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6.1. INTRODUCTION

6.1.1. BACKGROUND
The deterioration of bridge structures has created vigorous interest in the development of new
techniques for bridge construction, reparation, rehabilitation, and monitoring. In the case of timber
bridges, traditional condition assessments have been determinated by visual inspections of the
structure’s members with maintenance decisions being based upon the gathered information. To
improve this situation, the development of an innovative timber bridge structure with the capability
to monitor long-term performance parameters through the implementation of fiber optic strain gages

was cooperatively developed (Phares et al, 2007).

A smart structure would typically incorporate structural materials, sensors, data reduction
techniques and remote systems that allow for the monitoring of the structure. With these elements, the
smart structure is able to monitor the in-situ behavior of the structure, to assess performance under
service loads, detect damage/deterioration, and determine the current condition (ISIS, 2001). In this
context, a conceptual smart timber bridge was developed with the purpose of improving the long-term
performance, maintenance, and management of timber bridges. Four concepts were established to
develop the smart timber bridge comprising of:

e Selection of the bridge structural materials
o Identification of the measured performance metrics (attributes)
e Selection/development of the sensor types

e Communication/processing and reporting.

Stress rated glued laminated timber members were selected as the material for the smart timber

bridge. Specifically, the superstructure of the conceptual bridge, composed of a series of transverse



99

glulam deck panels supported on longitudinal glulam beams, was the focus of the smart timber bridge

development.

By identifying the bridge-specific behaviors and deterioration modes, the assessment of the smart
timber bridge condition will be conducted through the evaluation of the structural adequacy and
decay/deterioration. Structural adequacy of the bridge will be determined by measuring flexural
strains. In addition, the decay/deterioration of the timber structure, specifically due to moisture, metal
corrosion and ultraviolet light will be evaluated through the application of sensors housed in non-

structural packages.

The overall health condition of the smart timber bridge will be monitored using commercially
available, as well as new sensors. In the work described here sensors based upon Fiber Bragg Grating
(FBG) technology were used. Besides being linear and absolute in response, electrical interrupt
immune and readily multiplexed, these FBG sensors have the ability to be both embedded and surface
mounted. In previous laboratory as well as field tests, good agreement between FBG strain sensors
and conventional strain sensors was demonstrated for both steel and concrete structures (Merzbacher
et al, 1996;Childers et al, 2001; Tahir et al, 2005; Rao et al, 2006). In recent research on steel bridge
structures conducted by the Bridge Engineering Center, FBG sensors demonstrated 99% agreement
with foil strain sensors (Doornink, 2006). These FBG strain sensors will be used to measure the
structural response of the timber bridge. In addition, sensors to detect moisture content, ferric ions

and degradation of wood lignin will be integrated to detect the decay/deterioration.

In addition, as a part of the health monitoring technologies and bridge management approaches, a
communication/reporting system will be developed. This system will be comprised of a data
acquisition system, development of data processing techniques and software applications to interpret
and report on the results of the data obtained during monitoring activities. The behavior of the
superstructure will be summarized by integrating all the responses related to the attributes of the
smart timber bridge and be addressed to the bridge owner in a clear report. With this information, the
owner can review and program routine maintenance and/or rehabilitation of the bridge. Also, this

system will serve as an immediate alert to early damage catastrophic event.

In this investigation, the development of techniques for embedding and attaching FBG sensors to

glulam timber members for detecting either structural or non-structural attributes of the timber
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members was conducted. Using the proposed smart timber bridge concepts, members were
constructed at the laboratory level with engineered glulam and commercially available FBG strain
sensors. Although FBG strain sensors have been utilized in steel and reinforced concrete bridges with
proven success, this is the first known application of embedded and attached FBG sensors in timber

members for measuring structural and non-structural metrics in a structural health monitoring system.

