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Abstract: Fiber-optic sensing (FOS) provides distributed strain measurement that can enhance both structural health monitoring (SHM) and
laboratory testing capabilities. In particular, optical frequency domain reflectometry (OFDR) provides strain or temperature measurements
every millimeter over tens of meters of fiber, with a high sampling rate. For RC applications with embedded fiber-optic cables, the sensitivity of
the fibers and their ability to measure and survive cracking are both important considerations. In this study, tests were conducted on six RC
specimens to investigate the effectiveness of using OFDR strain sensing to evaluate the cracking behavior of concrete and the deformation of
steel reinforcing bars. Six types of fiber-optic cables with very different structures, sensitivity, and survivability were tested. Fibers were placed
in the concrete and in grooves in the reinforcing bars. A new deconvolution method was developed; using the method, crack widths were
accurately measured up to the target load levels using both the more sensitive fiber-optic cables and cables with reduced sensitivity but better
survivability. OFDR strain sensing, combined with new methods of data processing, was shown to be capable of detecting distributed micro-
cracking and providing reliable crack widths. The OFDR technique was also used to reveal the location-dependent bond-slip relationships
between the concrete and rebar at early stages. DOI: 10.1061/(ASCE)ST.1943-541X.0003191. © 2021 American Society of Civil Engineers.

Author keywords: Distributed fiber optic sensing; Reinforced concrete; Crack width measurements; Bond-slip; OFDR; Sensitivity and

survivability.

Introduction

As many RC structures approach the end of their service life, there
is a rising need for early detection and evaluation of damage
in infrastructure; structural health monitoring (SHM) provides a
potential solution (Brault and Hoult 2019b). Traditional SHM
systems, such as strain gauges, accelerometers, linear variable dif-
ferential transformers (LVDTs), and so forth, provide important in-
formation about structural behavior but only at a limited number of
discrete points; this can limit the ability of these systems to detect
damage when the damage location is not known a priori.
Distributed fiber-optic sensing (DFOS) and full field digital
image correlation (DIC), however, can provide measurements at
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thousands of closely spaced points with minimal disruption to the
mechanical behavior of structures. Optical frequency domain reflec-
tometry (OFDR) is a special fiber-optic sensing (FOS) technology
that uses Rayleigh scattering to obtain sub-millimeter-resolution
measurements of strain or temperature dynamically over tens of me-
ters (Barrias et al. 2016), while optical time domain reflectometry
(OTDR) allows measurements over tens of kilometers with a reso-
lution of about one meter (Haefliger et al. 2017). DFOS can also be
used with standard fiber-optic cables, requires minimal maintenance
costs, and provides a very stable sensing solution.

Recent research has shown the promising potential of evaluating
the internal damage of RC structures using OFDR. Poldon et al.
(2019) showed that Rayleigh backscattering can provide a better
understanding of the shear behavior of RC through accurate mea-
surements of tensile elongations and beam deflections. Haefliger
et al. (2017) tested two reinforced concrete panels under diagonal
tension with complex crack patterns to assess the combined appli-
cation of DIC and FOS measurements. They found that the mea-
surements of crack location and opening for both measurement
techniques aligned accurately. Brault and Hoult (2019a) proposed
three methods to calculate crack widths using the FOS strains mea-
sured by a nylon-coated fiber-optic cable. Brault et al. (2019) inves-
tigated the use of OFDR to monitor distributed strain, distributed
deflections, and crack widths simultaneously for three beams in an
RC building. A practical application of FOS to monitor the perfor-
mance of bonds and the damage of RC beams in the postyield range
of steel reinforcement was reported by Malek et al. (2019). Davis
et al. (2017) conducted a series of tension tests on bare reinforcing
bars and RC specimens to investigate shrinkage and the effect of
tension stiffening. Other recent studies have also presented interest-
ing results, including Rodriguez et al. (2015), Barrias et al. (2018),
Villalba and Casas (2013), and Mata-Falcén et al. (2020).

J. Struct. Eng.

J. Struct. Eng., 2021, 147(12): 04021212


https://doi.org/10.1061/(ASCE)ST.1943-541X.0003191
https://orcid.org/0000-0002-8500-0610
https://orcid.org/0000-0002-8500-0610
mailto:han_liu@berkeley.edu
mailto:shenghan.zhang@berkeley.edu
mailto:shenghan.zhang@berkeley.edu
https://orcid.org/0000-0002-5908-9594
https://orcid.org/0000-0002-5908-9594
mailto:aascoulibaly20@berkeley.edu
mailto:jeffreycheng@berkeley.edu
mailto:jeffreycheng@berkeley.edu
https://orcid.org/0000-0002-6195-839X
mailto:dejong@berkeley.edu
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29ST.1943-541X.0003191&domain=pdf&date_stamp=2021-09-28

Despite the aforementioned efforts, employing distributed FOS to
monitor RC behavior in the field is still challenging for many rea-
sons, including the typical contradiction between the durability and
sensitivity of fiber-optic cables. When the coating and the core of a
fiber-optic cable are not well bonded, the strain in the coating is
transferred through shear, and the lack of friction can result in local-
ized slipping during loading (Malek et al. 2019). Consequently, the
width of the peaks in the FOS strain profile can be affected by
(1) debonding of the optical fiber from the concrete on either side
of the crack, (2) deformation of the fiber coating, and (3) slip be-
tween the fiber layers. Therefore, each type of fiber, with its differ-
ent materials and structure, will have different sensitivity. By
sensitivity, we mean the length scale over which the FOS strain
is distributed when a sharp discontinuity occurs in the substrate,
that is, the width of the measured strain peak when a crack occurs.
Many applications of FOS either embed the fibers in a premade
groove on reinforcing bars (Malek et al. 2019) or attach the fibers
to the concrete surface (Brault and Hoult 2019a) to obtain the strain
profile in reinforcement and concrete, respectively. In order to get
accurate measurements of mechanical behavior in RC members,
the implemented optical fibers need to be sensitive enough and,
therefore, provide prominent peaks. In addition, they need to remain
unbroken, with good durability, within the load level of interest. Re-
gier and Hoult (2014) showed that fibers with a nylon coating and a
polyimide coating were the most suitable options for strain measure-
ments. A limited number of fibers are compatible with existing crack
width calculation techniques. For example, the three methods devel-
oped by Brault and Hoult (2019a) require the peaks in the FOS
strain profile to be very prominent; this eliminates the option to
use many more stiff fibers, such as those with structured a polyam-
ide (PA) outer sheath or stranded steel armored outer jacket, which
are practically useful in relatively harsh civil engineering installation
conditions.

