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Accurate sensing is the key to structural health monitoring of underground coal mines while using fiber Bragg grating (FBG)
sensors. However, the previously developed systems for structural monitoring of underground mines have been limited to
monitoring without any capability of damage detection. Therefore, this study integrates a highly accurate FBG monitoring
system and output-only data-driven approaches on an Internet of things (IoT)-based platform to develop a comprehensive mine
structural safety system. This system relies on a Web 2.0 main server that runs data acquisition, data processing, and damage
detection algorithms along with real-time information sharing at remote locations. This system was successfully implemented at
the Hassan Kishore coal mine, situated in the Salt Range of Pakistan. Wavelength division multiplexing of the FBG strain
sensors reliably captured the effects of dynamic and continuous coal excavation on the stability of mine roadway and access
galleries. Principal component analysis, along with hierarchical clustering, was used to determine the damage indicator of the
mine. The damage index was validated, showing the minimum value for 2% stiffness reduction. Thus, integration of FBG
technology with the Internet can be effectively applied for early safety assessment of underground coal mines and information

sharing in real time.

1. Introduction

Mining is generally considered to be a high-risk industry
all over the world [1]. The ever increasing depth, complex-
ity, and dynamicity of mining have proved themselves as
challenging factors for the novel design of underground
mines. In this regard, certain associated risks and hidden
defaults of mine structures impose high safety threats,
and seismic events are sources of mine roof stratum
displacements [2]. In underground coal mines (UCMs),
among the types of mine accidents (e.g., seismicity, mine
support deterioration, dust explosions, and mine collapse),
the most frequent cause of accidents is mine collapse [3].
For instance, in 2011, 38% of fatal accidents in UCMs in
the Salt Range region, Punjab, Pakistan, were directly

related to roof collapse or mine structure failure [4]. The
high socioeconomic values of UCMs and risk to miners’
lives make it extremely important to monitor these struc-
tures sensitively and accurately.

Nowadays, technological advancement has enabled
continuous monitoring of structures with the utilization
of sophisticated and accurate monitoring systems. In this
regard, fiber Bragg grating (FBG) sensing has shown a wide
range of applications for monitoring critical structures such
as buildings, bridges, tunnels, and mines [5]. This extensive
implementation of FBG sensing has occurred because of its
high sustainability, high durability, long-term stability,
spatial resolution, and high immunity to electromagnetism
[6-9]. Recently, a Brillouin optical time domain reflectom-
eter was successfully implemented at the El Teniente mine
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in Cachapoal, Chile [10], to accurately monitor deforma-
tion in the ventilation tunnel caused by coal excavation at
a nearby undercut face. Similarly, Zhao et al. [11] imple-
mented optic fiber grating-based displacement sensors to
assess the safety of underground mines. They concluded
that the chances of tunnel (roadway) collapse can be min-
imized by efficiently monitoring mine roof displacement.
Existing research [12, 13] has focused on the application
of fiber optic sensors for monitoring strain, displacement,
and temperature variation around underground openings.
Another study [14] tested a distributed Brillouin sensing
system at the laboratory scale to show the high applicabil-
ity of distributed fiber optics for monitoring point-to-point
deformation along the continuous length of structures
with long dimensions. More detailed applications of FBG
strain sensors, specifically for geotechnical studies, can be
found in [15]. While previous studies have focused on
the applications of FBG monitoring in complex under-
ground structures and mines, most of these applications
are limited to standard monitoring, or in some cases event
reporting. Damage detection for mine structural stability
and determination of a global safety index for easy and
quick assessment of the mine state still need to be investi-
gated for UCMs.

In the previous decades, rapid flourishment of the Inter-
net of things (IoT) in various fields such as smart grids,
emergency response systems, home automation, mine tail-
ing monitoring, and mine environment monitoring has
demonstrated its capabilities [16-18]. FBG monitoring com-
bined with automatic data processing for damage detection
and remote transmission can be a promising direction for
enhancing the structural safety of underground mines. In
this regard, already developed monitoring systems are suffi-
cient for providing the base of the modern integrated and
intelligent IoT frameworks. However, the literature lacks a
system that integrates FBG-based mine structural monitor-
ing for early damage detection and IoT-based information
sharing. Therefore, this study aims at developing an accu-
rate monitoring, analyzing damage detection, and informa-
tion sharing platform to enhance structural safety in
UCMs. This platform is capable of intelligently assessing
mine condition by analyzing the collected data and sharing
valuable information at remote places. It exploits an output-
only linear data-driven approach for early damage detection
in UCMs. The sensitivity of this framework is directly
dependent on the compactness of clusters. In this system,
data can be recalled anytime anywhere by authorized users.
This system would be helpful for defining new mining laws
and future designs to enhance the structural stability of
UCMs. Key contributions proposed in the present study
are the following:

