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Abstract: A fiber loop ringdown (FLRD) concrete crack sensor is described for the first
time. A bare single mode fiber (SMF), without using other optical components or chemical
coatings, etc., was utilized to construct the sensor head, which was driven by a FLRD
sensor system. The performance of the sensor was evaluated on concrete bars with
dimensions 20 cm x5 cm x5 cm, made in our laboratory. Cracks were produced manually
and the responses of the sensor were recorded in terms of ringdown times. The sensor
demonstrated detection of the surface crack width (SCW) of 0.5 mm, which leads to a
theoretical SCW detection limit of 31 um. The sensor’s response to a cracking event is near
real-time (1.5 s). A large dynamic range of crack detection ranging from a few microns
(um) to a few millimeters is expected from this sensor. With the distinct features, such as
simplicity, temperature independence, near real-time response, high SCW detection
sensitivity, and a large dynamic range, this FLRD crack sensor appears promising for
detections of cracks when embedded in concrete.
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1. Introduction

Health monitoring of concrete structures, including crack monitoring, is an important requirement
in the civil infrastructures [1]. Apart from the causes, such as natural hazards, earthquakes, etc., other
factors responsible for cracks in concrete structures are aging, thermal contraction upon drying,
shrinkage due to water unbalance, sub-grade settlements, applied loads, etc. [2]. Depending on the
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location, cracks may or may not be visible. A crack on the surface of a structure is easily detectable,
whereas cracks inside a structure may not be apparent at all. Similarly, depending on the extent and
location of cracks, damage severity to the structure can be different. For example, a crack width of
0.3 mm is sufficient to allow water penetration inside concrete blocks which consequently can result in
corrosion. Likewise, even a micro-crack at critical points, such as joints, bending, etc., can be
extremely dangerous and requires immediate care. Crack monitoring, therefore is an essential part of
structural health monitoring (SHM).

There are various non-destructive techniques for sensing cracks in concrete structures, for example,
the surface penetrating radar method, impact-eco method, infrared thermography, acoustic emissions,
etc. [3-6]. In addition, in recent years, a new technology called smart aggregate that uses embedded
piezoceramic based transducers has also been used to monitor cracks in concrete structures [7-10].
More details on the conventional techniques involved in crack sensing can be found elsewhere [11,12].
With regard to SHM, the first use of optical fiber sensors is generally credited to Méndez et al. [13].
Compared to the conventional techniques of sensing cracks in concrete structures, techniques based on
optical fiber sensing have their own advantages. For example, fiber optic sensors (FOS) are immune
to electromagnetic interferences, functional in harsh environments, of small footprint, and
low-cost [14,15]. Based on sensing mechanism, FOS can be categorized as: intensiometric sensors,
interferometric sensors, fiber Bragg grating (FBG) sensors, and polarimetric sensors [16]. All of these
sensors have their respective merits and limitations. For instance, intensiometric sensors are capable of
long range sensing with the simplest sensing mechanism; whereas interferometric sensors, FBG
sensors, and polarimetric sensors are useful in localized sensing, and they involve complex
instrumentation [17]. Similarly, on the one hand, performance of intensiometric sensors is affected by
light fluctuations [18]; the FBG based sensors are affected by temperature fluctuations and they require
use of additional means to counter the temperature impact [19]. A detailed discussion on different FOS
regarding their applications, performances, advantages, limitations, etc., in view of concrete health
monitoring can be seen in several excellent reviews [16,17,20-26].

Among the aforementioned FOS, the intensiometric sensors, which use intensity modulation for
measurements, are the simplest to construct. In principle, they are capable of sensing an event along
the whole length of the optical fiber cable; therefore they can detect damages or cracks at any point in
the concrete along the fiber line. In one of the earliest works involving concrete damage detection
using the intensity modulation technique, Rossi and Le Maou [27] conducted experiments with a bare
fiber for crack detection in concrete structures. The fiber, with its protective coatings removed, was
embedded directly in the concrete, and the transmitted signal was monitored. As the crack reached to
the fiber, the fiber broke, causing abrupt cessation of the transmitting signal. Although the simplest,
the major limitation of this method is that once the fiber breaks no further detection can be performed.
Ansari and Navalurkar [28] designed their sensors for crack detection based on the same intensity
modulation method yet with a different configuration. To increase the sensitivity, the fiber was made
in a loop shape such that the fiber circumferences the generated crack. The sensor based on this design
is limited to small size cracks only. Leung et al. [29] developed a sensor to monitor flexural cracks in
the concrete structures. The loss in the back scattered light intensity is related to a mechanical
deformation. The arrangement of the fiber which is laid in a zig-zag course inside the concrete is the
key feature of this design. This design increases the sensitivity of the system. The sensor is efficient in
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monitoring flexural cracks under various types of loads. This technique is simple and sensitive, but
only responsive to certain orientations of cracks with regard to the fiber’s orientation. Habel et al. [30]
demonstrated that an intensity-based FOS can be used in a quasi-distributed configuration to measure
crack opening widths. Similarly, Lee et al. [31] showed that even a low resolution and less sensitive
intensity based optical fiber sensor constructed with inexpensive instruments can be useful in the cases
where precise measurements of strain or cracks are not required, for example, measurements of stiffness.

In general, for health monitoring of concrete structures, including damage detection, an ideal
technique should have the common desirables: a simple sensing mechanism, a long sensing range, low
instrumentation cost, high sensitivity, fast response, insensitive to temperature and light fluctuations,
and capability of distributed sensing [32]. In the present work, we describe a new fiber loop ringdown
(FLRD) sensor, which potentially meets the aforementioned requirements for crack detection in
concrete structures.