To address these issues, a series of tests on six reinforced con-
crete specimens with different types of fiber-optic cables embedded
in the reinforcing bars and concrete were conducted under uniaxial
tension. Zhang et al. (2021) presented the influence of different fi-
ber types on measurement capability when damage occurs and es-
tablished a basic framework for optical fiber evaluation. In addition,
to translate the spectral information into strain for customized op-
tical fibers, two calibration methods were used. The first involved
stretching fibers on a calibration rig, and the second involved a uni-
axial tension test on bare rebar with optical fibers attached. The
main objectives of this study were as follows:

1. Develop a deconvolution method that yields reliable estimates
of crack widths, even for stiff fiber-optic cables, which tend to
sustain measurement capability under higher damage levels but
also have a reduced sensitivity to local concentrated strain
caused by cracking.

2. Apply the aforementioned deconvolution method to optical fi-
bers placed adjacent to the reinforcing bar—concrete interface to
evaluate their capability in detecting distributed minor cracking.

3. Apply the proposed method to evaluate the variation in crack
thickness through the thickness of the test specimen in order
to help understand crack progression.

4. Measure bond-slip behavior using the optical fibers embedded
in the reinforcing bars and evaluate it in comparison to existing
bond-slip models.

Regarding the final objective, note that the bond of reinforcing
bars is a key element for the ultimate load-carrying capacity of RC
structures (Hong and Park 2012). However, many factors, including
compressive concrete strength, concrete cover thickness, diameter of
the reinforcing bars, stirrup area and spacing, and so forth, may affect
local bond stress 7, and there are large discrepancies in the existing
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bond stress—slip models in the literature (Wu and Zhao 2013). Most
of these models were generated using strain measurements from
strain gauges at several discrete points. For example, Hong and Park
(2012) obtained the strain distribution curve by connecting neighbor-
ing points with a polynomial function; this technique may not be able
to represent the actual local strain distribution.

Experimental Setup

Materials and Specimens

Six reinforced concrete specimens were tested under uniaxial tension.
Fig. 1 is a schematic representation of the test setup. The length of the
specimen in the longitudinal direction was 1,000 mm, and the height
and width were both 120 mm. The Grade 60 No. 8 reinforcing bars
used for the tests had a diameter of approximately 25.4 mm.

The six specimens (S1 to S6) were cast in two batches and left to
harden for about 60 days before the tests. The two batches had the
same mix design and were geometrically similar except for two
premade grooves, 1.5 mm wide and 10 mm deep, placed midway
along the length of the specimens in the second batch (S4, S5, S6),
as shown in Fig. 1. To ensure a straight fiber shape after casting
and, therefore, obtain accurate strain localization, all fibers were
subjected to pretension by fixing the two ends, as shown in Fig. 2.
For the first batch (S1, S2, S3), a mean compressive strength of
46 MPa was obtained by four concrete cylinder tests, and the mean
elastic modulus was 25.3 GPa. For the second batch, the mean
compressive strength was 40 MPa, and the mean elastic modulus
was 27.0 GPa (Zhang et al. 2021). The concrete tensile strength of
the current specimens was f/, = 2 MPa.

Sensing Fibers

Seven different fiber-optic cables were used for the tests in order to
investigate the effects of fiber type on crack detection. As seen in
Fig. 3, a fiber-optic sensing cable contains three essential compo-
nents: core, cladding, and coating. Details regarding the optical fi-
bers used in the tests can be found in Table 1. All six specimens
used the thinnest fiber (OFS_Y_02) to measure rebar deformation
and two more fibers embedded in the concrete to detect internal
damage. OFS_Y_02 had a polyimide coating. The OFS_Y_02 fiber
had a low second moment of area and a relatively low bending
strength, so it had to be installed with added precaution. The FOS
installation process included the following steps: (1) cutting the two
longitudinal ribs of the rebar using a band saw to create two notches
to be the fiber pathways, which should be straight and flat to reduce
noise; (2) cleaning the fiber pathways with water and industrial
contact cleaner; and (3) bonding the FOS fiber to the bottom of
the groove using a two-part adhesive, J-B Weld 50133 (J-B Weld,
Sulphur Springs, Texas).

The FOS layout installed on the specimens is shown in Fig. 1.
Three different types of fibers were placed at the same height as the
center of the steel bar. In addition to the fibers embedded in the rebar,
two fibers were installed in the concrete, and each of them went
through two different locations. Al and B1 represent two fiber sec-
tions placed 12 mm from the specimen surfaces labeled side A and
side B in Fig. 1(b). To increase the accuracy of digital image corre-
lation measurements, the two surfaces were covered with speckle
patterns. A2 and B2 represent two fibers attached to the steel bar
using zip ties. Table 2 shows the type of optical fibers at each lo-
cation on the specimens.

An ODiSI 6100 sensor interrogator (Luna Innovations 2018)
was used to take FOS measurements. For each test specimen, four
channels were used to measure strain, each with a gauge length of
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Fig. 1. Instrumentation setup: (a) force-controlled loading machine; (b) specimen cross section; and (c) speckle pattern for DIC processing.

Dimensions are in millimeters; 1 mm = 0.0394 in.; and 1 kN = 0.225 kip.

Fibers emBedded
) in rebar

Fig. 2. Optical fibers subjected to pretension before casting.

1.3 mm. Because each load test lasted less than 2 h and the internal
temperature of the laboratory was controlled, temperature fluctua-
tions were negligible; therefore, they were not compensated for in
strain measurements. For customized fibers, unique sensor refer-
ence files were created after calibration to compute strain. See
Zhang et al. (2021) for the optical fiber calibration methods that
were applied.

Fig. 4 shows an example strain measurement profile for Al of
S1, along with DIC results (see next subsection). Each crack in the
concrete, which in theory would cause a sharp discontinuity in the
strain, resulted in a distributed peak in the FOS readings. As was
noted in the introduction, the width of the peak can be affected by
debonding of the fiber from the concrete on either side of the crack,
by deformation of the fiber coating, and by slip between the fiber
layers. As a result, each type of optical fiber has a different peak
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Fig. 3. Structure of the single-mode optical fiber.

width, which is referred to as the sensitivity of the optical fiber in
this paper. Quantifying fiber sensitivity is essential for inter-
preting FOS strain results, as detailed in the section “Method for
Correlating FOS Measurements and Crack Width.”

