W) Check for updates

Review Structural Health Monitoring
S:’Iu:tural Health Monitoring

Distributed fiber optic strain sensing e huder) .

for crack detection with Brillouin shift e o 7 4rees 1231206887

spectrum back analysis msumash;agzb'mm/mme“hm

Ruonan Ou', Linging Luo®® and Kenichi Soga'

Abstract

Material cracking is one of the key mechanisms contributing to structural failure. Distributed fiber optic sensing (DFOS)
can measure the strain profile along optical fiber distributively. However, the conventional strain measurement using a
Brillouin-DFOS system (Brillouin optical time-domain analysis/reflectometry (BOTDA/R)) has a decimeter-order spatial
resolution, making it difficult to measure the highly localized strain generated by a sub-millimeter crack. This paper intro-
duces a crack analysis method based on decomposing the Brillouin scattering spectrum to overcome the spatial resolu-
tion induced crack measurement limitation of the BOTDA/R system. The method uses the non-negative least squares
algorithm to back-calculate the strain profile within the spatial resolution around each measurement point. The perfor-
mance of this method is verified by a four point bending test of a brittle slag cement-cement-bentonite beam. The crack
width estimation error is improved to £0.005 mm for a crack as narrow as 0.76 mm.
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Introduction 100 m, which restricts its applicability in expansive
infrastructural settings.

’ e . Another DFOS technique, Brillouin scattering-based
crucial part of structural health monitoring (SHM) in  ppog (Brillouin-DFOS) technology has become one of
the context of safety evaluation as they affect the integ- o most widely used technologies in the field of SHM. '3
rity and service life of the structure.” * It is important There are two primary classifications under this banner:
to conduct effective crack monitoring because the crack g 415uin optical time-domain analysis (BOTDA) and
detection helps reduce the risk of structural failure.®> A Brillouin optical time-domain reflectometry (BOTDR)
variety of monitoring techniques have been proposed These tools are prized for their kilometer-order sensing

?m(} add'opted to d,e tect gra'ck %"’Ye;(’png‘n;‘n a StrUCtﬁreé distances combined with decimeter-order sampling inter-
including acoustic emission,” infrared thermography, =g making them invaluable for monitoring expansive

ground-penetrgtln% radar,’ ﬁber. Bragl% grat1ng,8 digital structures. A pressing concern, however, is their spatial
image cforrelatlon, _computer vision, .and so on. As resolution, typically restrained between 0.5 and 1.0 m.
the timing and pos1t'10n of crack openings are usually This limitation becomes palpable when monitoring
unforeseen, a solution that has wide coverage and millimeter-order cracks: such a crack, when subjected to

aHOW.S continuous monitoring 1s attractive. significant strain, will manifest over an extended length
Distributed fiber optic sensing (DFOS) stands out

as a prominent technology with the capability to detect

cracks across egtenswe. areas. Within thg array of California, Berkeley, CA, USA

DFOS technologies, optical freqqency domain .reﬂecto- 2Earth and Environmental Sciences Area, Lawrence Berkeley National

metry (OFDR) garners attention due to its sub-  Laboratory, Berkeley, CA, USA

millimeter spatial resolution. Various crack detection

methodologies have been pioneered to enhance both -or! i )

the identification and localization of cracks usin Linging Luo, Earth and Environmental Sciences Area, Lawrence Berkeley
1114 R T . ,g National Laboratory, #1 Cyclotron Road, MS 74R316C, Berkeley, CA

OFDR. Nonetheless, its inherent limitation lies in 94720, UsA.

its sensing range, typically confined between 50 and  Emaillingingluo@Ibl.gov

Detecting the development of cracks in a structure is a
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Figure 1. Conceptual overview.

of about 0.5-1 m in the BOTDA/R system due to its
spatial resolution. As a consequence, the actual intensity
and scope of the strain are notably misjudged this deline-
ates the spatial resolution induced measurement chal-
lenge in the prevailing BOTDA /R systems.

Addressing this conundrum, researchers have pro-
posed three predominant strategies: (1) refining the
interrogator system to achieve sub-10-cm spatial reso-
lutions, albeit at the expense of truncating the sensing
range to 500 m"'*'®; (2) optimizing fiber installation
techniques, exemplified by Ravet et al.’s suggestion to
use the SMARTape which fosters initial delamination
between the fiber and the sensing target, thus permit-
ting crack detection even with 1 m spatial resolution
interrogators.'® It’s crucial to underscore that while this
method is apt for surface attachments, the predominant
demand lies in embedding the fibers within the struc-
ture; (3) reverse engineering the strain profile by juxta-
posing the recorded strain profile against the Brillouin
scattering spectrum (BSS) especially for pronounced
tensile strain detection.?

