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SUMMARY

Report shows that the nation’s bridge structures are going through serious aging
and deterioration problems. Cracking is a common phenomenon in the structural
members experiencing these problems. As a result, structural health monitoring (SHM)
based on crack detection and monitoring plays an important role in safety evaluation of
the structures. Sensors based on different technologies have been employed in crack
detection and monitoring. Compared to point-style sensors, fiber optic distributed sensors
have the advantage of performing ubiquitous sensing, which can locate the cracks
directly. Brillouin scattering in optical fibers is sensitive to strain and temperature
variations. One key factor affecting the performance of a Brillouin distributed sensing
system is the spatial resolution (SR). Pre-pump-pulse Brillouin optical time domain
analysis (PPP-BOTDA) is developed and capable of distributed strain/temperature
sensing with centimeter-level SR.

In this research, the capability of PPP-BOTDA in crack detection and monitoring
is studied both theoretically and experimentally. Appearance of a crack in the structural
member would create an extra strain distribution in the sensing fiber. The changes in
Brillouin gain spectrum (BGS) induced by the extra strain are analyzed by numerical
simulation and validated by a plate-crack test. The changes in BGS are characterized by
Brillouin frequency shift (BFS) and the width difference of BGS (BGSWD). Overall,
results from the test matched with calculation from numerical simulation. It showed that a
crack can be successfully detected as a peak from BFS and BGSWD. The development of

the crack can be monitored by the amplitude of the peak.
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SUMMARY (Continued)

Tests on structural members showed that the SR employed will affect the
performance of the sensing system in crack detection. In order to study the capability of
PPP-BOTDA sensing system in differentiating neighboring cracks, theoretical analysis
was performed and followed by experimental tests for a series of dual-crack cases
considering different crack spacing. Based on results from numerical simulation and
experimental tests, it is concluded that PPP-BOTDA can differentiate neighboring cracks
when the SR employed is smaller than the crack spacing. The conclusion from the dual-
crack cases was validated by results from load tests of reinforced concrete (RC) beams.

Based on the theoretical analysis and experimental research, better understanding
of the results from the tests is achieved, and general guidance is provided for crack

detection and monitoring based on PPP-BOTDA distributed sensors.
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1. INTRODUCTION
1.1 Background

Based on data provided by FHWA in 2012, more than 30% of the nation’s bridges
had exceeded their designed life. 11% of the bridges were classified as structurally
deficient, and 15% were defined as functionally obsolete (1). On one hand, the
structurally deficient and functionally obsolete bridges need to be replaced by new
bridges. On the other hand, measures should be taken to make sure the safety of the
bridges in operation, and structural health monitoring (SHM) is a very important part in
this process.

The major objective of SHM is to detect and characterize damages in civil
structures (2)(3). Damages can be reflected as deterioration in the material and/or
geometric properties of the structures, and bring negative effects to structural
performance. Damages can be accumulated during the regular service life or just caused
by extreme events. SHM during the service life of structures are usually performed
periodically in a long term (4). Performances of structures are evaluated based on data
periodically collected from SHM systems, and compared with the intended performances
from healthy structures to acquire information on structural aging and degradation (5).
After extreme events such as earthquakes or floods, SHM can be performed to provide
information regarding integrity of the structures so that further measures can be taken (6).

Cracking is a very popular damage to bridge girders and decks. It could be caused
by excessive loads resulting from other damages such as movement of the foundation or
failure of the expansion/contraction joints, or it just happens as a result of aging. Cracks

in steel structures may raise the stress intensity in structural members and lead to fatigue
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failure (7). Cracks in reinforced concrete members may pave the way for the corrosion of
reinforcement, jeopardizing the integrity of the structural members. As a result, crack
detection and monitoring plays a very important role in SHM.

Different technologies and methods have been developed to detect and monitor
structural cracks. The most direct way is visual inspections. Periodically, well-trained
inspectors examine the structural members and evaluate their conditions. The evaluation
could be appropriate and effective, but evaluation of similar conditions can vary widely
from inspector to inspector due to the subjectivity (8). Recently, visual inspections have
been replaced by digital images captured by cameras (9) (10) (11) and other graphic
technologies (12). Installing a measurer or displacement sensor across a crack is one
objective way to monitor the crack opening (13) (14). Ultrasonic method can be
employed to monitor the development of a crack (15) (16) (17). Other technologies such
as impact echo method (18) (19) (20) (21) and ground-penetrating-radar (22) (23) can
help detect cracking damages beneath the structural surfaces.

In addition to direct inspections, damage identification algorithms can be
developed based on data collected from different sensors such as strain gauges and
accelerometers in an SHM system. Many algorithms are based on modal analysis (24)
(25) (26) (27). Usually many sensors are needed to obtain a better accuracy in modal
analysis, which would create a large sensor network (28) (29) and increase the budget.

Fiber optic sensing technologies was fast developing in the last 20 years (30) (31)
(32). Compared to electrical sensors, fiber optic sensors have many advantages such as
immunity to electromagnetic interference, resistance to corrosion and broad bandwidth

for multiplexing (33). Many sensors were developed based on fiber Bragg grating (FBG)
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due to its sensitive to strain and temperature variations (34) (35) (36) (37) (38). FBG

sensors with different wavelength can be multiplexed in a single channel, which can
reduce the channels needed by a large sensing network (39).

Recently, fiber optic distributed sensing technologies are developing based on
different optical phenomena in optical fibers (40) (41). Distributed sensing is ubiquitous
and supposed to detect damages along the sensors’ paths. As a result, fewer sensors

would be involved to create a sensing network.

1.2 Principles of PPP-BOTDA

1.2.1 Scatterings in optical fibers

Rayleigh scattering, Raman scattering and Brillouin scattering are physical
phenomena in optical fibers that have been utilized in distributed sensing technologies

(42). The schema of the three scatterings is shown in Figure 1.

Anti-Stokes Stokes >
Rayleigh

Raman

t

wavelengih

Figure 1. Scatterings in optical fibers
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Rayleigh scattering is caused by random fluctuations in the refractive index along
the fiber. The backscattered light has the same frequency with the incident light. The
optical fiber can be modeled as a long weak FBG with a random period. The change in
temperature and strain will shift the reflected Rayleigh scattering spectrum, which can be
found by correlating the spectra of the scattered light and the incident light (43). Rayleigh
scattering has been used to measure disturbance in temperature and strain in optical fibers
(44) (45) (46) (47) (48).

Raman scattering is a processes due to intra-molecular vibrations and rotations. A
linear relationship exists between changes in the power of anti-Stokes signal and
temperature variations (49). Ramen scattering can be employed in distributed temperature
sensing (50) (51) (52).

Brillouin scattering is due to the interaction between light waves (photons) and
acoustic waves (phonons) in optical fibers (53). The acoustic waves work as a moving
FBG. Due to the Doppler effects, the scattered light has a frequency shift from the
incident light. Brillouin frequency shift (BFS) equals to the frequency of the phonons in
the optical fiber, which are related to the strain and temperature variation in the fiber (54)

(55) (56).

1.2.2 Brillouin scattering in optical fibers

Compared to the incident light, the Brillouin backscattered signal in a single mode
optical fiber (SMF) has a frequency downshift given by Equation 1.1 (57).

. Zneff(z)Va

A (1.1)
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where n.g is the effective mode refractive index, V, is the velocity of sound wave, and A
is the wavelength of the incident light in vacuum. Variations in strain and/or temperature
will cause changes in the local acoustic velocity and refractive index, and induce a shift
in Brillouin frequency. A linear relationship exists between BFS and variations in strain
and/or temperature, which is expressed by Equation 1.2 (58).

vg = C.Ae + CrAT (1.2)
where C, and Ct are Brillouin strain factor and temperature factor, and can be obtained

from calibration (59). For single mode fiber, C, = 0.05MHz/ue and Ct = 1MHz/°C.

1.2.3 Spontaneous and stimulated Brillouin scattering

Spontaneous Brillouin scattering is caused by collective acoustic oscillations of
the fiber materials in the natural state. The back-scattered light is usually weak, and can
propagate tens of kilometers in optical fibers without significant attenuation (60) (61)
(62). Brillouin optical time domain reflector (BOTDR) is based on spontaneous Brillouin
scattering (63) (64).

Stimulated Brillouin scattering (SBS) takes place when an intense light beam is
travelling in optical fiber (65) (66). The electrical field of the light beam creates acoustic
vibrations in the optical fiber through electrostriction (67), and the resultant scattering is
much stronger than spontaneous Brillouin scattering (68). SBS is initiated from
spontaneous Brillouin scattering (69) and is a nonlinear phenomenon only happening
when the intense of the light is above a threshold value (70). Brillouin optical time
domain analysis (BOTDA) (71) and Brillouin optial correlation domain analysis

(BOCDA) (72) are sensing technologies based on SBS.
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Different Brillouin sensing technologies have their own scopes of application.
BOTDR usually has a low spatial resolution (a few meters) and a long sensing distance
(up to tens of kilometers). BOCDA can achieve very high spatial resolution (up to a few
millimeters), but only have a short sensing distance (tens of meters). With pre-pump
pulse (73) (74) (75) (76) and/or differential pulse pair (77) (78) (79) (80) technologies,
BOTDA can achieve centimeter level spatial resolution, and the sensing distance can be

up to a few kilometers.

1.2.4 BOTDA system

The schema of the BOTDA system is shown in Figure 2. The sensing fiber is
connected to BOTDA at both ends. The pump light and pulse light are counter
propagating in the optical fiber (71) (81). The location along the distributed sensor is
recognized through the receiving time of the probe/backscattered light. The pump light is
a short pulse, and the probe light is a continuous wave. Usually, the frequency of the
pump light is a constant, while the frequency of the probe light is sweeping in a given
range. When the probe light is at the Stokes frequency, energy transfers from the pump
light to the probe light, creating a Brillouin gain in the probe light. The highest power of

the pump light is limited by the nonlinear effect in the optical fiber (82).



Ap

t

0
pump [Z=0 pump light —
laser

BOTDA optical fiber
probe
laser [z=_
ACW

t

0probe light

Figure 2. Schema of BOTDA system

The pump light Ex(z, t), probe light £y, (z,t), and the acoustic wave j(z,t) are

expressed in Equations 1.3-1.5.

Ep(z,t) = %EP (z,t)eikpz=wrt) 4 ¢ (1.3)
Ecw(z,t) = %ECW(Z, t)elkewz-wewd) 4 ¢ ¢, (1.4)
p(z,t) = %p(z, t)eilkaz=wal) 4 ¢ ¢, (1.5)

where Ep(z,t), Ecy(z,t) and p(z, t) are the amplitudes of the pump, probe and acoustic
wave, respectively. They are functions of time t and position z along the fiber. k and w
are the angular frequency and the wave number. The SBS in the optical fiber can be

expressed as the coupled Equations 1.6-1.8 (83).
] ] .
(E + v, 5) Ep = ikiEcyp (1.6)
] G . .
(5 - ‘Ug a_Z) ECW = lKlEPp (17)

(% +2 4 i(Qp(2) - Q)) p = ik3EpEgy (1.8)
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where v, is the group velocity of light. Qg (z) is the BFS at position z. Q is the frequency

difference between the pump light and the probe light, i.e. Q = wp — w¢y . T IS related
to the natural Brillouin linewidth Avy as Iy = 2mAvg, and Avg = 35MHz (84). The

coupling coefficients k; and x5 are given by Equations 1.9-1.10 (85).

_ TWgYe

K1 = 2nipg (1.9)
_ TngyYe

K3 = —4/1Ua (1.10)

where v, is the elasto-optic coefficient, n is the refractive index, A4 is the wavelength in
vacuum, p, is the density of the fiber core, g, is the permittivity in vacuum and v, is the
acoustic veloctiy.

The coupled Equations 1.6-1.8 can be solved with perturbation method, and the

probe light received at the pump end is expressed by Equation 1.11 (73).

Ecw(0,t) = Acw[1 + yH" (¢, Q)] (1.11)
where y = 2';1’“3, and H(t, Q) is the term for SBS, which is given by Equation 1.12.
B
L 2z 0o 2z
H(t,0) = [ A (t — E> J, h(z5)A (t —s— E) dsdz (1.12)

where A(t) is the amplitude of pump light at the pump end. h(z,s) is the phonon at

position z which decays with time s exponentially and given by Equation 1.13.

h(z,s) = Fe~(T+1@B@-D)s (1.13)
where I' = %B The Brillouin gain spectrum V (t, ) received at the pump end is expressed
by Equation 1.14.

V(t,Q) = %lECW(O, £)? — %ACWZ = %yACWZH(t, Q) +c.c. (1.14)



1.2.5 Pre-pump pulse BOTDA (PPP-BOTDA)

The spatial resolution of BOTDA can be improved by a shorter pump light.
However, pump light shorter than phonon lifetime (about 10 ns in silica fiber) results in
broadening of the measured Brillouin gain spectrum. The width of the measured BGS
could be a few hundred MHz, which is much larger than the natural Brillouin line width
(~30MHz) (86). Accuracy of the measurement is reduced due to a low SNR, and it is
difficult to capture the BFS from BGS. As a result, the spatial resolution of BOTDA
cannot be better than 1 meter (87).

In order to improve the spatial resolution of BOTDA, new technologies have been
developed in time domain (73) (74) (88) and frequency domain (72) (89). Pre-pump pulse
BOTDA (PPP-BOTDA) is developed by introducing a pulse before the pump light. The
duration of the pre-pump pulse is long enough to develop acoustic wave with a natural
Brillouin spectrum width. Then a very short pump light (less than 10ns) can interact with
the developed acoustic wave. With this method, centimeter level spatial resolution can be
achieved.

For PPP-BOTDA, the pump light can be expressed by Equation 1.15 (73).

Ap+Cy Dypre—D <t <Dpp
A(t) = Cy 0<t<Dpe—D (1.15)
0 elsewhere
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Apt+Cp

Cp

0 D Dpre

Figure 3. Pre-pump pulse and pump light

According to the shape of A(t) shown in Figure 3, the integral given by Equation

1.12 can be divided to four parts, which are given by Equations 1.16-1.19 (90).

Hy(t,Q) = 4,7 f,,l;“’((f__,i e V2 [eoPoretD220 (1 Ydsdz (1.16)

Hy(t, Q) = A,C, [P PrretD)2 (822l y ) sz (1.17)

vg(t=Dpre)/2 0

t—Dpre+D)/2 +t—Dppe+D—
Hy(t, Q) = ApCp f:gg((t—Dpz;e)/Z )/ Jy e #1% h(2,5)dsdz (1.18)

Hy(t,Q) = C,2 [0/ [ bz, 5)dsdz (1.19)

vg(t—Dpre)/2

1.2.6 Brillouin scattering based crack detection

Structural cracks on the path of a distributed sensor would induce additional
strains in the distributed sensor, which can be measured as Brillouin frequency shift by
BOTDA/R. Many experimental researches regarding crack detection with BOTDA/R
system were based on this idea (91) (92) (93) (94) (95). Generally, SR is the most
important factor for crack detection. The strain induced by a crack decays very fast with
distance from the crack location in the optical fiber. With a low SR, the strain induced by

a crack would be immersed by the background strain, and cannot be recognized until the



11

crack is wide enough (91). One option is to take the point-fixation style instead of the
overall-bonding style for sensor installation (96). The segment between two neighboring
fixed-points should be longer than the SR. In this method, the distributed sensor is
actually consisted of a series of discrete sensors. A linear relationship exists between the
measured BFS (strain) and the varying distance between two fixed points. However,
multiple cracks within one segment cannot be differentiated.

