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Brillouin scattering spectrum-based crack
measurement using distributed fiber optic
sensing
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Abstract

Brillouin scattering-based distributed fiber optic sensing (Brillouin-DFOS) technology is widely used in health monitoring of
large-scale structures with the aim to provide early warning of structural degradation and timely maintenance and renewal.
Material cracking is one of the key mechanisms that contribute to structural failure. However, the conventional strain
measurement using the Brillouin-DFOS system has a decimeter-order spatial resolution, and therefore it is difficult to
measure the highly localized strain generated by a sub-millimeter crack. In this study, a new crack analysis method based on
Brillouin scattering spectrum (BSS) data is proposed to overcome this spatial resolution-induced measurement limitation.
By taking the derivative of the BSS data and tracking their local minimums, the method can extract the maximum strain
within the spatial resolution around the measurement points. By comparing the variation of the maximum strain within the
spatial resolution around different measurement points along the fiber, cracks can be located. The performance of the
method is demonstrated and verified by locating and quantifying a small gap created between two wood boards when one of
the wood boards is pushed away from the other. The test result verifies the accuracy of the crack strain quantification of
the method and proves its capability to measure a sub-millimeter crack. The method is also applied to a thin bonded
concrete overlay of asphalt pavement field experiment, in which the growth of a transverse joint penetrating through the
concrete—asphalt interface was monitored. The method successfully locates the position, traces the strain variation, and
estimates the width of a crack less than 0.1 mm wide using a Brillouin-DFOS system with 750 mm spatial resolution.
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continuous monitoring of cracks with wide coverage. For
instance, the Brillouin optic frequency domain analysis was
used to monitor the opening and closing of segment joints in
a shield tunnel.'> The Rayleigh scattering-based optical
backscatter reflectometer (OBR) was adopted to measure a
narrow crack of 0.05 mm inside a reinforced concrete bar
under eccentric tension,' whereas the pulse pre-pump
Brillouin optic time domain analysis (PPP-BOTDA) was

Introduction

Detecting the development of cracks in a structure is a
crucial part of its structural health monitoring in the context
of evaluating safety.' Generation of unwanted cracks affects
the integrity and service life of the structure.” * It is im-
portant to conduct effective monitoring of cracks because
the early detection helps reduce the risk of such structural
failure.® In the past, a variety of monitoring techniques have
been proposed and adopted to detect crack development in a
structure; they include acoustic emission,” infrared ther-
mography,® ground penetrating radar,” fiber Bragg grating,®
digital image correlation,” and computer vision.'® As the
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timing and position of crack opening are usually unfore-
seen, a solution that has wide coverage and allows con-
tinuous monitoring will be attractive.

Distributed fiber optic sensing technology provides
distributed strain and temperature measurements over a long
distance along the cable.'' It can be a good candidate for
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used to monitor the delamination of ultra-high-performance
concrete overlay by installing optical fibers vertically and
searching for a sharp peak within the strain reading.'’ In
these studies, a crack-induced localized strain was diag-
nosed by taking advantage of the fine spatial resolution of
the analyzers; the spatial resolutions of the OBR and PPP-
BOTDA systems are 5 mm and 20 mm, respectively.
However, there is a tradeoff between spatial resolution and
maximum sensing distance'* as the maximum sensing
distance of a technique with fine spatial resolution (such as
OBR and PPP-BOTDA) is usually short. For example, the
OBR and PPP-BOTDA systems can only provide a strain
profile of a fiber optic cable length of 70 m and 500 m,
respectively.”'? In a large-scale field application of more
than the km range, it is preferred to use a system based on
Brillouin optical time domain reflectometer (BOTDR) or
Brillouin optic time domain analysis (BOTDA) because it
can measure a continuous strain profile along the fiber optic
cable of tens of kilometers.'"

As illustrated in Figure 1(a), the BOTDA/R system
provides the Brillouin scattering spectrum (BSS) at each
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Figure 1. Measurements from BOTDA/R system (a) BSSs along
the optical fiber (b) BSS at the position of crack. BOTDA/R:
Brillouin optic frequency domain analysis/R; BSS: Brillouin
scattering spectrum.

measurement point. The conventional strain analysis uti-
lizing the BOTDA/R system is based on the strain profile
converted from the profile of the central frequencies of the
BSSs measured at sampling points. These systems have a
spatial resolution of between 0.5 mand 1 m. When a crack
occurs within a spatial resolution section of a sampling
point, the reading is affected by both the background strain
and crack strain. As the size of the crack is often much
smaller than the spatial resolution, the corresponding BSS is
primarily influenced by the dominant background strain
instead of the localized crack strain. Hence, at a given
sampling point, the strain value derived from the central
frequency of the BSS is close to the dominant strain
value'>' rather than the crack strain value. Therefore, it is
difficult to detect cracks by performing the conventional
strain profile analysis of BOTDA/R systems.

The power distribution at each frequency in the BSS
reflects all the strain information within the spatial
resolution.'>'”'® A localized tensile strain induces a small
power pump-up at a higher frequency of the BSS, as shown
in Figure 1(b). Utilizing this, a multi-peak fitting method has
been proposed to extract the tensile strain information of a
crack from the BSS by fitting the secondary peak at a higher
frequency to a Lorentzian function.'® However, this method
is only valid for a BSS with a clear double-peak feature, and
this only appears when the crack strain value is very large,
as shown in the figure. At the early stage of crack opening,
the strain value at the crack location is small, and the peak of
the small power pump-up is too close to the main peak to
induce a secondary peak.'>'” Hence, to give an early
warning of crack generation, an alternative data interpre-
tation method is needed.