The FLRD technique originates from cavity ringdown spectroscopy (CRDS). In CRDS, a light
pulse is injected into a cavity constructed using two highly reflective mirrors. The trapped light pulse
bounces back and forth many times before it dies out completely. In each round trip a small part of the
light energy of the trapped light pulse leaks out of the cavity. The temporal profile of this transmitted
light intensity exhibits a single exponential decay. The decay rate of the light intensity generates the
sensing signal—“ringdown time”, from which, concentration of a gas inside the cavity can be
determined [33-35]. Involving from the principle of CRDS, the FLRD technique utilizes the decrease
rate of the light intensity in a closed fiber loop to determine the ringdown time. The ringdown time
changes on account of different optical losses of the light pulse traveling inside the fiber loop. The
difference in the ringdown time results from a change in the optical loss, which is related to a sensing
event occurred in one section (sensor head) of the fiber loop. The FLRD technique was first
demonstrated by Stewart et al. [36]. Later many different variants of FLRD have been reported by
different research groups for different applications [37-43], including pressure, force, and strain
sensors using a fiber loop combined with different types of fibers or optical components, such as FBG
and long period grating [44-48]. However, to date the FLRD technique has not been explored for
crack detection in concrete structures.

Of various FLRD-based sensors, this is the first FLRD-based crack sensor that is fabricated,
packaged, and embedded in concrete for testing. Highly sensitive and temperature-independent FLRD
crack sensors have been developed to monitor cracks in concrete slabs. A bare single mode fiber
(SMF) was used as a sensor head, which picks up a sensing event, a cracking event in this case. The
sensors were tested in our laboratory with actual concrete bars. Sensors were embedded in a wet
concrete slab, so that upon drying out of the concrete, the sensor was integrated with the concrete slab
and became one unit. Cracks were produced manually; the responses of the sensors to the produced
cracks were monitored as a change in the ringdown time. Crack detection sensitivity in terms of
surface crack width (SCW) of the concrete slab on the order of tens micron (um) was estimated
theoretically. Although, the conventional FOS, such as FBG, Fabry-Perot sensors, Brillouin based
sensors, etc., can have a strain sensitivity as high as 0.1 ue [16] or can detect a crack of size as small as
sub-millimeters [49], they all involve complicated instrumentation. Given the simplicity and low
instrument cost, the present FLRD crack sensor may represent a new type of crack sensor in SHM.
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2. Sensor Design and Sensing Principle

This section first describes the experimental setup for the FLRD sensors and then explains the
sensing principle of the technique.

2.1. FLRD Sensors

A typical FLRD sensor system for crack detection is depicted in Figure 1. A FLRD sensor system
consists of two major sections: a FLRD sensor unit and its control system. The FLRD sensor unit was
constructed with a SMF loop (SMF-28e, Corning Inc., Painted Post, NY, USA) that was formed
through two identical 2 <1 fiber couplers (Opneti Communication Co., Hong Kong); in the middle of
the 120 m long fiber loop, one small segment, i.e., 1-20 cm, of the bare fiber was chosen to serve as
the sensor head. No modification or special treatment was needed to construct the sensor head; instead
the small segment of the bare fiber was used as it is for this purpose. The main components of the
FLRD sensor control system include a continuous wave (cw) diode laser (NTT electronics), laser
control electronics, a photodiode detector (PDA50B, Thorlabs, Newton, NJ, USA.), and a ringdown
data acquisition portion. The control system used in this work was the same as the ones described
elsewhere [40,42]. In general, a FLRD sensor unit, with different sensing functions, can be controlled
by the same sensor control system. The connection and disconnection of a fiber sensor unit to the
control system was readily achieved via two SMF FC/APC connectors.

SMF, having a tensile stress > 100 kspi, a fatigue parameter Ny = 20, and diameters of the cladding
and core being 125 um and ~8.2 um, respectively, was used to construct the 120 m long loop. The split
ratio at the two-leg end was 0.1:99.9. The connection of the fiber couplers to the fiber loop is as shown
in Figure 1. Optical losses of the light in the fiber loop are absorption losses, fiber connectors’
insertion losses, and fiber couplers’ losses. A total loss of <0.45 dB was estimated for each fiber loop
fabricated in the present study. Ringdown signals were detected by the photodiode detector. A detected
signal was fed to a pulse generator to produce a series of negative square waves. These pulsed square
waves were applied to the laser driver to drop the laser current to zero rapidly; consequently a series of
laser pulses from the continuous wave diode laser were created. A detailed description of a FLRD
sensor system can be seen elsewhere [40,42,50].

2.2. FLRD Sensing Principle

A light pulse when coupled into a fiber loop makes many round trips inside the loop. Intensity of
the light pulse decreases in each round trip because of the internal optical loss. The photodiode
detector observes different intensities of the transmitted light from each round trip. Therefore, the rate
of change of the light intensity as observed by the detector can be given as [39],

dl IAc

@ L @

where | is the light intensity at any arbitrary time t, A is the total fiber transmission loss of the light per
round trip; c is the speed of the light. n and L represent the average refractive index and the total length
of the fiber loop, respectively. The temporal behavior of the light intensity | can be obtained from
Equation (2):
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The time it takes for the intensity to decrease from I, to lo/e is termed as the ringdown time, 7o, and
is given by Equation (3a):
_nL
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c(A+B) (3b)

(32)