Crack detection and monitoring based on Brillouin scattering could be improved
by using a higher SR. Recently, PPP-BOTDA with centimeter SR has been applied in
crack detection based on distributed strain sensing (97) (98) (99). Lab tests were carried
out and the results were claimed successful. However, the researches only focused on

experimental results and were lack of theoretical analysis.

1.3 Research methodology

The objective of the research presented in this dissertation is to study the
capability of PPP-BOTDA in crack detection and monitoring based on theoretical
analysis and experimental tests, so that the results from tests can be fully understood and
guidance for further application could be provided.

In Chapter 2, changes in BGS due to crack-induced strain are studied theoretically
and experimentally for a distributed optical sensor crossing over a crack on the structural
surface. The crack-induced strain in the optical sensor is analyzed based on strain transfer
mechanism and works as the input of numerical simulation. Numerical simulation is
performed based on the principles introduced in Section 1.2. Experimental research is

carried out through the plate-crack test. Result from numerical simulation and
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experimental research are characterized by Brillouin frequency shift (BFS) and the width
difference of Brillouin gain spectrum (BGSWD). The effects of SR and COD on the
results are discussed.

In Chapter 3, load tests of structural members including one steel beam and three
reinforced concrete beams are employed for crack detection and monitoring with PPP-
BOTDA system. Cracks would develop in the members during the load and are expected
to be detected and monitored by BFS and BGSWD measured by the surface-installed
distributed sensor.

In Chapter 4, the study on capability of PPP-BOTDA in differentiating
neighboring cracks is introduced. Similar to the single-crack case, both numerical
simulation and experimental research are performed. The effects of SR on differentiating
neighboring cracks are considered for different crack spacing. General guidance is
provided for crack detection and monitoring with PPP-BOTDA distributed sensors.

In Chapter 5, load tests of two RC beams are introduced for crack detection and
monitoring with an improved SR. Multiple cracks are expected to be detected and
monitored from the measured BFS and BGSWD.

In Chapter 6, contributions of the study presented in this dissertation are
summarized. Existing issues in the research and possible improvements for further

research are discussed.



2. CRACK- INDUCED CHANGES IN BGS

2.1 Crack-induced strain in distributed sensors

2.1.1 Strain transfer mechanism

Strain is transferred from the structure to the distributed sensor by deformations of
surrounding materials such as protective layers of the fiber and the adhesive (100). The
mechanism of strain transferring from the structural surface to a surface-installed fiber
optic sensor has been studied by some scholars. Ansari et al. (101) introduced a shear
transfer model to analyze the development length of a fiber optic sensor. The analysis
was based on a few assumptions such as linear elastic behavior for the fiber materials,
prefect bonds between all interfaces, and same mechanical properties for the core and
cladding. For a sensor with gauge length of 2L, the strain distribution in the optical fiber

is given by Equation 2.1.

sinh(kx)] (21)

gg(X) = &m [1 " sinh(kL)

where &g is the strain in the fiber core, ¢y, is the strain in the structure, k is the factor

accounting for the shear lag effect from the buffering layers, xis the distance from the
center of the sensor, and L is half of the gauge length.

Wan, et al. (102) employed 3D finite element modeling to analyze the strain in a
surface — mounted FBG sensor. The effects of geometric parameters of the adhesive such
as the side width, top thickness, bond length and bottom thickness on the strain transfer
was investigated. It was revealed that the bond length and the bottom thickness are
dominant factors. It was also concluded that the analytical strain transfer model was only

valid for small shear lag factors.

13
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2.1.2 Crack-induced strain

A crack will cause discontinuity of the displacement field in the structure, while
the displacement field in the sensor is still continuous. Feng et al. (103) analyzed the
crack-induced strain in the distributed sensor based on the strain transfer mechanism. The
problem is depicted in Figure 4. The displacement field of the structure can be expressed
by

U, (x) =gnx+96 (2.2)
where u,, (x) is the displacement field in the structure, g, is the constant strain in the
structure, x is the distance from the crack, and & is half the width of the crack. For elastic
analysis, the strain distribution in the sensing fiber is expressed by

er(x) = —BCyexp[B(L — x)] + PCoexp[B(L + )] + &y (2.3)
where f is the shear lag factor, C; and C, are two constants given by Equations 2.4-2.5.

dexp (2BL)

C1=- exp(BL)+exp(3pL) (2.4)
C, = — 0 25
2= exp(BL)+exp(3pL) (2.5)

In addition to the elastic analysis, Feng also considered an ideal elasto-plastic
model for the polymeric coating of the fiber, which was developed for cases with large

crack opening displacements (CODs).

z=-L . .. z=0 z=L
! Adhe\swe Optical Fiber = COD =26 !

Structure strain em \/

Figure 4. Optical fiber sensor of length 2L traversing a single crack
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Different elasto-plastic models were considered for the polymeric coating by
other scholars. Imai et al (104) introduced a sudden softening model for the surrounding
materials including the polymeric coating of optical fiber and the adhesive. The maximal
strain in the surrounding materials and the debonding-initiated crack width were
determined experimentally.

Even though plastic deformation may take place in the fiber coating and the
adhesive layer, the elasto-plastic model is lack of support from experimental facts, since
test data concerning the stress-strain relationship for the polymeric coating was not
available. In addition, plastic deformation and debonding between different materials are
not obvious when the COD is small. Under these considerations, elastic analysis is

reasonable and feasible for the theoretical research.

2.1.3 Theoretical analysis

The details of the elastic analysis for the single-crack problem was introduced in
(103), and major equations were cited in this section only for completeness. According to
Figure 4, the distributed sensor is bonded to the surface of the structure from z = —L to
z = L. The COD 23 is located at z = 0. Since the structural strain is released at the crack
location, it is supposed that ¢,, = 0 within the crack vicinity. The strain distribution g¢(z)
in the optical fiber was derived from the equilibrium of force and compatibility of the
displacement field. A segment of the optical fiber together with the adhesive layer is

taken out and shown in Figure 5.
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Figure 5. Schema of the deformation and stress analysis of a fiber segment

For a small segment dz at location z, suppose the stress is evenly distributed in the
fiber core and ignores the shear strain and stress, the force equilibrium in the fiber core is
given by Equation 2.6.

do(z) + 21¢(z) ~0 (26)

dz re
If the normal stress in the polymeric coating and the adhesive layer is neglected, the force

equilibrium in the polymeric coating and adhesive layer can be given by
(z,r) = r?frf(z) (2.7)
The deformation in the fiber core at location z is expressed as
_ _ (2@
ug(z) = [ &r(z2)dz = [ B dz (2.8)
For the cross section shown in Figure 5, the shear deformation of the polymeric coating

u.(z) and adhesive layer u,(z) can be acquired by Equations 2.9-2.10
u (@ = [;*y(z0dr = 01(2) (2.9)

ua(2) = [*v(z, D) dr = o,11(2) (2.10)



17

1 1
where o, = r¢ (—lan1 + —lnrﬂ) and o, = —-ln=2
Ge1 re Gez T Ga Ia

The compatibility of deformation at location z is given as
ue(z) + u.(z) + u,(z) =96 (2.11)
Equation 2.11 can be transformed to Equation 2.12 by replacing u¢(z), u.(z) and u,(z)

with Equations 2.8-2.10.
ue(z) =8+ w u¢’'(z) (2.12)

The displacement field in the sensing fiber is obtained as Equation 2.13 by solving
Equation 2.12.

ue(z) = C; exp(Bz) + C, exp(—pz) +d (2.13)
where f is the shear lag effect factor, which is given by Equation 2.14. B is related to the

material and geometric properties of the optical fiber and the adhesive layer.

2 2
B N Efre(ac+og) (2.14)

The strain in the fiber core is obtained by differentiating Equation 2.13 once.

gf(z) = BCrexp(Bz) — BCrexp(—Pz) (2.15)
The boundary conditions for the single crack case can be expressed as ug(0) = 0 and
gr(£L) = 0. For the segment of z > 0, constants C; and C, are determined from the

boundary conditions and given by

)
C, = T oxppL 1 (2.16)
_ Sexp(2BL)
27 exp(2BL)+1 (2.17)

When exp(2BL) >» &, C; = 0 and C, =~ —3. For the segment of z > 0, the strain in the

fiber core can be simplified as Equation 2.18 (105).
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gr(z) = 8Bexp(—Pz) (2.18)

Due to symmetry with respect to the crack location, the strain in the fiber induced by a
COD 26 at z = 0 can be expressed as a piecewise exponential function by Equation 2.19.

opexp(—Bz) z>0

er(z) = { spexp(Pz)  z <0 (2.19)

One issue with Equation 2.19 is to determine the value of B. In (102) (103) (104), B was
calculated through Equation 2.14. In this process, even though the geometric boundary of
the adhesive layer was simplified as a circle, no explanation was provided for
determination of the radius of the adhesive layer. As described later in this chapter,  was
determined from finite elements analysis in this study.

For embedded distributed sensors, theoretical analysis of strain induced by a crack
could follow a similar process. Even though the mechanism of strain transfer and the
material properties may be different, it is believed that shear lag factors could also be

available for embedded distributed sensors.

2.1.4 Determination of shear lag factor

Three-dimensional finite element analysis (FEA) was employed to acquire the
shear lag factor  for the surface-installed distributed sensor. The center of the fiber core
at the crack location was selected as the origin of the finite element model. In the model,
the optical fiber was supposed bonded to the structural surface by an adhesive layer from
z=—1mto z = 1m. The mechanical properties of the adhesive layer were chosen to
mimic the adhesive employed in a following experiment. The optical fiber was modeled
with two coating layers to mimic Corning’s SMF28 optical fiber which was used in the

following experiment. The cross section of the optical fiber is shown in Figure 6.
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Compared to the soft adhesive layer, the base structure was with much higher Young’s
modulus and can be treated as a rigid body and not included in the model. The COD was
applied to the bottom surface of the adhesive layer. As shown in Figure 7, only one
quarter of the model was modeled in ANSYS, since the analyzed problem is symmetric
to the planes x =0 and z = 0. No slippage between different material layers was
considered in the FEA. The mechanical properties of the materials involved are shown in

Table I.

Outer Coating

Inner Coating

Clading
Core

9 pm

125um

190

250

Figure 6. Cross section and dimensional properties of SMF28 optical fiber

to Z=1m ‘ free end surface at Z=1m

symmetric BC
on surface X=0

free top surface of adhesive

ifree side
surface

fiber coatings

symmetric BC
fiber clading and core on surface Z =0

zZ
bottom surtace bonded to plates
X

Figure 7. Cross section view of FE model of the single crack experiment
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Table I. Mechanical properties of interfaces

Materials Young’s Modulus (MPa) Poisson’s ratio
Fiber core and cladding 72 000 0.2
Inner Acrylate coating 4.17 (106) 0.48
Outer Acrylate coating 904 (106) 0.46
Silicon rubber based adhesive 4 0.48

By fitting the crack-induced strain in the sensing fiber from FEA with Equation
2.19, B was determined as 45.11/m. The comparison between strains from FEA and
Equation 2.19 under COD of 25um is shown in Figure 8. The maximal difference in
strains was 4.27%, which occurred at the crack location. With all the materials being
linear elastic, FEA showed the crack-induced strain was proportional to the COD. For
different CODs, the strain distribution according to Equation 2.19 is shown in Figure 9.
Since the objective of the study presented here pertained to detection and monitoring of
small cracks, the stress levels at the various interfaces within the optical fiber materials

were rational for the linear elastic analysis.
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Figure 8. Strain distribution along the fiber length for a COD of 25um
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Figure 9. Strain distributions for all the simulated CODs based on theoretical analysis

2.2 Numerical simulation of PPP-BOTDA

2.2.1 Principles

Theoretical strain analysis indicated that a crack would induce a piecewise

exponential distributed strain in the surface-installed distributed fiber optic sensor. The
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strain sharply decays with distances away from the crack location. With this distributed
strain input, BGS at different locations along the distributed sensor can be predicted by
Equation 1.14. Numerical simulation was realized by solving Equation 1.14 in Matlab,
and the program can be referred to Appendix A.

The change in BGS can be characterized by Brillouin frequency shift (BFS), the
variation in the 1dB width of the BGS (BGSWD), and the peak power of the BGS. These

characters are defined in Figure 10.
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Figure 10. Characters of BGS

2.2.2 Results from numerical simulation

Numerical simulation was performed with different spatial resolutions (50cm,
20cm and 10cm SRs). The extinct ratio was set at 25dB. With the distributed strains from
Figure 9 as the input, BGS at the crack location (z = 0) when 20cm SR was employed
are shown in Figure 11. In Figure 11, both BFS and BGSWD increased with growth of
CODs while the peak power decreased. However, the peak power was not employed as a

character of BGS in this study due to two reasons: The commercial PPP-BOTDA device
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did not provide peak power of BGS as an output; the peak power of BGS from the

following test was found not consistent.
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Figure 11. BGS from numerical simulation under different CODs

The BFS and BGSWD from numerical simulation are shown in Figure 12. For all
the SRs employed, the crack was recognized as a single peak from both BFS and
BGSWD. Comparing to the theoretical strain in Figure 9, the strain converted from BFS
(1 MHz ~ 20ue) in Figure 12(a) (c) (e) was very small. Due to a limited SR, the BGS
measured at the crack location was affected by nearby locations where strain was low.