This research is divided in two parts; the first focused on the development of new sets of
structural and non-structural packages to protect the FBG sensors for detecting strains in glulam
members. The second part focused on the development of attaching and embedding techniques for
installing these FBG sensor packages in glulam members. In the laboratory, the developed external
and internal FBG sensor packages were bonded to typical wood laminates. Small scale glulam
specimens were constructed using the instrumented laminates. The specimens were tested under
multiple loading cases and temperature variations to investigate the elastic and/or viscoelastic
behavior of the sensor packages. After processing the data and analyzing the results, the most
promising structural and non-structural FBG sensor packages and attachment techniques were
selected to be implemented in a full-scale glulam bridge girder. This girder and its load/strain

response were evaluated in the laboratory.

6.1.2. OBJECTIVE AND SCOPE

The main objective of this research work is the development of techniques for embedding and
attaching sensors to glulam timber members for detecting either structural or non-structural attributes
of the timber members. This consisted of the development of various structural and non-structural
sensor packages and the selection of appropriate adhesives. Further, techniques for embedding and
attaching the sensors were developed. To evaluate the responsiveness of the sensor packages,
laboratory testing was conducted under variable laboratory and temperature conditions. The most
promising sensor packages were selected and installed in a full-scale glulam girder which was, again,

tested in the laboratory.

6.1.3. LITERATURE REVIEW
The literature review briefly summarized here was conducted and focused on providing
information on previous investigations related to the installation and application of FBG sensors civil
engineering structures. At this time no fiber optic sensors have yet to be embedded in or attached to

glued laminated timber bridges members.
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6.1.3.1. GENERAL OVERVIEW OF FIBER OPTIC SENSORS

Currently available and on-going research in fiber optic sensors (FOSs) is based on the advances
in laser technologies and in low-loss optical fiber in the 1960s (Grattan and Sun, 2000) and the
expansion of telecommunication optical fiber networks in the early 1980s (Meggitt, 2008). Recently,
extensive research to develop FOSs with multi- and single-mode techniques has been the focus of
many investigations. Typically, a fiber optic consists of the fiber core, cladding and jacket. Under
environmental conditions, fiber optics experience geometrical and optical changes (i.e., size, shape,
refractive index, mode conversion) while still reliably transmitting light. As a result, fiber optics can
be used as sensors to measure external environmental parameters (Li et al, 2004). Environmental
FOSs have typically been desirable where electronic and electrical sensors simply do not perform
reliably. In Figure 6.33(a), a synopsis of FOSs and their associated measurement parameters is
presented, grouped according to the most common methods of evaluation: extrinsic and intrinsic
methods (Udd, 1991). An extrinsic FOS or hybrid FOS consists of carrying-light input and output
fibers and a black box; the latter element interprets the FOS to an environmental change. An intrinsic
FOS or all-fiber FOS reacts upon environmental actions and converts these actions into a modulation
of the light beam passing through it (Nolan et al, 1991). Additionally in Figure 6.33(b),
interferometric FOSs and their corresponding parameters are presented as reference. FOSs have
found niche applications in various fields including medicine, chemical products, aecrospace, concrete

structures, electrical power industry, etc.

In civil engineering applications, FOSs have been used during the last two decades to monitor the
structural health of steel and concrete bridges by providing structural response measurements (e.g.,
stress, displacements, capacity, etc.) and environmental condition parameters (e.g., wind speed,
temperature, etc.). Three groups of FOSs for structural health monitoring were presented by Li et al
(2004). These sensors are classified by their sensing ranges including local, quasi-distributed and
distributed capabilities (see Table 6.1). Local FOSs can detect optical phase changes at specific,
discrete locations within structures. Distributed FOSs are recommended for large structures where
every portion of the fiber is a sensor. Due to their weak resolution and detectable signal, these FOSs
have limited applications, which include the evaluation of fracture losses or local damages in a

structures. Similarly, a quasi-distributed FOS measures strains along the determined sensor length.
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[ Types of Fiber Optic Sensors per Evaluation Method }

Extrinsic FO Sensors

Encoder Plates /
Disk

For linear and
angular position.

Total Internal
Reflection

Reflection and
Transmission

For pressure, flow,
damage.