Figure 1. (a) Schematic of the FLRD sensor system. (b) Sensor configuration for crack
sensing in concrete bar.
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For a given FLRD sensor, the total transmission loss A depends on the physical parameters of the
sensor, such as the fiber absorption loss, the couplers’ insertion losses, the refractive index, and the
fiber length. Typically, for a given fiber loop, A remains constant. The term B represents the additional
optical loss of the light pulse which occurs as a result of a sensing activity at any section of the fiber
loop (i.e., sensor head). This causes a change in the ringdown time, z, given by Equation (3b). From
Equations (3a) and (3b), we have:

nL,1 1
B= ?(; - T_o) 4

Equation (4) shows that an additional optical loss, B, can be determined by measuring the two
ringdown times z and zo.Therefore, Equation (4), suggests that a change resulting from a sensing
activity, such as external pressure, deformation, absorption, etc., can be determined by measuring
ringdown times with and without the sensing event. Earlier, FLRD was demonstrated for pressure or
force sensing due to micro-bending [39,40]. In this work, the FLRD technique is further explored to
detect cracking events in concrete structures. We first investigated the stretching characteristics of the
single mode fiber (elongation in length) to understand the limit of SMF stretching; thereafter
experiments were conducted for crack sensing in concrete bars.

Assume that a small portion of the fiber in the middle of the fiber loop is stretched by a small length
AL, if o is the loss per unit stretch length, the total loss due to the stretch AL occurring in the small
portion of the fiber loop, can be given as aAL. Therefore, Equation (3a) is modified to:

n(L +AL)
f T A+ aAl) ()

In the case of small stretches, i.e., when AL is on the order of millimeters against the length of fiber
loops of several meters, i.e., 120 m in the present case, we can safely assume: L+AL =L |, therefore:

_ nL
F T C(A+anl) (6)

If the loss due to the stretching is considerably smaller than the total optical loss in the fiber loop,

i.e., aAL << A, then:
nL(, aALY"
i 7

(44
T= T{l_KALJ (7b)

Equation (7b) exhibits a linear relationship between the ringdown time and the stretched length. The
ringdown time, z, is directly proportional to the decrease in the stretched length, AL, in the fiber.

Two sets of experiments were conducted to examine the relation expressed in Equation (7). Two
points were marked in a small section of the optical fiber in the middle of the loop. One of the marked
parts was glued to a fixed mount, and the other marked part was glued to a mount attached to a high
precision translation platform with a spatial resolution of 210 pm. With one mount fixed, the other was
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moved horizontally to create a stretch in the fiber. Stretches were developed in steps; the ringdown
time, 7, was recorded each time when the stretch length was increased. A graph of 7 versus AL is
plotted in Figure 2.

Figure 2. (a) A graph of the ringdown time versus the stretched length (AL) from the fiber
stretch experiment; upto the breaking threshold of the fiber. (b) Result from the repeated
fiber stretch experiment.
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The experiment was conducted with a section of fiber of 8 cm long. The stretches in the fiber were
produced in steps. The ringdown time first decreased with increase in the stretched length. A decrease of
0.23 ps in 7 was recorded for the AL = 0.6 mm. Fitting the experimental curve to a line yielded R? = 0.98,
which showed that the decrement in the ringdown time was fairly linear in this range. However, for
AL > 0.60 mm, the ringdown time was noted to increase. The ringdown time, 12.37 ps at AL = 0.60 mm,
increased to 12.38 and 12.39 ps, at AL = 0.75 and 0.90 mm, respectively. The fiber was broken when
further stretched. This suggested that the section of 8 cm long SMF had a tolerance level (the breaking
point) of 0.9 mm. The experiment was repeated. A similar graph, z versus AL, was plotted for this
repeated experiment is shown in the Figure 2(b). For an increase in the stretched length in the fiber
from 0 to 0.6 mm, the ringdown time decreased from 12.69 to 12.13 ps. A linearity of R® = 0.93 was
obtained. The fiber was not stretched further in order to avoid its breaking. The part showing
non-linear response of the fiber beyond a particular AL, 0.6 mm in this case, is attributed to the fact
that in a stretched optical fiber cable, beyond a certain limit of the stretched length in the fiber, the
field propagating inside the fiber cable does not remain to be confined in the fiber core. The
non-linearity arises as a result of coupling differences between the higher order excitations in the
cladding part of the optical fiber and the lower order excitations in the fiber core. The similar
phenomenon was also reported in an early work [51].

The experimental results validated the relationship between r and AL, as derived in Equation (7).
These stretch characterization results suggest that a bare single mode fiber can be utilized to
investigate fiber stretch resulting from structure deformation, including cracks. Furthermore, for a
given section of SMF of 8 cm long, the maximum stretch length can be up to 0.6 mm. If the stretch is
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fully due to a structure separation resulting from a crack, the width of crack-opening can also be
determined. This is the research hypothesis to be studied in this work.

2.3. Concrete Samples

Rectangular bar-shaped concrete units were prepared manually by mixing the ready-to-use concrete
mix (Quikrete, Atlanta, GA, USA) and water with a mix ratio of 3:1. The dimensions of the bars were
approximately 20 cm x5 cm x5 cm (length < width = height). The wet concrete was poured into a
box, made up of cardboard that later on was removed after the concrete dried out. While curing and
drying out of a concrete bar, where a section of bare SMF was laid down, the section of the fiber
remain embedded inside the concrete bar, making an integrated sensor unit. It would be worth
mentioning that the section of the optical fiber that was laid down in the concrete was a bare SMF
cable without any treatment or modification. Two flexible rubber tubes however were used at the two
ends of the concrete bar to prevent the optical fiber from being cut by the sharp edges at the corner of
the bar. A typical FLRD crack sensor unit is shown in Figure 3. The fiber was laid down along the
longest symmetry axis of the rectangular bar without stretch. The perpendicular distance from the fiber
to the surface of bar is about 2.5 cm. In the similar manner, relatively softer grout bars were made by
adding tile mortar with polymer (Mapei, Deerfield Beach, FL, USA) to the concrete mixture. Both the
concrete bars and the grout bars took approximately two days to settle and dry out.