Even though the input strain was symmetric to the crack location, the distributed
BFS and BGSWD were non-symmetric to the crack location. This asymmetry is due to
the stepwise shape of the pump pulse. The peaks from BFS and BGSWD were close but

not at the exact crack location and they moved towards the crack location under a larger

COD.
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Figure 12. BFS and BGSWD from numerical simulation with different SRs
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The amplitudes of BFS and BGSWD are shown in Figure 13. For each SR, the

amplitudes of BFS and BGSWD increased with the COD. When 50cm SR or 20cm SR
was employed, the growth of the amplitudes slowed down when the COD was close to
200 pm. In addition, the amplitudes of BFS and BGSWD increased when an improved

SR was employed.
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Figure 13. Amplitudes of BFS and BGSWD from numerical simulation

The affected lengths was defined as full width at half maximum (FWHM) for
BFS and BGSWD. The affected lengths of BFS and BGSWD are shown in Figure 14.
For each SR employed, the affected lengths did not change much under different CODs.
The averaged affected lengths of BFS and BGSWD decreased when an improved SR
was employed. The affected lengths of BFS and BGSWD were quite close to each other

when 20cm SR or 10cm SR was employed.
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Figure 14. Affected lengths of BFS and BGSWD from numerical simulation

2.2.3 Issues in numerical simulation

Numerical simulation is simplified and idealized modeling of PPP-BOTDA.
There are differences between the numerical simulation and a real PPP-BOTDA device.
For example, the pump light in a real PPP-BOTDA device is not a step function (107).
Many effects were neglected in the numerical simulation, such as signal loss, noise
brought by electrical elements, attenuation from materials, depletion of the pump light,
and etc. The simplification and idealization would cause discrepancies in results between
numerical simulation and test measurement. Irrespective of these challenges, the
objective for the study is to determine whether the changes in BGS from a real PPP-
BOTDA system could be employed in crack detection and monitoring, even though the

results may be questionable due to the above-mentioned experimental realities.
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2.3 Single-crack test

2.3.1 Test setup

The single-crack test was designed to simulate the opening of a crack between
two aluminum plates. Schematic of the test setup is shown in Figure 15. Two pieces of
aluminum plates were machined and positioned next to each other on precision
micrometer stages. The test setup was designed for the plates to have capability for full
closure or separation by using the precision micrometer. One section of the plate was
fixed and the other was provided with translation capabilities. Translation of the plate
created the opening of the crack. The experimental setup mimicked the case from
numerical simulation, where the 2-meter long optical fiber was adhered to the surface of
the specimen with one meter of fiber on each side of the crack. The optical fiber was pre-
tensioned and bonded onto the surfaces of the plates by a thin layer of adhesive
(approximately 1 mm), and also to act as cover to protect the upper surface of the optical
fiber against accidental damage during the experiments. The FBG based displacement
gauges are employed to measure the crack opening displacement at the center of the
crack. Both the distributed sensor and displacement gauge were temperature

compensated. The photo of the experiment setup is shown in Figure 16.

- movable fixed Adheisive and

Pump moving direction  plate plate pre-tensioned SMF28

light

\ X
BOTDA T — 3
L |
Probe /

light FBG DG for FBG DG f+-cop tension-free SMF28 for
temperature compensation temperature compensation

Figure 15. Schematics of the crack test setup
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Figure 16. Single-crack test setup

2.3.2 PPP-BOTDA device

A commercially available PPP-BOTDA device (Neubrex NBX-6055) (108) was
employed to perform the distributed measurements. All the input parameters for the PPP-
BOTDA were selected in consonance with the parameters selected for the numerical
simulations, i.e. 50cm, 20 cm and 10cm SRs and pump light extinct ratio R, of 25dB.
Even though the device was capable of performing tests with 5cm SR, the lower SRs
were chosen due to better measurement repeatability with affordable time consumption.
BFS and BGSWD in the sensing fiber were measured for CODs ranging from 25um to

200pum.

2.3.3 Results from tests

The BGS measured at the crack location when 20cm SR was employed are shown
in Figure 17 as an example. Both BFS and BGSWD increased with the COD. However,

no definite relationship was shown between the maximal Brillouin gain and the COD.
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Figure 17. BGS measured at the crack location under different CODs

The BFS and BGSWD measured by PPP-BOTDA are shown in Figure 18.
Similar to the results from numerical simulation, the crack was recognized from both
BFS and BGSWD for all the SRs employed. Compared to numerical simulation, BFS and

BGSWD measured from the test were more symmetric to the crack location.
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The amplitudes of BFS and BGSWD measured with different SRs are shown in

Figure 19. Similar to numerical simulation, the amplitudes were positively related to the
COD. When 50cm or 20cm SR was employed, the amplitudes tended to stop growing as
the COD was close to 200um. The amplitudes of BFS and BGSWD increased with an
improved SR. Compared to numerical simulation, the amplitudes of BFS and BGSWD
measured from the tests were lower when 20cm SR or 10cm was employed. The
difference between BFS measured with 50cm SR and 20cm SR was not obvious. The

BGSWD was less sensitive for small CODs.
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Figure 19. Amplitudes of BFS and BGSWD from test measurement

The affected lengths of BFS and BGSWD are shown in Figure 20. Similar to
numerical simulation, the affected lengths did not change much under different CODs for
each SR employed. The averaged affected lengths decreased with an improved SR.
Comparing BFS and BGSWD measured with each SR, BGSWD had a smaller affected
length than BFS when 20cm SR or 10cm SR was employed. Compared to affected
lengths from numerical simulation in Figure 14, the averaged affected length from the

test was larger for each SR.
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Figure 20. Affected lengths of BFS and BGSWD from test measurement

2.4 Summary

Theoretical and experimental study of PPP-BOTDA distributed sensing in crack
detection and monitoring was carried out. The performance of PPP-BOTDA in crack
detection and monitoring was first simulated by numerical simulation, and then tested
through the single-crack test with a commercial PPP-BOTDA device.

Numerical simulation was performed by programming the equations describing
the principles of PPP-BOTDA in Matlab. The crack-induced strain in the distributed
sensor was analyzed based on strain transfer mechanism and employed as the input of
numerical simulation. BGS along the distributed sensor was acquired as the output of
numerical simulation. BFS and BGSWD were employed to characterize the changes in
BGS due to the COD. The crack was recognized as a peak from BFS and BGSWD. The
amplitudes of BFS and BGSWD were positively related to the COD, and increased with
an improved SR. The affected lengths of BFS and BGSWD were usually not sensitive to

COD, and decreased with an improved SR.



33

The test setup mimicked the single-crack problem studied in the numerical
simulation. General similarity existed between the results from numerical simulation and
test measurement. However, differences were found due to effects neglected in numerical
simulation. Compared to numerical simulation, BFS and BGSWD from tests were more
symmetric to the crack location. The amplitudes of BFS and BGSWD measured from the
test were usually lower than the amplitudes predicted by numerical simulation. The
BGSWD was not sensitive as expected for small CODs. The averaged affected lengths of
BFS and BGSWD from the test were also larger for each SR.

Though the results from numerical simulation and test measurement were
different in some ways, it was proved that BFS and BGSWD were capable of crack

detection and monitoring.



3. CRACK DETECTION AND MONITORING ON STRUCTURAL MEMBERS

3.1 Introductions

In chapter 2, PPP-BOTDA distributed sensing was proved capable of detecting
and monitoring a crack by numerical simulation and experimental test. It was shown that
appearance and widening of a crack would induce a change in the BGS, which was
characterized by BFS and BGSWD. In this chapter, crack detection and monitoring based
on PPP-BOTDA distributed sensing technology took one more step towards engineering
application. Four-point-bending load tests were performed on structural members
including one steel beam and three reinforced concrete (RC) beams in the lab. PPP-
BOTDA distributed sensors were installed on these structural elements. Cracks appeared
during the load tests were expected to be detected and monitored by the distributed
sensors. Designs of the tests were introduced and results were discussed in the following

sections of this chapter.

3.2 Load test of the steel beam

3.2.1 Test setup

Crack detection and monitoring was performed on a steel beam under a series of
four-point-bending tests. The design of the steel beam is shown in Figures 21 and 22.The
beam was 15-meter long, and fabricated by splicing three W4 x 13 segments. The three
segments were 4.25m, 6.13m and 4.38m long, respectively. Two neighboring segments
were spliced by gussets, and a small gap existed at each splice. The splice is shown in

Figure 23.
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Figure 22. Cross section of the steel beam

Two supports were located at 3.75m away from each end, leaving the mid span

7.25m long. The two splices located within the pure bending zone. During the load test,

tension developed in the top flange. The gaps on the top flange opened up and mimicked

the widening of two cracks.
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Figure 23. The splice between two segments

The tensioned SMF was adhered to the top flange of the beam with silicon rubber
adhesive and worked as the strain sensor. The strain-free SMF was installed on its side to
compensate thermal effects caused by temperature variation. These distributed sensors
can be seen in Figure 23(b). In fact, the load test was performed in a short time period in
the lab, and the temperature variation was insignificant. FBG displacement sensors (CG1-
4) were installed on the top flange of the beam at the splices to monitor the CODs, which

can be seen in Figures 21 and 23(b).

3.2.2 Strain for an intact beam

Based on the Euler — Bernuli beam model (109), the strain under a bending

moment can be calculated by Equation 3.1 for the steel beam.

M (x)

e(x) = (3.1)
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where y is the distance from the neutral axis, M(x) is the bending moment on the cross

section, and EI is the flexural stiffness. Asy = gfor the top flange, the strain on the top
flange can be expressed as

S(X) = W (32)

The schema of the bending moment and strain on the top flange under the four-

point-bending test is shown in Figure 24. M, is the bending moment in the pure-bending
segment, and g, = l\;—;l For different loads employed in the four-point-bending tests, g,

was calculated and listed in Table II.

Mo Mo

(a) Bending moment

€o €o

(b) Flexural strain on the top flange

Figure 24. Schema of the bending moment and flexural strain

Table Il. go from theoretical analysis for different loads

Load P (N) 267 445 623 801  1023.5

g (ue) 55.95 93.25 129.34 166.63 213.86
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3.2.3 Results from the load test

For different loads applied, the CODs measured by displacement sensors are
listed in Table Ill. Distributed measurement was performed by PPP-BOTDA with 20cm

SR. The BFS and BGSWD measured are shown in Figures 25-26.

Table 111. CODs measured by displacement sensors under different loads (unit: mm)

Avg. of Avg. of

Load (Ibf) CG2 CG3 CG1 CG4 CGs28&3  CGs 1&4
60 22.20 36.78 36.76 32.92 29.49 34.84
100 40.74 62.97 61.24 50.63 51.86 55.93
140 64.58 97.98 96.27 75.15 81.28 85.71
180 93.80 135.70 128.03 103.40 114.75 115.72
230 135.03 185.46 169.18 136.71 160.25 152.95

The strain converted from measured BFS (1 MHz = 20ue) was mostly consistent
with the theoretical strain for an intact beam (solid line in Figure 25(a)). The loads
applied at the ends of the beam were not identical, which caused a small shear force in
the beam segment between the two supports. Two peaks were located at 4.25m and
10.4m from the measured BFS, which corresponded to the two splices of the steel beam.
The relationship between the amplitudes of the peaks from BFS and the CODs are shown
in Figure 25 (b) for both splices. The amplitudes were positively related to the CODs.
The measured BGSWD under different loads are shown in Figure 26 (a). Similar to the

measured BFS, two distinct peaks from the BGSWD corresponded to the splices of the



39
beam. The noise level of BGSWD was higher compared to BFS. The amplitudes of the

peaks versus the CODs measured by the FBG displacement sensors are shown in Figure
26(b). The amplitudes were positively related to the CODs. However, large discrepancies

caused by measurement errors were found between the two splices under certain loads.
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Figure 25. BFS measured from the load test
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Figure 26. Measured BGSWD from the load test
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3.2.4 Results summary

Two gaps opened at the splices of the steel beam during the four-point-bending
test, which mimicked the widening of two cracks. They were successfully detected by
two peaks from the measured BFS and BGSWD with 20cm SR. Positive relationships
were found between the CODs and the amplitudes of peaks from BFS and BGSWD,

indicating that BFS and BGSWD could also be utilized to monitor opening of cracks.

3.3 Load tests of RC beams

3.3.1 Introductions

Concrete has good compressive strength and is a very popular structural material
due to its economy. However, concrete has low tensile strength, making it crack easily
under tension. Reinforced concrete takes the advantages of the high tensile strength from
steel reinforcement and good compressive strength from concrete. RC structures usually
carry small cracks which don’t affect the function of the structures. However, severe
cracking may allow water and other hazard chemicals infiltration and cause the corrosion
of the reinforcement, and lower the strength and stiffness of structural elements by
destroying structural integrity. In this section, load tests of three RC beams were
employed to test the performance of PPP-BOTDA distributed sensing in crack detection
and monitoring on RC structural elements. The distributed sensors and FBG sensors were
both embedded inside and installed on the surfaces of the RC beams. 20cm SR was

employed for the distributed sensing due to its good performance in the steel beam test.
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3.3.2 Load test of RC beam 1

3.3.2.1 Beam design and sensor installation

Dimensions and reinforcement layout of RC beam 1 are shown in Figure 27. The
beam was 2.7 m long, 150 mm wide, 250 mm high, and the clear span was 2.5 m. The
main steel reinforcement included two No.3 rebars for compression and two No.4 rebars
for tension. The shear reinforcement included 35 hoops spacing at 75 mm, which were
made of steel wires of 1/8 inch diameter. The concrete mix was of C30 grade (design
strength of 4000 psi) with suggested water/concrete mix ratio 6.2-9.2 Ibs / 80 Ibs. The

ratio of water/concrete mix for RC beam 1 was 9 Ibs / 80 Ibs.
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(b) cross section view (unit: mm)
Figure 27. Dimensions and reinforcement layout of RC beam 1
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Figure 28. Locations of the sensors

The locations of the distributed sensors and FBG sensors are shown in Figure 28.
Beam fabrication and sensor installation were performed according to the following
procedures. Distributed sensors R1-R4, 01-04, Y1-Y4 and FBG sensors FR1-FR6 were
embedded sensors and installed before concrete pouring. Before the installation of R1-R4
and FR1-FR6, a flat surface was created on each rebar by grinding off parts of the
threads. SMF was tensioned and bonded to each rebar with 2-ton epoxy and named R1-
R4. Six FBGs were also bonded to certain rebars with 2-ton epoxy and named FR1-FR6.
The details of distributed sensors and FBG sensors are shown in Figure 29. The steel
reinforcement cage was created after the sensors had been installed on the reinforcement,

which is shown in Figure 30.
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Figure 29. Details of distributed sensors and FBG sensors on reinforcement

Figure 30. The steel reinforcement cage

After the cage was in place, embedded distributed strain sensors O1-04 and Y1-
Y4 were passing through the cage. The locations of P1-P4 and Y1-Y4 are shown from the
cross section view in Figure 28(b). The sensors O1-O4 were made of SMF bonded in
peek tubes with 2-ton epoxy. The sensors Y1-Y4 were made of buffered SMF bonded in
patch cords with 2-ton epoxy. Schemas of these sensors are shown in Figure 31. They
were tensioned at both ends to keep the geometry a straight line during concrete pouring,

which is shown in Figure 32.
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Figure 31. Schemas of O1-O4 (left) and Y1-Y4 (right)

Figure 32. Tension of P1-P4 and Y1-Y4 at both ends

After concrete pouring was finished, the specimen was cured in moisture for the
first week and cured in the air for the next two weeks. The forms were stripped off after
three weeks from concrete pouring, and the surface-attached distributed sensors and FBG
strain gauges were installed, which can be seen in Figure 33. The distributed sensors S1 —
S6 were made of SMF tensioned and bonded to the surfaces of the beam with silicon

rubber adhesive. Their locations can be seen from the cross section in Figure 28(b). FBG
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strain gauges FS1-FS6 were installed on the top surface and bottom surface, and their

locations are shown in Figure 28(a).