In this study, we delve into an advanced methodology
tailored to unveil the intricate data encompassed in the
BSS. While most BOTDA/R systems provide the BSS for
every sampling point, capturing a holistic view of the

strain within the spatial resolution,”’ conventional meth-
ods primarily focus on extracting information from the
peak frequency data for crack detection. Contrasting this
norm, our novel approach hinges on a comprehensive
BSS-based analysis. This methodology is adept at pin-
pointing crack-specific information, all the while retaining
the essential attribute of expansive sensing ranges. Instead
of restricting the examination to the spectrum indicative
of maximal tensile strain, our algorithm holistically inter-
prets the entire BSS components, as illustrated by the red,
blue, and black dashed lines in Figure 1.

To provide clarity on our innovation, we introduce
a least squares-driven BSS decomposition algorithm in
this manuscript. Preliminary evaluations, built on a
data set from a beam crack test, attest to its robust-
ness: it elevates the resolution accuracy of the esti-
mated strain profile to an impressive 1.3 mm, with an
exceptionally minor error deviation of approximately
0.005 mm, even for a crack as subtle as 0.76 mm with
an assumption of the presence of a singular crack
within each spatial resolution window (SRW). Our
research doesn’t merely bridge the prevailing limita-
tions in BOTDA/R system’s spatial resolution; it illu-
minates a pioneering path in maximizing the utility of
the BSS in the domain of SHM.
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BSS in matrix format

Consider a scenario where we have n distinct strain val-
ues (g;, where i=1,...,n) distributed along a length [
within a spatial resolution L (given as L= 1)
around a measurement point located at Z. The BSS
can then be expressed as:

n

Gv) = Z r., 8w, va(e) (1)

i=1

where r¢, (defined as r,, =/, /L) represents the spatial res-
olution ratio for the section of length [, corresponding
to strain value ¢; relative to the overall spatial resolution
L. The term g(v,vp(g;)) denotes the spontaneous
Brillouin scattering under strain g;. Consequently, the
measured BSS, denoted as G(v), can be conceptualized
as the result of an inner product involving two matrices:

G=SR ()

In this equation, BSS represents the measured BSS.
Specifically, G forms a column vector (of size m) com-
prising BSS power data at various frequencies collected
by the BOTDA/R system at discrete sampling points
along the fiber. The frequencies, vy, vy, ..., v, corre-
spond to the BSS frequencies determined by the inter-
rogator frequency scanning step or frequency
resolution within the Fast Fourier Transform.

Matrix S (of size mXn) is composed of the BSS data
associated with the n distinct strain values (g1, €, ...€,)
encountered within the SRW of the sampling point.
Vector R is also a column vector (of size n), with its
elements corresponding to the spatial ratios of the n
strain values (g1, €, ...€,).

To deduce the strain profile from the BSS data,
[e1,€2,...€,] and their corresponding spatial ratios
[Fe,s Teys - Ts,] Must be determined from Equation (2)
given a known G. However, solving this equation is
challenging due to two main reasons:

(1) both S and R are unknown;
(2) g(v;, vp(g;)) represents a nonlinear function of g;.

G(v)
G G(v2)
Gm)
[g(vi,vp(e1)) gvi,vp(er)) ... glvi,vp(E,))
gwa,vp(er)) glva,vp(er)) ... glva,vp(e,))

_g(Vm,VB(Sl)) g(Vm;VB(SZ)) g(vmaVB(an))
-}’gl

e

To address these challenges, Equation (2) must be
transformed into a linear equation involving the
unknowns. The first step involves reducing the number
of unknowns. While g1, ¢, ..., are indeed unknown,
their range (defined as the maximum and minimum
strain estimation [amin, dmax]) can be estimated based
on the structural deformation mechanism. Given that
the maximum strain the optical fiber can withstand is
approximately 10,000 we, we can set dmax as
10,000 pe. The research objective here is to estimate
tensile strain due to cracking. Hence, ay;, can be con-
servatively estimated as slightly less than 0 pe (e.g.,
—1000 pe) to encompass the crack initiation phase and
account for minimal potential compression.