In the following sections of this article, a new BSS-based
method is introduced to perform crack analysis. The section
Principle of Brillouin Scattering-Based Fiber Optic Sensing
Technology presents the principle of Brillouin-DFOS
technology and BSS. In the section BSS-based Crack
Analysis Methodology, the theoretical analysis of the BSS
measurement from a BOTDA/R system with a large spatial
resolution is given. The analysis result links the change in
the BSS to crack strain and size and deduces a relationship
between BSS at different positions and crack position. It
provides the theoretical basis of the new BSS-based crack
analysis method. A step-by-step procedure of the method is
also given. The section Wood Board Separation Laboratory
Test shows the capability of the method in locating a crack
and quantifying its size from a laboratory experiment of a
synthetic crack opening. To demonstrate the practical en-
gineering application of the method, the section Joint
Propagation Analysis of Thin Bonded Concrete Overlay of
Asphalt (BCOA) describes a field test of monitoring crack
propagation through the concrete—asphalt interface of a thin
BCOA pavement.
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Principle of Brillouin scattering-based fiber
optic sensing technology

When light travels in an optical fiber, a portion of it is
always scattered because of the interaction of the electro-
magnetic field (photon) with impurities or density fluctu-
ation within the fiber, as shown in Figure 2. A portion of the
backscattered light exchanges the power with the local mass
oscillations (phonon) so that the frequency is slightly
shifted, which is called Brillouin scattering.**** Brillouin
scattering-based fiber optic sensing technology takes ad-
vantage of the Brillouin scattering. The frequency shift of
the scattered light is given by***

2nv,
Vg = Tu 1
where v, is the acoustic velocity, n is the refractive index of
the fiber, and / is the wavelength of the incident light.

Since v, is proportional to the strain and temperature
change,”"** v5 can be expressed as

vg(e,T) = vg(e.,T,) + Cole —&.) + Cr(T —T,)  (2)

where C, is the strain coefficient, Cy is the temperature
coefficient, and ¢, and 7, are the reference strain and
temperature, respectively. Due to the exponential decay of
the acoustic waves, Brillouin gain has a Lorentz-shape
profile!-18:25

V2

(v—vg)’ + AV @)

g(v.vs) = &

where v is the half-width at half-maximum, g, is Brillouin
gain coefficient, and vp is the central frequency.

There are two major types of Brillouin scattering-based
DFOS systems: BOTDR and BOTDA. Both inject a pulse
light into one end of the optical fiber and measure the power
gain and loss of the Brillouin scattering signal in the time
domain. The spatial resolution L is determined by the non-
zero input pulse width®?
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Figure 2. Principle of light scattering in the single-mode fiber.

where c is the light velocity in the vacuum, 7 is the pulse
width, and # is the refractive index of the fiber core.

The middle point of the pulse corresponds to the mea-
surement (i.e., sampling) point.?®*’ The strains of the fiber
covered by the optical pulse are convoluted within the
spatial resolution, and as a result, the BSS is integrated
under the optical pulse. The interrogator measured BSS can
be assumed to be an average of the uniform distribution of
local Brillouin gain within the spatial resolution.'*'*** By
ignoring the attenuation and pump depletion,*® the BSS at
the measurement point can be simplified as the integration

of the local Brillouin gain over the spatial resolution around
..15,18,28
it

1

G(V,Z):Z/Z Lig(v,vg(z))dz

®)

where Z is the measurement point position. In the rest of the
article, spatial resolution window (SRW) is defined as the
area within L around each measurement point. The distance
between the two adjacent measurement points is the readout
interval, which is determined by the time interval between
two consecutive sampling points digitized by the
instrument."!

As shown in equation (4), the spatial resolution can be
improved by narrowing the pulse width. However, the pulse
width that is shorter than the lifetime of the acoustic photon
will not gain or lose the full energy of the acoustic phonon,
leading to the abrupt drop in the accuracy of strain
readings.'""*? Therefore, the minimum spatial resolution of
the BOTDR and BOTDA systems is usually limited to be
between 0.5 m and 1.0 m. To make the measurement re-
sults accurate, a sophisticated fitting process is commonly
conducted to the measured BSS.?° At a given measurement
point, the BSS is fitted to a mathematical expression and the
central frequency is calculated by locating the maximum
power point. The derived central frequency is translated into
the strain and temperature measurement by equation (2).
The BOTDA/R system provides both BSSs and the strain
and temperature profile along the sensing section of the fiber
optic cable.

BSS-based crack analysis methodology

Problem formulation

Figure 3 shows a crack that is generated in the middle of a
3L long sensing section of optical fiber, which is three times
the spatial resolution, L. At the crack opening location, the
fiber is under the peak strain and fully debonded with the
surrounding material. In the vicinity of the crack, slippage
happens between the fiber and the structure when the crack
is large. The fiber is partially debonded from the material
near the opening area forming a transition zone between the
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crack and the dominant strain (/. in the figure).' In this
study, for simplicity, the strain profile is assumed to take a
triangle shape with peak strain, ¢, in the middle to simulate
crack generation. The spatial ratio of the slippage area
comparing with the spatial resolution is 7. = /./L. The rest
of the fiber (non-cracking) is under the uniform strain, &,.
The integration of the distributed strains within the crack
area is the size of the crack opening d,

d.=0.5(e. —eg)r.L 6)

From equation (6), to quantify the size of the crack (d,),
. and r. need to be extracted. Therefore, to accomplish the
crack analysis, the following three parameters need to be
derived from the raw BSS measurement data: (1) the peak
strain of the crack, ¢.; (2) the spatial ratio of the slippage
area around the crack, r.; and (3) the position of the crack.
The following subsections theoretically derive the crack
analysis method that aims to quantify these parameters from
the BSS measurements provided by the BOTDA/R system.

Evaluating &, from BSS

Crack-induced BSS deformation. When a strain profile shown
in Figure 3 is given, G(v) at location Z, in which the SRW
fully covers the triangle in the strain profile becomes the
black solid curve in Figure 4(a). By substituting equation (3)
into equation (5), G(v) is given by

L[ AY?
=1 / O )+ AR

0

It is the superposition of the weighted spectrum of every
strain value happening within it (the dashed curves). The
weights of the spectrums of ¢; (dominant strain: blue dotted
line), €. (peak strain: red dash-dot line), and &, (strains in the
transition zone: black dashed lines) are r,, 7., and 7, in the
figure, respectively. The weights are reflected by the pro-
portion of the given strain within the SRW. In Figure 4(a),
the right bound of the concave area coincides with the
inflection point of the BSS.