For liquid level,
pressure.

Gratings

Flourescence

For temperature,
viscosity, chemical
analysis.

For pressure,
acoustics, vibration.

Intrinsic FO Sensors ‘

Microbend Sensors Blackbody
&
For strain, pressure, S
vibration. For Temperature.
Distributed Interferometric
Sensors FO Sensors

Rayleigh

For strain, temperature,
External refractive index.

Evanescent

For temperature,
strain.

Raman

For temperature.

Laser Doppler
Velocimetry

For flow measurement.

Absoption Band
Edge

For temperature.

For pressure,
acceleration, vibration,
rotation position.

Photoelastic Effects

Mode Coupling

For strain, temperature,
temperature.

Quasidistributed

For acoustic, acceleration, strain,
magnetic field, temperature.

Pyrometers

For temperature.

(a) Extrinsic and Intrinsic Fiber Optic Sensors

Interferometric FO Sensors J

Mode Coupling
For strain, temperature.

}_

Polarization

For acoustics, acceleration, pressure,
temperature, strain.

Michelson

For acoustics, magnetic fields, electric
fields, temperature strains.

Ring Resonator,
For rotation, acceleration.

Sagnac

For rotation, acceleration, strain,
acoustics, wavelenghts meaurementes,
magnetic field, current.

current.

Mach-Zehnder

L__For acoustics, magnetic fields, electric
fields, acceleration, strain, temperature,

Fabry-Perot

-
%
%

Single Mode
For acoustics, temperature, pressure.

(b) Interferometric Fiber Optic Sensors

Multimode

For temperature, pressure, index of
refraction.

Figure 6.1. Chart of the Types of Fiber Optic Sensors (Udd, 1991)
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Table 6.1. Fiber Optic Sensors for Civil Structural Health Monitoring (Li et al, 2004)

Sensing Linear Intrinsic/
Sensors Measurements o

Type Response Extrinsic

Local Fabry-Perot Strain, also configured to Yes Both

measure displacement,
pressure, temperature

Long Gage Sensor Displacement Yes Intrinsic
Quasi- Fiber Bragg Grating (FBG)  Strain, also configured to Yes Intrinsic
distributed measure displacement,

acceleration, pressure,
temperature, relative
fissure and inclination,
corrosion, etc.

Distributed Raman / Rayleigh (OTDR) Temperature / strain No Intrinsic
Brillouin (BOTDR) Temperature / strain No Intrinsic

6.1.3.2. CHARACTERISTICS OF THE FIBER BRAGG GRATING AS OPTICAL SENSORS

A Fiber Bragg grating (FBG) is defined as a periodic perturbation of the refractive index along an
optical fiber length (grating length). The FBG is formed by exposure of the core to an intense optical
interference (Hill and Metlz, 1997). The writing techniques of the grating have evolved from the
internal laser writing (Hill et al, 1978) and transverse holographic methods (Metlz et al, 1989) to the
phase mask method (Hill, 1993). The optical fibers consist of a small inner core and an outer core of
glass (cladding). A coating of polyimide, or acrylate or ORMOCER (organic modulated ceramic) is
applied to protect the fiber from water and hydrogen which can cause cracking (Kreuzer, 2007). To
write the fiber into the core, the process includes dismantling the coat and writing the Bragg grating
in a single mode. The fiber is thoroughly recoated to prevent the breakup of the fiber at lower strain

levels.