With this context in mind, we introduce a new vec-
tor, C, which represents strain values within the range
between the maximum and minimum strain. C is
defined as [ci, ¢z, ...cp], Where ¢; values are uniformly
distributed within [@min»> @max)- Specifically,
Ci = amin + “"‘“;% (i — 1), where “ma—min represents the
strain resolution within this analysis method.

By assuming that all the strain values ¢; happen within
the SRW, matrix S in Equation (2) is expanded as matrix
S; in Equations (4) and (5). The spatial ratio of ¢; over the
spatial resolution L, (=1,/L), is defined as r.,. The r,, s
form the vector R; in the two equations below. In this case,
the problem of solving [e1, €2, ...€,] and [rg,, ey, ...r 75, ] I
Equation (2) is converted to solving [r,,7¢,, ..., 7c,] in
Equation (4) with known G and known S;.

Instead of only considering the strain values that do
occur, all the possible strain values are initially assumed
to happen. The final solution to Equation (4) will
reveal which strain values do occur and which do not.
By definition, r,, s need to be within [0, 1] and their sum
must be 1 (37, r,=1). The strain value (¢;) corre-
sponding to the spatial ratio (r.,) that is solved to be
zero does not occur. If 7, is solved to be positive, its
corresponding ¢; occurs and occupies the length of r,L
within the SRW.

G:SLRL (4)

G(v1)
G(v2)

G(vn)
gli,vpler)) gvi,vp(c)) ... glvi,va(c,))

S = gwa,vplc1)) gva,vp(c)) ... glva,va(cy)) (5)

g, va(c1)) gwm,va(c2)) ... gwm,vp(cy))

Ve

Ve,
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re,



Structural Health Monitoring 00(0)

Least squares-based linear equation
system solving method

Non-negative least squares (NNLS) algorithm is pro-
posed to solve Equation (4). The problem is trans-
formed to an optimization problem with constraints in
the form of Equation (6) to Equation (9). The goal is to
find the values of 7. that minimizes the squared error
function || S;R; — G||* with the constraints of 7, in the
range of [0, 1], and the sum of the r,, values equals 1.

argming, || LR, — G|, (6)
subject to
Osr,=1,i=1,..,p (7)
j2
Zc,:l,i:l,...,p (8)
i=1

Because Equation (6) is equivalent to Equation (9), the
goal is to find the optimum point of a convex quadra-
tic function of R;. The method used to solve this prob-
lem is the active-set method,??> where the active set is
defined as the set of active constraints. The ith con-
straint is active if the solution of r, can be negative
when assuming no constraints. The method initially
considers all constraints as active constraints and the
estimation of r., values starts from 0. After each itera-
tion, the values of 7., are modified and the constraints
are removed from the active set so the cost function
becomes smaller and smaller.?

1
argming, (ERLTSLTSLRL —yTSLRL> 9)

Experiment

The algorithm was tested in a bending test for crack
detection. As shown in Figure 2(a) and (b), a 200-cm
20-cm 24-cm slag cement-cement-bentonite (SCCB)
beam was subjected to four-point bending. The utiliza-
tion of cement-bentonite walls in river levee construc-
tion has been pivotal in addressing under seepage
concerns, particularly in areas demanding enhanced
structural integrity, such as when these walls are situ-
ated near the waterside levee toe or intersecting critical
infrastructure like bridges, utilities, and roadways.
Notably, SCCB material has recently garnered signifi-
cant attention within the realm of levee projects due to
its capability to concurrently reduce hydraulic conduc-
tivity and bolster structural strength. Nevertheless, the
inherent brittleness of SCCB raises valid engineering
apprehensions about its susceptibility to cracking under
external loads. In light of this, our study employed
SCCB as the primary material for inducing cracks
while minimizing bending deformations, thus facilitat-
ing a comprehensive analysis of detecting cracks using
DFOS techniques. The mix of the SCCB slurry used to
cast the beam is shown below. The ratio of the total
weight of slag and Portland cement over the weight of
water is 0.17. The proportion of the slag in the cement
(slag cement + Portland cement) is 0.8. The bentonite
weighs 0.04 of the total weight of the slurry.