From equation (7), the first derivative of BSS is given by
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Figure 3. Simulated strain profile of crack.
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The first derivatives of the BSS (black solid line) and of
the spectrums of ¢, and &; (red dash-dot line and blue dotted
line, respectively) are plotted in Figure 4(b). The spectrum
gradient of &, and ¢, intersect with the x-axis at vg(e.) and
vg(eq), respectively. The BSS gradient shows two local
minimums; the one on the left corresponds to the concave
area around the maximum point, whereas the other on the
right is induced by the crack generation. In the rest of the
article, the frequency coordinate of the latter local minimum
of the BSS gradient is defined as v,,. vg,, can be converted
to the corresponding strain &.,, according to equation (2). It
is noted that, under a different set of normalized crack width
r. = I./L and crack peak strain &, vg,, may not be exactly
equal to vg(e.). The relationship between the two is dis-
cussed in the following two subsections so that the geo-
metrically derived ¢, from the BSS data can be converted
to the true crack peak strain &..
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Figure 4. (a) BSS of the SRW that fully covers the crack and (b)
the corresponding BSS gradient. BSS: Brillouin scattering
spectrum; SRW: spatial resolution window.
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Crack detection limit. The number of concave areas in G(v),
which is also the number of the local minimums in G'(v),
depends on two factors. The first factor is the difference
between &, and ;. As shown in Figure 4(a), the two concave
areas of G(v) are around vg(es) and vg(e.), respectively.
When ¢, — ¢4 is small, the two concave areas overlap each
other and form a single concave area. In this case, only one
local minimum can be found in G’ (v). The second factor that
affects the number of local minimums in G’ (v) is the spatial
ratio 7, of the stressed area induced by the crack.

Figure 5 shows G(v) and the corresponding G'(v) under
different r. values when & —e&; =3000ue (vg(eq) =
10.8 GHz, vg(e.) = 10.95GHz) for a typical analyzer
parameter (Av = 0.05GHzand C, = 499.8 MHz/%). As
shown in Figure 5(a), when r. is small (blue solid line:
r. = 0.1, giving small slippage), G(v) has only one concave
area near vg(gy). The superposition of the spectrums within
the stressed area induced by the crack (triangle area in the
strain profile in Figure 3) is not large enough to induce
another concave area near vg(e.). Hence, as shown in
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Figure 5. (a) BSS and (b) BSS gradient under different r. when
va(eq) = 10.8 GHz, va(e) = 10.95 GHz, v = 0.05 GHz, and
C. = 499.8 MHz/%. BSS: Brillouin scattering spectrum.

Figure 5(b), there is only one local minimum in G'(v) along
the blue line with its position near vg(ey).

When r, is large (green dotted line: 7. = 0.9, giving large
slippage), the BSS power is affected more on the fre-
quencies corresponding to the tensile strains generated by
the crack. Under this condition, only one concave area exists
along G(v) in Figure 5(a), and the frequency coordinate of
its corresponding local minimum along G’(v) in Figure 5(b),
Vgm, 18 close to v (&, ). Only when . is of intermediate value
(orange dashed line: r. = 0.4), two concave areas appear
along G(v) in Figure 5(a). vg,, is the frequency coordinate of
the local minimum on the right of G’(v) in Figure 5(b) and
vgm 1s close to vp(e.).

By giving Av = 0.05GHz and C, = 499.8 MHz/% (a
typical setting of BOTDA analyzer), the critical combina-
tions of &5 — &. and r, at which G’(v) switches from the
single to the double local minimum are the black curve
plotted in Figure 6. Over the curve, double local minimums
are present. For example, when r. = 0.3, the second
minimum appears at & — g;>2790 ue. Below the curve,
only one local minimum is observed and it is divided into
two zones by 7. = 0.428 (dashed line). When 7. <0.428, the
single minimum vg,, is near vg(gy); this is the case of . =
0.1 in Figure 5. Under this condition, vz, is affected largely
by vg(es) and hence cannot be used to estimate ¢.. When
r.>0.428, vg, is close to vg(e.); this is the case of r. = 0.9
in Figure 5. Therefore, only when ¢; — &, and r, are within
the orange dotted and green back slashed areas in Figure 6,
vgm can be related to vg(e.) and a crack can be detected.

In engineering applications, crack size is the primary
concern. Since the crack width d,. depends on (&, — &) (see
equation (6)), the strain graph shown in Figure 6 can be
converted to the normalized crack size graph (d./L) as
shown in Figure 7. The orange dotted, green back slashed,
and blue slashed areas in Figure 7 correspond to the areas in
the same color and hatch in Figure 6, respectively. It is
possible to estimate the detectable crack size using this
figure. For example, assuming L = 1 m, for ». = 0.3, the
secondary minimum appears when d. is larger than
0.42x1073L = 0.42 mm, which is the minimum detect-
able crack size.

Correction from &, to &. As mentioned at the end of the
section Problem Formulation, (vg, = vp(em)) evaluated
from the local minimum of the spectrum data may not be
exactly equal to vg(e.). A correction from &, to &. is
therefore needed. Through a series of simulations of BSS
and the BSS gradient in which the strain profile within
(L,2L) in Figure 3 under different . and ¢. — ¢, values are
used for equation (8), v, (and hence ¢.,) under different r,
and ¢. — ¢4 are evaluated. The simulation results are used
to develop a theoretically driven relationship between
(&em — €4) (measured from the local minimum data analysis)
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and (&. — &) (true crack strain), as shown in Figure 8 (when
r. <0.428) and Figure 9 (when . >0.428) for the condition
of a typical analyzer setting (Av=0.05GHz and
C. = 499.8 MHz/%).

If r. is known, (&, — &;) can be converted to (¢, — &4)
using Figure 8 or 9. For the case of . <0.428 in Figure 8§,
(e — &4) can be determined for a given r. when (g., — &)
is above the grey dashed line, which corresponds to the
double-minimum range (orange dotted area in Figures 6 and
7). For the case of r.>0.428 in Figure 9, all the points are
within either the orange dotted area or the green back
slashed area in Figures 6 and 7 where vg,, is close to vg(e,).

As (e.n — €4) increases (or crack size increases), it becomes
asymptotic to the actual value of (&, — ).