(1) A wavelength division multiplexed (WDM) array of
FBG strain sensors for underground mine condition
monitoring

(2) Seamless integration of information sharing technol-
ogies, analysis tools, and models for underground
mine informatics and intelligent decision making
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(3) A single-valued mine damage indicator for easy and
quick assessment of mine structural safety

(4) Outlier detection algorithms for damage detection of
underground mines

In this study, a brief overview of FBG working princi-
ples, the adopted FBG monitoring approach, and the IoT-
based integration concept for UCMs has been discussed
as follows. Section 2 comments on the selection of FBG
sensors for the structural monitoring of mines. Basic study
models and algorithms for damage detection are summa-
rized in Section 3. The implemented case study followed
by the results and discussions are explained in Sections 4
and 5.

1.1. Basic Principle of the FBG-Based Monitoring System. Var-
ious FBG techniques, methods, and instruments have been
introduced and utilized in the past. Specifically in structural
health monitoring (SHM), well-known techniques of fiber
optics include optical time domain reflectometer (OTDR),
Raman optical time domain reflectometer (R-OTDR),
Brillouin optical time domain reflectometer (BOTDR), Sur-
veillance d’Ouvrages par Fiber Optiques (SOFO), extrinsic
Fabry-Perot interferometers, and FBG sensing. Despite being
expensive and sensitive to fiber bending, FBG sensing has
always been highly regarded and extensively used for SHM.
This can be attributed to its simple demodulation, high
multiplexing, water and corrosion resistance, and utilization
in both localized and quasi-distributed networks, which
enable high suitability for SHM in severe and harsh condi-
tions [19, 20].

The perceiving units of FBG sensing are designed to pass
light of a certain wavelength, while reflecting any other wave-
length from the grating; thus, each sensor has its own wave-
length [21]. In FBGs, external temperature and strain
changes have a strong influence on shift change in wave-
lengths [20, 22]. The basic principle of the FBG sensor tech-
nique is shown in Figure 1. Usually, strain measurements are
highly affected by temperature variations; therefore, there
should be temperature compensation for strain measure-
ments. In this regard, there are two approaches for tempera-
ture compensation, either installation of an FBG temperature
sensor in close vicinity of the FBG strain sensors, or use of a
tight fiber with tight contact to the monitoring structure and
another loose separate fiber for temperature monitoring [15].
The simplest case for counteracting the intrinsic temperature
effect induced in an FBG strain sensor is to install an external
FBG temperature sensor. The temperature-induced shift
wavelength can be compensated by the following [22].

AL 1

T: = {Ecmf]Aﬁa—pe)As. (1)
Here, AAg/Ay is the ratio of the displacement wavelength

to the Bragg’s wavelength, # is the reflective index of the fiber

core, AT is the temperature increment, and Ae is the strain

increment. {, &, and P, are the thermos-optical coefficient

of the fiber, thermal expansion coefficient of the fiber, and
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FIGURE 1: Schematic of basic principle of a fiber Bragg grating monitoring system.

effective elasto-optical coefficient, respectively. These coeffi-
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where A is the grating period and ¢ is the axial strain. In the
case of a normal fiber, the shift change of the central reflected
Bragg wavelength follows the relation

AMg =Ag(a+{)AT. (3)
Therefore, (1) becomes

(AMAy — Adg/A)

S:W. (4)

1.2. IoT System Concept. The IoT architecture for structural
mine safety is shown in Figure 2. Usually, IoT architecture
is comprised of three layers: the perception layer, perceiving
layer, and application layer. The perception layer enables
detection, collection, and recognition of events occurring in
the surroundings of an object. This layer requires hardware
network development to attain complete information of the
structure, for example, sensor nodes and actuators. In this
study, FBG strain and temperature sensors along with an
interrogator are the basic data collection and monitoring ele-
ments. The perceiving layer is the convergence of theory and
technology; therefore, this layer was designed with statistical
models and analytical tools to detect any abnormality in the
collected datasets of the underground mine. For information
transmission, this system utilizes a real-time database
(RODB) and a constrained application protocol (CoAP)
based on extraction transform and load (ETL) technique

and online analytical processing (OLAP). The application
layer is always highly regarded in the architecture of IoT
services and enables remote information sharing. In this
study, a Web 2.0 page-based main server that follows OGC
SWE standards [23] and enables real-time data analysis and
remote information sharing was used as the base station to
forecast any dangerous conditions and allow necessary mea-
sures to be taken.