(Wslag + WPorlland)/Wwater =0.17
Wslag/(Wslag + WPOrtland) =0.8
Wbentonite/ Wtotal =0.04

Before pouring the SCCB slurry into the wood mold of
the beam, the fibers were installed in the longitudinal
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Figure 2. SCCB beam four-point bending test setup and optical fiber layout (a) photo and (b) schematic front view and cross

section.
SCCB: slag cement-cement-bentonite.
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Figure 3. SCCB beam and wood mold during curing.

SCCB: slag cement-cement-bentonite.

Figure 4. (a) DITEST manufactured by Omnisens and
(b) ODiSI6104 manufactured by LUNA Technologies.

Table I. Specifications of Omnisens and LUNA systems.

Parameter Omnisens LUNA technologies
DITEST ODiSI 6104

Technology Brillouin scattering- Rayleigh scattering-
based sensing based sensing

Readout resolution 250 mm 1.3 mm

Spatial resolution 750 mm 1.3 mm

Distance range 50 km 50 m

direction at three different levels (2, 10, and 18 cm
from the top of the beam) in the middle of the mold, as
shown in Figure 2(b). Figure 3 shows the beam and the
mold during the curing process. The water content of
the material easily evaporates and drying cracks are
generated within a short time. To prevent the water
from evaporating, a plastic sheet was used to fully wrap
the beam throughout the curing process.

Two optical fibers were embedded in the beam, one
connected to a high spatial resolution OFDR system
and the other connected to a low spatial resolution
BOTDA system to measure the strain profile. Their
photos and specifications are shown in Figure 4 and
Table 1, respectively. The two cables were installed par-
allel to each other and 5 mm apart. Both were 1.3-mm-
diameter single-mode tight buffer strain cables manu-
factured by NanZee Sensing Technology Ltd (Suzhou
Industrial Park, Suzhou, China). The central frequency
of the cables with no strain applied is 10.857 Hz,
whereas C;=499.8 MHz/% and C;=0.915 MHz/°C.
Because the two cables were installed parallel to each

= = =
o N >

©

Loading displacement (mm)

0 25 50 75 100 125 150 175
Time (minute)

Figure 5. Loading displacement versus time curve at two
loading points at 0.75 and 1.25 m from the left end of the beam.

other with a small horizontal distance in between, it
was assumed that the two cables measured the same
deformation, and the two DFOS techniques were
employed concurrently for measurement comparison.
The finely detailed strain profiles obtained through the
OFDR system were utilized as the reference in this test-
ing scenario.

The bending test was performed on the 50th day after
casting the slurry. As shown in Figure 2, the spanning
distance between the two loading points on top of the
beam was 50 cm and the distance between the two sup-
ports at the bottom was 150 cm. The loading was con-
ducted by a loading cell. The vertical displacements of
the loading points were controlled with a precision of
0.254 mm (0.01 in). The test lasted for 175 min. During
the test, the vertical displacement was gradually increased
step by step from 0 to 13.97 mm, as shown in Figure 5.
At each step, the loading displacement was raised to the
target value and then kept constant for about 10 min to
allow the BOTDA system to take measurements.

Figure 6 shows the strain profile along the fiber at
the top, middle, and bottom levels before crack occur-
rence. The two supports and the two loading points are
marked in the figure. Outside of the two supports, the
strain remained constant, as expected. The fiber experi-
enced tension at the bottom level but compression at
the middle and top levels. This indicates that the bot-
tom level is below the neutral plane whereas the middle
level is above the neutral plane.

Figure 7 shows the photos of the beam under test.
Two cracks were observed during the test. Crack 1 ini-
tiated at a displacement of 0.76 mm and crack 2 at
4.06 mm. Both cracks then expanded, with crack 1
expanding faster than crack 2. Finally, crack 1 crossed
the beam at a displacement of 13.97 mm measured at
bottom surface.
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Figure 6. Strain profiles at the (a) top, (b) middle, and (3) top
level before crack occurrence.

Figure 8(a), (b), and (c) show the strain profiles mea-
sured by the OFDR system along the fiber at the top,
middle, and bottom levels, respectively. The strain pro-
files were taken with spatial resolution and readout res-
olution both at 1.3 mm. The figure shows that there
was no crack in the beam initially. Under increasing
loading, two cracks were generated during the test.
Crack 1, in Figure 7, developed at a displacement of
0.76 mm, penetrated through the bottom and middle
levels, then expanded and touched the top level at a dis-
placement of 8.89 mm. Crack 2, in Figure 7, developed
at a displacement of 4.06 mm and crossed the bottom,
middle, and top levels at first but did not expand much
at the middle and top levels during the rest of the test.