All the curves in Figures 8 and 9 intersect with the y-axis
at 577.58 ue. When g, — ¢4 = 0, the strain value is equal to
g4 at all the positions within the SRW. By substituting the
flat strain profile with the strain values equating to &
into equation (7), G'(v) = go — 2Av* - (v — vp(eq))/((v—
va(eq)?) + AV?)?. In this case, G'(v) is with only one local
minimum and vg, corresponds to the larger solution of
G'(v)=0. G'(v) =go2M* - (3(v—vp(eq))* + 2Av* (v—
ve(ed))* — &) /(v— vs(eq))? + AV?)* = 0 has two solu-
tions, vg(es) — v3Av/3 and vg(es) + v/3Av/3. This is the
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local minimum under the uniform strain condition. The
strain equivalent of\/TgAv is v/3Av/3C, = +/3(0.05 GHz)/
3(499.8 MHz/%) = 577.58 pe.

Locating crack position and evaluating r.

To find the location of the crack, it is proposed to check the
profile of &,,, which is defined as maximum strain within the
SRW of a given measurement point, along the fiber. For

example, the profile of ¢,, for the strain profile in Figure 3 at
different measurement points is plotted in Figure 10. The
subplots in the figure mark the coverage of the SRWs at
measurement points A to E. Because the SRWs of the
measurement points within (L,2L) cover the peak strain of
crack, &, from L to 2L is equal to &. in the figure (e.g., point
C). The width of &, = ¢, is equal to the spatial resolution,
and the peak strain of the crack happens at the center of this
section. When the SRW does not include the peak strain but
covers part of the transition zone (e.g., points B and D), the
maximum strain within it will be smaller than ¢, but larger
than ¢,. For the SRWs that only cover the non-cracking area
(e.g., points A and E), ¢, is equal to g;. If the &, profile is
given, the locations of the crack opening zone, the partially
debonding zone, and non-cracking zone can be evaluated.
The central position of the crack opening zone is then the
crack location, which is point C in the case shown in
Figure 10. As the total width of the crack opening zone and
the partially debonding zone in the ¢, profile is L + r.L
(between L — r.L/2 and 2L + r.L/2), r. can be determined
by evaluating this length from the ¢, profile.

As the g, profile from the actual crack strain profile given
in Figure 3 is not known before analysis, it is proposed to
estimate the g, profile from the &, profile as shown in
Figure 11. The proof of the equivalency is given in
Appendix 1. In Figure 11, the &, profile (red solid line) is
obtained by calculating the BSS gradients of all the SRWs
and locating the local minimums of them as described in the
previous section. The figure also shows the actual ¢, profile
as black solid line. Within the non-cracking zone, ¢, is equal
to &7 + V3Av /3C, as described in the section Locating
Crack Position and Evaluating ».. Between L and 2L, the &,
profile is flat and linked to ¢, as illustrated in Figures 8 and 9.

The &, profile at measurement points of which the SRW
covers the partially debonding zone is affected by the crack
detection limit described in the section Evaluating 3.2 From
BSS. In the lower part of the transition zone below the crack
detection limit in Figure 11, the SRW of the measurement
points in this part only covers the lower small strain portion
of the partially debonding zone and hence it is within the
blue slashed area of Figure 6. Crack detection is therefore
not possible and the ¢, value in this part is evaluated to be
&4. In the upper part of the transition zone, however, the &,
value is detectable from the BSS data. The intersections
between the extensions of the slope zones of the ¢, profile
(red dashed lines) and ¢ = g, are very close to the inflection
points (black points) of the ¢, profile. The total width of the
extended slopes can then be used to quantify r.L by ex-
tending the slope zones on both sides of the ¢, profile till
& =¢&y.

The red solid line in Figure 11 shows the &, profile when
the readout interval of the BOTDA/R system is small; that
is, the &, profile is constructed by a large number of
measurement points. However, when the readout interval is
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large, as shown by the grey points I to Vin Figure 11, the ¢,
profile only consists of discrete points since the density of
the measurement points is not high enough. Among these
discrete points, points I and V provide the information of the
minimum &, of the non-cracking area; points II and III
represent the maximum ¢, of the SRWs covering ¢.. Al-
though point IV is within the slope zone of the ¢, profile,
the exact shape of the slope zone is still unknown. In this
case, the boundary of the flat crest of the ¢, profile needs to
be located first to quantify 7.. Since the length of this flat
section is equal to the spatial resolution L, the range of it can
be located from the position of points II and III. By drawing
a line connecting the located right boundary of the flat
section and point IV and extend it till ¢ =¢,, 7. can be
quantified. When point IV is also missing and only points I,
I, I, and V are left, the ¢, profile only contains its

maximum value and minimum value. In this case, the range
of 7. can only be quantified from Figure 6 using the in-
formation of the number of local minimums of the BSSs and
the value of the maximum ¢&,,. The procedure of quantifying
r. from the discrete ¢, profile is carefully demonstrated in
the case study given in the section Wood Board Separation
Laboratory Test.

In summary, the proposed crack analysis is done from the
BSS data using the steps shown in Figure 12.

Wood board separation laboratory test

Experiment setup and test procedure

The ability to locate and quantify a crack using the BSS-
based crack analysis method introduced in the section BSS-
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based Crack Analysis Methodology is demonstrated by
conducting a wood board separation laboratory test in this
section. The section BSS-based Crack Analysis Method-
ology describes the method through the theoretical deri-
vation of the relationship between the BSS data and crack
strain and size. It also describes the step-by-step analysis
procedure in Figure 12 for practical implementation. This
section demonstrates the validity of the method by fol-
lowing the steps given in Figure 12 on a synthetic crack
generation made in the laboratory. The capability and
limitation of the method are shown by comparing the result

STEP1: Calculate the first derivative of BSS measurement.
Search for the local minimums of BSS gradient. Get v, and &.,.

[STEPZ: Estimate 7. from £,,, profile along the fiber.J
[ STEP3: Correct £.y, to &, according to Figure 8 and Figure 9. ]

LSTEM: Estimate crack strain profile from estimated ¢, prufile}

€. equals to the largest and increasing &,,.
Locate crack, non-cracking zone and partially debonded zone.

[ STEPS: Calculate d. from &, 7. and the estimated crack strain profile. J

Figure 12. Brillouin scattering spectrum-based crack analysis
steps.

with the data provided by a fine spatial resolution inter-
rogator system.