Three sensor units, namely units-1, 2, and 3, were fabricated. The unit-1 was made of the ready
concrete mix; unit-2 and unit-3 were made of the concrete and grout mixtures. Each bar unit had one
section of bare SMF embedded. Approximately 15 cm long fiber cable was extended outside the bar at
each end through a flexible rubber tube as a protection means. Once a bar dried out, the sections of the
fibers extended outside the bars at the two ends were spliced to form a fiber loop, as shown in
Figure 3(a). Characteristics of the concrete and grout bars, i.e., units-1, 2, and 3, are discussed in the
later section. One single ringdown loop was utilized to test the three sensor units individually.

2.4. A Sensor Unit

The picture in Figure 3(a) shows a FLRD sensor unit constructed for the experiment. The concrete
bar was spliced to the fiber loop through the junctions S; and S;, as shown in the figure. A laser pulse
was injected into the loop through the FC/APC connector on the input arm of the fiber loop. The
output arm of the loop was connected to a photodiode detector. The ringdown decay waveform was
monitored by an oscilloscope which was connected to a laptop computer for data processing.

Figure 3(b) shows the method of producing cracks in the concrete bars: a nail, 6d size (2 inches),
was manually hammered into the bar. The nail was hit gently in steps till the crack started appearing
on the surface of the bar. With the nail positioned at the same place further hitting increased the crack
width on the surface, called surface crack width (SCW). Figure 3(c) shows the actual image of a
typical surface crack. The crack line is almost normal to the fiber line.
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Figure 3. (a) An image of a FLRD crack sensing unit: showing the fiber loop connected to
the sensor head (concrete bar). (b) An image showing the manual procedures to produce
cracks in the concrete bar. (c) A typical surface crack as it appears on the top surface of
the bar.
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In order to check the signal stability, the ringdown baseline stability which is defined as o/ 7,
where ¢ is the standard deviation and 7 is the base ringdown time, was determined [40]. The baseline
stability was determined to be 0.33% by averaging over 100 ringdown events for both the cases,
namely, the fiber loop without a crack sensor head integrated and the fiber loop with a crack sensor
head (the bar units) connected. Figure 4 shows a comparison of the baseline stabilities in the two cases.
The part A in Figure 4 represents the ringdown data collected when the sensor was not attached to the
loop. The ringdown time (the baseline, 7o) in this case was ~12.8 us with a baseline stability of 0.33%.
The part B represents the ringdown data when the sensor was connected (spliced) to the loop. The
ringdown time in this case was 12.4 ps, with the same baseline stability, 0.33%. These results
suggested that the signal in the fiber loop was quite stable and the splicing process (integrating a
sensor head into the fiber to form a loop) did not generate additional noise to the sensor’s signal. A
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lower ringdown time in the case of the fiber loop spliced with the concrete bar unit is due to the
additional optical losses occurring at the two splicing junctions.

Figure 4. Typical sensor baseline stabilities (A) without (B) with a sensor head spliced into
the fiber loop. Both have the same baseline stability of 0.33% while their baselines are
different due to different total losses.
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3. Results and Discussion
3.1. Response of FLRD Crack Sensors

Figure 5 shows the results from the crack sensing experiments. A cracking event created on the
surface of the bar generated a stress on the fiber embedded in the bar, thus observed ringdown time
decreased due to additional optical loss resulting from the fiber stress. The sensor’s response to the
cracking event was near real-time (~1.5 s). The ringdown time, 1, averaged over 100 ringdown events,
was recorded at different crack widths (SCW) that were produced in steps. In accordance with the
sensing principle expressed in Equation (7b), the ringdown time was noted to decrease with increase in
SCW. Experiments were conducted with all of the three units. Results of the experiments are shown in
Figure 5(a—c), for the units-1, 2, and 3, respectively.

It should be noted that the crack width against which the ringdown time has been plotted in Figure 5
is the crack width measured on the top surface of the bars, the SCW. As depicted in Figure 1(b), the
crack first appeared on the surface, which upon further hitting propagated down inside the concrete
bar. Sensing of the cracking event was realized by observing a decrease in the ringdown time;
thereafter, upon every hitting a proportional decrease in z was recorded. It would be worth mentioning
here that the crack appearing on the surface, viewed either from the top or the side wall, does not
necessarily means that the same amplitude of crack is generated at the location where the fiber is
embedded. In this work, there was no exact mechanism or method to estimate the actual crack width at
the location of optical fiber embedded. The only physically measureable quantity was SCW. That is
why SCW has been used to plot against the ringdown time in order to examine the response of the
sensor system in crack detection.
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Figure 5. Responses of FLRD crack sensors to different surface crack widths;
Figure 5(a—c), are the responses of units-1, 2, and 3, respectively.
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Owing to the heterogeneous distribution of the constituents in the concrete bar, the crack was less
likely to propagate uniformly inside the bar. Nevertheless, the result shown in Figure 5 supports that
the fiber embedded inside the concrete did sense the cracking events generated on top surface of the
concrete bar. Moreover, a step-wise decrease in the ringdown time indicates the increasing cracking
effect at the fiber location. Figure 5(a) shows the response of the sensor unit-1 to a set of three SCWs.
From point A to point B is the ringdown times recorded with the sensor without cracking events
created. At the point B, the nail was started to be hammered slowly till a substantial change in the
ringdown time could be observed on the computer screen. The point C was marked when the ringdown
time was 12.7 us. The slant part from B to C represents the time elapsed before the first considerable
change in the ringdown time was noticed, which in turn indicated about the propagation of the
cracking effect that happened from the surface of the bar to the optical fiber location. The concrete bar
at this point of time had developed a few additional surface cracks as well. At this stage, a SCW of
1.5 mm along the width of the bar was measured; the data were recorded from the points C to D. The
ringdown time during this time period remained to be approximately 12.7 us. At the point D, the bar
was hammered again. It resulted in a sharp decrease in ringdown time, reaching the point E with
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T=12.5 ps. At the same time, cracks in other directions also widened. The data were recorded for the
time period from E to F, with SCW had increased to 2.0 mm. At the point F, the bar was hammered
once again; there was a huge drop in the ringdown time, reaching t = 11.8 pus. SCW at this point was
3.5 mm; and the cracks in other directions widened much more; and the bar was at the brink of
breaking. When the sensor was left for few minutes, the ringdown time slowly increased back to 12 ps.
This behavior is speculated to be due to the post-hit relaxation of the fiber inside the bar.