In general, a FBG sensor is characterized by its high sensitivity and performance when compared
to the other types of sensors (i.e., foil strain gages, strain transducers). FBG sensors have long life
cycles, are corrosion resistant (made from silica) and withstand high tensile loading (up to 5%
elongation) (Li et al, 2004). In addition, FBG sensors are passive (dielectric), immune to
electromagnetic interference, light weight, small, have high-temperature performance, large
bandwidth, high sensitivity, easy to be installed and optically multiplexed (Udd, 1991). When local
strains or temperature variations alter the grating period, shifted wavelengths are measured by
interrogators with resolutions and short-term stability of +/-1 pm. Currently, FBG sensors systems

for measuring strains and temperatures interrogate over 512 sensors.
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The durability of the FBGs depends on not only the quality of the manufacturing processes but
also on the system usage. In the telecommunication industry, the system usage has been established
and the associated failure mechanisms have been determined and modeled using standard accelerated
aging tests for a 25-year usage pattern. However, in the health monitoring systems, the FBG sensors
are applied in different environmental conditions for various measuring tasks (Lefebvre et al, 2006).
Consequently, the failure mechanisms vary from application to application; therefore, the prediction
of the life cycle of the FBG sensors cannot be estimated through characterization tests. After
installing the FBG sensors in/on structural members, environmental conditions are expected to
generate micro-crack growth and thermo-dynamic decay generating mechanisms of failure. To
ensure the long term reliability of the FBG sensors, the life expectancy of the FBG components must
be established. Although FBG sensors have been installed in various civil structures including
bridges, buildings, piles, pipelines, tunnels and dams (Merzbacher et al, 1999; Li et al, 2004), the
oldest reported and still operative fiber optic sensors were embedded in polymer matrix composites in
1982 at the NASA Langley Research Center. Fifteen years later, the FBG sensors were examined to
study the possible degradation of the material in the vicinity of the embedded fiber elements (Claus et
al, 1998). The main conclusions of the study were that all fiber optic sensors indicated to be
operative after being interrogated, sensor leads have not be sheared off after 15 years of use, and the
composite specimen had no sign of degradation. Issues faced then and still present today were the
cross sensitivities of the wavelengths due to the number of FBG sensors interrogated and the
interconnection problem of the sensors which implied the ingress/egress of the FBG leads and

connectors at the host structures.

Though bare FBG sensors have demonstrated to be compatible with different infrastructures; due
to their inherent fragility, FBG sensors are not suitable to be directly installed in structures (Moyo et
al, 2005). FBG sensors when properly packaged can be operative under severe conditions imposed
by construction environments and service. In the following sections, packaging techniques utilized in

laboratory and field demonstrations for long-term monitoring are presented.

6.1.3.3. PACKAGING DEVELOPMENT

In the last two decades, FBG sensors have been installed in concrete (i.e., on steel and FRP
reinforcement), on steel girders and other civil structural members with relative success (Vohra et al,
1999, Tennyson et 2001, Casas et al, 2003, Li et al, 2004). Though FBG sensors made from bare

fiber are easy to be embeddable, when improperly handled during and after fabrication, FBG sensors
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can be easily damaged. As a means to minimize damage and extend the FBG sensor life, either
recoating the bare fiber or providing a protective packaging is desirable. In addition, it is desired that
both bare fiber materials (i.e., polyamide or acrylate coating) and package epoxies last as long as the

bridge service life (Lin et al, 2005).

In health monitoring systems developed in Japan, FBG sensors for damage detection embedded in
FRP composite was studied by Satori et al (Satori et al, 2001). In this study, FBG sensors were
fabricated in small optical fibers with cladding diameter of 40 um and coated with polyimide. These
sensors were heat treated at 300° C (572°F). After the high temperature treatment, the retained
mechanical strength and reflectivity were verified. From the temperature and tensile test results, the
coated and packaged FBG sensors were recommended to be implemented in health monitoring
systems for sensing strains or temperatures.

One study on recoating and steel-tube packaging FBG sensors for civil engineering applications
was conducted by Lin et al (Lin et al, 2005). Three techniques for packaging bare FBG sensors,
which included nickel recoating, quartz glue and steel tube with 1- and 2-mm wall thickness, were
prepared and evaluated. The bonding effect was studied in each FBG sensor, with or without
packaging, to understand the strain transmission between the sensor and its host material member
(specimen). The experimental results were compared to the finite element model (FEM) results
verifying that the bare FBG sensors attached with different adhesive thicknesses (i.e., 2 to 100 pm)
and various modulus of elasticity values (i.e., 5 to 100 GPa) did not interfere in the strain

transmission rate.