As shown in Figures 13(a) and 13(b), two 1 m-long
wood boards were put side by side tightly in the longitudinal
direction and fixed on a calibration rig. The fixation stand
for the left wood board was immobile, while the one for the
right board was removable by the screw at the right end of
the calibration rig. The gap between the two boards was
adjusted to be zero initially. Crack generation was simulated
by expanding the gap. The displacement of the right board
was controlled by the screw with a precision of 0.01 mm.

Two fiber optic cables were epoxy-glued along the wood
boards longitudinally right after setting the initial zero-gap.
The two cables were attached parallel to each other with a
distance of 1 mm. Both of them were 0.9 mm-diameter
single-mode tight buffer strain cable manufactured by
Nanzee Ltd. The cross section is shown in Figure 14. The
central frequency of the cable with no strain applied is
10.857 Hz, whereas C. = 499.8 MHz/1% and
Cr = 0.915MHz/°C.

The two cables were connected to two different com-
mercial interrogators, Omnisens DITEST (Figure 15(a)) and
LUNA Technologies ODiSI6104 (Figure 15(b)), to take
measurements during the test. Their specifications are listed
in Table 1. The LUNA system took strain measurements at
every 1.3 mm along the cable. Taking advantage of the
1.3 mm gauge length, its measurements were treated as the
ground truth value and used as the reference when evalu-
ating the crack analysis result. The Omnisens system
provided BSS at every 250 mm with the spatial resolution

(a)

&

&
€

RES

(b)

Immobile wog\d board

|-

FO cable connecting to Omnisens
\ = ==

FO cable conneE/tini'yt_fthHﬁ =~

Displacement is controlled

Movalﬂe wood board

A B c i D

e B D B W S S Se—S—

: FO cable to

E 1/ Omnisens
s

F

: N FO cable to

a

LUNA

1m

1m

Figure 13. Wood boards setup and fiber optic cables layout (a) photo and (b) schematic.
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of 750 mm under the BOTDA mode and v is 0.05 GHz.
Since the two cables were installed parallel to each other
with a small horizontal distance in between, it was assumed
that the two cables measured the same deformation. The
proposed crack analysis method was applied to the BSS
measurement data to locate and quantify the crack opening.
Then, the crack position and the estimated strain and crack

Single mode 250um
optical fiber

Plastic sheath

Figure 14. Cross-section of 0.9 mm-diameter single-mode fiber
optic cable.

(@)

(b) -

Figure 15. (a) DITEST manufactured by Omnisens (b)
ODiSI6104 manufactured by LUNA Technologies.

Table I. Specifications of Omnisens system and LUNA system.

size at each step were compared with the ground truth value
measured by the LUNA system.

Results and discussion

Fine spatial resolution interrogator measurement. As shown in
Figure 13(b), the Omnisens system provided BSS mea-
surements at six measurement points (points A to F) on the
wood boards. In contrast, the LUNA system gave much
denser readings (every 1.3 mm), which could be seen as
continuous because of its fine spatial resolution and readout
resolution. During the test, the right wood board was moved
at eleven steps from 0.23 mm to 0.91 mm. The strain
measurements taken by the LUNA system under different
crack displacements are shown in Figure 16. The largest
strain at the crack location, ¢, rises to up to 10564 ue.
The length of the slippage area increases from 150 mm
to 225 mm; that is, 7. increases from 0.2 to 0.3 as
L =750 mm.

In Figure 16, apart from the fine-resolution strain profiles
measured by the LUNA system, the SRWs of points A to F
by the Omnisens system are also marked by the blocks in
different colors. For example, the measurement point A by
the Omnisens system is at 0.382 m. SRW-A in the figure
covers the area, [0.007 m, 0.757 m], within the spatial
resolution (750 mm) around point A. SRW-A and SRW-F
only cover the non-cracking area with relatively uniform
and constant strain values applied. The largest strain occurs
within the overlapping area of the SRWs of points B, C, and
D. Within the SRW of point E, when the crack displacement
is 0.23 mm, only a small portion of the transition zone of
the strain profile is included. As the crack displacement
increases, the right bound of the transition zone expands
from 1.05 m to 1.125 m and the SRW of point E starts to
overlap with the transition zone. The &, of SRW-E rises to
up to 8819 ue.

Low spatial resolution BOTDA system measurement. The BSSs
at points A to F from the Omnisens system are plotted in
Figure 17. At points B, C, D, and E, the peak BSS power
decreases, and the power pump-up expands to a higher
frequency at the tail part as the crack displacement in-
creases. The spectrums of points A and F do not change with
displacement, indicating they are not within the spatial

Parameter Omnisens DITEST LUNA Technologies ODiSI6104
Technology Brillouin scattering-based sensing Rayleigh scattering-based sensing
Readout resolution 250 mm 1.3 mm

Spatial resolution 750 mm 1.3 mm

Distance range 60 km 50 m
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Figure 16. The strain profiles measured by the LUNA system.

resolution around the crack. This is confirmed by the ob-
servation within the SRW-A and SRW-F in Figure 16.

Using the BSSs of these measurement points, the pro-
posed crack analysis is performed by following the steps
shown in Figure 12.

Step 1 Take the derivatives of the BSS measurements and
locate the local minimums to derive vg,, and &,

The values of €., — ¢4 are evaluated using the proposed
method at the six measurement points by tracking the
frequency coordinates of the local minimums of the gradient
of the BSS measurements. To eliminate the fluctuation
induced by the noise in the measured spectrums, moving
average with a window of 0.005 GHz is applied to the raw
data before taking the derivative. The concave areas in the
BSSs of points B, C, D, and E are evident as shown in
Figure 18. The local minimums induced by the crack are
highlighted by the larger marker size.

From the frequency coordinates of the marked local
minimums in Figure 18, the values of ¢, — ¢, at different
crack displacements for the six points are evaluated and
plotted in Figure 19. The ¢., — ¢; values of SRW-B to
SRW-E increase, whereas those of SRW-A and SRW-F keep
constant as the crack size expands. This indicates that SRW-
B to SRW-E are always within the crack influence region,
while SRW-A and SRW-F are out of the crack influence
region at all displacement steps. The e, — &; values of
SRW-A and SRW-F (the non-cracking area) are around
V3Av/3C, = 577.58 ue as derived in the section Correc-

tion From ¢, to &,.

