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Abstract

Stimulated Brillouin-based optical fiber sensors have been receiving increasing attention in recent times because of their
ability to measure distributed strain at high spatial resolution. This study presents a methodical approach for understand-
ing the structural behavior from measured strain distribution. A stress-transferring model, focusing on the tip of a crack
in concrete, with stress transfer from the host structure to the sensing segment on the attached fiber, was investigated.
The loss of information due to the limited spatial resolution of the sensor was also analyzed. An experimental study
using a notched concrete prism demonstrated the effectiveness of the proposed model for crack identification, allowing
the study to leverage the stimulated Brillouin-based sensor to crack quantification as well as detection and localization.
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Introduction

Optical fiber sensors can measure structural informa-
tion in terms of strain; however, except for discrete sen-
sors, there is insufficient technical literature about
simple models for the interpretation of strain data for
the host structural behavior. Conventional Brillouin-
based sensors have never been used for this stress-
transferring problem, which usually requires higher
accuracy discrete sensors, while it can be generally
stated that error from Brillouin-based sensors is too
large for such an application. For instance, short-gauge
sensors, for example, fiber Bragg gratings and Fabry—
Perot interferometers, have been used in studies of
stress-transferring mechanisms.' A theoretical model
of stress distribution based on force equilibria between
various components (the host materials, protective
coating, fiber core, and cladding) was introduced in a
previous study over a short length of a Michelson
white-light interferometer and was evaluated experi-
mentally.® The study first took into account the effect
of protective coating on the quantitative strain evalua-
tion. From that study, another study simplified the
stress-transferring model to be a function of the
shear-lag parameter (which depends on geometry and
stiffness) based on the classical force equivalent

derivation.* A recent study analyzed the three-
dimensional finite-element model of the surface-
attached short-gauge sensor to improve it by
considering the detailed geometry of the fiber and the
adhesive.” Their assumptions included the boundary
conditions of both ends of the short-gauge sensor,
because there was no axial tensile force at the points.
Accordingly, their findings are only directly relevant to
an embedded short-length sensor where such a stress-
transferring problem cannot be neglected in compari-
son to its high accuracy.

In recent decades, distributed optical fiber sensors
have achieved significant technical advancements.
When compared with conventional spontaneous
Brillouin-based sensors, systems that employ stimu-
lated Brillouin scattering for fully distributed strain
measurement have shown encouraging performances.
Their advancement in the field of spatial resolution
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offers new possibilities for further applications, for
example, crack identification (detection, localization,
and quantification). However, few available theoretical
analyses for distributed optical fiber sensors have been
performed, whereas specific sensor-coating studies have
been carried out into robust installation techniques and
highly unified behavior, focused on surface-mounted
and embedded sensors in a host structure.®® More spe-
cifically, for gradual strain-change measurement, an
analytical approach for extracting continuous strain
profiles has been investigated.” Except for such gradual
strain-distribution scenarios, stress-transferring mechan-
isms have not been substantially studied for distributed
sensors. This article presents a strain-distribution model
for severe strain-changing events, that is, cracking, and
experimental results measured by Brillouin optical cor-
relation domain analysis (BOCDA)-based strain sen-
sors, one type of stimulated Brillouin-based optical
fiber sensors.

Numerical model

Classical approach

To analyze the mechanical properties of fibrous materi-
als, the classical approach, which introduces a shear-lag
parameter to encapsulate both the effects of geometry
and the relative stiffness of the system components, was
considered. When a fiber having a radius r, is sur-
rounded by a material having a radius R, the shear-lag
parameter is defined as follows (see Appendix 1 for
nomenclature)'’

, E, 1

" T E U+ v In(R/r,) (M)

where Eris Young’s modulus for the fiber, and E,, and
v,, represent Young’s modulus and Poisson’s ratio of
the surrounding material, respectively.

Over the last two decades, with the development of
discrete sensors, stress translating from optical fiber
sensors has been investigated. To arrive at the govern-
ing equation (equation (11)), a number of lead-up
equations are required, and these shall be presented
here. Their presentation acts as a review of the analysis
of finite-length cylindrical inclusions embedded in a
surrounding material with an axially constant strain
field.*> As shown in Figure 1, the mean normal stress
on the fiber can be described in terms of the shear stress
acting on the outer fiber surface

a 27/ (r z)
25 () = rz\"f» o)
o)== @

Introducing a free-body diagram of an infinitesimal
element of the surrounding materials, the following

T

o’ Tz

(@)

Figure |. Stress-equivalent diagrams: (a) sensing fiber and (b)
surrounding material.