Hao et al investigated the effects of packaging materials on the FBG sensors performance (Hao et
al, 2006). Theoretical and experimental optical fiber constants such as thermo-optic and photo-elastic
constants were investigated for two embedding materials (backing materials). Polymethyl
methacrylate (PMMA) and carbon fiber reinforced composite (C-FRC) were selected for their high
tensile strength and lower thermal expansion coefficients. In the laboratory, temperature and strain
sensitivities of bare FBGs were measured as 10.9 pm/ °C and 1.1 pm/pe, respectively. With respect
to the PMMA, the FBG sensor was embedded into a small groove and fixed to the PMMA plate with
hard epoxy resin. A variant of this packaging technique was the application of second layer of
PMMA plate to form a sandwich structure. When subjected to heat, the temperature sensitivity of
both packaged FBG sensors was at least nine times larger than the bare sensor. The experimental

thermal expansion coefficients of the packages were on the order of the theoretical PMMA value
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compared to the glass fiber. For the C-FRC, two unidirectional layer configurations were selected;
bare FBG sensors were embedded into layers orientated at 0° and 90° with respect to the longitudinal
direction of the FBG sensors. After testing, it was found that the 0° C-FRP packaged FBG sensor had
temperature sensitivity similar to the bare FBG sensor (i.e., C-FRP thermal expansion coefficient of -
1x107/°C). For the 90°C C-FRC packaged FBG sensor, the resulting thermal expansion
coefficient was on the order of the 90° C-FRP package value as expected (i.e., five times larger than

the bare sensor value).

FBG sensors were developed and deployed on reinforced concrete highway bridges to measure
dynamic strain, static strain and temperature by the research program involving the School of Civil
and Structural Engineering and School of Electrical and Electronic Engineering at Nanyang
Technological University in Singapore (Moyo et al, 2005). Three sensor packages were developed to
evaluate temperature, strain and temperature compensated strains. For the temperature sensor, a 35
mm (1.4 in.) long tube was used to protect the FBG sensor from external stress and increase the
temperature sensing range with a coefficient of 25 pm/ ° C. The strain sensor package consisted of
layers of 50-mm (2-in.) carbon composite material. The third FBG strain sensor was composed of
two bare FBG sensors, one protected by a steel tube while the other embedded into carbon composite
layers, similar to the previous developed sensors. Both sensors were inserted into a custom designed
dumbbell in which the temperature FBG sensor was set lose and the strain FBG sensor was bonded to
the inner surface of the dumbbell. Tensile, bending and dynamic loading tests as well as temperature
tests were performed on steel reinforcement and in reinforced concrete beams to evaluate dynamic
and static strain levels as well as the associate temperature per sensor type. Both FBG strain sensors
and electrical resistance gages were installed for comparison. The FBG sensors that were protected
during casting and isolated from pressure effects survived. From the test results, the surviving
sensors were found to operate after construction and to provide accurate strain and temperature
measurements. These sensors were recommended for being used in long term structural health

monitoring besides short term load tests, vibration and seismic response.

Wnuk et al reported on bonding agents and methods for surface mounting FBG strain and
temperature sensors to be used in harsh environments (Wnuk et al, 2005). Two FBG sensors were
bonded with ceramic fillers and epoxy binder which were applied with a brush technique. Two other
sensors were bonded with a material which consisted of a fiberglass pad bonded with a polymeric

compound. Two FBG sensors were manufactured using a pure aluminum oxide sprayed coating; this
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technique was used for strain gages exposed to temperatures over 1200 °C and did not exhibit creep
or shrinkage as did the polymeric based adhesive. All materials were bonded onto a metal shim
substrate, Hastalloy X super-alloy. The packaged FBG sensors with ceramic and fiberglass were
spot-welded onto a steel beam and strain and temperature tests were performed. The results indicated

that the FBG sensors displayed large residual strains due to the bonding agents and the spot-welding.

