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ABSTRACT

Fiber reinforced polymer (FRP) materials are currently used for strengthening civil engineering infrastructures. The
strengthening system is dependant on the bond characteristics of the FRP to the external surface of the structure to be
effective in resisting the applied loads. This paper presents an innovative self-monitoring FRP strengthening system. The
system consists of two components which can be embedded in FRP materials to monitor the global and local behavior of
the strengthened structure respectively. The first component of the system is designed to evaluate the applied load acting
on a structure based on elongation of the FRP layer along the entire span of the structure. Success of the global system
has been demonstrated using a full-scale prestressed concrete bridge girder which was loaded up to failure. The test
results indicate that this type of sensor can be used to accurately determine the load prior to failure within 15 percent of
the measured value. The second sensor component consists of fiber Bragg grating sensors. The sensors were used to
monitor the behavior of steel double-lap shear splices tested under tensile loading up to failure. The measurements were
used to identify abnormal structural behavior such as epoxy cracking and FRP debonding. Test results were also
compared to numerical values obtained from a three dimensional shear-lag model which was developed to predict the
Sensor response.
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1. INTRODUCTION

The use of fiber reinforced polymer (FRP) composites for repair and strengthening of civil engineering infrastructures
has become a common practice (Rizkalla & Tadros, 2003). However, evaluating the long-term condition and
effectiveness of the strengthening can be difficult since damaged regions are hidden beneath the FRP materials. Typical
observed faults include air voids, damage of the FRP material, debonding between the FRP and the external surface of
the structure, or failure near the bonded interface. A variety of non-destructive evaluation (NDE) methods have been
used to evaluate FRP strengthening systems immediately after installation on the structure and occasional inspections are
typically performed (Kaiser and Karbhari, 2004). These techniques, including visual inspection, acoustic impacting, dye
penetration, ultrasonics, radiography, thermography and microwaves, are useful for the evaluation of the quality of the
bond immediately after installation of the strengthening system. However, these techniques require regular access to the
structure and therefore, regular inspection of the structure throughout its service life may be difficult. Therefore, there is
a strong need for self-evaluating FRP strengthening systems to detect any initial defects such as air voids, to detect the
initiation or growth of debonding and to monitor the structural health throughout the service life of the strengthened
structure.

One approach to continuous monitoring is through integrated sensing and actuation in which the sensors are interrogated
by known, local actuation signals. Active wave propagation using piezoelectric sensors and actuators has been
demonstrated to be effective for monitoring FRP materials. Sensor/actuator pairs have been integrated into surface
bonded sensor patches (Cheng and Taheri, 2005), surface mounted wafer sensors (Giurgiutiu et al., 2003) and polyimide
layers that are then embedded between individual laminae (Lin et al., 2001; Qing et al., 2006; Wu et al., 2006). While
active wave propagation can provide accurate information on the integrity of the strengthening system, high density
sensor/actuator pairs are required due to the short propagation distance of the excited waves. Additionally, large
structural failures that do not generate large local strain gradients may not be detected.
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A second approach which has also been used involves embedding fiber optic sensors into the FRP system to detect
changes in the bonding behavior under the effect of the applied load. In one study Sarazin and Newhook (2007) applied
fiber Bragg grating sensors to the FRP and formulated a strain based index in which potential debonded regions are
identified through changes in the measured strain profile in the FRP strengthening. Zhao and Ansari (2002) embedded
optical fiber low coherence interferometry sensors between the strengthening FRP and the substrate in a small scale
reinforced concrete beam to monitor the bond condition between these components. Their results demonstrated that the
gauge length of the sensor plays a critical role in the phenomena measured by the sensor. In particular, the shortest gauge
length sensors used (147 mm) were the only ones to detect local debonding and separation of the FRP from the concrete
during load testing. Longer gauge length sensors were insensitive to local debonding regions.

This paper describes the development of an optical fiber sensing system, which incorporates both global and local
optical fiber sensors for long-term evaluation of the condition of bridges and structures strengthened with FRP materials.
Both types of sensors can be imbedded directly into the strengthening material or installed between the FRP and the
structural member. The first component is based on an optical fiber time of flight interferometer. A commercially
available optical fiber ribbon was used to evaluate the overall condition of the structure based on global measurements of
the structural response rather than localized sensor behavior. The second component of the system uses fiber Bragg
gratings to evaluate the local condition of the FRP strengthening system. A multi-layer shear-lag analysis that takes into
account the properties of the laminate with multiple types of embedded sensors is applied to predict the response of the
embedded sensors. The effectiveness of the sensors is demonstrated by testing full-scale prestressed concrete bridge
girders strengthened with FRP materials and also by testing steel-FRP double-lap shear coupons.