equation is derived from the equivalence of forces in
the z-direction

2 — r} 9
7 a—&;”(z) - ’T‘/:Z (rf,z)rf +70(r,z)r=0  (3)
- ’

Considering the interfacial force equivalence, the
shear force on the outer surface of the fiber (77 (rs,z))
is equivalent to the shear force on the inner surface of
the surrounding material (772 (ry, z) ). Therefore, the fol-
lowing expression is derived from equations (2) and (3)

) 2=
(r2)= 5 ol() —

Lo ) @

2r 9z *

Assuming that the transverse stresses on the fiber
and the coating are negligible, equation (4) can be
expressed using stiffness and mean axial strains as
follows

Ta(rz)=

Efr} 0
_ 9
TR

ri”@iﬂ@}<$

r; Epoz ‘
Alternatively, the shear stress can be expressed in

terms of the shear modulus, G,,, and the transverse and
longitudinal displacements

(r,2) =G, (g o"(r,2) + a% " (r, z)) (6)

From equations (5) and (6), the following equation
can be derived

d a
Gm gwm(r,z)+ Eum(r,z)) =
Efr,% 9 2 — r% E, 0
_ o J=m Y om 7
2’” aZ Z(Z) + rj% Ef 8262 (Z) ( )

In fact, most rigid polymers exhibit values of about
0.3 for Poisson’s ratio. Since it can be assumed that the
transverse (u-direction) displacement via the Poisson
effect is less significant than the longitudinal
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(w-displacement) one, the second term in the left
bracket of equation (7) is negligible. Therefore,

0 Ef"'f d rfE d
Gm_ m . _ Sf —m
PR GE e {82 Z(Z)+ T2 Eo- (r2)
(8)

Integrating from the interfacial boundary between
the fiber and the coating to the outer surface of the
coating leads to the following expression, which uses
Young’s modulus and Poisson’s ratio instead of the
shear modulus

" (R,z) — " (r,2) = — (1+vy)

E/ R 0 o Rz_r]%&i—m
() {aza<>+ SRR 0)

where

En=2(1+v,)G, (9a)

Moreover, differentiating equation (9) with respect
to the z-direction yields the following

&"(Rz) — e (z)= — (1+vy)

Ey & R —rE, & ,
Eml (f) {8228/;(2)+ I”% E_fgbz (I”,Z) (10)

Finally, the following expression can be derived
using the shear-lag parameter (equation (1))

R —17E,\ &
m S Em m
&, (R,Z) + ( 2 E_f @82 (R,Z)
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Development of numerical model

(11)

In this section, a numerical model suited to distributed
optical fiber sensors with high spatial resolutions for
crack identification is further developed. In addition to
the classical strain-transferring model given in the pre-
vious section, it is necessary to add a model for the
crack-induced strain condition. In this study, it is
assumed that the strain distribution on the outer sur-
face of the coating, ¢”(R,z), is Gaussian, as Duck and
LeBlanc* propose. The equation is a function of the
position (z) and the full width at half maximum (Az"),
which depends on the width of a crack

st (5] )

(12)

To solve the second derivative equation (equation
(11)) with the given strain distribution (equation (12))
for the outer surface of the coating, additional straight-
forward  boundary conditions are necessary.
Considering the strain distribution around a crack tip,
the first derivative of &/ must be zero at the crack cen-
ter, that is, the peak strain on the fiber appears at that
point. Additionally, &/ converges to zero far from the
crack in the case of distributed strain measurement.
The original work of this article, described in the fol-
lowing sections, combines with the above-mentioned
principle to develop a methodology, as shown in
Figure 2, for transferring strain information for a host
material to measurement information.

Fiber-protective slippage. To make the methodology
shown in Figure 2 more general and practical, the non-
linear slippage behavior of the surrounding compo-
nents has to be considered. In larger cracks, experience
shows that interfacial slippage between the fiber core
and the surrounding material usually occurs as shown
in Figure 3. A number of studies have been carried out
to develop an interfacial stress—strain response (shown
in Figure 4), and the following response is supposed to
express the debonding behavior based on the simple
assumption that the surrounding material softens sud-
denly once the stress reaches the maximum strength of
the material, that is, the strain reaches the maximum
bearing strain, &'**, corresponding to the sudden soft-
ening in Figure 4.'" After this point, an increase in
crack width causes an increase in the debonded region,
because only the bonded region bears tensile stress.
Therefore, the debonding considers the strain on the
fiber, &/ P¢¥(z), and can be categorized using the fol-
lowing two expressions, according to the strain at the
crack center, &/ (0)