Figure 33. Installation of surface-attached sensors

3.3.2.2 Load test

Four-point-bending test were performed on RC beam 1 in the lab. The test setup
is shown in Figure 34. The clear span of the RC beam was 2.5m, and the 1m long
segment at the mid span of the beam was under pure bending. Before the load test,

concrete cylinder tests were performed and the results are shown in Table IV.
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(a) Schema (b) picture

Figure 34. Four point bending test setup
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Table V. Results from concrete cylinder tests

Specimen number No.1 No.2  Average

Ultimate load (Ib) 180795 151100 165948

Ultimate stress (psi) 6395 5345 5870

According to ACI 318 (110), the Young’s modulus of the concrete was estimated at
4367.1ksi (30.11 GPa) based on the average compressive strength of 5870 psi
(40.47 MPa) from the cylinder tests. The rapture strength of concrete was estimated about
574.6 psi (3.96 MPa). As a result, the cracking strain for the concrete was about 131.5pe.
According to the beam design and material properties, the cracking load of RC beam 1 was
estimated about 2800 Ibs (12.5 kN), and the ultimate load was about 12810 lbs (57 kN). The
calculations can be referred to Appendix B.

The load test of RC beam 1 was performed in three cycles to introduce damages
of different levels to the beam. In load cycle 1, the beam was loaded from 0 to 2000 Ibs,
and only minor damages were expected in the beam. The beam was loaded from 0 to
4000Ibs in load cycle 2, and major cracking was expected when the load was beyond the
estimated cracking load. The beam was loaded from 0 to 7000lbs in load cycle 3, and
then loaded to failure.

The load — deflection curve of RC beam 1 is shown in Figure 35. The slope
changed obviously under the loads of 2000 Ibs and 16000 Ibs, corresponding to the

cracking load and ultimate load of the beam.
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Figure 35. Load-deflection curve of RC beam 1

3.3.2.3 Results from S6

The distributed sensor S6 was adhered to the tension surface of the beam. The
BFS and BGSWD measured by S6 with 20cm SR are shown in Figures 36-37. The state
of the beam before the load test was chosen as the reference.

As is shown in Figure 36, The BFS increased rapidly between the loads of 2000
Ibs and 2800Ibs, indicating cracking initially took place in load cycle 2. Under the load of
2800 Ibs, one major peak was found at 1.55m, and one minor peak was found at 1.15m.
When the load was increased to 4000 Ibs, peaks can be found at 0.85m, 1.15m and
1.55m. Under the load of 6000 Ibs in load cycle 3, a new peak was found at 1.9m. The
amplitude of each peak was positively related to the load applied to the beam. However,

none of the peaks matched with cracks located by visual inspections after the load test.
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As is shown in Figure 37, the BGSWD started increasing under the load of 2800

Ibs in load cycle 2. Under the load of 4000 Ibs, a few peaks were recognized at 0.72m,
1.3m and 1.45m. Under the load of 5000 Ibs in load cycle 3, the peaks were found at
0.72m, 1.3m, 1.48m and 1.6m. Under the load of 7000 Ibs, major peaks were found at
0.28m, 0.7m, 1.3m, 1.48m, 1.62m, and 2.22m. Usually, the amplitude of the peak was
positively related to the load applied to the beam. Compared to BFS, some of the peaks
matched with or located close to the cracks on the beam.

The results from sensor S6 are summarized in Table V. A few cracks were
detected by BGSWD only. Generally, BFS and BGSWD increased with the load applied
to the beam. However, as the information of CODs was not available, the relationship
between the peak amplitude and the COD was not provided.

Table V. Location of cracks on RC heam 1

Locations of

033 055 0.7 08 093 109 125 149 162 182 1.98 216
cracks (m)

Detected
by BFS

Detected
by BGSWD

3.3.3 Load test of RC beam 2

3.3.3.1 Beam design and sensor installation

The structural design of RC beam 2 was same to RC beam 1 and can be referred
to Section 3.3.2.1. The sensors layout was altered and locations of different sensors are
shown in Figure 38. The distributed sensors Y1 — Y4 were replaced due to poor

performances from previous load test. Instead, six distributed sensors O1 — O6 were



50
embedded in RC beam 2. Five FBGs FR1 — FR5 were installed on the main

reinforcement, and their locations can be seen from Figure 38. S1 — S7 were seven
distributed sensors installed on the surfaces of the beam, and their locations were shown
in Figure 38(b). The locations of surface-installed FBG strain sensors FS1 — FS6 were

altered and can be seen in Figure 38.
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Figure 38. Locations of sensors on RC beam 2
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3.3.3.2 Load test

The water/concrete mix ratio was 6.5 Ibs / 80 Ibs, which was close to the lower bound
of the suggested value. The results of concrete cylinder test are listed in Table VI. The average
compressive strength is 7750 psi (53.43 MPa). Young’s modulus and rapture strength of the
concrete was estimated at 5017.9 ksi (34.6 GPa) and 660.3 psi (4.55 MPa), respectively.
Based on the beam design and material properties, the cracking load of RC beam 2 was
estimated about 2800 Ibs, and the ultimate load was about 12840 Ibs (57.1 kN). The calculation

can be referred to Appendix B.

Table VI. Results of concrete cylinder tests for RC beam 2

Specimen No.1 No.2 No.3  Average

Ultimate load (Ib) 203420 232735 221220 219125

Ultimate stress (psi) 7195 8230 7825 7750

The load test of RC beam 2 was performed in two load cycles with ranges of O-
2000 Ibs and 0-4000 Ibs. After load cycle 2, the beam was loaded to failure under the
load of 14000 Ibs. The load-deflection curves are shown in Figure 39. The slope first

changed after 1200 Ibs in load cycle 1, indicating initial cracking in the beam.
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Figure 39. load-deflection curve of RC beam 2

3.3.3.3 Results from S7

The distributed sensor S7 was adhered to the tension surface of RC beam 2. The
BFS and BGSWD measured by S7 are shown in Figures 40 - 41.

As is shown in Figure 40, a few minor peaks were found from the BFS under the
load of 2800 Ibs in load cycle 2. When the load was increased to 4000 Ibs, peaks can be
clearly recognized at 0.75m, 0.88m, 1.05m, 1.35m, 1.65m and 1.78m. No more peaks
were found from BFS when the load was larger than 4000 Ibs in load cycle 3. The
amplitude of each peak was positively related to the load applied to the beam.

As is shown in Figure 41, the BGSWD started to change under the load of 2800
Ibs in load cycle 2. Under the load of 4000 Ibs, a few peaks can be recognized at 0.7m,
0.9m, 1.05m, 1.6m and 1.7m. When the load was increased to 6000 Ibs in load cycle 3,
new peaks were recognized at 1.4m, and 2.1m. Under the load of 8000 Ibs, major peaks
were found at 0.42m, 1.22m, 1.45m, and 2.1m. In addition, there were many minor peaks
that were difficult to distinguish from noise, which may indicate less integrity of RC

beam 2.
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The surfaces of RC beam 2 were very coarse due to the low water/mix ratio, and

visual inspections failed to recognize any cracks from the surface.

3.3.4 Load test of RC beam 3

3.3.4.1 Beam design and sensor installation

The dimensions and reinforcement layout of RC beam 3 can be referred to RC
beam 1 in Section 3.3.2.1. Locations of the sensors installed in and on RC beam 3 are

shown in Figure 42. Compared to RC beam 2, only locations of P1 — P6 were altered.
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Figure 42. Locations of sensors on RC beam 3
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3.3.4.2 Load test

The results of concrete cylinder tests are listed in Table VII. The average
compressive strength from the cylinder tests was 6220 psi (42.88 MPa). Based on
calculations according to ACI 318, modulus of elasticity was 4495.4 ksi (30.99 GPa),
and the rapture strength of concrete was 591.5 psi (4.08 MPa). The cracking load was
estimated about 2800 Ibs, and the ultimate load was about 12775 Ibs (56.8 kN). The

calculations can be referred to Appendix B.

Table VII. Results of concrete cylinder tests for RC beam 3

Specimen No.1 No.2 No.3  Average

Ultimate load (Ib) 165135 165395 197010 175850

Ultimate stress (psi) 5840 5850 6965 6220

The load test of RC beam 3 was performed in two cycles with ranges of 0-2000
Ibs and 0-4000 Ibs. After load cycle 2, the beam was loaded to failure around 17000 Ibs.
The load-deflection curve is shown in Figure 43. The slope first changed under the load

of 2800 Ibs, indicating initial cracking of the beam.
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Figure 43. Load-deflection curve of RC beam 3

3.3.4.3 Results from S7

The distributed sensor S7 was adhered to the tension surface, and the measured
BFS and BGSWD from S7 are shown in Figures 44 - 45.

As is shown in Figure 44, a rapid increase in the BFS between the loads of 2800
Ibs and 4000 Ibs in load cycle 2 indicated initial cracking in the beam. Under the load of
4000 Ibs, a few peaks can be vaguely recognized from BFS at 1.15m, 1.32m, 1.48m, and
1.7m. When the load was increased to 6000 Ibs and 8000 Ibs in load cycle 3, major peaks
can be found at 0.7m, 1.08m, and 1.7m. However, none of the major peaks matched with
the crack detected from visual inspections after the load test. Locations of the cracks are

listed in Table VIII.
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As is shown in Figure 45, the BGSWD first had an obvious change under the load

of 4000 Ibs in load cycle 2. However, the BGSWD increased evenly over the pure
bending segment, and it was difficult to locate any peaks except the one at 1.8m. Under
the load of 6000 Ibs in load cycle 3, major peaks were recognized at 0.65m, 1.33m and
1.56m. When the load was increased to 8000 Ibs, major peaks were found at 0.65m,
0.95m, 1.33m, 1.5m, 1.56m, 1.64m, 1.9m, and 2.0m. Among all the peaks recognized
from the BGSWD, only the peaks at 1.56m and 1.64m matched with the crack location
from visual inspection.

The results from sensor S7 are summarized in Table VIII. Only two cracks were
detected by BGSWD. Generally, BFS and BGSWD increased with the load applied to the
beam. Since few cracks were detected by the distributed sensor, no relationship between

the peak amplitude and the COD was provided.

Table VIII. Location of cracks on RC beam 3 from visual inspection

Locations of cracks (m) 0.8m 1.01lm 1.18m 1.26m 1.4m 156m 1.64m 1.79m

Detected by BFS

Detected by BGSWD \ \

3.3.4 Results summary

Changes were shown from BFS and BGSWD measured by PPP-BOTDA
distributed sensors installed on RC beams 1 — 3 due to cracks developing in the beams
during the load tests. With 20cm SR employed in the test, peaks were recognized from
BFS and BGSWD when the applied load was larger than the cracking load for each

beam. And the amplitudes of the peaks were positively related to the load applied to the
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beam. However, the peaks from BFS did not match with the cracks detected from visual
inspections, and the peaks usually appeared between two cracks. A few peaks from
BGSWD matched with or were close to the locations of cracks detected from visual

inspections.

3.5 Summary

Four-point-bending tests were performed on a steel beam and three RC beams.
PPP-BOTDA distributed sensors were employed to detect and monitor the cracks
developed in the beams during the load tests.

In the load test of the steel beam, two cracks at the splices were successfully
detected as two peaks from the BFS and BGSWD measured by the PPP-BOTDA
distributed sensor with 20cm SR. Positive relationship was found between the CODs at
the splices and the amplitudes of the peaks from BFS and BGSWD. Compared to BFS,
BGSWD was of a higher noise level and less sensitive to small CODs.

In the load tests of RC beams 1 — 3, multiple cracks appeared on the beams when
the applied load was beyond the cracking load. However, crack detection and monitoring
based on PPP-BOTDA distributed sensing with 20cm SR was not very successful. Most
peaks recognized from BFS and BGSWD did not match with the cracks detected from
visual inspections after the load tests. The peaks found from BFS usually located between
cracks, and a few peaks found from BGSWD matched with or closely located to the

cracks from visual inspections.



4. CAPABILITY OF PPP-BOTDA IN DIFFERENTIATING CRACKS
4.1 Introductions

Cracks usually appear in groups on concrete structures due to the low tensile
strength of concrete. The unsuccessful experiences from the load tests of RC beams 1-3
indicated that there was a limit for PPP-BOTDA in differentiating neighboring cracks. In
chapter 2, SR was shown as an important factor affecting the performance of PPP-
BOTDA in single-crack detection. In order to study the capability of PPP-BOTDA in
differentiating neighboring cracks, a series of dual-crack cases were employed
considering different SRs and crack spacing.

Following a similar research schema of the single-crack case, distributed strain in
a sensing fiber traversing two cracks were analyzed theoretically based on the strain
transfer mechanism. The distributed strain acquired from theoretical analysis was then
employed as the input of numerical simulation. Different spatial resolutions were
considered in the numerical simulation. Changes in BGS due to the crack-induced strain
were characterized by BFS and BGSWD along the distributed sensor. Experimental
research was carried out with a PPP-BOTDA device (NBX-6055) through a series of
dual-crack tests. Results from the numerical simulation and the tests were employed to

evaluate the performance of PPP-BOTDA in differentiating neighboring cracks.

4.2 Theoretical strain analysis for the dual-crack case

4.2.1 Strain analysis based on superposition

The superposition principle (111) states that the response caused by two or more

stimuli is the sum of the responses which would have been caused by each stimulus
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individually. The principle only works for linear systems. If the induced strain is
considered as a linear response for a dual-crack case, the strain can be acquired as
superposition of strains induced by each crack individually. For the dual case shown in
Figure 46, with CODs 26, atz = z; and 25, at z = z, (z; < z,), the induced strains in

the sensing fiber can be expressed by Equation 4.1.

z=-L COD (z1) =261 COD (z2) = 252 z=L
! Adhesive ! ! Optical Fiber

Structure \/ \/

Figure 46. Schema of the dual-crack case

01PexplB(z — z1)] + 6, Bexp[f(z — z,)] z<z1<2
e(z) =1 6,Pexp[—F(z — z))] + 8Bexp[B(z—2,)] 2z, <z<z, (4.1)
S1Bexp[—B(z — z)| + 6, Pexp[—f(z — z3)] 2, <z, <z

where g is the shear lag factor defined in chapter 2.

4.2.2 Comparisons between strains from theoretical analysis and FEA

Similar to the single-crack case, the dual-crack case was modeled in ANSY'S and
FEA was performed. The same shear lag factor was obtained by choosing the geometric
and material properties from the single-crack case. Considering the dual-crack case with
two CODs 26; = 26, = 100um at z; = —10cm and z, = 10cm (20cm crack spacing),
the strains in the fiber core obtained from theoretical analysis and FEA are shown in
Figure 47. The biggest difference was 4.1% (2256pe vs. 2167ue) and occurred at the

crack locations. With the strain derived from theoretical analysis as input, numerical
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simulation was performed for different dual-crack cases and presented in the next

section.
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Figure 47. Strains from theoretical analysis and FEA for the dual-crack case

4.3 Numerical simulation

4.3.1 Cases under study

Numerical simulation for the single-crack case showed that a crack can be
detected as a peak from BFS and BGSWD by PPP-BOTDA. For the dual-crack case,
similar characters in BFS and BGSWD were expected. As the SR was considered a
major factor affecting the performance of PPP-BOTDA in differentiating neighboring
cracks, different SRs and crack spacing were employed to create cases to study, which
are listed in Table IX. CODs up to 200 um are assigned to both cracks. The input strains
considering different crack spacing are shown in Figure 48. The BFS and BGSWD were

outputted at every 1cm.