Digital Image Correlation (DIC) Measurements

The speckles on side A and side B were generated using a stamp
roller from Correlated Solutions (Irmo, South Carolina) and consist
of four important features: (1) high contrast, (2) consistent dot size
(around 1.27 mm), (3) 30% coverage, and (4) randomness. The
stamp had only about 10% coverage, so it was applied several times
(3—4 times) for each patch, providing a random pattern [Fig. 1(c)].
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Table 1. Tested optical fibers

Acronym Manufacturer Color Diameter (mm) Jacket material Standard
NZ_K_20 Nanzee Black 2.0 Central polyamide, polyurethane outer sheath G.652.D
NZ_K_50 Nanzee Black 5.0 Stranded steel-armored outer jacket G.652.D
NZ_W_09 Nanzee White 0.9 Polyamide G.652.D
OFS_K_09 OFS Optics Black 0.9 Central silicone, PFA outer sheath G.657.A1
OFS_Y_02 OFS Optics Yellow 0.155 Polyimide G.657.A1
SLF_B_32 Solifos AG Blue 3.2 Central metal tube, structured PA outer sheath N/A
TLC_W_09 TLC White 0.9 pPVC G.657
Source: Reproduced with permission from Zhang et al. (2021).
Note: N/A = not applicable.
Table 2. Optical fiber type embedded in each specimen to the rebar through ball hinges at the two ends. In this study, by
Specimens Side A Side B Rebar follow}ng similar logd protocqls, it was expected t.hat s1mllarl stress
conditions and cracking behavior would be created in the specimens.
S1 and S4 NZ_K_20 OFS_K_09 OFS_Y_02 The representative load histories for the two batches are shown in
52 and 85 NZ_W_09 TLC_W_09 OFS_Y_02 Fig. 5. There were seven load steps for each loading. The targeted
S3 and S6 SLF_B_32 NZ_K_50 OFS_Y_02

Digital images with widths of 6,240 pixels and heights of 4,160 pix-
els were captured using a Canon EOS 6D Mark II (Canon, Melville,
New York) with an EF 24—105 mm IS STM lens (Canon) and then
processed in Optecal version 2021, a two-dimensional (2D) DIC
software package developed by Barthes (2021). Cracks were de-
tected as concentrations of principal strain measured using DIC
and as peaks in strain measurement along the optical fibers, as in-
dicated in Fig. 4. DIC measurements correlated properly over the
whole test campaign. The crack locations from FOS and DIC gen-
erally aligned well. For DIC, virtual extensometers were anchored
on the two sides of each crack to calculate crack width and enable
comparison with the crack widths calculated from FOS strain pro-
files, as discussed in subsequent sections.

Load Test Setup and Procedure

The tests were performed at the structures laboratory of the De-
partment of Civil and Environmental Engineering, University of Cal-
ifornia at Berkeley. The load frame is shown in Fig. 1. The loading
machine was operated in force control, and the tension was applied

load levels at the plateaus for the first batch (S1, S2, and S3) were
22.2,44.5, 89.0, 89.0, 133.5, and 177.9 kN (5, 10, 20, 20, 30, and
40 kip) and then up until yielding. For the second batch, the targeted
load levels at the plateaus were 22.2, 44.5, 89.0, 133.5, 177.9, and
2224 kN (5, 10, 20, 30, 40, and 50 kip) and then up until yielding.

Method for Correlating FOS Measurements
and Crack Width

FOS Measurements in Concrete

Fig. 6 shows specimen S2 after testing. Four distinct cracks occurred
and were given alphanumeric designations (C1-C4) from bottom
to top. Fig. 7 presents the fiber strain progression from 22.2 to
177.9 kN at locations Al and B1 of each specimen. For S1, at
22.2 kN there were five strain peaks at approximately 0.21, 0.26,
0.44, 0.58, and 0.73 m for Al but no obvious strain increases at
0.44 m for B1. The specimen was loaded further; at 89.0 kN, one
more crack formed at 0.84 m. The amplitude of strain peaks in-
creased linearly as the loads and crack widths increased. Optical
fibers with different structures and coating/cladding materials pro-
vided significantly different strain readings under similar stress
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Fig. 4. Specimen plan view and postprocessed data of FOS_S1_B1 and DIC measurements (side B) along the length under a load of 177.9 kN

(40 kip).
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Fig. 6. S2 side B after testing, displaying the developed concrete
cracks.

conditions. For example, the smoothness of the strain curves, the
widths of strain peaks, and the loss of data reading capabilities un-
der high loads varied considerably for the six types of fibers. At
177.9 kN, splitting cracks formed for all specimens, resulting in the
emergence of additional small strain peaks (e.g., S2-A1/B1, S4-B1,
and S5-Al) and the flattening of the strain measurement curves
(e.g., S3-A1/B1 and S6-A1/B1). Detailed summaries of the pro-
gression of the strain distributions before and after yielding can be
found in Zhang et al. (2021).

Fig. 7 also contains DIC strain fields for the last load step
(177.9 kN). In general, the locations of fiber optic (FO) strain peaks
corresponded well with the cracks visualized by the DIC principal
tensile strain fields. NZ_W_09 was identified as the most sensitive
optical fiber, with the most prominent peaks, while SLF_B_32 and
NZ_K_50 were the two least sensitive optical fibers, with very
wide peaks that merged into each other. However, all optical fibers
detected the cracking to some degree. The following sections focus
on the quantification of how FOS measurements correlated with
crack opening and how fiber type affected this process.
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Cracking Response of an RC Member Subjected to
Uniaxial Tension

Russo and Romano (1992) proposed a theory to predict the crack-
ing response of a reinforced concrete member subjected to uniaxial
tension. When cracking occurs, the member can exhibit equal con-
crete and steel strains in a central portion of the member [defined as
a comparatively lightly loaded member (CLLM), see Fig. 8(a)] or
exhibit a steel strain greater than the concrete strain at all locations
along the member [defined as a comparatively heavily loaded
member (CHLM), see Fig. 8(b)]. To correlate the FOS strain mea-
surements with crack opening, it was necessary to subtract the dis-
tributed concrete strain from the strain profile measured with FOS
to get the net strain caused by the cracks.