Because the BOTDA has 75 cm spatial resolution,
three points on the profile can be used to cover the
200 cm beam. The BSSs at 27.5, 102.5, and 177.5 cm
from the left end of the beam at the bottom, middle,
and top levels are shown in Figures 9, 10, and 11. They
cover ranges of [—10-65 cm], [65-140 cm], and [140-
215 cm], respectively, and therefore together cover the
whole beam.

Displacement = 0.76
Crack 1 initiated

Displacement = 4.06mm ;
Crack 2 initiated

Crack 1 Crack 2

Displacement = 8.89F#

Crack 1 and Crack 2 expended

Crack 1

Crack 1

Figure 7. Crack generation stages at different loading steps.
Fine spatial resolution OFDR system and low spatial resolution
BOTDA system BSS measurement.

OFDR: optical frequency domain reflectometry; BOTDA: Brillouin
optical time-domain analysis; BSS: Brillouin scattering spectrum.

The variation in OFDR strain profiles and the varia-
tion in BOTDA BSSs at the three levels can be divided
into three stages:

e Bottom level:

- Stage 1: Crack 1 appeared at displacement = 0.76
mm. In the BOTDA BSSs, crack 1 appeared within
[65-140 cm] at displacement = 0.76 mm. This can
be observed in the BSS at 102.5 cm, where a crack
peak strain developed to be 5700 pe with a
secondary peak slightly developed at 11.04 GHz
(Figure 9(b)).

- Stage 2: The crack opened and slippage occurred
between the beam and optical fiber as the displace-
ment increased. Slippage occurred at two different
displacement levels, 1.27 and 4.06 mm, and
expanded accordingly. At 1.27 mm displacement,
the slippage occurred within the location ranging
from 11.25 to 11.50 m. Subsequently, at 4.06 mm
displacement, the second crack emerged between
11.55 and 11.85m, and slippage also occurred,
which was evident in the OFDR profile.
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Figure 8. Strain profiles measured by the OFDR system along
(a) the top, (b) middle, and (c) bottom levels at different loading
steps.

OFDR: optical frequency domain reflectometry.

Regarding the BOTDA BSSs reading, there were

two peaks of comparable power in the BSS as the first
part of the SRW of the measurement point at 27.5 cm
was below ~0 we, while the rest was below ~2,000 pg
(Figure 9(a)). On the other hand, the slippage area
occupied almost the entire SRW of the measurement
point at 102.5 cm, and the peak in the BSS shifted
directly to the larger frequency value at the 4.06 mm
displacement level (Figure 9(b)).

Stage 3: The two slippage areas merged at a displa-
cement of 8.89 mm and expanded throughout the
entire beam, leading to an approximate increase of
3000—4000 e at the whole beam in the OFDR pro-
file. Additionally, the peaks of the BSSs in the
BOTDA shifted directly to the higher frequency
value (11-11.1 GHz in Figure 9) at the measure-
ment points of 27.5, 102.5, and 177.5 cm.
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Figure 9. BSS at (a) 27.5 cm, (b) 102.5 cm, and (c) 177.5 cm
from the left end of the beam along the fiber at the bottom
level at different loading steps.

BSS: Brillouin scattering spectrum.

- Stage 1: In the OFDR profile, a crack (crack 1) was
observed at a displacement of 0.76 mm. In BOTDA

BSSs profiles, crack 1 appeared within the range of

[65-140 cm] at displacement = 0.76 mm. However,
the peak strain value ~150 e was not big enough
to cause an obvious secondary peak in the BSS (see
Figure 10(b)).
- Stage 2: OFDR profiles showed that crack 2 contin-
ued to develop, and slippage began to occur at a dis-
placement of 4.06 mm. In the BOTDA BSSs profile,
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BSS at 27 5¢m experienced a large strain value of around 2000 e,
os — occupied approximately half of the SRW at the
‘ — OJemm measurement point at 27.5 cm. As a result, the
0.4 — 4.06mm power of the two peaks in the BSS at 102.5 cm were
5 T S nearly equal (see Figure 10(a)).
z 0.3 —— 13.97mm
o
go2 e Top level:
0.1
00 i - Stage 1: The OFDR profile did not show any cracks
D at the top level at a displacement of 1.27 mm. The
Frequency (GHz) BOTDA BSSs profiles at the three measurement
(a) locations each exhibited a single peak (see
BSS at 102.5cm Figure 11).
05 =-mn_| - Stage 2: At a displacement of 4.06 mm, crack 2 was
— 127mm visible in the OFDR profile as a distinct feature.
o4 L aeomm Despite a peak strain value of approximately
; e 100 pe.
g / - crack 2 did not produce a noticeable secondary peak
go2 /'/ | in the BSS (see Figure 11).
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tain is about 10, 000 e, the upper bound of the estimated