A weldable strain and temperature FBG sensor was developed for structural health monitoring of
steel bridges in Portugal (Barbosa et al, 2008). The bare FBG sensor was embedded in a capillarity
stainless steel tube and bonded with a thermal curing epoxy. The steel tube was laser welded to a 45
x 15 x 0.3 mm stainless steel base which was spot welded to the steel structure. The ingress/egress
fibers were protected with a standard 990 um buffer. To protect the weldable FBG sensor, a
protective stainless steel cap was prepared and welded to the structure. The input/output fibers were
also protected by a 3-mm PVC tube containing an internal stainless steel coil. The packaged
temperature sensor was protected with a steel cap which was spot welded to the structure. Both
weldable strain and temperature sensors were laboratory calibrated. The strain sensors proved to be

stable and reliable under cyclic loading.

Two packages were developed for strain measurement using bare FBG strain sensors and
composite materials (Gangopadhyay et al, 2009). One bare FBG sensor was packaged with a two
part epoxy resins mixed in the molar ratio of 4:1 at room temperature. The other sensor was package
with glass FRP material. Only the two-resin packaged FBG sensor was subjected to laboratory tests.
The packaged sensor was installed on a steel cantilever beam and compared to mechanical strain
gages and bare FBG sensors verifying the strain results. A study of the packaging material was
conducted to evaluate the characteristics of the epoxy resin sheet. X-ray diffraction profile, thermo
gravimetric analysis, differential analysis and scanning electron microscope (SEM) for epoxy
polymer resin were performed to confirm the packaging performance. From the experiments, it was
recommended to use a thin layer of adhesive, a high modulus coating material and a sufficient

embedment length.

6.1.3.4. USE OF STRAIN SENSORS IN WOOD MEMBERS
Electrical resistance strain gages were used in the 1940°s by the U. S. Forest Product Laboratory
for determination of strains in wood and wood-base materials and for the determination of stress

distribution patterns in wood structures. Methods for measuring the elastic properties (Doyle et al,
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1946) and the shear moduli in wood (Kuenzi et al, 1942) using these gages have shown to be more
accurate than the mechanical strain gages, in which the measurement of the gage lengths induced
errors. Radcliffe reported on the use of electric resistance strain gages on wood for the determination
of the elastic constants for wood considered as an orthotropic material (Radcliffe, 1955). In this
investigation, a method for determining the moduli of rigidity from compression tests at the angle of
the grain was introduced. In addition, methods for correcting errors were developed for when more

exact values were required.

Later, Youngquist reported on the performance of bonded wire strain gages (Youngquist, 1957).
The purpose of that report was to outline the methods used at the Forest Product Laboratory for
bonding these gages to wood, to indicate certain limitations on the gage usage, to present some
comparative strain data obtained with bonded strain gages and other types of strain gages commonly
used with wood, and to report the results of some limited special tests of these strain gages. In
addition, a method for mounting bonded wire strain gages and recommended precautions for
obtaining reliable data were also presented. These tests confirm the fact that a deviation from straight
grain in a wood specimen may significantly affect the measured modulus of elasticity of the piece.
Special emphasis on the proper orientation of the gages with respect to the desired elastic property to

be measured was recommended to reduce error.

In 1985, glued laminated timber bridges composed of 48-in. stringerless deck panels connected
by stiffeners were studied by lowa State University. An analytical study was conducted to develop
the design criteria for the live load distribution, later approved for submission into the AASHTO
Bridge Specification (Sanders et al, 1985). However, to understand the behavior of this timber bridge
type, a full-scale timber bridge was tested in the laboratory (Funke Jr., 1986). Strain gages were
placed on the panels and one of the stiffener beams to measure strains; deflections were also
measured at midspan. Several experimental bridge parameters as the elastic properties of the panels
and stiffener beams were experimentally determined. In addition, an analytical model was refined to
predict the behavior of the bridge components to the experimental behavior. Experimental test results
were found to be comparable to the finite element models. However, the load distribution criteria

were shown to be conservative.