For a CLLM, the x-coordinate where the steel strain ¢g and con-
crete strain e attain same value is defined as Xy, which is given by

T

where
B=14+a «aec(02~045) (1b)
1—
6=—— “ (1c)
P
= 1d
€50 EsAs ( )

where P = external force; and E; and A, = elastic modulus and
sectional area of the steel bar, respectively

q1
= le
"= X Gug (le)

where ¢; = maximum bond strength; and u; = minimum slip
corresponding to ¢,

(148,
X—ﬁ (1£)

where >, = reinforcing bar circumference

o
S

s

s .8

_np  E A,

()

where E,. and A, = elastic modulus and sectional area of the con-
crete, respectively; and

3

(1g)

fA(_ o(x,r)dA,.
B ACO-C

() (1h)
where o, = tensile concrete stress adjacent to the steel-concrete
interface.

There are already reference values for centrally reinforced spec-
imens. It is reasonable to assume ) = (.75 and a = 0.28 (Russo
and Romano 1992). The limit steel strain, which corresponds to the
limit condition when both CLLM and CHLM behaviors occur and
Xr = 0.5L, is given by

S (1 P/
o= () 50) 2)

The steel strain at the loaded end where cracking occurs is
given by

1
€s0crack — (1 + g) €ct (3)
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Table 3. Results of critical parameters for evaluating RC member cracking
behavior

Load €50 €501 €s0crack c €emax X R
KN)  (x1073) (x1073) (x1073) Model (x10-7) (x10~%) (mm)

222 0.22 2.78 029 CLLM N/A 0.60 1338

44.5 0.44 CHLM 0.00 1.20 N/A
89.0 0.87 CHLM 2.86 0.32 N/A
1335 1.31 CHLM 7.63 0.21 N/A
1779 175 CHLM 14.36 0.15 N/A
2224 218 CHLM 22381 0.12 N/A

where €., = cracking strain at stress strength f/,. The maximum
concrete strain at section S is given by

€cmax = €cR = 17"5-5650 (4)

Table 3 shows the calculated results for the foregoing parame-
ters. For the 22.2-kN load level, the CLLM solution is valid, be-
cause €5 < €g0erack and €59 < €0;. For load levels from 44.5 to
177.9 kN, CHLM behavior applies. This can also be verified by the
approximation of concrete strain under different load levels. The
concrete strain can be approximated by inverting the rebar strain
measured by the optical fibers in the rebar groove as follows:

v,

GC(GS) = Vv (Gsmax - 6s) (5)

€smax — Vr

where V, = representative concrete strain from FOS readings in
A1/B1 at a well-bonded section X,. In the early stages, before
the formation of large primary cracks, V, is expected to be close
to the corresponding rebar strain. The expressions €, and €., Te-
present the local and maximum FOS rebar strain measurements,
respectively. For CLLM, X, can be taken as any random point
within Xp ~ X;, but for CHLM, it is essentially taken as X, as
shown in Fig. 8. The importance of subtracting the approximate
concrete strain €, [Eq. (5)] from the measured raw strain to measure
crack magnitude depends on the loading level, as discussed in the
following sections.

Optical Fiber Sensitivity

In this section, a deconvolution method for correlating a measured
distributed strain peak with crack opening is proposed. Only op-
tical fibers embedded in the concrete at A1 and B1 were used to
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implement this deconvolution method because only primary cracks
tend to propagate to the concrete surface and thereby contribute to
the distributed peak in the FOS strain profile. The relatively large
crack spacing and the crack localization allowed the cracks to be
more accurately distinguished. (However, in the section “Crack
Distribution Adjacent to Rebar,” it is shown that this method can
also be applied to the fibers at A2 and B2, where closely distributed
internal cracks existed.) The method was evaluated through com-
parison with DIC virtual extensometer results.

To facilitate correlation, each FOS strain peak caused by a crack
was fitted by a Lorentzian function of the form

. _ 7
basnt) =1 ©
where I = amplitude; x( = center; and -y = parameter specifying the
width. Fitting was achieved by a procedure specified subsequently
in this section. Gaussian and Voigt functions were also trialed, but
the Lorentzian function was selected because it provided the best fit
of the FOS strain measurements.

Fig. 9 shows the measured strain in the rebar and the approxi-
mated concrete strain calculated from Eq. (5) for two load levels
(28.1 and 31.4 kN). The figure also shows the measured FOS strain
caused by the cracks alone (labeled “Crack strain profile”), which
was calculated by subtracting the approximated concrete strain from
the raw FOS strain measurement (i.e., FOS_S2_A1). Note that the
crack strain profile was smoothed by curve fitting with nonlinear
least-squares minimization using the LMFIT version 1.0.2 package:

w* = arg mwinL(w) (7)
where
Lo =13 50y ®)

i

is the cost function; n = number of data points; y; = predicted value;
9; = measured strain from FOS; and w = finite dimensional vector,
the elements of which are parameters 1;,~;, xo;, i € {1,2, ....n}in
Eq. (6). Using mean square errors (MSE) as the cost function, we can
find an approximate solution by minimizing the MSE [Eq. (7)]. Sub-
sequently, the crack strain profile was decomposed into individual
Lorentzian functions [Eq. (6)].

Crack locations were detected by peaks in the crack strain pro-
file; these locations were then used as known centers of the decom-
posed functions. Fig. 9 also shows the Lorentzian fitting of each

J. Struct. Eng.

J. Struct. Eng., 2021, 147(12): 04021212



800 L ' “ ' ' ' ' I [ . ' Cra'ck st'rain ;;roﬁle' 1
N ---== Rebar (side A) 1
L ----Inverted rebar i
7 600 —— Bestit I
2 400 L = Decomposed strain ||
et L
5 x ~
9200 |
_oF
S 100
T 0
$_100'..|...|...|..|...|...|..-
x
0.0 0.2 0.4 0.6 0.8 1.0
(a) Location (m)

T T T T T

Crack strain profile |1
-+-+= Rebar (side A)
----Inverted rebar H
—-— Bestfit ]
Decomposed strain

NN
o o
o O
o o

T T

Strain (ug)
@
o
o
T

Residual

PR PR PRI By AP " " i
0.0 0.2 0.4 0.6 0.8 1.0
) Location (m)

—
O

Fig. 9. Lower load level crack width calculation by subtracting inverted rebar strain from FOS_S2_A1: (a) 28.1 kN; and (b) 31.4 kN.