2. Materials

2.1. FBG Sensors. A complete network of FBG monitoring is
comprised of FBG sensors, signal transmission, data acquisi-
tion, and a data processing unit. Sensor selection is highly
dependent on the monitoring requirements and environ-
ment. Despite the widespread use of embedded FBG strain
sensors, they have limitations such as (i) the entry point of
embedded sensors can be easily damaged and is prone to
breakage, (ii) the optical fiber can be pressed, and (iii) during
installation of the embedded FBG sensors, the surrounding
strain field can be disturbed because of distortion of the sur-
rounding material [24]. In the present case, drilling a hole for
installation of the embedded FBG sensors would alter the
stress field in its surroundings or possibly badly damage the
mine roof strata because of weak geology. Therefore, this
study utilized nonembedded FBG strain sensors to monitor
the behavior of the surrounding rocks in response to excava-
tion. We used 50 cm OS3610 (Micron Optics, NE Atlanta,
GA, USA) (Figure 3(b)), as it has shown high compatibility
with harsh environments, is cost-effective, can be used alone
or in an array, and measures the average strain over the gauge
length [25]. OS3610 has a strain limit of 5000 ye with a
standard wavelength of 1512-1586nm in a temperature
range of —40°C to 80°C. As strain measurements are highly
affected by temperature variations, an FBG temperature
sensor for temperature compensation was also used. The
nominal temperature of the surrounding rocks was less than
40°C, which is covered by the measuring range (-40°C to
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FIGURE 2: Architecture of the proposed IoT system for the structural safety of underground mines.

120°C) of the OS4300 FBG temperature sensor (Figure 3(a)).
Moreover, this sensor has high sensitivity and high accuracy
[26]. The difference between the FBG sensors and the tem-
perature can be determined by separately evaluating the
Bragg wavelength shifts for both FBGs (Adg,, Ady,) with
their respective strain and temperature sensitivities (k,, k)

O

Signal transmission and data acquisition frequency
were set to 1.0 Hz. In order to minimize attenuation losses

Ae
AT

Alg,
Adg,

K, KTy,
0 KTy,

(5)

due to bending and long distance, the transmission
medium of acrylate-coated SMF-28 fiber with a resolution
of 0.25+0.05nm and an effective bending radius of 25 mm
was used. This optical fiber has been widely adopted for
communication and meets ITU-T recommendations G.652
and TIA/EIA-492CAAA; more specific details can be found
in [29]. An SMI125-500 interrogator designed by MOI
(Optics Micron Inc.), highly suitable for long-term monitor-
ing, was used as the data acquisition device (Figure 3(c)).
The SM125-500 has a four-channel Fabry-Perot tunable fil-
ter and displays the full spectrum in the working wave-
length range of 1510-1590nm [30]. The scan frequency is
2Hz with a dynamic range of 50dB (Table 1). The entire
framework was managed through a PC server (AMD Phe-
nom (TM)) II x4945 Processor 3.00 GHz with 8 G RAM
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FIGURE 3: (a) FBG temperature sensor and schematic, (b) FBG strain sensor and schematic, and (c) SM125-500 interrogator.

and the Windows 7 operating system (Microsoft, Redmond,
WA, USA).

2.2. Calibration. In this study, FBG strain sensor calibration
was done with a bare FBG. The bare FBG sensor and encap-
sulated sensor were attached to the opposite ends of a steel
coupon. Epoxy resin was used as the adhesive material for
the bare FBG while cyanoacrylate was used as the bonding
agent for the FBG strain gauge. Finally, the steel coupon
was placed in a universal testing machine to note the varia-
tions of AA; and ¢ under the applied forces. Figure 4(a)
shows the linear relationship between AA; and e with a
strain sensitivity of 1.2 pm/pe. Without considering any

effects of temperature and strain, this relationship can be
expressed as

Ay =0.0012x + 1554.4. (6)

Three FBG temperature sensors with different central
wavelengths and a mercury thermometer with 0.05°C accu-
racy were selected. A standard bath method was implemented
for determination of the temperature sensitivity coeflicient of
the FBG strain sensors. Each FBG sensor was placed sepa-
rately in a bathtub for temperatures of 10, 15, and 20°C with
increments of 1°C. The linearity constant between AA; and
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TaBLE 1: Specifications of SM125-500 interrogator [30].
Specifications SM125-500
Number of optical channels 4
Scan frequency 2Hz
Wavelength range 1510-1590 nm
Wavelength scalability; accuracy I; 1 pm
Dynamic range 50 dB
FBG sensor capacity 60-120
Full spectrum measurements Yes
037 .l st od
Optical connector type FC/APC
Operating temperature range 0to 50°C
Operating humidity 95%
Power consumption at 112 VDC 20

AT was found to be 0.99 with a temperature sensitivity of
5.1 pm/°C, shown in Figure 4(b) and given by

Ay =0.0519x + 1546.8. (7)