Table IX. Cases for numerical simulation
(« for considered, - for unconsidered)

Crack spacing (cm) 50cm  20cm  10cm
50cm \ \ -
Spatial resolution (cm)  20cm < \ \

10cm \ \ \

5000
——25um
——50um
4000 —— 100 um
3000
=
c
I
® 2000
1000
0 .
40 .30  -20  -10 0 10 20 30 40
location (cm)
(@) 50cm spacing
5000 5000
——25,.m
——50um
4000 | 4000 |- ——100 um
............ 150 um
............ 200 “m
13000 | ~13000 |
3 3
£ £
E g
& 2000 |- & 2000 |
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0 L 0 n n n < n
40 30 20 10 0 10 20 30 40 40 30 20 -10 0 10 20 30 40
location (cm) location (cm)
(b) 20cm spacing (c) 10cm spacing

Figure 48. Input strains for numerical simulation
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4.3.2 Results from Numerical simulation

The BFS and BGSWD obtained from numerical simulation are shown in Figures

49 — 54 for cases of different crack spacing.

4.3.2.1 50cm crack spacing

The BFS and BGSWD obtained from numerical simulation for the case of 50cm
crack spacing are shown in Figure 49. The two cracks (located at -25cm and 25cm) were
recognized as two distinct peaks from the BFS and BGSWD by PPP-BOTDA with
50cm, 20cm and 10cm SRs. Similar to the single crack case, the BFS and BGSWD were
not symmetric to the crack locations, and the peaks were not at the exact locations of the

cracks.
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For each crack, the amplitudes of BFS and BGSWD from the dual-crack case are

shown in Figure 50 (a)-(b), and their ratios to the amplitudes from the single-crack case

are shown in Figure 50 (c)-(d). Similar to the single-crack case, the amplitudes from the

dual-crack case increased with the COD. When 50cm or 20cm SR was employed, the

amplitudes of BFS and BGSWD tended to stop growing as the COD was increased to

200 um. No obvious difference was shown between the amplitudes from the dual-crack

case and from the single-crack case.
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The affected lengths of BFS and BGSWD from the dual-crack case are shown in

Figure 51 (a)-(b), and their ratios to the affected lengths from the single-crack case are
shown in Figure 51 (c)-(d). Similar to the single-crack case, the averaged affected
lengths decreased with an improved SR. The affected lengths from the dual-crack case

were similar to those from the single-crack case.
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4.3.2.2 20cm crack spacing

The BFS and BGSWD obtained from numerical simulation for the case of 20cm
crack spacing are shown in Figure 52. When 50cm and 20cm SRs were employed, the
cracks (located at -10cm and 10cm) could not be recognized as two distinct peaks from
BFS or BGSWD. Instead, one major peak emerged between the cracks with 50cm SR,
and a relatively flat top appeared between the cracks with 20cm SR. When 10cm SR
was employed, the cracks were recognized as two distinct peaks from the BFS and

BGSWD.
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The amplitudes of BFS and BGSWD from the dual-crack case are shown in

Figure 53 (a)-(b), and their ratios to amplitudes from the single-crack case are shown in

Figure 53 (c)-(d). When 50cm SR was employed, the amplitudes of BFS and BGSWD

were larger compared to the single-crack case. When 20cm or 10cm SR was employed,

the amplitudes of BFS and BGSWD from the dual-crack case were similar to the single-

crack case.
40 :
®  50cm SR ! ! L
® 20cm SR v
4 10cm SR_C1 A
T 30lL_v 10cm SR c2 v |
T
= A
s v
@
5 20 L B
g s s
2 []
=
E 10 - » B 4
L]
o 1 1 1 1
0 50 100 150 200
COD (um)
(2) BFS

25 T T

15

10

20 /_/

Dual-crack / single-crack

—=—50cm SR
05 —e—20cm SR
—4&—10cm SR_C1
—v—10cm SR_C2

0.0 1 1

COD (um)

(c) Ratio of BFS

1
0 50 100 150

200

Amplitude of BGSWD (MHz)

Dual-crack / single-crack

T T T T
= 50cm SR v
40H e 20cm SR
A 10cm SR_C1
v 10cm SR_C2 A
30 —
) ¢
20 - X 1
[ ]
.
[]
10 —
0 ‘ 1 1 1 1
0 50 100 150 200
COD (um)
T T T
251 —=—50cm SR b
—e—20cm SR
—4—10cm SR_C1
200 v 10cm SR _C2 1
15 =
1.0 =
05 =
0.0 L L L

i
50 100 150
COoD (um)

(d) Ratio of BGSWD

Figure 53. Amplitudes from numerical simulation for 20cm crack spacing



71
The affected lengths of BFS and BGSWD from the dual-crack case are shown in

Figure 54 (a)-(b), and their ratios to the affected lengths from the single-crack case are
shown in Figure 54 (c)-(d). Compared to the single-crack case, the affected lengths were
much larger when 20cm SR was employed. When 50cm or 10cm SR was employed, the

affected lengths from the dual-crack case were similar to the single-crack case.
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4.3.2.3 10cm crack spacing

The BFS and BGSWD obtained from numerical simulation for the case of 10cm
crack spacing are shown in Figure 55. Only 20cm and 10cm SRs were employed by
numerical simulation in view of the small spacing. One major peak was recognized
between the two cracks (located at -5cm and 5¢cm) from the BFS, while the variation in
BGSWD was more complicated. The BGSWD was relatively flat when the COD was

small, and two major peaks emerged when the COD was increased to 200 um.
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The amplitudes of BFS and BGSWD from the dual-crack case are shown in
Figure 56 (a)-(b), and their ratios to the amplitudes from the single-crack case are shown
in Figure 56 (c)-(d). Compared to the single-crack case, the amplitudes of BFS and
BGSWD were much larger when 20cm SR was employed, and only slightly larger or

similar when 10cm SR was employed.
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Figure 56. Amplitudes from numerical simulation for 10cm crack spacing
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The affected lengths of BFS and BGSWD from the dual-crack case are shown in

Figure 57 (a)-(b), and their ratios to the affected lengths from the single-crack case are

shown in Figure 57 (c)-(d). Compared to the single-crack case, the affected lengths of

BFS and BGSWD were generally larger when 20cm SR was employed, and in similar

magnitudes when 10cm SR was employed. The affected lengths of BGSWD suddenly

decreased when the COD was increased to 200 um.
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4.3.3 Results summary

Based on whether two peaks were clearly recognized from BFS and BGSWD,
the results from numerical simulation are summarized in Tables X — Xl for the dual-
crack cases.

Table X. BFS from numerical simulation

(\ for successful, x for unsuccessful, - for unconsidered)

crack spacing (cm) 50cm 20cm 10cm
50cm \ X -
Spatial
resolution 20cm \ X X
applied (cm)
10cm \ \ X

Table XI. BGSWD from numerical simulation

(v for successful, x for unsuccessful, - for unconsidered)

crack spacing (cm) 50cm 20cm 10cm
50cm v X -
Spatial
resolution 20cm \ X \
applied (cm)
10cm \ \ \

In general, results from numerical simulation indicated that neighboring cracks
could be differentiated as distinctive peaks from BFS and BGSWD with SR smaller the
crack spacing. In this case, the amplitudes and affected lengths of BFS and BGSWD were
similar to the single-crack case. When an inferior SR was employed, differentiating

neighboring cracks as separate peaks from BFS and BGSWD could be questionable.
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BGSWD would have better performances than BFS since it was successful for 3 out of 5
cases under study. Even though two peaks were recognized from BFS or BGSWD in
these cases, the amplitudes and affected lengths were usually different from the single
crack case. Following the findings from numerical simulation, dual-crack tests were
carried out to study the capability of a commercial PPP-BOTDA device (NBX-6055) in

differentiating neighboring cracks.

4.4 Dual-crack tests

4.4.1 Test setup

The setup of the dual-crack test is shown in Figure 58. Three aluminum plates
were employed in a line to create two parallel cracks. The two plates on the sides were
movable and controlled by two micrometer-stages, while the plate in the center was
fixed to the optic table. Two cracks appeared when the two side-plates moved away
from the central plate. The spacing between the two cracks was adjustable by changing
the length of the central plate. In this study, three different lengths 50cm, 20cm and
10cm were chosen for the central plate. The CODs were monitored by FBG based
displacement gauges installed at the crack locations. The distributed sensor traversing
the two cracks were tensioned and adhered to the top surfaces of the plates with a thin
layer of adhesive. CODs up to 200um were applied to each crack. The same cases

studied in numerical simulation were employed in the tests.



Adheisive and

pre-tensioned SMF28

Pump
light

—— movable plate 1 fixed plate movable plate 2 ——=

BOTDA

—

Probe
light

' \ B :
FBGDG1 \ H FBG DG 2
cop1 cob2
tension-free SMF28 for FBG DG for

temperature compensation temperature compensation

(a) Schema of the test setup

4.4.2 Measured
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Figure 58. Setup of dual-crack test

results from two-crack-plate tests

The measured results from the dual-crack tests are shown in Figures 59-68.

4.4.2.1 50cm crack spacing

77

The BFS and BGSWD measured from the dual-crack-plate tests with 50cm

spacing are shown in Figure 59. The two cracks (located at 4.3m and 4.8m) were

vaguely recognized as two peaks from the BFS and BGSWD when 50cm SR was

employed. The locations of the peaks slightly deviated from the exact locations of the

cracks. When 20cm SR or 10cm SR was employed, the two cracks were recognized as
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two distinct peaks from the measured BFS and BGSWD. However, BGSWD was not

sensitive for CODs smaller than 100 um.
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The amplitudes of BFS and BGSWD from the dual-crack test are shown in

Figure 60 (a)-(b), and their ratios to the amplitudes from the single-crack test are shown
in Figure 60 (c)-(d). In general, the amplitudes increased with the COD and tended to
stop growing when the COD was increased to 200 ym. The amplitudes of BFS and

BGSWD measured from the dual-crack test were similar to the single-crack case.
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The affected lengths of BFS and BGSWD from the dual-crack test are shown in

Figure 61 (a)-(b), and their ratios to the affected lengths from the single-crack test are

shown in Figure 61 (c)-(d). Similar to the single-crack test, the affected lengths did

change much under different CODs for each SR, and decreased when the SR was

improved. When 50cm SR was employed, the BFS and BGSWD between the two peaks

were larger than the half maximums. As a result, only one affected length was provided

for the dual-crack case, and the affected lengths were much larger than the single-crack

test. When 20cm or 10cm SR was employed, the affected lengths of BFS and BGSWD

measured from the dual-crack test was similar to the single-crack test.
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4.4.2.2 20cm crack spacing

The BFS and BGSWD measured from the dual-crack-plate tests with 20cm
spacing are shown in Figure 62. Only one peak appeared between the two cracks
(located at 4.6m and 4.8m) when 50cm SR was employed. When 20cm was employed,
one peak was shown from the BFS, and a relatively flat top was shown from the
BGSWD. When 10cm SR was employed, the cracks were vaguely recognized as two
peaks from the BFS, and recognized as two distinct peaks from BGSWD when COD

was larger than 100 um.
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The amplitudes of BFS and BGSWD from the dual-crack test are shown in

Figure 63 (a)-(b), and their ratios to the amplitudes from the single-crack test are shown

in Figure 63 (c)-(d).The amplitudes were positively related to the COD for each SR.

Compared to the single crack case, growth of different degrees were found in the

amplitudes of BFS. The amplitudes of BGSWD measured from the dual-crack case were

larger than the amplitudes from the single-crack test when 50cm SR was employed.
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The affected lengths of the BFS and BGSWD from the dual-crack test are shown

in Figure 64 (a)-(b), and their ratios to the affected lengths from the single-crack test are
shown in figure 64 (c)-(d). The affected lengths of the BFS were for the two cracks as a
unity and larger than the affected lengths from the single-crack test. Similarly, the
affected lengths of the BGSWD were also larger than the affected lengths from the
single-crack test when 50cm or 20cm SR was employed. When 10cm SR was employed,
the affected lengths of BGSWD from the dual-crack test were similar to the single-crack

test as two distinct peaks were shown.
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The BFS and BGSWD measured from the dual-crack case with 10cm spacing

are shown in Figure 65. 20cm and 10cm SRs were employed considering the crack

spacing was only 10cm. One major peak was shown from the BFS and BGSWD when

20cm SR was employed. The peak was between the two cracks (located at 5.15m and

5.25m). When 10cm SR was employed, one major peak was first found from the BFS,

which was then split into two minor peaks under the COD of 200 pm. Two distinct

peaks were shown from BGSWD when CODs are larger than 100 um.

25

Brillouin Frequency Shift (MHz)

N
=3
T

—— 25um-25um
—— 50pm-50um
100um-100um|
- 150um-150um
- 200um-200um

location (m)

Brillouin Frequency Shift (MHz)

4.4

4.8

—— 25um-25um
—— 50um-50pm
~———100um-100um|
wovesens 150umM-150pm|
s 200um-200um)|

5.2 5.6
location (m)

BGSWD (MHz)

(a) 20cm SR

80

—— 25um-25um
—— 50pm-50pm
——— 100um-100um
s 150umM-150pm
e 200um-200pm

location (m)

BGSWD (MHz)
8 3
T

N
=3

(b) 10cm SR

l —— 25um-25um
i —— 50pm-50pm
———100um-100pm
<o 150pm-150pm)|
e 200um-200um)

location (m)

Figure 65. BFS and BGSWD measured from the test with 10cm crack spacing



86

The amplitudes of BFS and BGSWD are shown in Figure 66 (a)-(b), and their

ratios to the amplitudes from the single-crack test are shown in Figure 66 (c)-(d). With

one major peak shown from the BFS, the amplitudes measured from the dual-crack test

were much larger than the single-crack test. The amplitudes decreased when the COD

was increased from 150 um to 200 wm. Similarly, the amplitudes of BGSWD from the

dual-crack test were usually larger than the single-crack test, and the amplitudes

decreased when the COD was larger than 150 um.
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The affected lengths of BFS and BGSWD are shown in Figure 67 (a)-(b), and

their ratios to the affected lengths from the single-crack test are shown in Figure 67 (c)-
(d). With one major peak shown from the BFS, the affected lengths from the dual-crack
test were a little larger than the single-crack test. The affected lengths of BGSWD from

the dual-crack test were similar to the single crack test.
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4.4.3 Results summary

Based on whether two distinct peaks were recognized from BFS and BGSWD
measured by PPP-BOTDA, the results of the dual-crack-plate tests are summarized in
Tables XII — XIII. In general, measured results conformed to the findings from
numerical simulation. When the SR employed is smaller than the crack spacing, the
neighboring cracks were differentiated as two distinctive peaks from BFS and BGSWD.
When a lower SR was employed, differentiating neighboring cracks as separate peaks
from BFS and BGSWD could be questionable, and BGSWD had better performances
than BFS since two peaks were successfully recognized from BGSWD for the 10cm
crack spacing case when 10cm SR was employed. For the case of 10cm spacing, the
amplitudes of BFS and BGSWD were found decreased when the COD was increased
from 150 um to 200 um. Similar to the single-crack case, BGSWD measured from the

dual-crack cases was not sensitive to small CODs.