0.15 1-0 uncertainty band ~ —e— S2 A1 —e— S3 A1 E
—— S1_A1 —e- S2.B1 -e- S3_B1|]
0.12 + -e-: S1_B1 H
y3g = 0.095 ]
>~ ]
V34 = 0.065 ]
yis = 0.038 ]
¥1a = 0.023 ]
" e D e — e —— .." = 0.019 1
| | |Y2A=O'|012-
3 4 5 6

Iteration steps
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crack and the summation of the Lorentzian distributions (labeled
“best-fit”). The residual of the best fit and the crack strain profile
are also depicted. Note that numerous cracks are fit in Fig. 9; only
one main crack occurs in Fig. 9(a), while two main cracks occur in
Fig. 9(b).

The results in Fig. 9(a) indicate that the approximate concrete
strain [from Eq. (5)] was substantial at this load level, so it was
necessary to deduct the approximated concrete strain from the raw
FOS measurements to obtain a reliable crack width measurement;
the specimen was in the CLLM category. Meanwhile, the concrete
strain was negligible for specimen in CHLM [Fig. 9(b)], so the raw
FOS measurements may have been sufficient for measuring crack
width.

The parameter -y, which specifies the width of each Lorentzian
function, is critical for evaluating a fiber’s sensitivity, that is, the
influence region of each crack. As external load increased, more
cracks emerged and the magnitude (/) for each fitted Lorentzian
distribution also increased. Meanwhile, v was found to remain ap-
proximately constant with increasing load for all fibers except
for SLF_B_32 and NZ_K_50. For these two fibers, which were
the most stiff and, therefore, yielded very wide peaks and flat
distributions [Figs. 7(e and f)], the gamma parameter fluctuated
more significantly.

To overcome this issue and find a representative +y for each fiber
across all load levels, an iterative method was adopted. An initial
value of v, = 0.05 was assigned with 0.05 variation. At each iter-
ation step, the FOS strain measurements for each recorded time
point were decomposed into Lorentzian functions. The mean of
all v values was then used as the initial guess for the next iteration
step, the standard deviation being the variation range. The results of
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the iteration are shown in Fig. 10, along with the uncertainty band.
The uncertainty band width of optical fiber NZ_K_50 in S3_B1
and S6_B1 was large because its FOS strain readings were relatively
flat; that is, this type of fiber was less sensitive, making peak de-
composition less consistent. Nevertheless, after five steps, the con-
verged v, which essentially quantified the relative sensitivity, was
selected to represent each optical fiber. The selection of a constant
gamma for each cable over the entire loading range is discussed
further in the section “Crack Width Measurements.”

For each Lorentzian distribution [Eq. (6)], the area under the
curve is equal to the crack width W,:

(o) X043 72
WU:/ L(x)dx ~ / I —————>dx=25v-1
—00 X0—37 (x - )Co) +
9)

Fig. 11 shows the deconvolution of FOS strain measurements of
six optical fibers at load step 6 (LS6) (177.9 kN) using the parameters
generated from the iterative fitting. Generally, the deconvolution
worked well. The application of a constant gamma for each fiber,
provided by the iterative procedure, caused some reduction in fitting
accuracy but yielded a reliable prediction of crack width measure-
ment while mitigating the impact of multiple closely spaced cracks.
However, splitting cracks that occurred at high loads were not directly
considered and would increase the error in crack width prediction.

To provide a more direct measure of fiber sensitivity to local
cracking, a sensitivity factor SF was defined as the ratio of the fitted
amplitude to the corresponding crack width:

I 1
Feeoom 10
SE == 2505 (10)

The sensitivity factors for the six types of fibers are summarized
in Table 4. Generally, the more stiff optical fibers (SLF_B_32 and
NZ_K_50) provided lower resolution and had a lower sensitivity
factor, while those with a higher sensitivity factor could provide
higher resolution. NZ_W_09 in S2 had the highest SF.

Results and Discussion

Crack Width Measurements

To validate the feasibility of the aforementioned iterative method
for strain distribution decomposition, DIC measurements on the
specimen surface were compared with calculated crack widths using
Eq. (9). The locations of fibers A1 and B1 were about 10 mm away
from the closest DIC surface, so the crack widths were expected to
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Fig. 11. Deconvolution of FO strain measurements under a load of 177.9 kN (40 kip) using parameters generated from iterative fitting: (a) S1 fiber Al
(NZ_K_20); (b) S1 fiber B1 (OFS_K_09); (c) S2 fiber A1 (NZ_W_09); (d) S2 fiber B1 (TLC_W_09); (e) S3 fiber A1 (SLF_B_32); and

(f) S3 fiber B1 (NZ_K_50).

Table 4. Sensitivity factors from iterative method

Side A Side B
Specimen Fiber type SF (m™1) Fiber type SF (m™!)
S1 NZ_K_20 17.40 OFS_K_09 10.53
S2 NZ_W_09 33.36 TLS_W_09 21.07
S3 SLF_B_32 6.16 NZ_K_50 421

be close but not necessarily identical. Fig. 12 shows the crack width
deconvolution results using the raw FOS measured strain as well as
the deconvolution results using the crack strain profile mentioned
previously, in which the approximated concrete strain [Eq. (5)] is
subtracted from the FOS measured strain to obtain the net strain.
The displacement resolution of a typical DIC method is around
+0.1 to 0.01 pixels (Siebert et al. 2011). For the tested specimens,
the mm/pixel ratio was around 0.18; therefore, the 0.005-mm DIC
bias in Fig. 12 was acceptable. For the early stages of loading (up to
about 30 kN), subtracting the concrete strain made a significant dif-
ference. After larger cracks emerged, the integrated crack width W,
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from the net strain and the raw strain became approximately the
same. Although it was challenging to quantify the improvement in
accuracy provided by subtracting the concrete strain because of the
limitation of the DIC resolution and the 10 mm distance between the
DIC surface and the optical fibers, the adopted procedure provides a
new method for measuring early stage minor cracking.

Fig. 13 shows the crack width of each individual crack in S2
from FOS measurements and DIC for each load step. In addition
to the integrated crack width based on the representative y deter-
mined from the iterative fitting, Fig. 13 also shows the predicted
crack width from free fitting, that is, the deconvolution results with-
out confining . This free fitting was conducted for the following
reasons. First, while the determination of a constant gamma was
very useful in defining the sensitivity factor and comparing cables,
it was not strictly necessary in order to allow the deconvolution.
Second, one might hypothesize that gamma would increase with
crack width due to continual debonding of the cable from the con-
crete; free fitting allowed this. An increase in gamma with crack
width was not observed for the less stiff cables in S1 and S2, but
an increase in gamma was observed for the two stiffer cables in S3.
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(c) S2 side A C3; and (d) S2 side B C3.

