped section, referred to as strained length (/), is involved when shear
displacement is applied. The strained length was varied from 100 cm to 1 cm. Figure 5-2 shows
the Brillouin frequency shift change, Avs, along the sensing cable length when the applied shear
displacements to each strained length induced a Avp equivalent to 0.5% axial strain, i.e.
Avp=0.04607(MHZ/pne)*5000(ue), where 0.04607 is C; obtained from direct tension test results
on the cable. All strained lengths > 40 cm showed a frequency change equal to 5000pe. Although
the 30 cm strained length showed a clear frequency response, occasionally this strained length did
not yield any response to shear displacement, making it an unreliably small strained length for
applications. Furthermore, the system never showed any response for the lengths /<Lsz/2. This is
consistent with the results from extensional tests on the cable (Madjdabadi et al., 2016).
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Figure 5-2. Avg profile along the sensing cable for 9 different strained lengths when various displacements equivalent to
5000u€ axial strain are applied to clamped sections. All lengths above 30 cm registered frequency change.

Figure 5-3a shows Avp averaged over the strained length against applied shear displacement for
all the strained lengths tried in this test. Also, Avs results from direct tension on the same strained
lengths of the cable are shown in Figure 5-3a indicated by “Direct tension”. An important feature
of these plots is a parabolic relation between Avp and shear displacement for each strained length.
This is in contrast with the linear correlation between Avp and extensional displacement during
direct tension tests on the cable (Madjdabadi et al., 2016). For a given strained length in a
perpendicular shear displacement configuration, 20-40 times more displacement than in direct
tension is required to induce a certain Avp in the system. It is intuitively understood that the
displacement mechanism and slip magnitude of all individual fractures are not actually known.
However, where a rough estimate of dominant displacement is feasible the different system
response in applied displacement can be used to discriminate between direct shear, direct tension,
and combined displacement modes. The relationship between Avg and displacement will be
explained in Section 6.3.6.
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Figure 5-3. a) Avg changes in parabolic trend with shear displacement in comparison with the linear correlation from direct
tension tests, b) Avg shows linear dependency with the displacement-converted strains as compared with manufacturer’s
data (0.05055 MHz/ue) and we propose (0.04607 MHz/ue) best-fit correlation coefficients
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(Figure 5-13c) there is a one-to-one correspondence between frequency and strain, the registered
frequencies are required to be aligned with any of the theoretical fit curves established between
Avp and tension or shear displacement according to the strained length, kink length, and the relative
angle between fracture and cable (Figure 5-13d). Therefore, it is necessary to reduce the number
of unknowns (i.e. /, Lk, and a) to better approximate the displacement field. Using a fixed
anchoring spacing along the cable, the strained length, /, would be known. Furthermore, from
structural geology mapping along with borehole camera logging the inclination of the fracture
could be determined. Knowing these two parameters, where the displacement field is extensional,
1.e. fracture opening dominates, the strain localization at the joint location can be translated to its
opening or closing. On the other hand, where deformation mechanism will involve a shear
movement on the joint, the kink length, Lk, will remain unknown. Assigning an accurate value to
kink length would be impossible; however, the kink length depending on the grout strength and
cracking mechanisms (brittle or disintegrated) would likely vary on the order of a few millimeters
to centimeters. Therefore, the displacement of a fracture could be roughly confined to a range
according to theoretical fits established between Avg and displacement for those kink lengths.
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Figure 5-13. The Brillouin frequency shift change along the cable over time (a) for an anchored interval (b) can be used to
understand the strain field variation (c). Where there are more data regarding strained and kink lengths, and relative
joint-cable inclination is available, the displacement field evolution can be estimated (d).

5.3.7. Shortening vs. elongation

During previous tests described in earlier sections, the shear displacement was applied in a way
that it induced extensional strain to the sensing cable in the cable-joint layout. This is also
consistent with the assumption in the Newmark-Hall model (Newmark & Hall, 1975), where the
strike-slip fault would cause axial tensile strain in the pipe for a<90°. However, in a rock mass
there are situations where 0>90° (a is the relative inclination between joint trace and the cable) so
that movement on the joint surface the cable might experience a compressive strain rather than
elongation. Under these conditions, the cable would initially undergo a shortening phase followed
by a stretching process, as in the case of the right joint in Figure 5-19a.

The response of the DiTeSt™ when shear displacement direction has resulted in a
compressional strain was evaluated with the same cable configuration shown in Figure 5-1 with
one exception; the displacement was applied in the negative direction. A 50 cm long section of the
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a certain amount, Figure 5-16d. The displacement sequence for each plate for all scenarios is
summarized in Table 5-1.