3. Study Models

3.1. Strategy for Action Distinction. In general, there are two
approaches for damage detection in SHM: (i) the inverse
(input-output) approach and (ii) the forward (input-only)
approach. The inverse approach defines models and updates
these models, while the forward approach extracts valuable
information directly from the input data (monitored data)
without acknowledging any prior models. In recent years,
forward approaches have attracted global attention from
researchers because of their simplicity and advanced data
analytics [31, 32]. Among the forward approaches, the most
prevalent techniques are those that combine data from differ-
ent sensors without losing important information. Such
approaches include principal component analysis (PCA)
[33], time-frequency analysis [34], and autoregressive models
[35]. PCA is a powerful tool for data reduction of high-
dimensional datasets without losing important information.
Moreover, it implicitly counts the effects of different processes
without considering them [36, 37]. Critical applications such
as UCMs, where life risks are involved, demand efficient and
sensitive monitoring systems with simple data analysis tech-
niques so that any structural changes or destability can be
timely reported. Therefore, the present study utilized a
PCA-based normalization approach for efficiently reducing
the large datasets obtained during UCM monitoring.

The dissimilarity of scales and magnitudes in the moni-
toring parameters is a common aspect in SHM. Therefore,
it is of prime importance to process the collected raw data
before application of any statistical tool. In this regard, the
present study implemented autoscaling on the raw data as
the initial step for damage detection. Autoscaling has shown
high suitability for systems with variables of different units
[38] and is given as
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_ Xijk — Hjk
Xk = L 21 . (8)
0%

From the scaled data, consider, if “m” is the number of
installed FBG strain sensors and 7 is a set of response mea-
surements, then X is the entire dataset. Usually, PCA is
comprised of linear mapping of original coordinate system
(X™™), and a new set of principal component (PCs) variables
is Y and is given by

ymxn — gmxm (anrn)T. <9)

The orthogonal linear transformation matrix U™ is a
result of the eigenvalue problem solution of the correlation
matrix C"™" of the original data X" given by

CmXMUme — Ameume’ (10)

where A is a diagonal matrix consisting of the positive or null
eigenvalues from the correlation matrix C"™. For sensitive
and precise monitoring, an important and complicated phase
of PCA is the selection of the optimal number of PCs. This
study uses the broken stick (BS) rule to identify the optimal
numbers of PCs. This rule enables damage feature extraction
at the global scale and distinguishes between normal and
abnormal readings. For damage detection in SHM, the varia-
tion in eigenvectors should be significant. However, limited
availability of abnormal data relative to the entire dataset
makes eigenvector variation insignificant. Therefore, a mov-
ing window of constant width should be defined that covers
the entire range of appropriate numbers of PCs. PCA should
be performed on each defined window, and the final results
should be combined, resulting in a matrix of PCs from
various moving windows. The generated matrix should be
divided into training and monitoring phases, and sensitivity
analysis should be performed on this matrix for easy feature
extraction using the BS rule. The BS rule evaluates the
randomness of each PC and extracts meaningful PCs. The
propagation of eigenvalues using the BS rule for the k™ com-
ponents is given by

=0 = 5) Z(l) (1)

i=k

where p is the total principal component and BS follows the
rule; if the value of eigenvalue of the k™ component is greater
than by then it is considered from the domain of global dam-
ages. This proposed forward approach applies PCA and the
BS rule in sequence and extracts the datasets of uncorrelated
variables. The selection of optimal PCs reflects early damage
and hereby is useful for damage detection.

3.2. Damage Detection Scheme. The basic aim of damage
detection is to identify any damage before its occurrence.
An essential stage of damage detection is outlier detection,
which relies on distance measurements. Recently, specifically
for SHM, various approaches have been adopted for the
distance measurement during damage detection and quanti-
fication [39]. The present study uses symbolic datasets, as
these are less voluminous, less specific, compact, and more
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FIGURE 4: Calibration results of FBG (a) strain and (b) temperature sensors.

sensitive relative to classical datasets. Such symbolic datasets
are based on symbolic distance measurements [40]. Symbolic
distances of objects were determined using the normalized
Euclidean Ichino-Yaguchi distance, as they have high sensi-
tivity to early damage detection in SHM [41]. For two sym-
bolic objects O, and O,, from the dataset for s=1,..., N, the

interquartile intervals are O<r)a,mf and O(’)a,SulD and O, ¢
and O bsup> and the normalized Euclidean Ichino-Yaguchi
distance measure d;, = d(O,, O,) is given as

dab = (

¢r(oa’ Ob) = ‘Oa(r) + Ob<r)

Zﬁ (12)

ol o~

[ (Tar Tb)]2>’

where

_ ‘oa<’> x 0,

oM

a

+ y(Z’Ou“) x 0,")

_ ‘ob“)

).
(13)

y is a predefined constant ranging from 0 to 0.5, and |Yr| is
given by

|Y,|= ‘max [Tgfl)p} — min [Tl(:}] ’ (14)

These symbolic distances obtained from PC clustering

are highly compact yet distinguishable in groups and subsets.