Table XII. BFS measured from tests
(v for successful, x for unsuccessful, - for unconsidered)

Distance between two cracks (cm)

50cm 20cm 10cm
50cm X X -
Spatial
resolution 20cm v X X
applied (cm)

10cm \ \ X
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Table XI1l. BGSWD measured from tests
(v for successful, x for unsuccessful, - for unconsidered)

Distance between two cracks (cm)

50cm 20cm 10cm
50cm X X -
Spatial
resolution 20cm v X X
applied (cm)
10cm \ \ \
4.5 Summary

The capability of PPP-BOTDA in differentiating two neighboring surface-cracks
was studied through numerical simulation and experimental research in this chapter.

Strain induced by a dual-crack case was analyzed based on superposition for a
distributed sensor installed on the structural surface. FEA was performed to validate the
correctness of the theoretical strain analysis. With the strain from theoretical analysis as
input, numerical simulation was performed to simulate the changes in the BGS, which
were characterized by BFS and BGSWD. Different crack spacing (50cm, 20cm and
10cm) and SRs (50cm, 20cm and 10cm SRs) were employed in the study. Results from
numerical simulation showed that the neighboring cracks could be differentiated as two
peaks from the BFS and BGSWD when the SR employed was smaller than the crack
spacing, and the amplitudes and affected lengths of BFS and BGSWD were similar to the
single crack case. When the SR was similar to or larger than the crack spacing, it was
questionable for PPP-BOTDA to differentiate two neighboring cracks as separate peaks

from BFS and BGSWD, and BGSWD had better performance than BFS in this case.
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Following the numerical simulation, the capability of a commercial PPP-BOTDA
device in differentiating neighboring cracks was evaluated through dual-crack tests.
Overall, results from the tests matched with numerical simulation. The neighboring
cracks were differentiated as two distinct peaks from BFS and BGSWD when the SR
employed was smaller than the crack spacing. The amplitudes and affected lengths of
BFS and BGSWD were similar to the single-crack case. When the SR employed was
same to or larger than the crack spacing, PPP-BOTDA failed to detect the cracks as two
peaks in most cases. BGSWD had better performances than BFS when the crack spacing
was small, and two peaks were successfully recognized from BGSWD for the 10cm-
spacing case when 10cm SR was employed. However, BGSWD was found not sensitive
to small CODs. In addition, the amplitudes of BFS and BGSWD decreased for the 10cm-
spacing case when COD was larger than 150 um, which made monitoring of COD based

on amplitudes questionable.



5. CRACK DETECTION AND MORNITORING ON RC BEAMS 4 AND 5

5.1 Introductions

In chapter 3, the attempt to detect and monitor cracks on RC beams 1-3 as peaks
from BFS and BGSWD was unsuccessful when 20cm SR was employed. From visual
inspections after the load tests, the crack spacing on RC beams 1 — 3 was about 10cm ~
15cm, which was smaller than the SR employed. In chapter 4, the capability of PPP-
BOTDA in differentiating neighboring cracks was studied through a series of dual-crack
tests, and it was concluded that PPP-BOTDA distributed sensing could differentiate
neighboring cracks as two distinct peaks from BFS and BGSWD when the SR employed
was smaller than the crack spacing. In this chapter, crack detection and monitoring were
performed on two more RC beams (RC beams 4-5) based on PPP-BOTDA distributed
sensing. Considering the crack spacing on the RC beams and the SRs provided by NBX-
6055, 10cm SR was employed in the distributed sensing. In addition, pre-existing notches
were arranged at certain locations on the tension surfaces of RC beams 4 — 5 to initiate

cracks. The designs and results are introduced in the following sections.

5.2 Load test of RC beam 4

5.2.1 Beam design and sensor installation

Similar to RC beams 1-3, the structural design of RC beam 4 is shown in Figure
68. Notches of ¥4 inch depth were created on the tension surface of the beam to initiate
cracks at certain locations. The notches were located at 0.45m, 0.5m, 0.6m, 0.8m, 0.85m,

1.05m, 1.25m, 1.45m, 1.55m, 1.85m, 2.05m and 2.15m from the left supporting point,
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and can be seen in Figure 68 (a). The ratio of water/concrete mix for RC beam 4 was

7.5lbs per 80lbs.
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Figure 68. Structural design of RC beam 4

PPP-BOTDA distributed sensors and FBG sensors were both installed inside and
on the surfaces of the beam. The embedded distributed sensors (G1-G3, 01-03 and R1-
R4) and FBG sensors (FR1-FR6) were installed before concrete pouring. The locations of

the embedded distributed sensors are shown in Figure 69.
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Figure 69. Locations of sensors installed on RC beam 4

The procedure of sensor installation was similar to RC beams 1-3, and can be
referred to chapter 3. The embedded sensors G1-G3 had structures similar to O1-O3. The
only difference was the wall thickness of the peek tube. The schema of G1-G3 comparing

with O1-03 is shown in Figure 70.
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Figure 70. Cross section view of G1-G3 comparing with O1-O3 (unit: pm)
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The RC beam 4 was cured in moisture for the first 7 days, and then cured in the
air. The forms were taken off after 21 days from concrete pouring, and distributed sensors
S1-S7 were installed on the surfaces of the beam. The locations of S1-S7 are shown
according to Figure 69(b). After RC beam 4 was placed for the loading tests, FBG
displacement sensors FD1 — FD6 were installed on the tension surface of the beam to
monitor the widening of certain notches during the load tests. The locations of FBG

displacement sensors are shown in Figure 69(a).

5.2.2 Load test

The test setup was same to RC beams 1-3 and can be referred to chapter 3. Before

the load test, concrete cylinder test was performed and the results are listed in Table XIV.

Table XIV. Results from concrete cylinder test

Specimen No. 1 2 3 Average

Ultimate load (Ibs) 233125 240835 239390 237780

Stress (psi) 8245 8515 8465 8408

The average compressive strength from the concrete cylinder test was 8408 psi
(57.97 MPa). According to ACI 318-08, the Young’s modulus and rapture strength of the
concrete were estimated at 5266.6 ksi (36.31 GPa) and 687.7 psi (4.74 MPa) ,
respectively. The cracking load was estimated about 2800 Ibs, and the ultimate load was

estimated about 12200 Ibs. The calculations can be referred to Appendix B.
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The load test was performed in three cycles. In Cycle 1, the beam was loaded
from 0 to 2000 Ibs and believed to keep intact or experience minor damages. In Cycle 2,
the beam was loaded up to 4000lbs, and major cracking was expected when the load was
beyond 2000 Ibs. In Cycle 3, the beam was loaded from 0 to 8000lbs, and severe cracking
was expected. The load — deflection curve is shown in Figure 71. The sudden change in
the slope between 2000 Ibs and 3000 Ibs indicated initial cracking. The beam failed under

the load of 14500 Ibs.
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Figure 71. Figure 5.4 Load-deflection curve of RC beam 4

5.2.3 Test results

5.2.3.1 Results from S7

Distributed sensor S7 was installed on the tension surface of RC beam 4 and
experienced larger tensile strains than the other distributed sensors. With the intact state
of the beam as reference, BFS and BGSWD under different loads are shown in Figures

72-75.



(1) Load cycle 1
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The measured BFS and BGSWD from load cycle 1 are show in Figure 72. Three

peaks were recognized from the BFS under the load of 2000 Ibs, corresponding to the

notches at 0.6m, 1.05m and 1.55m. Slight nonlinearity was noticed between the loads of

1500 Ibs and 2000 Ibs. No distinct peak was found from the BGSWD, and the results

were noisy.
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Figure 72. Figure 5.5 BFS and BGSWD from load cycle 1
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The displacements measured by sensors FD1 — FD6 are shown in Table XV.

Considering the locations of the sensors, no major difference was shown between the

sensors in respect of crack developing.

Table XV. Displacements measured by FD1-FD6 in load cycle 1 (unit: pum)

Loads (Ibs) FD1 FD 2 FD 3 FD 4 FD 5 FD 6
500 -1.02 -0.12 411 5.27 6.53 3.83
1000 3.45 5.92 13.07 14.57 19.12 11.80
1500 5.28 9.98 19.57 21.49 27.87 19.38
2000 5.56 13.88 26.94 31.13 40.32 26.73
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(2) Load cycle 2

The measured BFS and BGSWD from load cycle 2 are show in Figure 73. Small
residue was found from the BFS before any load was applied, indicating small damages
accumulated in the beam already. Similar to load cycle 1, peaks were found at 0.6m,
1.05m and 1.55m from BFS under the load of 2000 Ibs. More peaks appeared at 0.8m,
1.25m and 1.7m under the loads of 3000 Ibs and 4000lbs, and the peak at 1.55m shifted
to 1.5m. Results from BGSWD were with a higher noise level. No distinct peak was
recognized from BGSWD until the load of 3000 Ibs, and the peaks were found at 0.8m,
1.05m 1.45m and 1.85m from BGSWD. Under the load of 4000 Ibs, more peaks were

found at 0.4m, 0.6m, and 1.25m.
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Figure 73. BFS and BGSWD from load cycle 2

The results from the displacement sensors matched with the results from S7. The
displacements measured by FD1 — FD6 are listed in Table XVI. Under the load of 3000
Ibs, the displacement measured by FD 4 was obviously larger than the supposed value,

indicating a crack developing at 1.05m. Under the load of 4000 Ibs, the displacements
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measured by FD3, FD4 and FD6 were larger than the average value, indicating cracks

developing at 0.6m and 1.05m and 1.85m.

Table XVI. Displacements measured by FD1-FD6 in load cycle2 (unit: pm)

Loads (Ibs) FD1 FD 2 FD 3 FD 4 FD 5 FD 6
0 -6.16 -27.15 -26.15 -27.45 -9.59 -10.28
1000 -5.01 -21.96 -14.18 -13.46 7.68 -0.49
2000 2.27 -10.43 2.02 2.90 30.04 15.57
3000 15.77 7.49 31.93 97.46 54.60 40.75
4000 59.01 49.26 171.53 169.01 98.83 100.54

(3) Load cycle 3

The measured BFS and BGSWD from load cycle 3 are shown in Figure 74. As a
result of the cracking damages from load cycle 2, notable residue was found from BFS
before any load was applied to the beam. Peaks were recognized from BFS at 0.6m,
0.8m, 1.05m, 1.25m, 1.5m, 1.7m and 1.85m under the load of 4000 Ibs, which was
consistent with the results from load cycle 2. One new peak was found at 2.05m when the
load was increased to 6000 Ibs, and no more peaks were found under the load of 8000
Ibs. From BGSWD, distinct peaks were identified at 0.4m, 0.6m, 0.8m, 1.05m, 1.25m,
1.45m and 1.85m under 4000 Ibs with a threshold of 20 MHz. Two more peaks appeared
at 1.7m and 2.2m when the load was increased to 6000 Ibs. Since no cracks were located
at 0.4m or 2.2m by visual inspections after the load test, it was believed the peaks at these

two locations were caused by large strain slopes in the sensing fiber.
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Figure 74. BFS and BGSWD from load cycle 3

The displacements measured by FD1 — FD6 from load cycle 3 are listed in Table
XVII. Under the loads of 6000 Ibs and 8000 Ibs, the measured displacement from FD5
was smaller than the other displacement sensors, indicating the crack at 1.55m didn’t
open as much as the other cracks. This finding matched with the results from BFS and

BGSWD.

Table XVII. Displacements measured by FD1-FD6 in load cycle 3 (unit: pm)

Loads(lbsy FD1 FD2 FD3 FD4 FDS5 FDG6

0 50.76 2115 7031 7442 1813 28.19
2000 70.16 47.10 135.72 139.64 67.12 70.60
4000 93.82 77.04 203.15 209.85 120.53 117.52
6000 182.93 178.51 298.24 319.09 159.44 207.58

8000 270.40 273.27 413.96 466.78 210.52 338.31
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(4) Results summary

The cracks detected by distributed sensor S7 from each load cycle are
summarized in Table XVIIl. The BGSWD was not sensitive to small cracks and usually
had a higher noise level than BFS, which made it difficult to detect cracks at the early
stage of cracking. However, BGSWD was better than BFS in differentiating neighboring
cracks very close to each other, such as the cracks at 1.45m and 1.55m on the beam. The
BGSWD did not work well when the strain slope in the sensing fiber was very large,
which was the case for sensor segments close to the supporting points. Positive
relationship was found between CODs and amplitudes of the peaks recognized from BFS
and BGSWD.

Table XVIII. Results summary for S7 in crack detection
crack locations(m) 045 06 08 105 125 145 155 17 185 205

load BFS \ \ \

cyclel BgswD

load BFS NN NN \
cycle2 poswp VoA NN v

load BFS NN NN NN N
oycle3 geswo v v VA A VA

5.2.3.2 Results from O1 and G1

The mechanism of strain-transfer between embedded distributed sensors and
surrounding materials was still not clear. In this study, the strain functions developed for
the surface-installed distributed sensor was assumed also taken by the embedded

distributed sensor. Even though the shear-lag factor was different, similar changes in
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BGS should take place when the embedded distributed sensor was subjected to the crack-
induced strain. BFS and BGSWD from the embedded distributed sensors O1 and G1 are
shown in Figures 75-80 regarding the state of the undamaged beam as the reference.
(1) Load cycle 1

The results measured by O1 and G1 are shown in Figures 75 and 76 respectively.
In Figure 75, three peaks at 0.6m, 1.05m and 1.55m were recognized from BFS under the
load of 2000 Ibs. No distinct peaks were shown from BGSWD. In Figure 76, similar

results were obtained from BFS and BGSWD measured by G1.
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Figure 75. BFS and BGSWD from O1 in load cycle 1
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(2) Load cycle 2

The BFS and BGSWD measured by O1 are shown in Figure 77. Peaks were
recognized at 0.8m, 1.05m, 1.25m, 1.45m, 1.55m and 1.7m from BFS under the load of
3000 Ibs. One more peak was found at 0.6m from BFS under the load of 4000 Ibs. Since
the noise level of BGSWD was high, only two peaks were recognized at 0.8m and 1.05m
under the load of 3000 Ibs, and more peaks were recognized at 0.6m and 1.85m under the

load of 4000 Ibs.
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Figure 77. BFS and BGSWD from O1 in load cycle 2

The BFS and BGSWD measured by G1 are shown in Figure 78. Similar to O1,
distinct peaks were found at 0.6m, 0.8m, 1.05m, 1.25m, 1.45m, 1.55m and 1.7m from
BFS under the load of 4000 Ibs. One major peak at 0.8m and a few minor peaks at 0.45m,

0.6m, 1.05m and 1.85m were recognized from BGSWD under the load of 4000 Ibs.
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Figure 78. BFS and BGSWD from G1 in load cycle 2

(3) Load cycle 3

The BFS and BGSWD measured by O1 are shown in Figure 79. Peaks were
found at 0.6m, 0.8m, 1.05m, 1.25m, 1.45m, 1.55m, 1.7m, 1.85m and 2.05m from BFS
under the loads of 6000 Ibs and 8000 Ibs. Major peaks were found at 0.4m, 0.6m, 0.8m,
1.05m, 1.85m, 2.05m and 2.15m from BGSWD under the loads 6000 Ibs of 8000 Ibs.