Figure 6. Response of the sensor unit-3 exhibiting a linear relation between the ringdown
time and the SCW.
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The unit-1, made up of the concrete-mix and water only, was hard in structure. Production of
uniform cracks in a controlled manner could not be achieved by manually hitting the nail. Therefore, it
was desirable to make better concrete bars to handle cracks. With this concern, two additional sensors,
unit-2 and unit-3, were created by adding grout mortar-mix (Mapei) to the concrete mixture,
so that the bars were relatively softer. The compositions of unit-2 and unit-3 were mixtures of
concrete-mix:grout:water in a ratio of 3:3:2, respectively. These bars allowed production of cracks in a
more controlled manner. Experiments were repeated. Figure 5(b) shows the response of unit-2. A
decrease in ringdown time from 12.5 ps to 9.0 us was observed from no cracking in the concrete bar to
a SCW of 2.5 mm. A sharp decrease in ringdown time, shown by the vertical drop lines in the figure,
corresponding to a responding time of 1.5 s, indicates the fast response of the sensor. The ringdown
signal remained stable and consistent every time when SCW increased. The results of unit-3, obtained
in the similar way, are shown in Figure 5(c). A SCW up to 3.5 mm was produced; with the sensor
responding to an every single cracking event on the surface of the bar. Significant drops in ringdown
time were recorded for an each cracking event. Cracks produced in steps with SCW of 1, 1.5, 2.5, and
3.5 mm, resulted in ringdown times of 13.8, 13.5, 12.3, and 9.5 ps, respectively. The larger change in
ringdown time for the same change in SCW of 3.5 mm, as compared to the unit-1, indicated that this
sensor unit had a better sensitivity. A plot of ringdown time, 1, versus SCW measured for unit-3 is
shown in Figure 6. Although, a quantitative relation between the ringdown time and the SCW cannot
be predicted beforehand, the linear decrease in ringdown time with increase in the SCW suggests that
the cracking events produced on the surface generated linearly proportional stresses to the optical fiber
embedded inside in the bar. Therefore, from the results we can conclude that a cracking event
occurring at the surface of the bar, 2.5 cm above the sensor head can be detected and the cracking
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amplitude is reflected by the change in ringdown time. It must be stressed that this type of cracking
sensor is better to be used for continuous crack monitoring instead of measurement of crack widths
inside a concrete structure. A calibration curve, obtained in a computer-simulated and controlled
cracking situation, may be helpful in determining the widths of actual crack-openings inside the
concrete; and this is a subject of future work.

3.2. Detection Sensitivity of Surface Crack Width

As mentioned earlier, each of the three sensor units, unit-1, 2, and 3, in terms of crack productions,
responded differently to the cracking events. Therefore, in order to examine the SCW detection
sensitivity of the sensors units, the results obtained need to be looked at individually.

In the case of unit-1, a decrease of 0.2 ps in ringdown time was observed when the SCW increased
from 0 (no crack) to 1.5 mm. However, the next cracking event increased the SCW to 2 mm; an
increment of 0.5 mm. An equal decrease of 0.2 us in ringdown time was recorded. This suggested that
once the crack on the surface propagated down to the optical fiber location, the sensor exhibited a
SCW detection sensitivity of 0.5 mm.

Similar were the observations for sensor unit-2 and unit-3. Experimentally, the difference among
the three sensor units was the production of controlled cracks. Unlike in unit-1, relatively controlled
cracks were produced in the sensor units-2 and 3; and both sensor units responded promptly to an
every cracking event generated on the top surface of the bar. A uniform step-wise increase of 0.5 mm
in SCW was achieved with both the sensor units, as shown in Figure 5(b,c). A substantial decrease in
ringdown time in each increasing step in SCW was noted with near real-time response (1.5 s).
Conservatively, both sensor units can be considered to be sensitive to a SCW of 0.5 mm or smaller.
This estimation is based on the fact that the production of a SCW smaller than 0.5 mm in each step
could not be achieved and controlled in the present experimental situation. However, considerable
changes in ringdown time for a SCW of 0.5 mm in each step, as shown in Figures 5(b,c), indicate that
the sensor could theoretically be much more sensitive in terms of response to a much smaller SCW.
This speculation drives a further consideration of a theoretical detection sensitivity of sensors in terms
of a minimum detectable SCW (described in the section below).

3.3. Theoretical Detection Sensitivity of the Crack Sensor

The theoretical detection sensitivity of FLRD crack sensors can be estimated by using the baseline
stability of the ringdown signals. The baseline stability, o/7, (expressed in %) is interpreted as the
minimum fractional ringdown time that comes from a minimum distinguishable z from two separate
signals under a given set of experimental conditions. That means, two signals, say z; and z,, can be
distinguished only if the difference between them is equal to at least one-c (the one-c standard
deviation). From Equation (7b), we derive:

At=1,—-7 =TO%AL (8a)

Az =mAL (8b)
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The Az in Equation (8) represents the decrease in the ringdown time, (to > 1), with the increase in
fiber stretched length AL; m = 1, %, is the slope of the line in the graph of Az versus AL. The slope m
is determined experimentally.