Clustering minimizes the distances within a cluster and

maximizes the intercluster distances. Hierarchical cluster
analysis is a well-known approach for damage detection in
SHM [42]. Moreover, hierarchical clustering requires fewer
monitoring stations and fewer samples compared to other
clustering approaches. More details on hierarchical statistical
analysis for damage detection in SHM can be found in [43].
The present study implements hierarchical clustering for
data fusion and data compaction, establishing a correlation
between damages and structural states. In this regard, the
hierarchical dendrogram contains significant information
related to early damage detection; it merges a pair of clusters
based on their distances and defines a new higher level. The
formation of new higher levels continues until a single cluster
is obtained. Consequently, hierarchical cluster analysis
defines the fusion of monitoring datasets. Within a cluster
dataset containing k clusters P, =[C,, ..., C;], the distance
W(P,) is

(15)
Cy; is the allocation rule for element i in cluster k and is

dependent on d ;. If N is the total number of objects in the
cluster, the intracluster dissimilarity is

1N N
T:_szab‘
280

a=1
In order to update clusters and achieve cluster conver-
gence, it is viable to determine the relative heights between

(16)



clusters instead of directly using classified clusters. This study
uses the relative distance D between clusters by considering
one cluster as the reference cluster. The use of a dendrogram
makes it easy to determine D for all clusters. In damage
detection, cluster distances from the reference cluster are
normalized as [0, 1]. Distances greater than or equal to 1 rep-
resent the healthy state while values between 0 and 1 corre-
spond to the damaged state. Any damages enlarge the
dissimilarity between healthy and damaged states of the
structure, resulting in a decrease of D. Usually, in cluster
analysis, the smallest cluster contains each measurement
and the biggest cluster comprises all measurements.
Figure 5 describes a flowchart scheme for damage detection
for the present study.

3.3. Single-Valued Damage Index of Mine. The single-valued
damage sensitive indicator of a mine from arbitrary numbers
of sensors and their measurements is dependent on accurate
determination of the cluster level in the entire dataset and
finding the distance between clusters. This indicator is
named the damage indicator of the mine (DIM), which is
highly correlated with early damages by considering the
responses of all sensors. The mathematical formulation of
DIM is

dgy(r) = dg,
max (dan(r) - dﬁ;)

DIM(r) = (17)

where d” is the structural damaged state, d'’ represents the
healthy state, and r is the rth measurement. In order to com-
pare damages, DIM must be dimensionless while being pro-
portional to the damages. Here, DIM varies between 0 and 1,
with 0 indicating a healthy state and 1 indicating a damaged
state of the structure. In this study, DIM was compared with
Mabhalanobis distance in a vector form. This approach was
inspired by [44], which expressed an alternative form of the
damage indicator as

DIM,,(r) = 1 - MAC (d?fb(r)) Elfh)
(o) (@)
(@0 ) ) ()" ()

(18)

Similar to DIM, DIM,, varies between 0 and 1, with 1
representing a damaged state and 0 corresponding to a
healthy state. Another comparison of the proposed damage
indicator is to compare it with a conventional index calcu-
lated from the Euclidean distance between the vectors of
two objects obtained from PCA. This index corresponds
to a pattern ¢ =¢;, i= 1,2,...,N, defined as Euclidean dis-
tance between the pattern ¢ and the result of it to the net-
work €.

=1-

il (19)
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where ¢ is compressed by PCA, i is the ith measurement, and
z is the mean distance between the ith component of ¢; and

the original c. The normalized form can be expressed as

z —min(z)

N(z)= ———— (20)

 max(z) - min(z)’

This value also varies between 0 and 1, with 0 indicating a
healthy state and 1 indicating a damaged state.

4. Case Study

4.1. Site Description. The IoT system developed was tested at
the underground Hassan Kishore mine situated 48 km south-
east of Kallar Kahar nearby Ara Basharat in the eastern Salt
Range of Punjab province, Pakistan (Table 2). The coal seam
in this particular area is located at an average depth of 79 m
with a thickness of 0.1-0.5m. The main roadway of this mine
is connected to coal excavation galleries. A round shaft and a
rectangular inclined entry connect the underground working
faces to aboveground. Typically, for roadways (1.8 x2.12m)
and longwall sections of an underground mine, rock support
consists of wooden stacks filled with excavated shale. High
overburden, deep excavation and constantly changing
stresses because of mining activity are major causes of mine
roof deformation, imposing a great threat to the safety of
miners. Therefore, to enhance safety, it is necessary to mon-
itor rock behavior as a response to the continuous excavation
process. Moreover, other advantages of rock monitoring
include reduction in the operation costs of mines and future
design considerations.