Step 2. Estimate r. from the &, profile

In Figure 20, the ¢.,, — &; values evaluated in Step 1 are
plotted versus the position of the center points of their
corresponding SRWs (measurement points A to F) as

discrete points which are marked by the larger marker size.
Because the readout resolution of the Omnisens system is
250 mm, these discrete data points are not dense enough to
form a comprehensive ¢, profile.

When the crack displacement is larger than 0.42 mm,
the ¢, — &4 value of SRW-E is between the minimum and
the maximum value and hence is on the right slope of the
eem — €4 profile. As discussed in the section Locating Crack
Position and Evaluating r., the ¢, — &; profile is con-
structed using the following constraints (i) the length of the
flat crest is 750 mm, which is the spatial resolution length,
(i1) intersects the ¢, — &4 values derived in Step 1, and (iii)
it is symmetric. Having three points at the flat crest and one
point along the transition zone gives a unique profile at a
given displacement as shown in the figure. The r, for the
crack displacements larger than 0.42 mm is estimated to be
around 0.23. The ground truth data given in Figure 16 show
that the right bound of the transition zone keeps at 0.9 m
and the left bound moves from 1.07 mto 1.125 m. Hence,
the actual 7, for these crack displacements varies from 0.23
to 0.3, indicating the estimation is accurate.

When the crack displacement is 0.23 mm, the discrete
&cm profile only contains its maximum and minimum values.
The double minimum feature is observed in the BSS gra-
dient of points B, C, and D, and their ¢, — &; values are
5272 ue. According to Figure 6, to have a double minimum
at this strain level, 7. needs to be larger than 0.076. Since
r. 1s 0.23 when the crack displacement is larger than
0.42 mm, r, at this crack displacement is smaller than 0.23.
Since there is no additional information to narrow down
this range (0.076, 0.23), r. is estimated to be the middle
of this range, 0.153. From Figure 16, the actual r. at
this crack displacement step is 0.2, which is within the
estimated range.
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Figure 17. Brillouin scattering spectrums at points A to F at different displacement steps.

Step 3. Correct ¢, to &, using Figures 8 and 9

Since v of the Omnisens system and C, of the fiber used
in this test are the same as those used in the simulation in the
section Evaluating &, From BSS, the correction of ., to ¢,
given in Figures 8 and 9 can be used. As shown in Figure 19,
the values of ¢.,, — ¢; of the crack detected measurement
points are over 5000 we. According to Figures 8 and 9, for
the estimated . from the previous step, €., — &; is very
close to the actual value when it is over 5000 ue.
Figure 21(a) shows the estimated ¢, of different crack
displacements at the six points. The ¢, values at points B,
C, and D are the largest and the same, indicating the crack
location is within the overlapping area of their corresponding

SRWs and ¢, is equal to these values. The ¢, value at point E
jumps to 5766 e when the crack displacement is 0.42 mm
because the r. value increased, and the SRW of point E
overlaps to the partially debonding zone. These behaviors
agree with the evaluation made from the LUNA mea-
surements in Figure 16.

Figure 21(b) compares the values of ¢, at points A, C,
and E measured by the LUNA system and the estimations
made in Figure 21(a). The estimation results match the
measured values very well, except for the data at point E
when the crack displacement is 0.23 mm. At this dis-
placement, the actual ¢, — ¢; of SRW-E is 910 ue and the
actual r, is 0.074 from the LUNA measurement. This
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Figure 18. Brillouin scattering spectrum gradients at points B to E at different displacement steps.
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Figure 19. ¢, — &4 of SRW-A to SRW-F at different displacement steps. SRW: spatial resolution window.

combination is in the blue slashed area of Figure 6 where the
proposed method cannot detect the crack.

Steps 4. and 5 Estimate the crack strain profile and calculate
d.

From the estimated ¢,, and 7. values, the estimated ¢,
profile along the fiber is shown in Figure 22(a). &, is equal to

the maximum value of ¢, within the flat section in the
middle of the plot. The crack opening location is evaluated
to be at 1m, which is the location where the crack was
developed. The strain profile along the fiber is back cal-
culated and plotted in Figure 22(b). Comparing with the
strain profile measured by LUNA in Figure 16, the esti-
mated ¢, value matches the actual values well. The strain
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Figure 21. (a) Estimation of ¢, of SRW-A to SRW-F and (b) estimation versus truth value of ¢;,, of SRW-A, SRW-C, and SRW-E at

different displacement steps. SRW: spatial resolution window.

profile between the crack peak strain and the left boundary
of SRW-E is a straight line in Figure 22(b). It also matches
the truth.

From the strain profile given in Figure 22(b), the crack
displacements can be estimated. In Figure 23, the estimated
values are compared with (i) the actual crack displacement
values from the dial gauge and (ii) the value that is cal-
culated by taking the integral of the LUNA strain profile
given in Figure 16. The blue, red, and grey areas in the
figure correspond to the 10%, 20%, and 30% estimation
error, respectively. The measured crack widths by the
LUNA system (black points) match very well with the
actual gap widths (blue line), which confirms the feasibility
of treating the measurement from the LUNA system as the
ground truth. The crack sizes estimated from the BSSs are
all within or on the boundary of the 30% estimation error
and eight out of eleven of them are with an estimation error

of less than 20%, indicating that the proposed method
performs well in evaluating the crack size.

Joint propagation analysis of thin bonded
concrete overlay of asphalt

Background

In this section, the new method, which was proposed and
verified in the sections BSS-based Crack Analysis Meth-
odology and Wood Board Separation Laboratory Test, is
applied in a field test to monitor the joint propagation
through a thin BCOA pavement.