[P G)=d() 0= (13)
Sf Deb. (Z) ;ndx ZSZDeb‘ ) s
{3§ Deb(2) = gf (z — D) z>zPeb if £(0) > & (14)

where ' is the maximum strain and appears as the
strain at the beginning of the debonding (z = ).
The parameter Az} can be considered to be the
crack width when debonding is initiated. Since an
increase in the crack width corresponds to an equal
increase in the integrated strain in the debonded region,
the following expression can be derived using the
applied displacement (Az") and the maximum strain
(1) as the restraint conditions to solve zP (in the
case of & (0) > &M, see equation (14))
ZDeb gmax

=Az" — Az, (15)
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Crack width Az™

Host material Crack-induced strain distribution on

host material (equation (12)) Ref.4
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Governing equation (equation (11)) Refs. 4 and 5
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Measured strain distribution:
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Figure 2. Methodology for analytical strain distribution in the case of a crack.

Figure 3. Interfacial slippage between fiber and surrounding
materials.

It should be noted that the maximum strain on the
fiber, ¢'**, and the corresponding crack width, Az},
have to be experimentally determined beforehand. In
this study, an additional tensile test was conducted to
observe such values in the same manner as the tensile
test described in the following chapter. When debond-
ing at the crack tip was first observed by a microscope

during the preliminary test, Az, was determined by

ini.

; A
Stress - Occurrence of Debonding

__—— Linear Softening

- Exponential Softening

-~ »

Lt .
Strain

max
&z

Figure 4. Stress—strain responses.

microscopic measurement. In addition, &]** was mea-
sured by the attached optical fiber sensor when there
was a constant strain at the debonded region.
Accordingly, the value of z”** was defined in equation
(15) with an observed crack width of Az". Depending
on the bond strength of the surface between the sur-
rounding material and the fiber, these values vary at
different installation settings. Table 1 contains the
results observed in the fixed and flexible settings.
Figure 5 depicts the numerical results for the strain
distribution on the fiber calculated by using equations
(13) and (14) with various crack widths, Az, with equa-
tion (12). Position is normalized by the spatial resolu-
tion of measurement. In Figure 5, it is easily observed
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Table I. Analytical setting
Settings  Young’s modulus  Young's modulus Poisson’s ratio ~ Shear-lag Observed crack width at initial ~ Spatial
and radius of and radius of of components  parameter  debonding and maximum strain  resolution
fiber segment component segment
Ef, I'f Emv R Vm n A ini? ;nax AZ
Fixed 72 GPa, 62.5 pm 0.5 MPa, 500 pm 0.3 0.0016 340 pm, 1230 X 10~ 38 mm
Flexible 72 GPa, 62.5 um 0.2 MPa, 1500 pum 0.3 0.0008 470 pm, 1340 X 10°° 38 mm
s . , . . . . Figure 6 is obtained, which provides a numerical exam-
-~ [ T 7 ’;’&E;;A’ﬂ ple of the measured strain distribution. It numerically
Z:V i / A=Az ’,’,’,, A4”'>Mi expresses the behavior of the surrounding material and
T / / a the limited spatial resolution at the crack tip on the
£ | ;o a<az et | host structure. Particularly, the limited spatial resolu-
” S \, RN tion results in indistinct strain distribution when com-
P —— L ———=——=——" pared with Figure 5.
Position: z/Az

Figure 5. Analytical examples of strain distribution on fiber
around a crack.

(l—z)22> dl
2(Az/2)
(16)

To apply equations (1) to (16) for crack identifica-

.meas. Deb. Z) = ( of .Deb. . 1 X _
aad® j () \/E(Az/z)ep<

— , Position: z/Az _ , , tion, values of several parameters for the fiber setting
> ———g—-'————————;—/v—;ﬁ:\;-——:—\ 777777 ———— are needed. In this study, two types of settings, fixed
: > \\\ \\/ ATA | and flexible, are considered. The material properties
: L ;S A e A% 1 and geometry of the analytical setting are depicted in
p & i 4 R \ Table 1 and refer to the study by Wan et al.” in terms of
E e // ATSASL N ] Young’s modulus for the fiber segment. Young’s modu-

— = ezt - /:/Té;\ ;\\uj R f lus of the component is reduced for use in this study
. based on the proportional value of the model and the

Figure 6. Analytical examples of strain distribution measured
around a crack.

that a larger crack width expands the debonded area
once the strain at the crack tip exceeds the maximum
strain, &)"**. Figure 5 assumes, of course, that the strain
distribution in the debonded area is constant as a result
of the fiber-protective slippage, because no load is
transferred into the surrounding materials at that point
because of perfect debonding."!