2 SENSOR DESCRIPTIONS

The proposed sensing system is based on two types of embedded optical fiber sensors. The first component can be used
to evaluate the response of a strengthened structure based on global measurements. This can be particularly beneficial
for reinforced and prestressed concrete structures. Localized phenomena such as cracking of the concrete or the presence
of discontinuities such as large concrete aggregates can disrupt the strain behavior of the FRP strengthening system near
the discontinuity. Consequently, localized sensors may not be effective to assess the overall condition of the structure
and a global sensing technique is needed. The second component of the system can be used to evaluate the localized
bond characteristics of the FRP strengthening to the structure. This type of sensing is particularly useful for monitoring
areas of high strain gradients. Bonded joints are characterized by localized stress concentrations near plate ends, near
discontinuities in the substrate and also possibly near locations of debonded regions. These stress concentrations cannot
be identified by monitoring the global behavior of the system and a localized type of sensor is needed. By using these
two types of sensors simultaneously, the overall condition of the strengthened structure can be evaluated. The following
sections describe each sensor configurations in detail.

2.1 Global sensor measurements
The first component of the sensing system consists of an oscillator interrogated time of flight optical fiber interferometer,
integrated with a commercially available multiple optical fiber ribbon. The recently demonstrated oscillator interrogated

time of flight measurement provides an absolute measurement of the span length change (Jiang et al., 2007).

The total optical fiber length change, AL, due to axial strain g(x) along the span at the location of the FRP reinforcement
can be determined as follows,
AL= [ e(x)dr (1)

This can be related to the change in time-of-flight of a lightwave passing through the fiber, Az, as

a2 d=pome @)
CO

Proc. of SPIE Vol. 6934 693406-2



where ¢, is the velocity of light in a vacuum (¢, = 3.0 x 10* m/s), n, is the effective index of refraction of the
fundamental mode for the fiber and p, is the effective strain-optic coefficient for axial loading for the fiber. For the
optical fiber interferometer used in this study, this time-of-flight change is measured through comparison of the
sinusoidal sensor and a reference oscillating electrical signal. Details of the interrogation system can be found in Jiang et
al. (2007). The minimum resolution of the length measurement for this interrogated is 9.5mm; however by splicing N
fibers in the ribbon together to form one continuous optical path, the minimum resolution can be decreased by a factor of
N.

2.2 Local sensor measurements

The FBG sensor reflects a narrow bandwidth of wavelengths whose maximum, A, depends upon the period of the
grating and the index of refraction distribution in the optical fiber (Meltz et el., 1989). The FBG acts as a strain or
temperature sensor through the induced changes in the FBG period and the optical fiber index of refraction due to the
applied strain or temperature. For the case of applied axial strain, the relation between the wavelength shift and applied
strain is linear,

Ay =(1-p )¢ (3)

where 473 is the Bragg wavelength shift (Friebele et al., 1999). For the FBG sensors used in these studies (Avensys, Inc.)
the optical parameters were p, = 0.26 and n, = 1.46.

Strains at different structural locations can be measured simultaneously by multiplexing multiple FBG strain sensors
together with distinct Ap into a single optical fiber to reduce the ingress/egress connections and instrumentation systems
required. A 1 kHz FBG interrogator (Micron Optics Inc.) was used to scan the FBG sensor network and monitor the
peak wavelengths. A laptop PC was used to acquire the measured data through a LabView program.

3 EXPERIMENTAL PROGRAM

Two different types of tests were used to evaluate the performance of the global and local sensing systems. A full-scale
prestressed concrete bridge girder strengthened with FRP materials was tested to assess the behavior of the global
sensing technique. The local sensing technique was assessed using steel-CFRP double-lap shear coupon tests. Each part
of the experimental program is described in detail in the following sections.