Figure 10. BSS at (a) 27.5 cm, (b) 102.5 cm, and (c) 177.5 cm
from the left end of the beam along the fiber at the middle level
at different loading steps.

BSS: Brillouin scattering spectrum.

the power accumulation of cracks 1 and 2 induced
the appearance of a secondary peak in the BSS at
102.5 cm (see Figure 10(b)). Additionally, a slight
secondary peak can be observed at 11.05 GHz in
the 27.5 cm BSS (see Figure 10(a)).

- Stage 3: At a displacement of 8.89 mm, slippage
began to occur and expand around crack 1 in the
OFDR profile, forming a distinct pattern that
emerged at 4.06 mm. The slippage area, which

strain value was set to be slightly larger, at 12,000 p.e.
During the process of crack initiation, generation, and
expansion, the fiber was always under tension. The lower
bound of the estimated strain value was set to be slightly
smaller than O e, at —500 pe. By assuming amin =
—500 e, amax = 12,000 we, and ¢; — ¢;_; =10 pe, C was
generated as [—500pe, —490 pg, ..., 11,990 e, 12,000 e
(size is 1251). .

The measured BSS data G of the BSS data was set
as from 10.6 to 11.4 kHz with 1 Hz steps and this gives
[G(10.6 kHz), G(10.601 kHz), ..., G(11.4 kHz)] during
the test; therefore, the frequency verter is
[v1,v2, ..., vso1] = [10.6 kHz, 10.601 kHz, 10.602 kHz, ...,
11.399 kHz, 11.4 kHz]. In this case, matrix S, was gen-
erated as
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2(10.6 kHz, v3(— 500 pe))
0.55 8, =

g(11.4kHz, vz(— 500 pe))

Secondly, spatial ratios R; were solved by NNLS from
Equation (4). The solution of Ry =[r¢,,Feys -oes Fepsy) 18
comprised of the spatial ratios of C =[—500 e,
—490 pe, ..., 11,990 pe, 12,000 pe] from the BSSs in
Figures 9, 10, and 11.

Within each SRW, that is, 75 c¢cm in this case, around
the measurement point, a single dominant crack occurs
around that measurement point and strains with posi-
tive calculated spatial ratios were sorted to follow the
same order as the ground truth in order to form the
estimated strain profiles. The estimated strain profiles
(solid lines) along the bottom, middle, and top levels
are plotted against the ground truth (dotted lines) in
Figures 12, 13, and 14 for comparison. As shown in
these figures, the estimation and ground truth match
each other.

The strain estimation errors (=estimation — truth)
along the fiber at the three levels are plotted against the
truth strain values in Figure 15(a). The black, blue, and
red points correspond to the fiber at the top, middle, and
bottom levels, respectively. Statistical analysis was con-
ducted on these estimation errors and the results are
summarized in Table 2. As shown in the table, the strain
estimation accuracy is similar among the three fiber lev-
els. The biases of the estimations are all close to 0 pe.
The maximum and minimum values, root mean square
error (RMSE), and 95% confidence interval for the
mean are similar for the three levels. In this case, the esti-
mation errors for all levels were analyzed together to
evaluate the estimation accuracy. The maximum estima-
tion errors are —95 and 94 p.e. The bias of the estimation
(mean of errors) is —0.48 pe. The RMSE of the estima-
tions is 33.86 pe. Figure 15(b) shows the probability
density function (pdf) of the estimation errors. Assuming
this pdf follows a normal distribution, [—0.83 e,
—0.12 pel is the 95% confidence interval for the mean of
the estimation error. Because the crack width is the
integration of the crack strain profile, the expected crack
width estimation errors at the top, middle, and bottom
levels are 750 mm X0.35 pe=0.00026 mm, 750 mm X
(—2.04 pe) = —0.00153 mm, and 750 mm XO0.15 pe
=0.00011 mm, respectively. The accuracy evaluation of
the crack width estimation in the next section confirms
these numbers.