For the cables in S3, gamma could have been redefined as a function
of crack width, but the free fitting results allowed this to happen
naturally. Third, one might hypothesize that when secondary split-
ting cracks (i.e., the longitudinal cracks that branch off of the initial
cracks) occurred at higher load levels, gamma would be affected;
free fitting allowed gamma to change when these cracks occurred.
It was difficult to determine exactly where splitting cracks occurred
with respect to the fiber-optic cables, so eliminating cases of split-
ting cracks was not pursued.

Generally, the predicted crack width from both the fixed gamma
and free fittings correlated reasonably well with DIC results. DIC
measurements for crack width tended to be larger than crack width
estimated by FOS across all load levels. Borosny6i and Snébli
(2010) presented experimental studies to investigate the variation
in crack widths within the concrete cover of reinforced concrete ten-
sile members. They confirmed that crack width increased through
the concrete cover reasonably in the form of a power function,
which explains why DIC (surface crack) results would be slightly
larger than the FOS-generated crack width results.

The predicted crack width from both the fixed gamma and free
fittings correlated very well over the lower load steps (LS1-4).
However, at higher load levels (LS5-6), the free fitting predicted
larger crack widths than were predicted in the fixed gamma case.
This may have been due to the additional splitting cracks, although
not all cases of load increase exhibited splitting cracks. Further, in
some cases, the cracking situation is clearly more complex, and
should not be expected to match. For example, crack S2-A-C1 was
clearly an interaction of multiple cracks [Fig. 7(c)], so the free fit-
ting artificially increased gamma and overpredicted the width of the
main crack.

Figs. 21 and 22 in the Appendix summarize similar results for
specimens S1 and S3, respectively, at six load steps. Both decon-
volution methods generally provided reliable crack width predic-
tions, even for the two most stiff and least sensitive fibers in S3,
with a few notable exceptions. In some cases, the results should not
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be expected to match. For example, for crack S1-A-C3, crack
propagation was complicated [Fig. 7(a)], and the DIC results were
extremely prone to error near the crack tip/split. In other cases—for
example, cracks S3-B-C3 and S3-B-C4 the primary crack was more
obvious, but the splitting crack may have caused the constant
gamma fitting to underpredict the results. The free fitting per-
formed marginally better. Similar behavior was also observed in
S2 for example, S2-B-C3 and S2-B-C4 (Fig. 13). For most other
cases, the relative error for DIC and FOS crack width were within
10% during LS1-4. When one clean crack was observed, as for S1
cracks C5 and C6, both methods tended to perform better.

Crack Distribution Adjacent to Rebar

Deconvolution of FOS measurements at Al and B1 was relatively
straightforward, because only primary cracks tend to propagate to
the concrete surface. However, numerous internal cracks made it
challenging to decompose the FOS strain profiles at locations
A2 and B2 directly. Goto (1971) found that internal cone-shaped
cracks were initiated at the steel bar ribs on either side of the pri-
mary cracks as shown in Fig. 14, but these internal cracks did not
propagate to the surface. The rib spacing of the steel bar in the spec-
imens was 16.4 mm. Therefore, using the representative ~y from the
iterative fitting in Fig. 10, FOS measurements at A2 and B2 were
decomposed into two categories: primary cracks and internal cracks,
also known as Goto cracks.

In Fig. 15, the crack distribution along the length of S2, derived
using deconvolution with the fixed gamma values resulting from
the iterative fitting method, is presented. Strain peaks due to end
effects were beyond the scope of this study and were not considered
here. It is interesting to note that under 177.9 kN, internal cracks
developed from the primary cracks at almost every rib and gradu-
ally decreased to zero at the well-bonded sections between the pri-
mary cracks. The locations of primary cracks on the two sides of S2
correlated accurately. However, the number of internal (Goto) cracks
on side A was greater than the number on side B. This was likely
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and calculated from the FOS measurements based on both free fitting and a

because the sensitivity factor for the optical fiber on side A was
larger than the SF for the optical fiber on side B (Table 4), so internal
cracks may have been smoothed together on side B. In addition,
there may have been a slight difference in the internal crack distri-
bution on either side of the specimen due to minor bending. Never-
theless, the proposed method of deconvolution provided detailed
information of the internal damage to the RC member.

Fig. 16 shows the internal crack distribution at a lower load
level of 44.5 kN. The internal cracks were significantly smaller
than the primary cracks. After the formation of a primary crack, a
further increase in stress in the rebar led to the initiation of in-
ternal cracks due to loss of adhesion (debonding) (Hornbostel
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and Geiker 2017). Compared with the results in Fig. 15, it is clear
that as the load level increased, the internal cracks became wider.
As the stress increased, internal cracks became secondary cracks,
as demonstrated by distributions with multiple side peaks in
Figs. 15(a and c).

Fracture Surface

The four optical fibers lay in one plane along the centerline of each
specimen. Therefore, using the calculated crack width from FOS
and the DIC crack widths in the same plane as the fibers, the varia-
tion in crack width through the specimens could be obtained for
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each primary crack. Fig. 17(a) shows the variation of crack width
along the line passing through all four optical fibers and two DIC
surfaces. The figure confirms that the measured primary crack width
decreased in the form of a power function from the concrete surface
toward the reinforcing bar, as illustrated in Fig. 14. It also demon-
strates that while the cracks were initiated at the surface of the
reinforcing bar, they were often close to zero width near the steel—
concrete interface (Borosnydi and Snébli 2010). In Fig. 17(a), only
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the primary cracks were incorporated to get crack width at A2 and
B2, while in Fig. 17(b), the primary crack widths and the adjacent
internal crack widths between the valleys were integrated. Fig. 17(b)
indicates a linear variation in crack width across the entire speci-
men, which could be evidence of bending that occurred along the
length of the specimen. Fig. 17(c) is a schematic of a potential de-
formed shape that was deduced from the crack width distributions
in Fig. 17(b).
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Bond Stress—Slip Relationship where ¢, = strain measurements from fibers embedded in the steel
bar; and €. = approximate distributed concrete strain from Eq. (5).