Sensor’s sensitivity. The observed optical fiber sensor sig-
nal is intrinsically affected by the entire range of spatial
resolution. Therefore, the sensor may lose some infor-
mation if a constant strain distribution is not in place.
As expressed in equation (16), it is assumed that the sig-
nal sensitivity of the distributed optical fiber sensor has
a normal distribution with a certain standard deviation
that corresponds to half the spatial resolution, Az.
Substituting equations (13) and (14) into equation (16),

actual sectional area. The fiber segment is considered as
being composed of optical fiber core and cladding, and
the composite segment is considered to be similar to
other surrounding materials such as the fiber-protective
and fiber-adhesive materials. The observed crack width
and maximum strain are also shown in Table 1. The
fixed setting indicates the case in which the bare sensing
fiber coated with a ultraviolet (UV)-protective material
(250 pm in diameter) is directly installed onto the host
structure using two composite epoxy adhesives, and the
flexible setting indicates the case in which the UV-
coated sensing fiber is installed onto a buffering rubber
material embedded in the host material by the same
epoxy adhesives. This buffering rubber material is used
to decrease the strain sensitivity.

Experimental work

Experimental setup

To evaluate our developed numerical model, a tensile
test was conducted on a mortar prism. The size of the
specimen was 100 mm in height, 100 mm in width, and
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Figure 7. Experimental setup.

300 mm in length. To increase its ductility, plastic fibers
were mixed with the concrete specimen. Notches were
made (5 mm wide and 30 mm deep) at the top and bot-
tom of the center of the specimen to induce a crack. In
addition, reinforcing bars were embedded into the spe-
cimen to give a structural hold for the test equipment.
The prisms, placed on the equipment, were gradually
pulled to induce a crack, as illustrated in Figure 7.
Precise capacitance sensors were used for a displace-
ment control tensile test. The applied force and loading
rate were not measured, as they were not of concern
for this study.

The sensing fibers were installed on the surface of
the prisms in two separate ways to simulate the two
types of settings, fixed and flexible, described earlier.
Figure 8 shows a sectional plan of the installed sensing
fibers.?

While the gradual tensile force was being applied,
the crack width was observed by a microscope (as
shown in Figure 9), while the strain distribution was
measured by the BOCDA-based optical fiber sensor.'?
In this case, the measurement was conducted at a spa-
tial resolution of 38 mm and a measurement interval of
approximately 10 mm.

Strain-distribution measurement for crack
identification

The measurements from the optical fiber sensor and the
calculated results for the fixed and flexible settings are
shown in Figure 10(a) and (b), respectively, showing the
strain distribution around the crack tip. The zero posi-
tion corresponds to the crack center. Generally, it can
be observed that the measurement is in good agreement
with the numerical results, and hence it is confirmed
that the proposed strain-transferring model is able to
identify the crack. Figure 10 also indicates that the fixed

Optical Fiber Core and Claddingj Modeled Components
r

UV Protective —.
r

ﬁ Epoxy Adhesive
R=[(Gtby 7

Bottom Thickness
b

% % %%% /%% %os/ruc%ure %

(a) Fixed

~ ~ ~— Modeled Components
4 N R
/ N\
\

/
Optical Fiber Core and Cladding
r ™
r
UV Protective — \
r

|
Bottom Thickness

Epoxy Adhesive

\
|

//

I

(b) Flexible

Figure 8. Cross-sectional diagram of installation setting: (a)
fixed and (b) flexible.

Figure 9. Microscopic photograph of a tiny crack.

setting is more sensitive than the flexible setting, and
the affected area of the fixed setting is smaller than that
of the flexible setting. It implies that the flexible sur-
rounding components lead to lower measurement sensi-
tivity, while the measurement is more robust in the
harsher environment because of the added protection.
For larger cracks in particular (for example, the
1380 pwm crack in Figure 10(a)), there are large
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Figure 1 1. Measured and calculated strain at the crack tip: (a) fixed setting and (b) flexible setting.

discrepancies between the measurement and the numeri-
cal result. It is thought that the differences are derived
from both the local invisible debonding and the tensile
equipment, thus not compromising on the proposed
model. A similar phenomenon was observed in a single-
shear test on a fiber-reinforced plastic (FRP)-concrete
specimen with very local invisible debonding at higher
loading."® Because a perfect tensile loading could not be
achieved with tensile equipment, an additional strain
induced by slight bending might occur for a larger
crack.

The collapse of the specimen occurred instanta-
neously with the growth of the crack in these tests
owing to the extra spring force of the equipment; thus,
the measurement had to be made very rapidly during
crack growth. In the BOCDA-based sensor, the mea-
surement time depends on the number of measurement
points. Although the highly dense measurement was
mainly conducted in the test, the number of measure-
ment points was reduced to shorten the measurement

time for one of the larger cracks (540 pwm), as shown in
Figure 10(b).