2(10.6 kHz, v5( — 490 pe))
2(10.601kHz,v5(—500 ne)) g(10.601 kHz, vp(—490 ue))

g(11.399kHz, vz(— 500 pe))  g(11.399 kHz, vz(— 490 ne))
g(11.4kHz, v5(— 490 pe))

2(10.6 kHz, v5(12,000 pc))
2(10.601 kHz, v5(12,000 p.c))
(10)
g(11.399 kHz, v5(12,000 p.c))
g(11.4kHz, v5(12,000 pe))
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Figure 11. BSS at (a) 27.5 cm, (b) 102.5 cm, and (c) 177.5 cm
from the left end of the beam along the fiber at the top level at
different loading steps.

BSS: Brillouin scattering spectrum.
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Figure 12. Comparison of the strain profile back-calculated
from the BSS data and the ground truth measured by the OFDR

system along the fiber at the bottom level.
OFDR: optical frequency domain reflectometry; BSS: Brillouin scattering
spectrum.

Table 2. Statistical analysis of strain estimation errors.

Figure 13. Comparison of the strain profile back-calculated
from the BSS data and the ground truth measured by the OFDR
system along the fiber at the middle level.

OFDR: optical frequency domain reflectometry; BSS: Brillouin scattering
spectrum.

Fiber position Top level Middle level Bottom level All

Mean 0.35 pe —2.04 pe 0.15 pe —0.48 pe
MAE 10.85 pe 10.30 pe 17.06 pe 14.81 pe
Max 67 pe 81 pe 94 pe 94 e
Min —67 pe —82 pe —95 pe —95 pe
RMSE 38.09 pe 15.80 pe 41.10 pe 33.86 pe
R? 0.9947 0.9996 0.9993 0.999

% Cl for mean [—0.33 e, 1.02 pe]

[—2.33 pe,— .74 pe]

[—0.60 pe,0.91 pe] [—0.83 pe,—0.12 pe]

RMSE: root mean square error; Cl: confidence interval; MAE: mean absolute error.

Crack width estimation: BSS versus OFDR

The total crack displacements were calculated by tak-
ing the integral of the strain profiles in Figures 12, 13,
and 14. The results for the bottom, middle, and top
levels are plotted in Figure 16(a), (c), and (e), respec-
tively. In the figures, the estimation and ground truth
match each other well. Considering the OFDR mea-
surements as the baseline, the crack width estimation

errors (=BSS estimations — OFDR measurements)
for the bottom, middle, and top levels are plotted in
Figure 16(b), (d), and (f), respectively. As shown in the
figure, the crack width estimation errors are all within
+0.005 mm. The means of the crack width estimation
errors at the bottom, middle, and top levels are
0.00026, —0.00153, and 0.00011 mm, respectively.

In this study, due to the inherent brittleness of SCCB
material, the strain resulting from bending deformation



Ou et al.

Stage 1: No crack appears

10000
—— Omm-estimation
== Omm-truth

~—— 0.76mm-estimation
=+ 0.76mm-truth

8000

6000

4000

Strain (ue)

2000

0 N e

11.25

11.50 11.75 12.00 12.25 12.50 13.25

Distance (m)
Stage 2: First crack propogates to the top level fiber
—— 1.27mm-estimation
*  1.27mm-truth
—— 4.06mm-estimation
=+ 4.06mm-truth

12.75 13.00

10000

8000

6000

4000

Strain (ue)

2000

—--\j’“

13.25

o

11.25

11.50 11.75 12.00 12.25 12.50

Distance (m)
Stage 3: Second crack propagates through the top level fiber
—— 8.89mm-estimation
*+  8.89mm-truth
—— 11.43mm-estimation
= 11.43mm-truth
—— 13.97mm-estimation
13.97mm-truth

12.75 13.00

10000

8000

=>

6000

———
= —

4000

Strain (ue)

2000

0 N e e '\'a..-...n--—-~-->-~-~-..\,-"‘

11.25 11.50 11.75 12.00 12.25 12.50 13.25

Distance (m)

12.75 13.00

Figure 14. Comparison of the strain profile back-calculated
from the BSS data and the ground truth measured by the OFDR
system along the fiber at the top level.