Thin BCOA is a pavement rehabilitation method that
overlays a thin concrete layer on the old asphalt,*' as shown
in Figure 24. In order to avoid any large differential
movement between the concrete overlay and the asphalt and
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Figure 22. Estimated (a) ¢, profile and (b) strain profile from the proposed method.
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Figure 23. Comparison among the actual gap widths, the
measured crack widths from the LUNA system, and the
estimated crack widths from the Brillouin scattering spectrums
using the proposed method.

curling and warping stresses, joints are sawed on the surface
of the concrete layer during construction to divide it into
small square slabs, typically with the dimension in the range
0f0.9 mto2.4 m. As shown in the figure, the initial depths

of the joints are about one-third of the concrete layer
thickness.*” During its performance life, the joints propa-
gate deeper and may reach the asphalt layer under the long-
term traffic loading and the environmental effects.>’ The
depth of the joint propagation determines the layer where
the faulting, which is one of the main distress mechanisms
of BCOA, happens.®'** The joint that propagates through
the concrete layer leads to the faulting on the asphalt—
concrete interface, whereas the joint that propagates
through the asphalt layer induces the faulting below
the asphalt layer.*® This part of the study aims to apply the
proposed BSS-based crack analysis method to conduct the
monitoring and quantification of the joint propagation of
BCOA through the concrete layer to the asphalt layer.

Description of the BCOA under test and the
sensors layout

The BCOA being tested was constructed at the University of
California Pavement Research Center in Davis, CA. It was
made of concrete with a dimension of 7.2 mXx 1.8 mx
140 mm over a 100 mm thick existing asphalt pavement.
As shown in Figure 25, three transverse joints were ini-
tially sawed to 40 mm deep to divide the BCOA into four
square slabs. Under the large daily temperature variation in
autumn, the slabs expanded in the daytime and shrunk
at night. The joints propagated deeper as time went by.
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Figure 24. Schematic drawing of thin bonded concrete overlay of asphalt (a) Plan view (b) Main view.
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Figure 25. lllustration figure of bonded concrete overlay of asphalt and sensors layout (a) Main view (b) Plan view (c) Site photo.
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The three joints were made differently to simulate three
different circumstances during the performance life of the
BCOA.

1. Joint 1: a transverse sawcut was made on the surface
of the asphalt layer at the concrete surface joint
location before pouring concrete. It was designed to
simulate the joint propagation through the concrete
layer to the asphalt layer after long-term traffic
loading.

PA outer sheath
Metal tube Q

Multi-layer buffer

Single mode
optical fiber

Figure 26. Cross section of 3.2 mm-diameter FO cable.

2. Joint 2: it was designed to simulate the short-term
condition in which the joint did not penetrate into the
asphalt.

3. Joint 3: within 1 m around the joint, a plastic
lamina was attached to the existing asphalt to create
the debonding between the concrete and the asphalt,
which would happen under long-term environmental
changes in the field. In this case, the developing joint
could not cross the interface.

Only at Joint 1, a crack was expected to cross the
concrete—asphalt interface by the daily thermal expansion
and contraction of the concrete layer. To monitor and
quantify the crack crossing the concrete—asphalt interface,
fiber optic strain cables were installed in three longitudinal
grooves on the surface of the asphalt layer, as shown in
Figure 25. Two of them (Cables 1 and 3) were placed 0.3 m
from the two sides, whereas the other one (Cable 2) was
placed in the centerline of the BCOA. An armored
3.2 mm-diameter tight-buffered strain cable (Brugg V9)
was used to avoid breakage during construction. The cross
section of the cable is shown in Figure 26, and the Brillouin
parameters are C, = 450 MHz/% and Cr = 1.1 MHz/°C .

To record the temperature variation at the interface, three
thermal couples were installed next to each fiber separately
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Figure 27. Estimation of &, within the eight nearest spatial resolution windows around (a) Joint I, (b) Joint 2, (c) Joint 3, and (d)
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Figure 28.

Estimation of ¢, within the eight nearest spatial resolution windows around (a) Joint I, (b) Joint 2, (c) Joint 3 and (d)
estimation values versus measurements of ¢, at R4 of Joint |, Joint 2 and Joint 3 along Cable 2.
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Figure 29. Estimation of &, within the eight nearest spatial resolution windows around (a) Joint I, (b) Joint 2, (c) Joint 3, and (d)
estimation values versus measurements of ¢, at R4 of Joint I, Joint 2, and Joint 3 along Cable 3.
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(see Figure 25). Since the top surface area of the BCOA is
much larger than that of the cross section, thermal con-
duction through the two ends can be neglected. Thus,
the temperature was assumed to be constant along each
fiber and equal to the corresponding thermal couple
measurement.

The experimental observation shows that it took a long
time for a crack to initiate at the joint. However, after the
crack opened, it propagated to the concrete bottom within a
short time. When crack initiation was observed, readings
were taken every hour continuously for 30 days to monitor
the crack propagation through the concrete—asphalt inter-
face. The BSS readings were recorded by Omnisens DIT-
EST under the BOTDR mode.

Results and discussion

Unlike the wood board test, temperature compensation of
the strain cable data using equation (2) was necessary due to
the significant daily temperature variation. Estimation of g,
was conducted from the BSS data measured by the
Omnisens system using the developed BSS-based crack
analysis method following the same procedure as the sec-
tion Wood Board Separation Laboratory Test. By taking the
first readings as the baseline, the increment of the estimated
Ems €m, in the nearest eight SRWs around each of the three
joints along Cable 1 is plotted in Figure 27. The SRWs are
labeled by the position of their center points. For example,
the center points of the nearest eight SRWs around Joint 1
along Cable 1 are as shown as the black points in
Figure 25(b). The SRWs with the center on the left and the
right of Joint 1 are labeled by “L” and “R,” respectively. The
following number indicates the order of the distance from
the joint. “1” corresponds to the nearest SRW while “4”
corresponds to the furthest one; that is, L1 is nearest to Joint
1, whereas L4 is furthest to Joint 1 in Figure 25(b). The other
SRWs around the other joints along the other cables are
labeled in the same way.

All the curves in Figure 27 show the daily fluctuation due
to thermal expansion and contraction of the BCOA itself.
Except for the four curves of Joint 1, Joint 1 L1 and 2 and
Joint R1 and 2 in Figure 27(a), the other curves show an
overall descending trend due to the seasonal decrease in
temperature during autumn. &, of the eight curves near Joint
1 are the same during the first twenty-eight hours. After that,
the curves dispersed from each other, indicating crack
opening through the concrete—asphalt interface. At L1, L2,
and R1, ¢, increased with time to 921 ue, suggesting that
the crack was generating at the overlapping area of the
SRWs of L1, L2, and R1. ¢, of R2 is smaller than that of L1,
L2, and R2; that is, the left boundary of SRW-R2 is within
the partially debonding zone around the crack. The close
examination of the data after crack development (the left
side of the dashed line in Figure 27(a)) shows that the peaks

of g, of L1, L2, and R1 correspond to the troughs of the
other points along Cable 1. The crack closes and opens by
the daily thermal expansion and contraction of the slab,
respectively.