By focusing on the strain at the crack center, the
measurement by the BOCDA-based sensor can be com-
pared with the numerical results, as shown in Figure
11(a) and (b). Both are in reasonable agreement, and
thus, it is also confirmed that the model is appropriate
for evaluation of sensing fiber installation in terms of
sensitivity and repeatability. As a sensor’s sensitivity
indicates the slope of the line at a smaller crack width
in Figure 11(a), a fixed setting provides a higher sensi-
tivity. As a sensor’s repeatability indicates the linear
range in Figure 11(b), a flexible setting provides a wider
repeatability. The sensor will lose repeatability and resi-
dual strain will occur once the crack width exceeds a
certain value (out of the linear range). For instance,
monitoring on an aging crack requires sensitivity rather
than repeatability, because the crack width might be
monotonically opening. Monitoring a crack subjected
to a variable force, for example, wind or traffic loading,
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Figure 12. Comparison between observed crack width and
estimated crack width by sensor.

generally requires repeatability rather than sensitivity,
because the crack width might be repeatedly opening
and closing.

According to numerical results, once the strain on
the crack center reaches the maximum bearing strain,
e, the measured strain on the crack remains con-
stant. However, owing to the reasons mentioned
earlier—Ilocal invisible debonding at the crack tip and
the inability to produce perfect tensile loading—the
strain exceeds the maximum bearing strain with larger
cracks, as shown in Figure 11(a).

In considering the accuracy of BOCDA-based sen-
sors (approximately 100 X 10~%), it is assumed that the
minimum detectable crack is approximately 10 wm for
the fixed setting, because this is when the analytical
result trend reaches 100 X 10~ °. This value is consistent
with the results from a previous experimental observa-
tion.'* Furthermore, it is assumed that the minimum
detectable crack is approximately 20 wm for the flexible
setting.

Figure 12 shows the relationship between the crack
width from the distributed strain obtained from the sti-
mulated BOCDA and the corresponding measured
crack width by a microscope. To estimate the crack
width, the measured strain distribution is integrated in
the range of the specimen. It should be noted that
Figure 12 shows that the results are less than 400 wm in
crack width. Larger crack-induced strain reaches over
the edge of the specimen; however, the strain was mea-
sured within the specimen. Therefore, the error cannot
be ignored in the case of a larger crack. Referring to
Figure 10(a) and (b), the strain at the edge of the

specimen (150 mm in position) is more than zero at the
crack, over 300 wm approximately, which can be
defined as the maximum crack width for model evalua-
tion by this size of specimen. In Figure 12, although
slight bending on the specimen might result in some
discrepancies, the plots show that an appropriate esti-
mation is accomplished.

Summary

To express the transfer of stress from a host structure
to a sensing fiber, a model (based on a stress-equivalent
model) incorporating drastic softening behavior for the
surrounding components is proposed for the purpose
of crack identification using a stimulated Brillouin-
based sensor. The maximum strain on the fiber and the
debonding-initiated crack width is initially determined
experimentally, and the strain distribution change
resulting from the crack is then calculated using the
proposed model. The analyzed strain distribution is
recalculated using a Gaussian-shaped signal sensitivity.
The model is confirmed by experimental results using
different sensing fiber installations, and these installa-
tions are able to control the sensitivity for crack identi-
fication, while also being repeatable. The fixed-setting
installation type, in particular, provides a higher sensi-
tivity, though the flexible-setting installation type
provides a higher repeatability because of lesser fiber-
protective slippage.
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Appendix |

Nomenclature

Ey Young’s modulus of the fiber

E,, Young’s modulus of the surrounding
material

G, Shear modulus of the surrounding
material

Shear-lag parameter

Radius of the fiber

Radius of the surrounding material
Longitudinal displacement of the
surrounding material

Transverse displacement of the
surrounding material

Beginning position of the debonding

Greek letters

Az
A"

m
Az,

&

z
om
SZ

/
8Z

m
82
Smax

7 Deb
eD.
8Z

meas. Deb.

Half of the spatial resolution of the sensor
Full width at half maximum (depends on
the width of a crack)

Crack width when debonding is initiated
Mean axial strain on the fiber

Mean axial strain on the surrounding
material

Axial strain on the fiber

Axial strain on the surrounding material
Maximum bearing strain

Axial strain on the fiber considering the
debonding

Measured strain on the fiber considering
the debonding

Poisson’s ratio of the surrounding
material

Mean normal stress on the fiber

Mean normal stress on the surrounding
material

Shear stress on the fiber

Shear stress on the surrounding material
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