It should be noted that AL in Equation (8) is the actual stretched length of the fiber; whereas the
only physically measurable quantity in this experiment is SCW. However, as discussed earlier, AL is
proportionally related to SCW, therefore Equation (8) must hold true for SCW as well. Therefore,
rewriting Equation (8) for SCWs, Ad, we have:

Ar=mAd 9)
Further, from Equation (9), it can be derived that:

1
Ad =—At_
min m z.mln (10)

o
where Ady;, is the minimum measurable SCW; A% :(;jfo , the minimum measurable ringdown time

which can be determined with a known baseline stability and a ringdown baseline. A graph between At
and Ad, based on the experimental results obtained for the unit-3, is plotted in Figure 7. The graph
attains linearity of R = 0. 94 and a slope m = 1.61.

Figure 7. A calibration curve of the decreased ringdown time (A7) vs. SCW (Ad), obtained
from the sensor unit-3.
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On the other hand, using the one-c standard deviation, Az, of 0.0511 s, is determined for the
baseline stability, 0.33%, and the ringdown baseline, 15.50 ps. Consequently, a minimum measurable
SCW, Admin =31 um, was determined.

This implies that, theoretically, the presented FLRD crack sensor is responsive to a surface crack
width as small as 31 um, in particular for the sensor unit-3. This study suggests that although the actual
crack widths at the fiber location may not be determined at this stage, a cracking event happening on
the surface of a concrete structure can certainly be sensed by the sensor, with a theoretical detection
sensitivity of microns. A detailed investigation into the detection sensitivity requires experiments be
carried out under controlled conditions.
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3.4. Advantages and Limitations of the FLRD Crack Sensors

The FLRD crack sensor has several unique advantages in comparison to its counterparts:
(i) simplicity, (i) temperature independence, (iii) near real-time response, and (iv) high detection
sensitivity and large dynamic range:

(i) Simplicity: The presented FLRD crack sensors offer simplicity in terms of construction and
operation. A bare single mode fiber, without using any advanced fiber optic components or chemical
coatings, is directly utilized as a sensor head for the purpose of sensing. Consequently, the use of SMF
offers ease of construction as well as low cost of embedment in concrete structures, unlike other
conventional sensors based on FBG, Brillouin scattering, or Fabry—Perot techniques, which involve
complicated instrumentation procedures and special cares in the sensor embedment [23,49,52].
Furthermore, the FLRD crack sensor uses an inexpensive photodiode as the detector, significantly
reducing costs in the terminal detection equipment.

(if) Temperature independence: The FLRD crack sensor is based on strain sensing mechanism. Due
to the low thermal coefficient, 0.5 x 10® <C, of the silica fiber [40,53] and free of other optical
components in the sensor head, the FLRD crack sensor is virtually independent of environmental
temperature in the range of —169-800 <C [54]. This type of crack sensor is especially advantageous
when temperature variations are an important factor, i.e., in combustion facility, reactors, etc.

(iii) Near real-time response: Fast response of a sensor is always desirable. Near real-time response is
another significant feature of the present sensor. The sharp decrease in the ringdown time in Figure 5
shows that the response time was 1.5 s. Taking the 100 measuring events into consideration, a single
measuring time is only 15 milliseconds. In application in civil structure monitoring, this response time has
significant socio-economic impact in structure damage mitigation, i.e., in the case of natural disasters.

(iv) High detection sensitivity and large dynamic range: Owing to the high baseline stability,
~0.33%, this FLRD crack senor potentially has a crack detection sensitivity of tens of microns. As a
typical example, the unit-3 has a detection sensitivity of 31 um in terms of SCW. On the other hand,
crack sensing was successfully carried out for SCW as large as 3.5 mm. Therefore, a large dynamic
range of crack detection, from tens of microns to a few mm, can be expected from this sensor. Given
the fact that the sensing is accomplished with a bare SMF with simplicity in the construction of sensor,
this level of sensitivity and dynamic range for crack detection is still practically appreciable in
some applications.

An additional feature of the FLRD crack sensor, which has not been demonstrated in this work, is
the networking capability. Due to the time-domain sensing scheme of the FLRD-based sensing [42],
the uniform sensing signal, time, can be readily multiplexed with the signals from multiple FLRD
sensor units, even with different sensing functions, to achieve a large scale sensing network. Certainly,
current FLRD crack sensors have their own limitations. For instance, at this stage, the FLRD crack
sensors can only monitor sensing events, and cannot pinpoint a crack location and measure the
crack-width. Secondly, in order to achieve distributed sensing, multiple sensor heads (units) need to be
assembled in a sensor system to detect crack locations and as well as time sequence of a series of
cracking events when these occur. All of these are topics that remain unaddressed.
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4. Conclusions

A new type of FLRD-based sensors for crack detection in concrete structures has been developed.
The sensing principle and instrumentation is described. A bare single mode fiber, without any
modification and treatment, was shown capable of detecting surface cracks with a theoretical detection
sensitivity of microns (um). Performance of the sensors was tested with actual concrete bars made in
our laboratory. Responses of the sensors toward the manually produced cracks on the surface of
concrete bars were recorded. The sensors exhibited a fast response (~1.5 s) to the cracking events. In
this exploratory study, the surface crack width (SCW) was detected with a theoretical detection
sensitivity of 31 um. The sensor responded efficiently to a SCW up to 3.5 mm. Therefore, a large
dynamic range of crack detection, from microns (um) to a few millimeters, is expected from this
sensor. This is the first time that the FLRD technique has been demonstrated for crack detection in
actual concrete structures.