Table 5-1. Four displacement scenarios and sequences applied to two moving plates

Scenario | DISP: Istplate | 2" plate
sequence
a 1 +6 mm Fixed
2 Fixed +6 mm
b 1 +10mm | +5mm
c 1 +3 mm -3 mm
d 1 Fixed +5 mm

Figure 5-17 shows the Brillouin frequency shift change, Avg, along the sensor length for each
scenario in Table 5-1. An interesting point about this figure is that various joint displacement paths
could result in similar Av, for example the 2 mm of shear displacement of each plate in the
opposite directions in the third scenario (Figure 5-17c, triangles) provided almost the same Avp as
4 mm shear movement of only the second plate in the last scenario (Figure 5-17d, triangles).

The Brillouin frequency profile shape for all scenarios over the course of displacement
application was almost uniform along the strained length. However, there was a difference in the
first scenario and the rest of scenarios due to the inherently different straining mechanisms. For all
scenarios except the first one, the cable was progressively straining over the anchored length
during movement of any of the two setup plates. On the other hand, with the first scenario the
cable was not strained any more after movement of the first plate, but the strain was redistributed
when the second plate started moving. This displacement sequence resulted in a strain relief at the
first joint and strain buildup at the second joint. According to this displacement sequence, upon
moving the second plate strain relief at the first joint reduced the frequency response until the
redistributed strain at the second joint became high enough so that the frequency resumed its
increasing trend, Figure 5-17a.
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Chapter 5: DBS response under shear displacement

different from what was done in the direct shear test. While the first plate was kept fixed, the
second plate was moved first in the positive direction, Figure 5-19a, then returned to zero
displacement followed by movement in the negative direction, Figure 5-19b. During positive shear
displacement the cable at the second joint would be under tension (7 in Figure 5-19a), whereas it
would experience initially a shortening phase followed by an elongation period at the first joint
(indicated as C-T in Figure 5-19a). When the movement direction changed to negative, it was
expected to have a reverse response in each joint, i.e. the first joint under tension and the second
joint face a compression then extension.
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Figure 5-19. Schematic description of the inclined shear displacement with two joints over the strained length for the effect
of shortening and elongation of the cable on the total registered frequency. If the second joint is under tension while the
first joint experiences shortening, then elongation. This is in reverse order in b when the middle plate moves in the negative
direction.

Figure 5-20 a and b presents the results for the test with shear displacement applied at positive
and negative directions, respectively. According to the base noise level indicated by the horizontal
dashed lines, the Brillouin frequency change could be detected at shear displacement as low as
I mm. Although the kink guides used in this test had the same slot size as those used in the direct
90° test, less displacement was required in order for DiTeSt™ to recognize a frequency change
along the sensor length. This was due to the effect of relative inclination of the cable with respect
to the joint trace, since even small shear displacement in this configuration has a longitudinal
component along the sensor axis.

The Avp profiles also showed a tendency toward the joint which was always under tension
during the entire displacement path. Therefore, the profile showed higher frequency around the
second joint when moving the plate in positive direction (Figure 5-20a), while the frequency was
higher close to the first joint during negative displacements (Figure 5-20b). Such a response to
shear displacement direction resulted in almost mirror profiles when comparing the shear test
results in both directions. Actually, as explained above and shown in Figure 5-19, the cable at the
first joint in the positive displacement case became shorter in early stages of the displacement
sequence. This shortening relieved a part of the total strain over the entire strained length.
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10 cm mining displacement
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Horizontal stress contour (MPa)
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Figure 0-2. Displacement vectors, vertical and horizontal stress contours at 10 and 40 cm mining displacement for small and
large blocks model. Displacement transfer to higher levels is more restricted for larger blocks model due to effect of stress
arching.

Shear displacements as large as 1 mm along joints can happen at a distance as far as 515 and
755 m from the center of the trapdoor for small and large block models, respectively. However,
these displacements are not large enough to cause a plastic shear slip along any of joints at far
locations away from the trapdoor. Actually, only a small portion (<1% of entire joints within
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model) of joints adjacent to the trapdoor experienced shear slip after final mining displacement, as
shown in Figure A-3. Shear slip, when shear stress exceeds shear strength, evolves from the
immediate joints, at the trapdoor away from it as more displacement occurs. Joints slipped when
at least 17 and 52 mm shear displacement accumulated along the joint. Therefore, although the
block size has a significant influence on the displacement field to quite a far distance away from
mining, no remote shear seismic event may be expected with the current rock mass configuration.
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Figure A-3. Spatial distribution of joints that plastically slipped after 40 cm mining displacement. Less than 1% of entire
existing joints went to slip located at the closest distance to the active mining.