The entire network of the proposed system is shown in
Figure 6. In an underground opening, deformation is usually
high at the center of the opening. Therefore, the main mon-
itoring concern was strain measurements at the axial center
of mine openings. Cross section widths of the mine openings
were the deciding factor for length determination of the FBG
array. The sensing array behaves in a similar manner as an
elastic beam with two fixed ends and transverse loading when
attached to the mine roof. Thus, it measures tensile strain; as
long as there is no loading, the wavelength of each grating
remains constant and changes with loading variations.

4.2. Sensor Array and Installation. In order to select the most
appropriate locations for FBG sensor installation, site engi-
neers and geological maps of the mine openings were com-
prehensively consulted. This consultation pointed out four
different critical sections due to their associated weak geology
and high probability of roof collapse (Figure 6). Thus, it was
necessary to monitor the effects of continuous coal excava-
tion on these weak areas. Each critical section was equipped
with an array of FBG sensors. Typical installation points in
all sections were on the roof of the mine opening. Each array
was comprised of an FBG temperature sensor for tempera-
ture compensation and two FBG strain sensors. Each sensor
had a different wavelength. The array had three aluminum
segments (Figures 7(b) and 7(c)) of 500 mm length, two for
the FBG strain sensors, and one for the temperature sensor.
The strain and temperature sensors were multiplexed using
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TaBLE 2: Location and elevation of the Hassan Kishore mine.

Elevation

870 M

Latitude
73°06' 45" E

Longitude
32°46' 26" N

a WDM technique. Suitable packing should be provided to
the bare FBG sensors as they are very fragile and delight in
nature. Therefore, the sensors were encapsulated and glued
inside an aluminum segment. The FB grating length for each
segment was 10 mm. The connection between the sensors
attached to the aluminum segments was ensured using cou-
plers for undamaged Bragg wavelength transmission. Each
array was designed to fully deflect mine roof deformation.
The FBG strain sensors were capable of measuring
+2500 pe, as either tensional or compressional strain. The
resolution of the FB grating was highly dependent on the

capability of the attached interrogator. In this case, the reso-
lution of the SM125-500 interrogator was 1pm, which is
equivalent to 1 ye (strain) and 0.1°C (temperature).

Rock surfaces are usually uneven and rough; therefore, it
was necessary to prepare the surface for smooth and uneven
applications of FBG sensors. In the present study, the rock
surface of the mine roof was conditioned, cleaned, then
abraded by silicon carbide papers (320 grit and 400 or finer)
to remove uneven surfaces. Filling was applied to seal the
rock surface and to fill pours. Afterwards, FBG sensor layouts
were drawn and marked. The area was properly cleaned and
previously fabricated FBG sensor arrays were attached to the
cleaned surface using M-bond GA-2. Attachment of the FBG
sensor arrays was in the transverse direction of the mine
opening axis (Figure 7(a)). In addition to primary bonding,
steel clamps and screws were also used to support and ensure
firm anchorage of the array in case the bonding failed. Eight
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arrays.

screws were used to fix each array. Along the FBG array, the
position of these screws and clamps was located at the cou-
plers. Steel clamps were fitted firmly so that the array casing
and clamps made an integral whole unit. The fiber coming
out of each array was also protected to ensure it remained
undamaged.

After complete installation and tightening of the FBG
sensors, the first step was to validate the readings from the

FBG strain sensors to define the healthy state baseline. There-
fore, a foil strain gauge (YFLA-5) was attached to the outer
surface of aluminum pipe of each FBG arrays installed at sec-
tions 2 and 3. The cross plot of strain monitoring results
against time (10 days) for both FBG and foil gauge
approaches is shown in Figure 8 (zoomed portions). The
monitoring results from both approaches were found in good
agreement with each other. After the completion of initial
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observation period, strain measurements began in July 2016.
First, 2100 distinct strain measurements (175 from each sen-
sor) were recorded to define the stiffness matrix for the
healthy mine state; these readings were also helpful for intro-
ducing artificial intelligence at later stages. The PCA com-
pressed readings were sensitive enough to represent minute
structural changes without losing any useful information.

4.3. Experimentation. Few experiments were performed in
the mine to determine the DIM under different operating
conditions and dynamic operation of the mine. During
experimentation, extra precautions were taken to ensure the
miners’ working and personal safety. First, the stiffness
matrix for the healthy mine state was determined as a base-
line. Then, experiments were performed that were related
to stiffness matrix reduction. For stiffness reduction, artificial
damages were induced in the system by displacing or
completely removing wooden mine supports (Figure 9(a)).
To observe the maximum effect of disturbances in stiffness
reduction, disturbances were created in the vicinity of the
installed FBG strain monitoring station by removing wooden
mine supports and leaving the span unsupported. The
sequence of disturbances for each state is shown in
Figure 9(b). For experimentation, section 1 (main roadway
of mine) was selected for wooden support removal. The
intact or healthy mine state baseline was denoted as state #
1. The damage scenarios were state # 2, state # 3, state # 4,
and state # 5, with a stiffness reduction of 2%, 5%, 10%, and
15%, respectively.