3.1 Global deformation testing

To assess the effectiveness of the global measurement technique, a full-scale C-channel type prestressed concrete bridge
girder, shown schematically in Figure 1(a), was strengthened with FRP materials and tested. The girder was strengthened
using two layers of 1 mm thick by 127 mm wide externally bonded carbon fiber sheets, bonded to the bottom tension
surface of each of the girder webs. The beam had a span of 8924 mm and was loaded by a single point load at midspan.
The girder was reinforced by a total of ten 9.5 mm diameter prestressing strands with nominal ultimate strength of
1720 MPa. The average measured compressive strength of the concrete was 50.6 MPa. The modulus of elasticity and
tension strength of the concrete, determined based on the measured compressive strength, were 32,000 MPa and 5 MPa
respectively. Details of the test are presented by Rosenboom (2007). The test setup is shown in Figure 1(b)

The optical fiber ribbon (Sumitomo Electric, Inc.) was embedded between the two layers of the CFRP sheets at the
bottom of one of the beam webs and spanned along the entire length of the girder. Twelve of the fibers in the ribbon
were then spliced together to form an initial sensor length of 98.76 m. The bridge girder was subjected to three-point
bending until failure while the applied load, displacement at the midspan and change in length of the optical fiber ribbon
sensor were measured.
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Fig. 1. (a) Cross-section of strengthened bridge girder; (b) Beam test setup
3.2 Local debonding testing

To evaluate the performance of the localized sensors, two steel-FRP double lap shear coupons, shown schematically in
Figure 2, were tested. Due to the homogeneous nature of the materials, and the high-levels of stress concentrations and
strain gradients typically observed for these strengthening applications, this type of a specimen was selected to evaluate
the performance of the local sensing technique. The coupons consisted of two 9.5 mm thick x 38 mm wide steel plates,
each 508 mm in length, which were bonded together by wet lay-up carbon fiber reinforced polymer (CFRP) sheets as
shown in Figure 2. The strengthening sheets were 400 mm in length with an adhesive thickness of approximately 0.5
mm. Several optical fibers with Bragg grating sensors were embed in the FRP along the width of the specimen, as shown
in the figure, to monitor the bond behavior. To maintain the symmetry of the specimens, plain glass optical fibers of the
same dimensions and properties were embedded on the opposite face of the coupon as shown.

Active fiber Bragg Two layers of CFRP (TYP) To data acquisition
grating sensor layer \ system
/ Steel plate
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Fig. 2. Configuration of the double shear lap steel joint test specimen. All dimensions in mm. (not to scale).

The fabrication process was similar for both specimens. The steel plates were sandblasted and two layers of CRFP sheets
were applied to one side of the plates. After the epoxy was allowed to cure for 24 hours, an additional layer of adhesive
was applied to the FRP and the optical fibers were aligned on the specimen. Another layer of epoxy and the final two
FRP layers were applied to the specimen. After curing of the FRP, the process was repeated to install the FRP on the
opposite face of the specimen. All specimens were allowed to cure for one week prior to testing. The location of the fiber
Bragg gratings are shown in Figure 3 for, the two fabricated specimens. The initial wavelengths of the sensors are given
in Table 1.
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Fig 3. Sensor position and initial wavelengths of the FBG sensors

Table 1: Initial Bragg wavelengths
FBG sensor Initial Bragg

Specimen number wavelength (nm)
S1 1554.91
S2 1549.02
DLS 1 S3 1542.92
S4 1567.15
S1 1543.02
S2 1560.80
DLS 2 S3 1567.16
S4 1558.16
S5 1564.01

The objective of the first specimen, DLS 1, is to evaluate the embedment of the FBG sensors in the strengthening CFRP
system and to assess the joint self-monitoring capability with respect to epoxy crack initiation and development. The
presence of a debonded region near the end of the FRP was simulated by placing a small piece of Teflon tape at this
location as shown in Figure 3. However, this method of simulating an air void was found to be ineffective. For the
second specimen, DLS 2, the ability of the sensing system to detect localized debonding was studied. The specimen
included a 100 mm long debonded region at the mid-span. For this specimen, a thin plastic film was used to wrap the
surface of the steel plates prior to installation of the FRP. The rest of the strengthening process proceeded as described
previously. Conventional electrical resistance strain gauges were installed on the surface of the CFRP for comparison
purposes.

4 EXPERIMENTAL RESULTS
4.1 Test results of the bridge girder monitored by global sensors

The strengthened bridge girder was loaded in three-point bending until failure. At select intervals, the total sensor
elongation for the fiber optic sensor, AL, was measured using the time-of-flight optical fiber interferometer. The
measured sensor elongation, AL, as a function of applied mid-span load, P, is shown in Figure 4. Inspection of the figure
indicates a change of the slope of the curve at an applied load level of approximately 75 kN. This change in behavior is
due to cracking of the concrete beam as observed by other means of instrumentation. The measured load immediately
prior to failure was 190 kN. At this point, the fiber optic ribbon sensor was functioning very well which demonstrates the
durability of these types of sensors. Based on the measured sensor response, the applied load acting on the structure can
be calculated. The two different analysis techniques used are described in the following sections.
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