OFDR: optical frequency domain reflectometry; BSS: Brillouin scattering
spectrum.

is relatively small compared to the strain levels generated
by cracks. The bending deformation, which extends

across a larger spatial section, was not taken into consid-
eration in this study. Although the BSS analysis method
inherently excludes the consideration of average defor-
mation strain within the SRW, it is important to note
that this bending deformation can increase the margin
of error in crack width assessment. Therefore, future
research should explore this aspect further to enhance
our understanding of crack behavior in other materials
under different loading conditions. In this study, it is
assumed that there is perfect bonding between the opti-
cal fiber and the host material, encompassing the inter-
faces of optical fiber-epoxy, epoxy-material, and within
the optical fiber cable itself. However, it is important to
acknowledge that instances of debonding between the
optical fiber and the host material can potentially lead
to an increase in crack width while simultaneously
reducing the strain intensity in the measured data. Such
occurrences may ultimately limit the precision of crack
width measurements. To address this challenge, methods
developed for OFDR!!""'*!* can also be applied to the
analysis of BSS-based BOTDA/R for a more accurate
estimation of crack width.

It is also notable that this crack back calculation
method requires the assumption that there is only one
dominant crack in an SRW. If there are multiple cracks
along the fiber and the distance between them is larger
than the spatial resolution, the performance of this
method will be the same as in the single-crack cases
because each BGS will be affected by only one crack. If
there are two or more cracks within an SRW, it will
still be able to provide accurate estimation of crack
width, since it calculates the strain values and their cor-
responding spatial ratios accurately. However, it can-
not identify the exact locations of cracks, and thus
cannot estimate strain profiles.
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Figure 15. (a) Estimation errors versus truth strain values. (b) pdf of estimation errors.
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Figure 16. Comparison of the measured crack widths from the LUNA system and the estimated crack widths from the BSSs at
the (a) bottom, (c) middle, and (e) top levels. Crack width estimation errors of Luna measurements and BSSs at the (b) bottom,

(d) middle, and (f) top levels.

BSS: Brillouin scattering spectrum.

Conclusion

This study addresses a significant challenge in SHM by
introducing a novel BSS-based crack analysis method
to detect small strain events, such as cracks. This
method was developed to overcome the limitation of

large spatial resolution in BOTDA/R-type DFOS
systems while harnessing their long sensing distance
capabilities. The methodology comprises three crucial
steps: (1) estimating lower and upper bounds of strain
values within a predefined spatial resolution, (2)
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constructing a comprehensive strain vector encompass-
ing all estimated values and utilizing it as a matrix
within the BSS formation equation, and (3) applying
the NNLS algorithm to determine spatial ratios of
strain values within the generated vector. The practical
significance of this innovation was demonstrated
through its application to quantify cracks in a four-
point bending laboratory test on an SCCB beam.

The experimental results underscore the method’s
utility in several key aspects. Firstly, it effectively iden-
tifies crack formation and detects fiber-material slip-
page during SCCB bending tests. Secondly, the method
exhibits a high degree of accuracy in back-calculating
strain profiles. Thirdly, it quantifies crack sizes from
BSS data with exceptional precision, maintaining an
error margin of only 0.005 mm. Importantly, crack
generation is discerned by a subtle power increase at a
high frequency within the BSS, while the pronounced
secondary peak power value serves as a distinctive sig-
nature of slippage.

Furthermore, this study elucidates a discernible non-
linear mathematical relationship between the BSS and
the strain profile within the spatial resolution. A signifi-
cant advantage of the BSS-based crack analysis method
is its capacity to linearize the problem, making it amen-
able to integration with deep learning models. This
opens avenues for further research possibilities, as deep
learning techniques can be leveraged to decompose and
enhance the utility of BSS data.

However, the method’s application has primarily
been demonstrated within the context of SCCB beam
testing, and its generalizability to other materials and
structural configurations requires further exploration.
Additionally, the influence of various environmental
factors and potential debonding effects between the
optical fiber and the host material warrants deeper
investigation. Furthermore, the computational demands
associated with the NNLS algorithm and the integra-
tion of deep learning techniques may present practical
challenges in real-world applications. Addressing these
limitations and conducting extensive validation studies
across diverse settings will be pivotal in fully realizing
the potential of this innovative BSS-based crack analy-
sis method in the realm of SHM and beyond.
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