Acknowledgements

This work is supported by the National Science Foundation grant number CMMI-0927539 and the
US Department of Energy Savannah River Nuclear Solutions Grant number AC84132N.

References

1. Chong, K.P.; Carino, N.J.; Washer, G. Health monitoring of civil infrastructures. Smart Mater.
Struct. 2003, 12, 483-493.

2. Concrete Cracking. Available online: http://www.cfawalls.org/foundations/cracking.htm
(accessed on 5 March 2012).

3. Daniels, D.J. Surface-penetrating radar. Electron. Commun. Eng. 1996, 8, 165-182.

4. Carino, N.J. The impact-echo method: an overview. In Proceedings of Structures Congress &
Exposition, Washington, DC, USA, 21-23 May 2001; pp. 1-18.

5. Clark, M.; McCann, D.; Forde, M. Application of infrared thermography to the non-destructive
testing of concrete and masonry bridges. NDT & E Int. 2003, 36, 265-275.

6. Ohtsu, M. The history and development of acoustic emission in concrete engineering.
Mag. Concrete Res. 1996, 48, 312-330.

7. Song, G.; Mo, Y.L.; Otero, K.; Gu, H. Health monitoring and rehabilitation of a concrete structure
using intelligent materials. Smart Mater. Struct. 2006, 15, 309-314.

8. Song, G.; Gu, H.; Mo, Y.L.; Hsu, T.T.C.; Dhonde, H. Concrete structural health monitoring using
embedded piezoceramic transducers. Smart Mater. Struct. 2007, 16, 959-968.

9. Yan, S; Sun, W.; Song, G.; Gu, H.; Huo, L.S.; Liu, B.; Zhang, Y.G. Health monitoring of
reinforced concrete shear walls using smart aggregates. Smart Mater. Struct. 2009, 18,
047001:1-047001:6.

10. Gu, H.; Moslehy, Y.; Sanders, D.; Song, G.; Mo, Y.L. Multi-functional smart aggregate-based
structural health monitoring of circular reinforced concrete columns subjected to seismic
excitations. Smart Mater. Struct. 2010, 19, 06506:1-06506:7.



Sensors 2013, 13 55

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Chang, P.C.; Flatau, A.; Liu, S. Review paper: Health monitoring of civil infrastructure.
Struc. Health Monit. 2003, 2, 257-267.

Song, G.; Gu, H.C.; Mo, Y.L. Smart aggregates: multi-functional sensors for concrete structures:
A tutorial and a review. Smart Mater. Struct. 2008, 17, 033001:1-033001:17.

Mendez, A.; Morse, T.F.; Mendez, F. Applications of embedded optical fiber sensors in
reinforced concrete buildings and structures. Proc. SPIE 1989, 1170, 60-69.

Grattan, K.T.V.; Sun, T. Fiber optic sensor technology: An overview. Sens. Actuators A: Phys.
2000, 82, 40-61.

Leung, C.K.Y. Fiber optic sensors in concrete: the future? NDT & E Int. 2001, 34, 85-94.
Merzbacher, C.I.; Kersey, A.D.; Friebele, E.F. Fiber optic sensors in concrete structures:
A review. Smart Mater. Struct. 1996, 5, 196-208.

Zhou, G.; Sim, L.M. Damage detection and assessment in fibre-reinforced composite structures
with embedded fibre optic sensors-review. Smart Mater. Struct. 2002, 5, 925-940.

Ansari, F. Theory and Applications of Integrated Fiber Optic Sensors. In Intelligent Civil
Engineering Materials and Structures; Ansari, F., Maji, A., Leung, C., Eds.; American Society of
Civil Engineers: New York, NY, USA, 1997; pp. 2-28.

Moyo, P.; Brownjohn, J.M.W.; Suresh, R.; Tjin, S.J. Development of fiber Bragg grating sensors
for monitoring civil infrastructure. Eng. Struct. 2005, 27, 1828-1834.

Li, H.N.; Li, D.S.; Song, G.B. Recent applications of fiber optic sensors to health monitoring in
civil engineering. Eng. Struct. 2004, 26, 1647-1657.

Leng, J.; Asundi, A. Structural health monitoring of smart composite materials by using EFPI and
FBG sensors. Sens. Actuators A: Phys. 2003, 103, 330-340.

Lee, B. Review of the present status of optical fiber sensors. Opt. Fiber Technol. 2003, 9, 57-79.
Majumder, M.; Gangopadhyay, T.K.; Chakraborty, A.K.; Dasgupta, K.; Bhattacharya, D. Fibre
Bragg gratings in structural health monitoring—~Present status and applications. Sens. Actuators A:
Phys. 2008, 147, 150-164.

Glisi¢, B.; Inaudi, D. Chapter 2: Fiber Optic Sensors. In Fibre Optic Methods for Structural
Health Monitoring; John Wiley & Sons: New York, NY, USA, 2008; pp. 20-40.

Gangopadhyay, T.K.; Majumder, M.; Chakraborty, A.K.; Dikshit, A.K.; Bhattacharya, D.K. Fibre
Bragg grating strain sensor and study of its packaging material for use in critical analysis on steel
structure. Sens. Actuators A: Phys. 2009, 150, 78-86.

Villalba, S.; Casas, J.R. Application of optical fiber distributed sensing to health monitoring of
concrete structures. Mech. Syst. Signal Process. 2012, doi:10.1016/j.ymssp.2012.01.027.

Rossi, P.; Le Maou, F. New method for detecting cracks in concrete using fibre optics.
Mater. Struct. 1989, 22, 437-442.