In Fig. 18(a), the measured FOS reinforcement strain and the
converted concrete strain from Eq. (5) in S2 side A under a load

The last aspect investigated in this study was the feasibility of using
FOS measurements to evaluate the bond stress—slip relationship. In
addition, an innovative method of using FOS rebar strain to calcu-

late crack width is proposed. The local slip S between the concrete of 177.9 kN are presenteq. It is not usefu.l to aPPly the proposed
and rebar can be approximated as deconvolution method to fibers embedded in the reinforcement, be-
cause cracks do not pass through those optical fibers. In addition, as

§— / (e(x) — €. (x))dx’ (11) shown in Fig. 18(a), the strain in reinforcement had very small peak

intervals; these were caused by transverse ribs instead of cracks.
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Fig. 18. Slip calculation in S2 side A: (a) FOS rebar strain and converted concrete strain under a load of 177.9 kN; (b) local slip (over 1.3 mm of

subinterval gauge length) distributed along the specimen length; and (c) crack width from jump point in local slip for each primary crack.

At the valleys (i.e., at 0.10, 0.29, 0.44, 0.62, and 0.87 m), the con-
crete and steel bar were assumed to be well bonded. Hence, at those
locations, the local slip defined by Eq. (11) was zero. Furthermore,
the local slip at any point could be obtained by the integration of
the strain from these valleys (i-1) with zero slip to the point con-
cerned i as

Si(x) = Sii () + / " (6(x) — eo(@))dx

i

Fig. 18(b) shows the calculated local slip under four different
load steps. The slip difference on the left and right sides of each
primary crack (C1-4) represented the total crack width between
two adjacent valleys, including primary and internal cracks. The
crack widths from jump points in the local slip are summarized in
Fig. 18(c) and are also compared to the corresponding integrated
crack widths obtained from FOS concrete strain measurements in
Fig. 17(b). The crack width calculated using the two different meth-
ods agreed well at lower load levels. However, as the load level
increased to 177.9 kN, a more significant difference was observed,
especially for C1 and C4. This was likely caused by the shifting of
actual locations with zero slip. As the reinforcement stress further
increased under higher loads, slip tended to pass through the pre-
viously well-bonded sections, resulting in movement of these zero-
slip locations. Therefore, the valleys in the FOS strain readings were
not necessarily the actual locations with zero slip. In addition, the
existence of internal minor cracks also affected the local slip within
each section. Consequently, the proposed method for evaluating lo-
cal slip lost its accuracy, and further refinement was required.

In order to get an accurate local slip calculation, it was assumed
that each minor crack had the same effect on slip as the primary
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Fig. 19. Slip calculation after incorporating integrated minor and
primary cracks from fitting method.

crack; that is, at the identified crack locations, there was a jump of
slip that corresponded in magnitude to the under-curve area (AUC)
of the fitted Lorentzian function. As shown in Fig. 19, the refined slip
had a sawtooth distribution, and it always returned to a value close to
zero at the valleys, which were the locations of local minima in the
FOS strain measurements in the steel (which were the same locations
in the FOS concrete strain measurements A2/B2 adjacent to the re-
bar). However, this also proved that the zero-slip segments shifted
toward the center of the specimens under higher loads, causing con-
siderable differences in FOS integrated crack widths and the ones
from slip jump points, as observed in Fig. 18(c). The data at the first
and last 0.1 m should not be considered, because only cracks in the
range from 0.1-0.9 m were included. This gave us the distribution of
local slip at a high resolution level and could be used to evaluate
existing bond stress—slip models from a different perspective.
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The bond stress between the rebar and concrete can be calcu-
lated by

) = E O (3

where d, and E; = diameter and elastic modulus of the rebar, re-
spectively; and & (x) = distribution of the smoothed FOS rebar
strain using a locally weighted scatterplot smoothing (LOESS)
filter. For each data point within the selected window length, the
LOESS filter applies a weighted linear regression and then replaces
the data points with the corresponding value of the fitted polyno-
mial. In general, the higher the window length, the smoother the
filtered data will be and the more detailed information it will lose.
Therefore, using the LOESS filter, the high local noise in the FOS
reinforcement strain could be removed. Fig. 20(a) gives the filtered
¢,(x) and its corresponding bond stress 7(x) using a LOESS filter
with 5% window length. The figure shows that both the peaks and
valleys in &(x) yield bond stresses were close to zero. Fig. 20(b)
presents the bond stress—slip relationship at selected sections along
S2, including the locations of the C3 peak, a neighboring valley,
and four intermediate points in filtered &(x). At 0.44 m (valley
point), local slip remained zero and the bond stress was also rel-
atively small. However, near 0.52 m (peak), local slip attained high
values, while bond stress stayed low. For the intermediate points
from 0.47 to 0.50 m, there was a clear clockwise shifting of the
bond stress—slip curve.

To interpret these bond-slip results, it is useful to compare them
with existing bond-slip models. Eligehausen et al. (1983) reported
the well-known Bertero-Eligehausen-Popov (BEP) model to inves-
tigate the local bond stress—slip relationships of deformed bars em-
bedded in confined concrete for various bond conditions. Elsayed
et al. (2019) derived a bond-slip law based on the BEP model that is
mathematically expressed as follows:

Ky «
Tl(—) s<s
S1
T s <s<s
r={" : P (14)
Sy — 8
Tl—( 2 >(7'—7'3) Sz<S<S3
S2— 83
T3 S 2> 83

where 7; = maximum bond stress; « = curve-fitting parameter
reflecting the degree of confinement; s; and s, = corresponding
local bar slips at the beginning and end of the bond stress plateau,
respectively; s3 = rib spacing; and 73 = residual bond stress. The
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aforementioned coefficients need calibration based on experimental
results. However, due to the limit of the maximum loading during
the tests, the maximum slip was only around 0.2 mm and we could
not derive a complete bond stress—slip relationship based on the
data. Nevertheless, the FOS measurements are still valuable for the
validation of existing models at small slips. Harajli (2009) gener-
ated a four-stage bond stress—slip relationship of splitting failure for
unconfined concrete. Considering the small slip in the specimen,
we only needed to verify the first two stages: (1) an initial ascend-
ing part from zero bond stress up to a7, where a = 0.7; this stage
overlaps with the aforementioned BEP model for pull-out failure;
and (2) a linearly increasing stage from aty, up to the splitting
bond strength 7,, which is defined by

c+ K.\2/3
Tsp =7 fcl< d C)
s

where v = 0.78 for unconfined normal strength concrete; K. =
confinement parameters equals zero for plain concrete; and c is
the smaller of the side cover, bottom cover, or half the clear spacing
between bars. The slip s, at which the splitting bond strength 7,
is attained is calculated as

(15)

Ssp — sle3.3ln(ﬂ.p/rl) + so 111( T1 ) (16)

Tsp

where s, = 0.15 mm for unconfined concrete.
Murcia-Delso and Benson Shing (2015) proposed Eqgs. (17)
and (18) in the absence of experimental data:

7 = 11631075 (17)

s, = 0.07d, (18)

where d, = diameter of steel bar.
Hong and Park (2012) also proposed a bond model under axial
tension as

S\ 145705
7y = k£ 3{ 1 —exp [—4500 <—) } }
d;
S 0.9
x exp|—5 T +5.5f%
where k = coefficient that accounts for the effects of the proposed

model on bond stress, as defined in Eq. (20) for horizontally cast
bar; and f = relative rib area

(19)
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1
k=0.2exp{[-4.5+5.5fz]} %}
_ Ag
fr= wd,l,

(20)

(21)

where [; = rib spacing. This model was modified from Shima et al.
(1987) and Ikki et al. (1996).