A.3.2. Joint set orientation

In addition to the preceding 60°-120° inclined joint sets model, three more models with joint
set orientations different from one another were constructed, all with 5 m joint spacing. In these
models normal and shear joint stiffness ranging from 5 to 7 and 4 to 5 GPa/m, respectively, were
used to create rock masses of similar stiffness, i.e. approximately 22 GPa. The trapdoor size and
displacement and other material properties remained the same as the models in Section A.3.1.

Displacement fields for these models are shown in Figure A-4. The displacement field grew
mostly vertically with vertical joint sets so that displacement bulbs (i.e. similar displacement range
fronts) had the largest dimension ratio (i.e. vertical to horizontal extension of a displacement front)
of 1.3 with the least rock mass volume laterally affected compared to other modes. As the vertical
joint set rotated to shallower orientations, the displacement field developed more laterally so that,
for example, the 5 cm displacement bulb achieved a maximum width of almost 500 m with the
least steep joint sets, i.e. 30°-150°. In this case the dimension ratio of the displacement bulb was
just below 1, implying that the displacement front grew uniformly in all directions, similar to a
circle. It should be noted that among all models the displacement field transferred to the shallowest
level most with the 60°-120° inclined joint sets model due to the appropriate orientation of the
joints to allow displacements to move upward.
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Figure A-4. Displacement vectors, and vertical and horizontal stress contours for three different joint set orientation models.
Stress arching as noticed from horizontal stress contours prevents higher displacements transfer to shallower depths

Higher displacement fronts, however, did not follow the same growth pattern as for lower
displacement ranges. Over the course of mining (i.e. trapdoor movement) higher displacements
were more restricted to depths closer to the mining boundary, particularly with lower angle joint
sets, e.g. refer to 20 cm displacement front shown in Figure A-4. This was due to the fact that a
wedge of rock blocks was formed as mining displacement increased. This wedge was induced at
lower displacements for the shallower joint set of 30°-150° among other models. This was also
clear from vertical stress contours where, after 40 cm mining displacement, the decrease was less
for the latter model from almost 110 m above trapdoor to higher levels. Horizontal stress for all
models also increased above the trapdoor during mining so that it was maximised at the top of the
wedge resulting in more confinement in the rock mass and consequently limited the gravity-driven
displacements. It is worth nothing that the very low horizontal stress at the immediate site of the
trapdoor for 30°-150° joint set model represents the separation of a roof wedge from the rest of the
rock mass. Note that the steeper joint sets will result in the delayed formation of the detached zone,
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i.e. while after 25 and 30 cm mining displacement the detachment started for 30°-150° and 45°-
135° models, respectively, it has not yet occurred after 40 cm displacement in the 60°-120° model.

A.3.3. Non-persistent joint set

A more realistic rock mass rarely includes through-going persistent joint sets as described in
the two previous Sections. Joints of different scales in terms of their spatial extent are always
present in a typical hard rock mass. The various spatial extension of joints can be expressed with
their persistency, particularly in 2D, along a line. This section provides the results from modeling
of a rock mass containing non-persistent joints.

To this end, the rock mass model with 60°-120° joint sets in Section A.3.1 was recreated with
introduction of persistency for each joint set. In this case joint lengths were set in range varying
from 20 to 60 m instead of being of continuous length over the model. Upon the construction of
the model, the persistency of the rock mass joints was computed based on the joint length ratio.
Here, the cumulative length of all joints of a certain inclination in the non-persistent model was
divided by the sum of those in the persistent joint model. Accordingly, the persistency was found
to be 73% and 60% for 60° and 120° joint sets, respectively.

Fully persistent joint sets created a rock mass with blocks that have more freedom to displace
and rotate, while as soon as non-persistency is involved in the rock mass formation the interlocking
degree increases, resulting in less chance to deform when any change is induced. This is because
block sizes vary greatly and their shapes will not be near regular. Error! Reference source not
found. shows the geometry of the rock mass with a non-persistent joint set. It should be noted that
joint sets in this model were assigned different stiffness than was used in the persistent joint model
to obtain the same rock mass stiffness in both models.