Different from Joint 1, the ¢, values at the points around
Joint 2 and Joint 3 do not disperse from each other, as shown
in Figure 27(b) and (c). The surface cracks at these joints did
not penetrate to the asphalt layer. An overall decrease of
about 130 we and the daily fluctuation of about 50 ue are
observed among all plots in Figure 27(b) and (c). The slight
difference among them came from the structure heteroge-
neity. The ¢, values derived from the BSS measurements as
well as the strain measurements from the Omnisens system
at R4 of the three joints are shown in Figure 27(d). Since the
influence of crack development on the strain measurement
is negligible at this location, the data all match well to each
other. Similar observations can be made from the data of
Cables 2 and 3, as shown in Figures 28 and 29, respectively.
The crack strains measured at Joint 1 of Cables 2 and 3 are
smaller than those measured at Joint 1 of Cable 1.

The strain profiles estimated from ¢, within the SRWs
along the three cables are shown in Figure 30. The peak
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Table 2. Summarization of estimated and measured crack widths.

Cable no. Day4 Day18 Day26 Day30 Measurement on day30
Cablel-Jointl 0.035mm 0.052 mm 0.109 mm 0.252 mm 0.28 mm
Cable2-Jointl 0.054 mm 0.079 mm 0.099 mm 0.138 mm —

Cable3-Jointl 0.024 mm 0.030 mm 0.063 mm 0.089 mm 0.06 mm

strain occurs between the left bound of the SRW at R1
(x = 0.625m) and the right bound of the SRW of L2
(x = 0.875m) and the two bounds are shown by the two
vertical dashed lines. The ¢, values of L1, L2, and R1 are
equal to the crack strain ¢.. By assuming the center locations
of Slabl and Slab2 are fixed, the crack sizes can be esti-
mated by taking the sum of the fiber elongation of the left
and the right part of the crack. The estimated crack sizes on
Day 4, 18, 26, and 30 for the three cables are listed in
Table 2. Results show that, on Day 30, the crack size at
Cable 1 is 0.252 mm, whereas that at Cable 3 is 0.089 mm.
The crack size at the bottom of the concrete slab from the
side edge locations was measured by a vernier caliper with a
measurement precision of 0.02 mm. The measurement at the
edge near Cablel was 0.28 mm, whereas that at the edge
near Cable 3 was 0.06 mm. As the manual measurement was
conducted at the edge of the concrete layer rather than inside
the asphalt layer, the measured values are slightly different
from the estimated one.

Conclusions

This study proposed a BSS-based crack analysis method to
overcome the limitation of localized strain measurement
caused by the low spatial resolution issue of BOTDA/R
system. The method was validated through a wood board
separation laboratory test. Its accuracy of (i) identifying the
crack position, (ii) estimating the crack strain, and (iii)
measuring the crack size was examined. The method was
applied in the field to monitor the transverse joint propa-
gation through the asphalt—concrete interface of a thin
BCOA pavement.

The number of local minimums of the BSS gradient
depends on both (i) the stressed area compared to the spatial
resolution (7,) and (ii) the peak strain of crack (g.). When
BSS has double minimums, the local minimum with the
largest frequency coordinate is proved to estimate the tensile
strain induced by the crack. When BSS has a single min-
imum, crack is detectable when the crack strain dominates
the BSS gradient minimum. Results from the wood board
separation test show that the proposed method is able to
extract the maximum strain value within the spatial reso-
Iution near the crack and to evaluate the crack size accu-
rately. It was capable of detecting a narrow crack as small as
0.23 mm using a BOTDA analyzer with a low spatial
resolution of 750 mm. The method also successfully

detected the crack penetration and growth through the
concrete—asphalt interface of a thin BCOA pavement.

This article describes the method of extracting the
maximum strain within the SRW from the BSS measure-
ments. For future work, the method of decomposing the
BSSs into the strain profile within the SRW can be in-
vestigated. Moreover, various shapes of crack strain profile
under different mechanisms, such as torsion, shear, and
bending, can also be explored.
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Appendix |

Proof of equivalency of quantifying r. from &cp,
profile to &, profile

As shown in Figure 11, the &, profile and ¢, profile are
similar in shape. Both have a flat crest in the middle and the
length is L. ¢, within this crest can be corrected to &., the
value of ¢,, within this crest, according to Figures 8 and 9.
&.m Within the lower part of the transition zone under the
crack detection limit is equal to &, + V3Av /3C; because the
crack detection is not possible in this zone. However, the
upper part of the transition zone of the &, profile and the ¢,,
profile match to each other. Therefore, a proof that the ¢,
profile can be estimated from the ¢, profile as shown in
Figure 11 is equivalent to showing that . quantified by
extending the slope zones of the &, profile (red dashed

lines) till ¢ = ¢ is close to its truth value quantified from the
actual g, profile.

To achieve this, a series of simulations were con-
ducted to generate the ¢, profile under different sets of
&. — &g and r, by calculating the BSS gradients of all the
SRWs and locating the local minimums of them. The
simulations are done within the crack detection possible
regions (orange dotted and green back slashed areas
in Figure 6). Then, r, is estimated by extending the slope
zones of the simulated ¢, profiles till ¢ = ¢; as proposed
in Figure 11. The estimated 7. are compared with
the actual 7, in Figure 31. The blue shade marks the
area with a 10% estimation error. All the estimated
points in the figure are very close to the truth value.
Therefore, r. can be quantified accurately from the &,
profile.

Truth

£ — &4 = 3000ue
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Ec — Eq=T7000u¢e
£c — £4=9000us
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o
* =
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rc from actual g, profile (truth value)

Figure 31. Truth value of r. from &, profile versus estimation of

r. from &g, profile.
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