Ansari, F.; Navalurkar, R.K. Kinematics of crack formation in cementitious composites by fiber
optics. Eng. Mech. 1993, 112, 1048-1061.

Leung, C.K.Y.; Elvin, N.; Olson, N.; Morse, T.F.; He, Y.F. A novel distributed optical crack
sensor for concrete structures. Eng. Fracture Mech. 2000, 65, 133-148.

Habel, W.R.; Feddersen, I.; Fitschen, C. Embedded quasi-distributed fiber-optic sensors for the
long-term monitoring of the grouting area of rock anchors in a large gravity dam.
Intelligent Mater. Syst. Struct. 1999, 10, 330-339.



Sensors 2013, 13 56

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

Lee, D.; Lee, J.; Kwon, I.; Seo, D. Monitoring of fatigue damage of composite structures by using
embedded intensity-based optical fiber sensors. Smart Mater. Struct. 2001, 10, 285-292.
Annamdas, K.K.K.; Annamdas, V.G.M. Review on developments in fiber optical sensors and
applications. Proc. SPIE 2010, 76770, 76770R:1-76770R:12.

O’Keefe, A.; Deacon, D.A.G. Cavity ring-down optical spectrometer for absorption measurements
using pulsed laser sources. Rev. Sci. Instrum. 1988, 59, 2544-2551.

Cavity-Ringdown Spectroscopy: An Ultratrace-Absorption Measurement Technique; Busch, K.W.,
Busch, M.A., Eds.; American Chemical Society: Washington, DC, USA, 1999; Volume 720.
Berden, G.; Peeters, R.; Meijer, G. Cavity ring-down spectroscopy: Experimental schemes and
applications. Int. Rev. Phys. Chem. 2000, 19, 565-607.

Stewart, G.; Atherton, K.; Yu, H.; Culshaw, B. An investigation of an optical fibre amplifier loop
for intra-cavity and ring-down cavity loss measurements. Meas. Sci. Technol. 2001, 12, 843-849.
Brown, R.S.; Kozin, I.; Tong, Z.; Oleschuk, R.D.; Loock, H.P. Fiber-loop ring-down
spectroscopy. Chem. Phys. Lett. 2002, 117, 10444-10447.

Tarsa, P.B.; Rabinowitz, P.; Lehmann, K.K. Evanescent field absorption in a passive optical fiber
resonator using continuous-wave cavity ring-down spectroscopy. Chem. Phys. Lett. 2004, 383,
297-303.

Wang, C.; Scherrer, S.T. Fiber ringdown pressure sensors. Opt. Lett. 2004, 29, 352-354.

Wang, C.; Scherrer, S.T. Fiber Loop Ringdown for Physical Sensor Development: Pressure
Sensor. Appl. Opt. 2004, 43, 6458-6464.

Vallance, C. Innovations in cavity ringdown spectroscopy. New J. Chem. 2005, 29, 867-874.
Wang, C. Fiber loop ringdown—A time-domain sensing technique for multi-function fiber optic
sensor platforms: Current status and design perspectives. Sensors 2009, 9, 7595-7621.

Waechter, H.; Litman, J.; Cheung, A.H.; Barnes, J.A.; Loock, H.P. Chemical sensing using fiber
cavity ring-down spectroscopy. Sensors 2010, 10, 1716-1742.

Qiu, H.; Qiu, Y.; Chen, Z.; Fu, B.; Chen, X.; Li, G. Multimode fiber ring-down presuure sensor,
Microw. Opt. Techn. Let. 2007, 49, 1698-1700.

Ni, N.; Chan, C.; Wong, W.; Shao, L.; Dong, X.; Shum, P. Cavity ring-down long period grating
pressure sensor. Sens. Actuators A: Phys. 2010, 158, 207-211.

Ni, N.; Chan, C.; Dong, X.; Sun, J.; Shum, P. Cavity ring-down long-period fibre grating strain
sensor. Meas. Sci. Technol. 2007, 18, 3135-3138.

Bo, L.; Jianhua, L.; Guiyun, K. Temperature and strain sensor based on weak LPG and fiber ring
down. Microw. Opt. Techn. Lett. 2007, 50, 111-114.

Qiu, H.; Qiu, Y.; Chen, Z.; Fu, B.; Li, G. Strain measurement by fiber-loop ring-down
spectroscopy and fiber mode converter. IEEE Sens. J. 2008, 8, 1180-1183.

Ravet, F.; Briffod, F.; Glisic, B.; Niklés, M.; Inaudi, D. Submillimeter crack detection with
Brillouin-based fiber-optic sensors. Sensors 2009, 9, 1391-1396.

Wang, C.; Herath, C. Fabrication and characterization of fiber loop ringdown evanescent field
sensors. Meas. Sci. Technol. 2010, 21, 085205 1-8.

Tarsa, P.B.; Brzozowski, D.M.; Rabinowitz, P.; Lehmann, K.K. Cavity ringdown strain gauge.
Opt. Lett. 2004, 29, 1339-1341.



Sensors 2013, 13 57

52. Kesavan, K.; Ravisankar, K.; Parivallal, S.; Sreeshylam, P.; Sridhar, S. Experimental studies on
fiber optic sensors embedded in concrete. Measurement 2010, 43, 157-163.

53. Reid, M.B.; Ozcan, M. Temperature dependence of fiber optic Bragg gratings at low
temperatures. Opt. Eng. 1998, 37, 237-240.

54. Wang, C.; Mbi, A. An alternative method to develop fibre grating temperature sensors using the
fibre loop ringdown scheme. Meas. Sci. Technol. 2006, 17, 1741-1751.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