-

W
Vi u
e

0

M(, ’ ‘
Wf)‘,/ RK

w'o\‘ //'” e

%

0 ‘,

0

/0’00 ‘"0 "
\o (X0
'.?.‘ "' ’f//

* TALALA— u
-90 -70 750 -30 -10 10 30 50 70 90

Figure 0-5. The modeled rock mass with non-persistent joint sets (a) and a magnified view of the shaded area for a better
clarity (b). 60° joint set with persistency 73% and 120° joint set with persistency 60%.

While the displacement field grew uniformly in space in the persistent joint model, for this
model, as shown in Figure 0-5. of various sizes were distributed all over model. Actually, the
displacement pattern can be seen an intermediate state to the displacement fields for models
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presented in Section A.3.1. While similar displacement transferred to the same depths when
compared with the small block size model, the lateral extension of displacement field over the
width of the model resembled that for the larger block size model.
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Figure A-6. Displacement vectors (a), joint opening (b) and shear displacement (c), shear slip (d) along with vertical € and
horizontal (f) stress contours for the non-persistent joint model after 40 cm trapdoor displacement

The effect of non-persistency of joint sets is better understood by examining the joint
displacement field. Both joint opening and shear displacement had a non-uniform pattern over the
entire model. It can be seen that joints at a certain location, e.g. within the dashed circle in the joint
opening plot, experienced a wider range of opening (0.4-1 mm), while in the continuous joint set
model joints within the same location had a much more limited range of opening (0.6-0.7 mm). In
this case, one can expect some joints at shallower depths go to higher shear displacement than
some other joints at deeper levels. Therefore, a gradually increasing gradient of displacement does
not exist when going deeper within a rock mass with non-persistent joints.
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More interestingly, shear slip distribution at this model was not uniformly distributed at a
certain mining displacement step, as shown in the slip plot in Error! Reference source not found.
after 40 cm mining. Although slip events did not occur significantly far from the mining boundary,
it happened that joints at farther distances from the trapdoor slipped, whereas the deeper joints
required more displacement to touch the failure envelope. Such a scattered slip distribution came
from the non-uniform horizontal and vertical stress distribution due to non-uniform rock block
movement as mining displacement occurred. As shown in Figure A-6, horizontal and vertical
stresses significantly varied for neighboring joints. There were joints that experienced an increase
in normal stress and a reduction in shear stress, while at the same time normal stress fell and shear
stress rose (favorable conditions for slip) at nearby joints.

A.3.4. Conditions with extraction above current mining level

All parameters considered in models presented so far did not cause an odd shear slip along any
joint at distances far away from mining boundary, although in the last section it was shown that
the slip distribution could occur non-contiguously with non-persistent joint sets. In all cases, the
extraction ratio was zero above the mine, a condition that rarely correspond with reality as mining
typically starts from the tom and progresses downward, creating a wedge of low ER at higher
elevations. Therefore, conditions of pre-existing zone of high shear stress and/or old mining areas
with low extraction ratio at some distance from the current mining must be considered. Here, we
consider the latter case (extraction above the trap-door) for the next step to see how the
displacement field changes and if remote seismic shear slip can be simulated.

In underground mining it frequently happens that two or more stopes or mining blocks are
extracted but with a time difference. The model for simulation of this situation was the same model
used in Section A.3.3, except that a region of 100 mx100 m in the middle of the model from -450
to -350 m above the trap door was first excavated and then backfilled with cemented sand fill. The
model then was brought to equilibrium before applying mining displacement.

The displacement field after backfilling of the old mine and before starting mining at the bottom
boundary is shown in Figure 0-7Error! Reference source not found.. A large rock mass volume
at distances as far as 550 m away from the mine was displaced up to 5 cm by ore extraction and
backfilling. The overall direction of rock blocks’ movement was horizontal toward the excavation.
This was as a result of high horizontal stress initially assigned to the rock mass. Also, horizontal
stress changed after backfilling and high stresses were concentrated below and above the square
region of the mine, resulting in plastic failure of many of intact rock blocks.

Furthermore, all the rock mass surrounding the old mine experienced high shear displacement
(>>2.5 mm, i.e. the maximum value shown in Figure 0-7). Even joints located at a distance of
three times the dimension of the mine had a shear displacement of 2.5 mm. Such a high shear
displacement caused many joints, particularly close to the top and bottom of the excavation, to go
to a condition of plastic shear slip. The slip distribution in the surrounding rock mass was not
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uniform, but it seems it had a random pattern according to the locations where the maximum shear
displacement occurred, as also seen in Section A.3.3.