However, the peaks at 0.4m and 2.15m did not correspond to any cracks on the beam.
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Figure 79. BFS and BGSWD from O1 in load cycle 3
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The BFS and BGSWD measured by G1 are shown in Figure 80. Similar to O1,

distinct peaks were recognized at 0.6m, 0.8m, 1.05m, 1.25m, 1.45m, 1.55m, 1.7m, 1.85m
and 2.05m from BFS under the loads of 6000 Ibs and 8000 Ibs. Compared to O1, more
major peaks were shown from BGSWD measured by G1, and they were located at 0.4m,

0.6m, 0.8m, 1.05m, 1.25m, 1.45m, 1.85m and 2.15m.

—O0LB
——2000LB
——— 4000LB|
weveeres 000L B
e 800OLB|

~
a
-3
3
T
et

N
3

BGSW difference (MHz)

N
=3
T

Brillouin Frequency Shift (MHz)

L L L L L L L L
0.0 0.5 1.0 15 2.0 25 0.0 05 1.0 15 2.0 25
location (m) location (m)

(a) BFS (b) BGSWD

Figure 80. BFS and BGSWD from G1 in load cycle 3

(4) Results summary

The cracks detected by distributed sensors O1 and G1 from each load cycle are
summarized in Tables XIX and XX. Overall, peaks from measured BFS and BGSWD by
distributed sensors O1 and G1 matched with cracks from visual inspections. Compared to
sensor S7, O1 and G1 had better performances in differentiating the neighboring cracks at
1.45m and 1.55m from BFS, which may be caused by larger crack spacing inside the
beam. Positive relationship was found between CODs and amplitudes of the peaks

recognized from BFS and BGSWD.



Table XIX. Results summary for O1 in crack detection
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crack locations(m) 045 06 0.8 1.05 125 145 155 17 185 205
BFS \ \ \
load
cycle 1
BGSWD
BFS Voo VoA
load
cycle 2
y BGSWD \ v \ ¢
BFS \ v \ \ \ ¢ \
load
cycle 3
y BGSWD \ v \ \ \
Table XX. Results summary for G1 in crack detection
crack locations(m) 045 06 0.8 1.05 125 145 155 17 185 205
BFS \ \ \
load
cycle 1
BGSWD
BFS \ v \ \ \
load
cycle 2
y BGSWD \ v \ \
BFS \ v \ \ \ \ \
load
cycle 3
y BGSWD \ v \ \
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5.3 Load test of RC beam 5

5.3.1 Beam design and sensor installation

RC beam 5 shared the same design with RC beam 4 in the dimension and
reinforcement layout, and relevant information can be referred to Section 5.2.1. The
water/concrete mix ratio of RC beam 5 was 8 Ibs per 80 Ibs. Six notches located at
0.5m, 0.85m, 1.05m, 1.25m, 1.55m and 2.05m from the left supporting point were
created on the tension surface of the beam to initiate cracks, and the locations are shown

in Figure 81.

FDl\r FDZ\T \TFDa FDET \TFDS \TFDG O
1 500 | 350 | eo0 | 400 | oo 500 | 450 |

Figure 81. Locations of notches and displacement sensors on RC beam 5 (unit: mm)

Same procedures of sensor installation and beam fabrication for RC beam 4 were
followed by RC beam 5. The layout of the embedded sensors and surface-installed
distributed sensors for RC beam 5 was same to RC beam 4, and relevant information can
be referred to Section 5.2.2. Before the load test, FBG displacement sensors FD1 — FD6
were installed on the tension surface of the beam to monitor widening of the notches, and

their locations are shown in Figure 81.
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5.3.2 Load test

The concrete cylinder test was employed to estimate strength of the concrete, and
the results are shown in Table XXI.

Table XXI. Results from concrete cylinder tests of RC beam 5

Specimen No. 1 2 3 Average

Ultimate load (Ibs) 210670 217120 188720 205500

Stress (psi) 7450 7680 6675 7268

Based on the average compressive strength of the concrete
fo = 7268 psi (50.11 MPa), the modulus was estimated about 4859.4 ksi (33.5 GPa),
and the rapture strength of concrete was estimated about 639.4 psi (4.41 MPa) .
According to the beam design and material properties, the cracking load of the beam was
estimated about 2800 Ibs, and the ultimate load was estimated about 12825 Ibs. The
calculations can be referred to Appendix B.5.

Same to RC beam 4, four-point-bending tests of RC beam 5 were performed in
three load cycles. The load — deflection curve is shown in Figure 82. The sudden change
in the slope of the load-deflection curve between 2000 Ibs and 3000 Ibs indicated initial

cracking of the beam. And the ultimate load from the test was about 18000 Ibs.
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Figure 82. Load-deflection curve of RC beam 5

5.3.3 Test results

5.3.3.1 Results from S7

Distributed sensor S7 was installed on the tension surface of the beam. With the
intact beam as the reference, BFS and BGSWD measured from different load cycles are
shown in Figures 83-85.

(1) Load cycle 1

The BFS and BGSWD measured from load cycle 1 are shown in Figure 83. Since
the load was lower than the cracking load, the beam only experienced minor damages. A
few peaks were barely recognized at 0.85m, 1.05m, 1.45m and 1.55m from BFS under

the load of 2000 Ibs. The BGSWD was noisy and no distinct peaks were recognized.
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Figure 83. BFS and BGSWD from S7 in load cycle 1

The displacements measured by sensors FD1 — FD6 are listed in Table XXII. The
overall displacements measured by the sensors were very small, and it was unlikely that
cracks developing at any of the notches in load cycle 1.

Table XXII. Displacements measured by FD1-FD6 in load cycle 1 (unit: pm)

Loads (lbs) FD1 FD 2 FD 3 FD 4 FD 5 FD 6
500 3.24 4.38 5.00 4.16 4.24 2.88
1000 5.66 7.94 7.65 7.61 8.73 4.84
1500 9.07 13.37 11.65 11.31 12.71 7.07
2000 12.28 22.38 18.58 18.08 19.24 11.99

(2) Load cycle 2

The BFS and BGSWD measured from load cycle 2 are show in Figure 84. No
peaks were recognized from BFS when the load was increased from 0 to 2000 Ibs. Major
peaks were recognized at 0.85m, 1.25m, 1.55m and 1.7m from BFS under the load of
3000 Ibs, and three more peaks were found at 0.5m, 1.05m and 1.85m under the load of

4000 Ibs. All these peaks matched with the cracks detected from visual inspections after



110

the load test. Similar to BFS, no major peaks were recognized from BGSWD until the

load was increased to 3000 Ibs, and they were at 0.85m, 1.25m 1.55m and 1.7m. More

major peaks were found at 0.5m, 1.05m, 1.45m and 1.85m under the load of 4000 Ibs.
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Figure 84. BFS and BGSWD from S7 in load cycle 2

The displacements measured by sensors FD1 — FD6 are listed in Table XXIII.

Displacements measured by FD 2 and FD 5 were much larger than the other sensors

under the load of 3000 Ibs, which indicated cracks developing at 0.85m and 1.55m.

When the load was increased to 4000 Ibs, results from displacement sensors indicated

new cracks developing at 0.5m, 1.05m, and 1.45m.

Table XXIII. Displacements measured by FD1-FD6 in load cycle 2 (unit: pm)

Loads (lbs) FD1 FD 2 FD 3 FD 4 FD 5 FD 6
0 19.95 16.21 18.24 23.48 13.34 21.06
1000 24.98 23.11 22.53 29.70 21.67 24.48
2000 29.87 31.08 29.88 36.07 30.10 29.22
3000 38.33 169.62 50.31 55.75 130.21 38.09

4000

88.81 224.55 191.41 148.00 158.89 50.71
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(3) Load cycle 3

The BFS and BGSWD measured in load cycle 3 are show in Figure 85. Notable
residue was found from BFS before any load was applied to the beam, indicating
damages accumulated in the beam in load cycle 2. Peaks were clearly recognized at 0.5m,
0.85m, 1.05m, 1.25m, 1.55m, 1.7m, and 1.85m from BFS under the load of 4000 Ibs,
which matched with results from load cycle 2. When the load was increased to 6000 Ibs,
two more peaks were found at 0.65m and 2.05m, and the peak at 1.55m shifted to 1.5m.
No more peaks were found from BFS when the load was increased to 8000 Ibs. Similar to
BFS, residue existed in BGSWD before any load was applied to the beam, and major
peaks were found at 0.5m, 0.85m, 1.05m, 1.25m, 1.7m and 1.85m under the load of 4000
Ibs. When the load was increased to 6000 Ibs, more peaks were clearly recognized at
0.65m, 1.45m, 1.55m and 2.05m, and the peak at 0.5m shifted to 0.45m. No more peaks

were found from BGSWD under the load of 8000 Ibs.
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Figure 85. BFS and BGSWD from S7 in load cycle 3
The displacements measured by sensors FD1 — FD6 are listed in Table XXIV.
The measured displacements indicated cracks was developing at the locations of FD1 —

FD5 when the load was no more than 4000 Ibs. Under the load of 6000 Ibs, a new crack
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was developing at the location of FD 6, which agreed with the results from BFS and

BGSWD.

Table XXIV. Displacements measured by FD1-FD6 in load cycle 3 (unit: pm)

Loads (Ibs) FD1 FD 2 FD 3 FD 4 FD 5 FD 6
0 44.98 118.14 94.21 67.92 67.40 16.11
2000 66.78 162.89 132.09 102.30 104.97 26.30
4000 102.74 219.34 183.39 143.37 147.06 38.75
6000 176.30 309.35 272.91 217.24 204.08 183.78
8000 273.67 412.93 374.97 291.57 267.40 256.28

(4) Results summary

Based on whether peaks were clearly recognized from BFS/BGSWD for cracks
detected from visual inspections, the results from distributed sensor S7 are summarized in
Table XXV. The load applied in load cycle 1 was small, and peaks were barely
recognized from BFS only. Major cracking took place when the load was more than 2000
Ibs in load cycle 2, and major peaks were both recognized from BFS and BGSWD.
However, the crack at 1.45m was only recognized from BGSWD. When the load was
more than 4000 Ibs in load cycle 3, more cracks were recognized from BFS and
BGSWD. For the cracks located at 1.45m and 1.55m, only one peak was shown at 1.5m
from BFS, while two peaks were shown from BGSWD. In addition, the peak at 0.5m

from BGSWD was affected by the large slope in strain and shifted to 0.45m.
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Table XXV. Results summary for S7
crack locations(m) 0.5 065 085 105 125 145 155 17 185 205

load BFS v \ \ \/

cyclel BgswD

load BFS v vooN N Voo
cycle2 BeswD Y N L L
oad BFS 4 4 4 Ao VoA
oyde3 Beswo v Y N v A A A N VA

5.3.3.2 Results from O1 and G1

(1) Load cycle 1

The BFS and BGSWD measured by O1 were shown in Figure 86. The loads were
relatively small in load cycle 1, and two peaks were barely recognized at 1.05m and 1.5m
from BFS under the load of 2000 Ibs. No distinct peak was shown from BGSWD in load
cycle 1. Similar results are found from the BFS and BGSWD measured by G1, which are

shown in Figure 87. It was believed no major crack was happening in load cycle 1.
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Figure 86. BFS and BGSWD from O1 in load cycle 1
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Figure 87. BFS and BGSWD from G1 in load cycle 1

(2) Load cycle 2

The BFS and BGSWD measured by O1 are shown in Figure 88. Major peaks
were first recognized from BFS at 0.85m, 1.25m, 1.55m and 1.7m under the load of 3000
Ibs, and more peaks were found at 0.5m, 1.05m and 1.85m under the load of 4000 Ibs.
From BGSWD, major peaks were first recognized at 0.85m, 1.25m and 1.7m under the
load 3000 of Ibs, and more peaks were found at 1.05m, 1.85m and 2.05m when the load

was increased to 4000 Ibs.
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Figure 88. BFS and BGSWD from O1 in load cycle 2
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The BFS and BGSWD measured by G1 are shown in Figure 89. Similar to O1,

major peaks were first found from BFS at 0.85m, 1.25m, 1.55m and 1.7m under the load
of 3000 Ibs, and more peaks were found at 0.5m, 1.05m and 1.85m under the load of
4000 Ibs. Major peaks were recognized from BGSWD at 0.85m, 1.25m, 1.55m and 1.7m
under the load of 3000 Ibs, and more peaks were found at 1.05m and 1.85m when the

load was increased to 4000 Ibs.
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Figure 89. BFS and BGSWD from G1 in load cycle 2

(3) Load cycle 3

The BFS and BGSW difference from O1 were shown in Figure 90. Residue was
shown from BFS before any load was applied to the beam. Peaks were recognized at
0.5m, 0.85m, 1.05m, 1.25m, 1.55m, 1.7m and 1.85m from BFS under the load of 4000
Ibs. More peaks were found at 0.65m 1.45m and 2.05m under the loads of 6000 Ibs and
8000 Ibs. From BGSWD, major peaks were recognized at 0.85m, 1.7m and 1.85m under
the load of 4000 Ibs, and more peaks were recognized at 0.5m, 0.7m, 1.2m, 2.0m and

2.1m when the load was increased to 6000 Ibs and 8000 Ibs.
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Figure 90. BFS and BGSWD from O1 in load cycle 3

The BFS and BGSWD measured by G1 are shown in Figure 91. Similar to O1,
residual strain existed in the sensor after load cycle 2, and major peaks were recognized
at 0.5m, 0.85m, 1.05m, 1.25m, 1.55m, 1.7m and 1.85m from BFS when the load was no
more than 4000 Ibs. More peaks were found at 0.65m 1.45m and 2.05m when the load
was increased to 6000 Ibs. No more peaks were found from BFS under the load of 8000
Ibs. From BGSWD, major peaks were recognized at 0.85m, 1.7m and 1.85m under the
load of 4000 Ibs, and more peaks were found at 0.5m, 0.7m, 1.05m, 1.25m, 1.45m, 1.55m

and 2.05m when the load was increased to 6000 Ibs and 8000 Ibs.
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Figure 91. BFS and BGSWD from G1 in load cycle 3
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(4) Results summary

Based on whether cracks were recognized from BFS and BGSWD as distinct
peaks, the results from sensors O1 and G1 are summarized in Tables XXVI-XXVII.
Overall, the results matched with the cracks detected from visual inspections. The
results measured by O1 and G1 were similar since the sensors were close to each other.
Small differences existed due to different bonding conditions and surroundings. Unlike
S7, O1 and G1 successfully differentiated the neighboring cracks at 1.45m and 1.55m

from BFS.