4.4. Data Acquisition. In this study, the client was provided
with real-time monitoring and data analysis in the form of

a Web 2.0 page. The application process can be divided into
three distinct steps. The first step involves real-time data
acquisition, filtering, denoising, and filtered data acquisition.
For this purpose, we utilized an RODB to handle the large
amount of data. The second step is data aggregation to pro-
duce the structural statistics and strain matrix, which are
based on the median and quartiles of the strain datasets.
For this purpose, the proposed system utilized ETL for han-
dling instantaneous inquiries of users followed by OLAP.
The final output for the user can be stored in the database
and also sent to CoAP [45]. CoAP is an IETF-proposed stan-
dard suitable for machine-to-machine or IoT interactions.
The design of CoAP is similar to Hypertext Transfer Protocol
(HTTP) with a smaller subset of Representational State
Transfer (REST). CoAP uses the same method as HTTP for
sending requests from the user to the client server, for exam-
ple, GET, PUT, POST, and DELETE. Because of the smaller
amount of overheads and easy fulfillment of the required sys-
tem, CoAP was used as the application gateway [46].

5. Results

5.1. Online Condition Monitoring. CoAP was used in this
study because of its simplicity and easy integration of web
services for the generation of HTTP. Convergence of various
standards, components, and applications is critical to the
IoT. An application programming interface (API) was cre-
ated using REST. This real-time safety and early-warning
system also utilized a service-oriented approach (SOA) archi-
tecture for simplification and organized data orientation. A
novel system of early warnings using Web 2.0 was generated
by integrating and developing synergy between the different
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internet protocols (Figure 10). The work of Web 2.0 can be
distinguished by two functions: (i) background operation
that collects data and analyzes it and (ii) data representation
that allows dynamic representation.

Figure 8 shows the tensional strain of all FBG strain sen-
sors after necessary temperature compensation. This study
focused on monitoring the mine roadway and access galleries
because of the long-term stability required of these elements,
as stability is negatively affected by continuous coal excava-
tion. Figure 8(a) shows the strain variations for FBG strain
sensors 1 and 2 (section 1) compared to sensors 3 and 4 (sec-
tion 2). All of these FBG strain values vary with the face
advance and distance of the production face. At the end of
monitoring, the strain variations in section 1 leveled off at
260 pe, while the highest values for section 2 were approxi-
mately 650 pe. The strain values obtained from section 1 were
65% lower than those from section 2. This can be attributed
to the good support installation in the main mine roadway
compared to the access galleries, as the main haulage way
should remain open and undisturbed for the entire life of
the mine. Section 2 is also closer to the mine excavation face,
resulting in a high amount of strain. As the production face
comes closer to sections 1 and 2, there is an increasing overall
trend in strain variations. However, until the end of the mon-
itoring period (65 days), the strain values at both sections 1
and 2 were within the acceptable range.

Figure 8(b) shows the strain variations of sections 3 and 4
installed with strain sensors 5, 6 and 7, 8, respectively. The
strain variations of FBG sensors 5 and 6 (mine roadway)
gradually increased to 150 pe, while the strain variations of
section 4 increased to 450 pe. The strain variations of section
4 were 68% higher than those of section 3 due to the wooden
steel support installation in the main mine roadway. When
we compare the strain variations of section 1 (roadway)
and section 3 (roadway), section 1 variations were 43%

higher than those of section 3. This is attributed to the shaft
located near section 1. Moreover, at the time of development
for the section 1 mine roadway, there was significantly less
knowledge of the surrounding rock nature. However, at the
time of excavation and support installation, by carefully con-
sidering the rock nature and mine opening characteristics,
rock support was selected. The strain variations at section 4
were 38% lower compared to those of section 2, which can
be better explained by the shorter opening width in section 4.

5.2. Data Fusion and Clustering Results. Determination of the
PCs in PCA is of prime importance for singular value decom-
position as was applied to the strain sensor readings, which
provided the eigenvalues and their respective variance per-
centages. Figure 11 clearly indicates that the first two PCs
cover more than 99% of the variance characterization of the
available strain measurements. The insignificant contribu-
tion of the remaining PCs allows them to be ignored. Thus,
the first two PCs were retained while the others were ignored.
These retained PCs are helpful to project the original data
onto the PC space domain. In this projection, new coordi-
nates are chosen for which the original data contains the
most variance.