Fig. 20(b) also depicts the bond stress—slip relationship derived
from the three models discussed in the foregoing: “Elsayed2019”
[Eq. (14)], “Harajli2009” [Egs. (15) and (16)] and “Hong2012”
[Egs. (19)—(21)]. Compared to the experimental data, the bond stress
predicted by these models was either underestimated (0.44-0.50 m)
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or overestimated (0.52 m). Although the differences were largely
related to different reinforcing bar properties, concrete properties,
specimen dimensions, and local hardness of the concrete layer, it
is clear that the measured bond stress—slip relationship also varied
significantly depending on the investigated locations. The existing
models failed to capture this location-dependent behavior during
the early stages of loading, that is, for relatively small slip. For the
model proposed by Elsayed et al. (2019), this was potentially be-
cause it was derived from pull-out tests, which have different stress
distributions than the current uniaxial tension tests. They also as-
sumed a linear distribution of reinforcement stress and a constant
bond stress according to the strain readings at only three locations.
Harajli’s (2009) model was also derived using stresses and slip

Crack width (mm)

3 Crack width (mm)

Crack width (mm)

(h)

0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.5
0.4
0.3
0.2
0.1
0.0

0.5
0.4
0.3
0.2
0.1

S3 side B C1

T T T T T
—e— Measured w,, (DIC)

—e— Integrated w.- (FOS fixed y)
—eo~ Integrated w,, (FOS free fittings)

/)'
1 2 3 4 5 6
Load step
S3 side B C2

T T T T T
—e— Measured w,, (DIC)

—e— Integrated w.. (FOS fixed y)
Integrated w,, (FOS free fittings)

1 2 3 4 5 6
Load step

S3 side B C3

T T
—e— Measured w,, (DIC)

—o— Integrated w,, (FOS fixed y)
—o~- Integrated w,, (FOS free fittings)

1 2 3 4 5 6
Load step

S3 side B C4

T T T
—e— Measured w, (DIC)

[|—e— Integrated w (FOS fixed y)
—.-

Integrated w,, (FOS free fittings)

Load step

Fig. 22. Comparison between the crack width of S3 measured by DIC and calculated from DFOS measurements based on free fitting and iterative o.
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corresponding to average measurements. Moreover, Hong and Park
(2012) tested RC members under axial tension loadings and claimed
that the bond stress—slip relationship was the same independent of
the locations along a specimen. However, they only installed a lim-
ited number of strain gauges and calculated slip based on integration
of the fitted strain distribution; this ignored the possible slip com-
pensation caused by minor cracking. In effect, the existing bond
slip models provide an average of the very localized bond slip re-
lationships measured along the length of the bar using fiber-optic
cables.

Conclusion

This paper considered damage detection in RC members using dis-
tributed fiber-optic sensors. Specifically, an investigation was per-
formed on six reinforced concrete specimens under uniaxial tension
to discover the effectiveness of using OFDR strain sensing to detect
concrete cracking and damage at the interface between the concrete
and reinforcing bars. The FOS system employed measured distrib-
uted strain at a spacing of 1.3 mm, providing detailed information
of microcrack initiation and distribution, variation of crack widths
within concrete cover, and local bond stress—slip behavior. From the
investigations in this study, the major conclusions are as follows:

1. A deconvolution method for crack width measurements using
FOS was proposed and evaluated against DIC measurements
from six RC specimens tested in uniaxial tension. It was found
that for both the more sensitive fiber-optic cables and the less
sensitive ones that had better survivability, FOS measured crack
widths with reliable accuracy throughout the loading of interest.

2. The deconvolution results provided detailed information about
six types of fiber-optic cables, which enables their use for crack
detection. In particular, the results indicated that stiff and less
sensitive fibers still have potential for monitoring internal dam-
age in infrastructure, but with the advantage of better durability
to survive installation and the ability to maintain measurement
capability at higher load levels.

3. The capability of FOS in detecting close minor cracks provided
an alternative perspective of the distribution of internal cracks
on either side of the primary cracks. It also clearly showed that
the initiation and development of cracking in RC members could
be measured up until load levels approaching failure.

4. The strain readings from the fiber-optic cables embedded in the
steel bars and concrete demonstrated that the bond stress—slip
relationship in RC structures is highly localized. The submillim-
eter resolution from OFDR meant that more detailed steel strain
distributions and local slip could be obtained, and it revealed
that the bond stress—slip relationship is location-dependent at
early stages.

Appendix. Graphs

Appendix contains Figs. 21 and 22.
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Notation

The following symbols are used in this paper:
A, =sectional area of concrete;
Ap =projection area of a single rib on the cross section
of a deformed bar;
A, =sectional area of steel bar;
d, =diameter of steel bar;
E . =elastic modulus of concrete;
E, =elastic modulus of steel bar;
fl,=concrete tensile strength in the current specimens;
fr=relative rib area;
I =amplitude of fitted Lorentzian function;
1, =rib spacing;
P =external force;
g1 = maximum bond strength;
SF = sensitivity factor of optical fibers;
S; =local slip at point i;
#; =minimum slip corresponding to ¢;
W., = crack width;
Xxo =center of fitted Lorentzian function;
~ = width parameter of fitted Lorentzian function;
€. = approximate distributed concrete strain;
€.max = Maximum concrete strain at section S,
€., = cracking strain at stress strength f/,;
€, = strain measurements from fibers embedded in
the steel bar;
€0crack = Steel strain at the loaded end, where cracking occurs;
€,0; = limit steel strain;
> =reinforcing bar circumference; and
0. =tensile concrete stress adjacent to the steel-concrete
interface.
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