Table XXVI. Results summary for O1
crack locations(m) 0.5 065 085 105 125 145 155 17 185 205

load BFS N, v

cyclel BgswD

load BFS v v oy W VoA

cycle 2 BoswD VoA VoA
oad B 4 4 4 A A A A A A A
oycle3 goswo v v A N VoA




118
Table XXVII. Results summary for G1
crack locations(m) 0.5 065 085 105 125 145 155 17 185 205

cyclel BgswD

load BFS v vooN N Voo
cycle2 BGswp YN VoA
oad B 4 Y 4 4 A Ay
oycled geswo N Y v N 4 A A A

5.4 Summary

In this chapter, cracks on two RC beams (RC beam 4 and RC beam 5) were
successfully detected and monitored by PPP-BOTDA distributed sensors with 10cm SR.
The cracks were initiated by notches on the tension surfaces of the RC beams, and
developing during the four-point-bending tests. A few conclusions were drawn based on
the load tests of RC beams 4 and 5.

(1) BFS and BGSWD can be employed in detection and monitoring of surface-
cracks for RC structures. Multiple cracks can be recognized as distinct peaks when the
employed SR of PPP-BOTDA is smaller than the crack spacing, and amplitudes of the
peaks are usually positively related to the CODs.

(2) BFS is better for detection of cracks in their early stages, while BGSWD is
better for severe cracking problems. BGSWD only responses to large strain slopes in the

sensing fiber, making it less sensitive to small CODs. When crack spacing is small, BFS
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may fail in differentiating two neighboring cracks by showing only one peak between
the two cracks.

(3) Similar to surface-installed distributed sensors, BFS and BGSWD measured
by embedded distributed sensors can be employed to detect and monitor cracks inside
the RC structures. This would help perform a comprehensive evaluation by considering
results from both surface-installed sensors and embedded sensors.

(4) Large changes in the strain-slope caused by other factors would affect the
performance of BGSWD in crack detection. This happened to the sensor segments near
the supports in the four-point-bending tests. Peaks were shown from BGSWD in these
segments as a result of fast developed strain instead of the crack-induced strain under a
large load.

(5) Since BFS and BGSWD have their own advantages and disadvantages in
crack detection and monitoring, it is better to perform a comprehensive evaluation by

combining the findings from BFS and BGSWD.



6. CONCLUSIONS
6.1 Conclusions

Crack detection and monitoring based on PPP-BOTDA distributed sensing was
systematically studied and chronologically presented in this dissertation.

Theoretical and experimental research on changes in BGS induced by a crack was
introduced in chapter 2. Elastic strain analysis based on strain transfer mechanism
showed that the crack would induce a piecewise exponential strain distribution in the
distributed sensor. With the distributed strain as the input, numerical simulation showed
that the crack can be recognized as a peak was from BFS and BGSWD. The amplitude of
the peak was positively related to the COD. When an improved SR was employed, the
amplitude of BFS and BGSWD would increase while the average affected lengths would
decrease. The results from the single-crack test generally matched with the findings from
numerical simulation, though some differences existed due to effects neglected in
numerical simulation.

In chapter 3, the cracks on the steel beam were successfully recognized as two
peaks from the BFS and BGSWD measured by the PPP-BOTDA distributed sensor with
20cm SR. The amplitudes of BFS and BGSWD were positively related to the CODs.
However, crack detection and monitoring for RC beams 1-3 were not successful when
20cm SR was employed and most peaks from BFS and BGSWD did not match with the
cracks from visual inspections.

The unsuccessful experiences from the load tests of RC beams 1-3 motivated the
research on capability of PPP-BOTDA in differentiating neighboring cracks. Effects of

SRs were considered for the dual-crack cases with different crack spacing. Results from

120
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numerical simulation and dual-crack tests showed that two neighboring cracks could be
differentiated as two distinct peaks from BFS and BGSWD when the SR employed was
smaller than the crack spacing. And the amplitudes of BFS and BGSWD were positively
related to the CODs. The performance of PPP-BOTDA distributed sensing was
questionable when the SR employed was larger than the crack spacing. BGSWD had a
better performance in differentiating cracks with small crack spacing.

Results from the load tests of two more RC beams validated the findings from
chapter 4. Multiple cracks were successfully detected from the BFS and BGSWD as
distinct peaks when 10cm SR was employed. The amplitudes of BFS and BGSWD were
mostly positively related to the CODs on the beams. As BFS and BGSWD have their
own advantages and disadvantages, it is suggested that they could be united to improve

the accuracy in crack detection and monitoring.
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6.2 Future work

Even though positive results are shown in the study, there are improvements that
can be achieved from future work.

When the COD is large, the fiber coating and the adhesive layer may experience
plastic deformation and bond-slip between different materials may happen. As a result,
different distributed strain could be induced in the sensing fiber. Under this condition,
strain analysis for large CODs should be performed.

The strain transfer mechanism between the embedded distributed sensor and its
surroundings could be different from the surface-installed distributed sensor, and the
crack-induced strain in the embedded distributed sensor should be studied systematically.

Many aspects of numerical simulation could be improved. For example, the shape
of the actual pulse should replace the step function used in the analysis. Attenuation in
the fiber, signal loss brought by different components, and noises in the system could also
be considered in the simulation.

The conditions in the field are usually worse than in the lab, and the effects should
be considered in the research work. For example, thermal effects could be introduced to

the load tests. The effects of shear forces in the structural members could also be studied.
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Appendix A. Source code for numerical simulation

A.1 Main function (integral3)

function integral3 (SR,Rx,0megal,omega2 )

% omegal and omega2 in MHZ, omega for free fiber is 0; Rx in dB;

vg=200000000; %light speed in fiber

omeganum=(omega2-omegal)+1; % range of sweeping frequency; frequency step
1mhz

rxnum=10"(Rx/20); % Rx in decimal

if SR==5 % pulse function for different SR;
D=0.0000000005;
Dpre=0.0000000135;
cp=1; %normalized power for continuous wave;
ap=rxnum-1;
elseif SR==10
D=0.000000001;
Dpre=0.000000015;
cp=1;
ap=rxnum-1,
elseif SR==20
D=0.000000002;
Dpre=0.000000015;

cp=1;



133
Appendix A (Continued)

ap=rxnum-1;

elseif SR==50
D=0.000000005;
%Dpre=0.000000013;
Dpre=0.000000018;
cp=1,;
ap=rxnum-1;

elseif SR==100

D=0.000000010;

Dpre=0.000000022;

cp=1;
ap=rxnum-1;
else
print(‘'wrong spatial resolution’)
return;
end
for m=1:201

t(m)=0.0000000001*(m-1)+Dpre-D; % 1cm readout resolution on a 2m long
segment;
end

for n=1:0meganum
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omega(n)=omegal+(n-1); % sweeping frequency step 1IMHz

end
tlength=length(t);
H=zeros(tlength,omeganum); % initialize SBS to zero;
H1=zeros(tlength,omeganum);
H2=zeros(tlength,omeganum);
H3=zeros(tlength,omeganum);
H4=zeros(tlength,omeganum);
crack1=[0,25,50,100,150,200]; % COD of crack 1;
crack2=[0,25,50,100,150,200]; % COD of crack 2, set to zero for single-crack case;
for nn1=1:6

nl=crackl(nnl);

for nn2=1:6

n2=crack2(nn2);

for m=1:tlength

for n=1:omeganum

[H(m.n),H1(m.n),H2(m,n),H3(m,n),H4(m,n)]=integral2(omega(n),cp,ap. Dpre. D {(m), vg,
n1,n2);

Hre(m,n)=real(H(m,n));

H1re(m,n)=real(H1(m,n));

H2re(m,n)=real(H2(m,n));
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H3re(m,n)=real(H3(m,n));
H4re(m,n)=real (H4(m,n));
end

end

for m=1:tlength
x1(m)=m*0.01;
p(m)=max(Hre(m,:)); % find the peak power of BGS at each readout location;
q(m)=0;
for n=1:omeganum
if Hre(m,n)<p(m)
n=n+1,
else
g(m)=n; % find out frequency shift of the peak power at each readout location;
break;
end
end
for fr=1:51
polyx(fr)=q(m)-26-+fr;
polyy(fr)=Hre(m,q(m)-26+fr);
end

factor=polyfit(polyx,polyy,2);
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cf=-0.5*factor(2)/factor(1);

cfq(m)=omegal+(cf-1); % frequency step IMHz % parabolic fitting of raw data for
BFS;

cfpower(m)=factor(3)-0.25*factor(2)*factor(2)/factor(1); % parabolic fitting of raw
data for peak power;

Hb(m)=0.8*cfpower(m);  %21dB drop from peak power;

bgswidth=zeros(tlength); %initialize BGSWD at each readout location;
bgswidth(m)=-sqrt(factor(2)*factor(2)-4*factor(1)*(factor(3)-Hb(m)))/factor(1); %
BGSWD from parabolic fitting;

end

% output SBS in figures at a given location.
X=0mega;

y1=10*log(H1re(111,:))/log(10);
y2=10*log(H2re(111,:))/log(10);
y3=10*log(H3re(111,:))/log(10);
y4=10*log(H4re(111,:))/log(10);
y=10*log(Hre(111,:))/log(10);

figure(1);

xlabel(‘frequency (MHz)")

ylabel("H1")



plot(x,y1);

figure(2);
xlabel(‘frequency (MHz)")
ylabel('H2")

plot(x,y2);

figure(3);
xlabel(‘frequency (MHz)";
ylabel('H3")

plot(x,y3);

figure(4);
xlabel(‘frequency (MHz)")
ylabel('H4")

plot(x,y4);

figure(5);
xlabel(‘frequency (MHz)")
ylabel('H')

plot(x,y);

% output of BFS, BGSWD and peak power along the distributed sensor;

figure(6);
plot(x1,cfq);

figure(7);
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plot(x1,bgswidth);
figure(8);

plot(x1,cfpower);

end

end

end

A.2 function integral?

function [h,h1,h2,h3,h4] = integral2(omega_2,cp,ap,Dpre,D,t2,vg,n1,n2)
gamma=15000000;

h1=0;

h2=0;

h3=0;

h4=0;
omegas=omega_2*6280000;
integralsl=zeros(1,100);
integrals2=zeros(1,100);
integrals4=zeros(1,100);
z2=zero0s(1,100);
z3=zero0s(1,100);

for k=1:100 % divide D by 100; divide Dpre by 100



139
Appendix A (Continued)

z2(k)=vg*(t2-Dpre+D/100*(k-0.5))/2;
integrals1(k)=gamma/(gamma+i*(bcf(z2(k),n1,n2)-omegas))*(1-exp(-
(gamma+i*(bcf(z2(k),n1,n2)-omegas))*(t2-Dpre+D-2*z2(Kk)/vQ)));
h1l=hl+ap*ap*integralsl(k)*D*vg/200; % solve for SBS term H1;
integrals2(k)=gamma/(gamma+i*(bcf(z2(k),n1,n2)-omegas))*(1-exp(-
(gamma+i*(bcf(z2(k),n1,n2)-omegas))*(t2-2*z2(k)/vQ)));
h2=h2+ap*cp*integrals2(k)*D*vg/200; %solve for SBS term H2;
h3=h3+ap*cp*integrals1(k)*D*vg/200; %solve for SBS term H3;
z3(k)=vg*(t2-Dpre+Dpre/100*(k-0.5))/2;
integrals4(k)=gamma/(gamma-+i*(bcf(z3(k),n1,n2)-omegas))*(1-exp(-
(gamma+i*(bcf(z3(k),n1,n2)-omegas))*(t2-2*z3(k)/vQ)));
h4=h4+cp*cp*integrals4(k)*Dpre*vg/200; % solve for SBS term H4;
h=h1+h2+h3+h4; %solve for SBS term H;
end

end

A.3 function bcf

function bcfvalue = bef( location,n1,n2) % BFS converted from input strain;
%strainvalue is in microstrain

%form strain here:

%if location...

%strainvalue=...;
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% example input for two-crack case with 50cm spacing and beta=40;

if location-0.75<0==1
bcfvalue=(0.5*n1*40*exp(-40*(0.75-location))+0.5*n2*40*exp(-40*(1.25-

location)))*0.05*6280000;

elseif location-1.25<0==1
bcfvalue=(0.5*n1*40*exp(-40*(location-0.75))+0.5*n2*40*exp(-40*(1.25-

location)))*0.05*6280000;

else
bcfvalue=(0.5*n1*40*exp(-40*(location-0.75))+0.5*n2*40*exp(-40*(location-

1.25)))*0.05*6280000;

end



Appendix B. Estimation of cracking and ultimate loads of RC beams

Example: RC beam 1

According to ACI318-08 8.5.1, modulus of elasticity is given by Equation B.1
E. = 57000,/f, = 4367.1 ksi (30.11 GPa)
According to ACI318-08 9.5.2.3, rapture strength of concrete is estimated according to
Equation B.2
f. = 7.5\/f. = 574.6 psi (3.96 MPa)

The cracking strain for concrete is estimated as
g = é— = 131.5u¢
7% loss of cross section area is considered for main reinforcement due to surface
grinding for sensor installation.
The area of reinforcement for tension (2 No.4 rebar) is
A, =2%02%(1—0.07) = 0.372 in? (240mm?)
The area of reinforcement for compression (2 No.3 rebar) is
A'=2%0.11% (1 —0.07) = 0.2046 in? (132mm?)
According to ACI318-08 8.5.2, E; = 200GPa.
The gross area of the cross section is

A =Dbh+ (n—1)(As + Ay) = 35956 mm?

E
where n = E—S

C

The moment of area is

W = %bhz + (n — 1)(Ashs + Aghy") = 3997012 mm?
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And the height of neutral axis is
w
hpo = - = 11116 mm (B.8)
Based on h,, and g, the cracking moment is estimated as:

hs h
My = 3bfih” + Ag(n = DEc (1= 1) (g = hs) +5bf (= = 1) (h = hn)? +

A(n— 1)E, (hh— - 1) g,(hi — hyy) = 5301.6Nm (B.9)
Considering the dead load of the RC beam is about g = 0.82KN /m, the bending moment

at mid span due to the dead load is

My == ql? = 0.64KNm (B.10)
And the cracking load P, is
P = 2+ H028) — 12430N = 2793 Lbs (B.11)

The yield stress of the reinforcement is £, = 60 kips (413.7MPa). The ultimate bending

moment of the beam is calculated by equation

M, = Af, (d - g) = 21270Nm (B.12)
where
_ Asly _
=Z7b 21.5mm (B.13)
and
B =085—-1"2.005=0761 (B.14)

The ultimate load of beam is

2My,

P =
0.75

= 57 KN (12810Ib) (B.15)
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The calculation of cracking load and ultimate load for RC beams 2-5 can followed the

same procedure.
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Dear Dewei Meng,

Thank you for contacting The Optical Society.

Because you are the author of the source paper from which you wish to reproduce
material, OSA considers your requested use of its copyrighted materials to be permissible
within the author rights granted in the Copyright Transfer Agreement submitted by the
requester on acceptance for publication of his/her manuscript. It is requested that a
complete citation of the original material be included in any publication. This permission
assumes that the material was not reproduced from another source when published in the
original publication. Please let me know if you have any questions.
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Susannah Lehman

Susannah Lehman
November 18, 2015

Authorized Agent, The Optical Society
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