In the hierarchical cluster analysis of the mine strain sen-
sors, the bottom up approach was implemented to merge
clusters with a similar structure. This study considers an
unsupervised hierarchical cluster by implementing the aver-
age linkage method to detect clusters in the data, for which
the confined distance matrix acts as an input. The results
are presented in a dendrogram (Figure 12). In this hierarchi-
cal clustering, the x-axis presents the number of objects
considered, which is eight in this case. The y-axis of the den-
drogram represents the dissimilarity or distance between the
clusters. This dendrogram represents the DIM comprised of
four clades of eight leaves, two clusters, and one link by
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following the bottom up approach. In this study, the dendro-
gram (Figure 12) was plotted for the healthy state of the
underground mine. Cluster 2 with the highest value was fixed
as the reference cluster, and the relative distances of the other
clusters were always found to be greater than 1, representing
a healthy mine state. Thus, the dendrogram enables quick
assessment of the mine structure by detecting minute
changes in the monitoring values.

Figure 13(a) illustrates the DIM calculated based on the
Euclidean Ichino-Yaguchi and Mahalanobis distances by
considering PC1. The x-axis shows the damage states, and
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FiGUure 12: Dendrogram plot of hierarchical clustering, which
merges eight data points using the bottom up approach. The
merging process is such that the most similar objects will merge
the first and higher levels containing one less object, ultimately
resulting in a single value.

the y-axis represents the DIM value. State # 1 corresponds
to the intact state; therefore, the DIM of this state starts at
zero. For the successive damage states, DIM was plotted in
the same figure, clearly indicating the differences between
the damage scenarios (state # 2—state # 5) and the intact con-
dition (state # 1). Figure 13(b) was plotted between the dam-
age state values and DIM considering PC2. Both of these
figures clearly separate the damage and healthy states, thus,
successfully detecting all damages. The DIM in the case of
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FIGURE 13: Damage index of the mine (DIM) for the selected PCs: (a) PC1 and (b) PC2.

PC2 varies, and the differences with the Euclidean and Maha-
lanobis distances are relatively smaller, which are attributed
to the greater contribution of PCI1 to the total variance of
the system. However, despite accurate damage detection, it
is difficult to quantify damages. Hence, further studies are
needed for the quantification of damages.

The DIM,, of the selected PCs calculated using (18) is

illustrated in Figure 14. All damage scenarios (state # 2 to
state # 5) are clearly separated from the baseline (intact state).
Given that PC1 contributes more than PC2 in the total
variance of the system, a better performance for PCl is
observed. Consequently, it can be said that all damages
have been successfully detected. For damage quantification,
more investigations are needed to compare the DIM and
DIM,,) performances under varying and similar operating

mine conditions.

Figure 15 shows the N, of the selected PCs for state # 1
and the damage scenarios. In this case, the first and last
damages (2% reduction and 15% reduction, resp.) were suc-
cessfully detected. For the other damages (state # 2 and state
# 3), damages are vague and offer challenges to draw a con-
clusion, as the N,y values are very small (0.2 and 0.3, resp.).
On the contrary, the N, values greater than 0.45 provided
more confidence for damage detection. By comparing
Figures 13(a) and 13(b) with Figure 15, it can be concluded
that the N, index is less accurate compared to the proposed
indicator (DIM).

6. Conclusion

This study introduced an IoT-based real-time monitoring,
data-driven strategy for damage detection and a remote
information sharing platform using quasi-distributed FBG
sensors to enhance the structural safety of underground
mines. This data-driven strategy fuses monitored datasets
into a single-valued index without complex computation.
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FIGURE 14: Damage indicator of the mine using the Mahalanobis
distance (DIM,,,) of PCI and PC2 for state # 1 to state # 5.
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Furthermore, real-time perception, transmission, data-
driven models, and application layers for the IoT-based
UCM safety system were designed, developed, and validated
in a real situation. The proposed system was successfully
implemented at the operating Hassan Kishore coal mine in
the Salt Range region of Punjab Pakistan. The results demon-
strated that FBG sensors can reliably and continuously mon-
itor the effects of dynamic mining activities on the structural
stability of mines. The comparison of strain variations at
mine roadway and access gallery demonstrated that the
strain at the access galleries was higher. PCA can effectively
reduce the mine monitoring data without losing imperative
information, while clustering analysis is supportive of defin-
ing a mine damage index with high sensitivity to represent
minute structural changes. Therefore, the proposed strategy
of data analysis is sensitive to early damages. In addition, this
system is capable of efficiently providing SHM data anytime
and anywhere over the Internet. Therefore, this system is
highly appropriate for shifting the reactive approaches of
mine structural monitoring to proactive damage detection
and accident prevention strategies. Thus, this IoT platform
should be adopted for the structural safety of underground
mines of high economic value to save miners’ lives. One
limitation is that the harsh conditions of underground
mines may hamper the normal implementation of technol-
ogies and tools.
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