After old mine backfilled After 40 cm trapdoor displacement Legend
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Figure 0-7. Displacement vectors, horizontal stress contours, shear displacement, and shear slip along joints after the
extraction and backfilling of the old mine and after 40 cm trapdoor displacement.

After the model reached an equilibrium following backfilling of the old mine, the trapdoor was
applied a 40 cm displacement to simulate main mining activity. Figure 0-7 also shows the same
plots for the model after 40 cm mining displacement as shown for the backfilled mine. In general,
in comparison with model in Section A.3.3, similar displacements transferred slightly to higher
levels with the presence of a backfilled excavation before mining, particularly when the
displacement front due to trapdoor movement reaches levels already affected by the old mine. As
soon as the trapdoor moved, e.g. 5 cm, the displacement field at far distances away from the
trapdoor even above the old mine changed so that the extent of each displacement front grew. The
final pattern of displacement after 40 cm mining shows that rock blocks became less constrained
to displace. This can be viewed as a result of a rock mass weakening effect arising from the
influence of the pre-existing mine.

With respect to the horizontal stress, it increased upon movement of the trapdoor while
non-uniformly distributed within the rock blocks above the trapdoor, the same as model in Section
A.3.3. However, it can be seen that scattered higher horizontal stresses reached shallower depths
close to the bottom and top of the old mine. This was due to the pre-existing mined excavation
surrounded with already highly stressed rock mass, so that more rock blocks entered a higher
induced stress range as the trapdoor displacement continued.

The interesting point is that many more joints around the backfilled opening slipped in shear
after 40 cm mining displacement, apart from those that had slipped joints adjacent to the trapdoor.
It should be noted that none of the joints located between these two zones of shear slip showed
plastic slip. However, the blocks displaced vertically under gravity. Thus, gravity driven
displacements occurred without shear slip. In addition, since the rock mass around the old mine
had already high shear displacement, upon the trapdoor movement more shear displacement was
accommodated within these joints.
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A.4. Conclusion

The modeling results showed that that with large massive blocks stress arching can happen and
prevent the displacement propagation to farther distance from active mining. If there are more joint
sets or random joints or if the intact rock is low strength that can break easily, the arching might
not occur and the displacement transfer can reach to remote locations. Therefore, remote seismicity
in not possible if there is a single mining zone because arching is developed, unless critically
stressed geological structures such as faults exist.

On the other hand, in the absence of such marginally stable structures (i.e. faults), remote
seismicity can happen only if stacked mining zones at different levels in the rock mass exist such
that the rock mass is already disturbed and softened to some extent. Accordingly, displacement-
driven stress changes can propagate to remote location.

This appendix shows that gravity-driven displacements leading to remote seismicity can be a
valid hypothesis under certain circumstances. When mining blocks with previous extraction
already exist at higher levels underlying extraction can affected the disturbed rock mass
surrounding those previous mining zones resulting in a remote seismicity.
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Appendix B: Results from Other Tests

B.1. Clamping Effect
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Figure B-1. Stretching a 60 cm length of SMARTProfile™ to 0.85 mm followed by increasing the clamping force and its effect
of the frequency registration

B.2. Loading — Unloading Response in Tension
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Figure B-2. Three different strained lengths including 60, 80, and 100 cm for loading-unloading response of the DiTeSt™
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Figure B-3-a. Loading-Unloading response of the DiTeSt™ for a 60 cm strained length of SMARTProfile™
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Figure B-3-b. Loading-Unloading response of the DiTeSt™ for a 80 cm strained length of SMARTProfile™
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Figure B-3-c. Loading-Unloading response of the DiTeSt™ for a 100 cm strained length of SMARTProfile™

B.3. Glued Cable in Tension to Simulate Debonding Process
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Figure B-4. The displacement and debonding sequence of the glued SMARTProfile™ on the tension test setup
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Figure B-5. Frequency response of DiTeSt™ for steps shown in Figure B-4
B.4. Low Performance Debonding Process when Sensing Cable Meeting Three Joints along

an Interval
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Figure B-6. Frequency response of DiTeSt™ when SMARTProfile™ is not perfectly debonded from mortar
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Figure B-7. Frequency-displacement response at three points (P;, P2,and P3) as shown in Figure B-6

B.S5. System Response in Shear Displacement with Sensing Cable Embedded in a Sand-

filled Flexible Tube
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Figure 0B-8. DiTeSt™ response when SMARTProfile™ is under shear displacement within a sand-filled flexible tube
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