The long term performance of FPR reinforced glulam girders in a HS-25 highway bridge

constructed over the Clallam River, near Sekiu, Washington, was monitored under in-service
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conditions (Tingley et al, 1996). General purpose strain gages were internally installed on the wood
and on the FRP reinforcement of one internal and two internal girders. These strain gages had 1-in.
effective gage lengths with 120 ohm resistance at 75°F and could to operate between -100° F and 350°
F. From the study, strain gage data were evaluated using a Fourier analysis. The most relevant
recommendation was the addition of control strain gages which are only subjected to thermal

changes.

6.2. SMALL SCALE SPECIMEN CONSTRUCTION AND EXPERIMENTAL TESTING PROTOCOLS

This chapter documents the materials utilized and the techniques developed for embedding and
attaching Fiber Optic Sensors (FOSs) with structural and non-structural packages to glulam members.
Specifically, construction details for the small scale specimens and the test protocols used to evaluate
the response of the packages are presented. FBG sensors are free from electromagnetic interference
and have no drift commonly found with resistance strain gages. FBG sensors are lightweight with
diameters ranging from 145 to 165 um (manufacture’s specifications). In addition, FBG sensors can

likely quantify multiple behaviors.

FBG sensors are constructed from bare lengths of fiber optic cable and can be easily damaged
during and after installation (Lin et al, 2005). To avoid damage which would render the gages
inoperable, techniques for packaging FBG sensors for both structural and non-structural purposes are
needed. The FBG structural package conceptually consists of a backing material and the bare FBG
strain sensor bonded together. The resulting system could be attached to an exposed wood surface or
embedded between the laminates of glulam members to measure the response of the member to
external forces. In this work, five new package types were developed and assembled. The
fundamental technique consists of the surface preparation of the backing material and the application
of a structural adhesive to bond the FBG sensor to the backing material that was developed by the
BEC (Doornink, 2006). In addition to the five developed FBG structural packages, one commercially
available C-FRP package developed for surface mountable FBG strain sensors was also evaluated.
All FBG structural packages were bonded to constructed three-laminate glulam specimens with

structural adhesives.

The FBG non-structural package conceptually consists of a backing material and an

adhesive/adhesive tape that protects and isolates the FBG sensor from load induced behaviors. The
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FBG non-structural package was bonded to an external surface of the wood laminate (in a recess)

with the purpose of protecting and isolating the housed FBG sensor.

The experimental testing program consisted of bending tests on fourteen small scale glulam
specimens. Each of nine specimens were instrumented with four FBG structural packages, two
embedded between the wood laminates and the other two attached to the external flexural surface of
the glulam specimens. The remaining five specimens had two FBG sensors that were protected with

non-structural packages.

The nine specimens instrumented with structural FBG sensor packages were tested in bending
with variable load durations, variable rates of loading, pseudo cyclic loadings and variable
temperatures. In most cases, the tests were repeated twice to corroborate the test results. By
examining the measurements, the most promising package configurations were selected for further

evaluation.

6.2.1. FIBER OPTIC SENSORS
In general, FOSs are materially inert adding extended longevity to data collection system making
them an attractive choice for use in structures undergoing degradation. FOSs are
electromagnetic/radio frequency (EM/RF) interference free, and have non electrical conductive
elements that can be utilized in hazardous environments. The sensors used in this work are able to
measure strains ranges of 5000 ue through reflected wavelength shifts. The measured responses can
travel distances up to 50 miles with minimal signal resolution loss allowing numerous FBG sensors to

be connected in series without signal decay.

Commercially available fiber optic strain sensors, used in other research at the Bridge
Engineering Center (BEC) at lowa State University (Doornink, 2006; Wipf et al, 2007), were utilized
in this work. Currently, FBG sensors are manufactured with different material packages for a variety
of external and internal applications for conventional structural materials, specifically steel and
concrete. Both commercially manufactured surface mountable and bare FBG strain sensors (with

custom package designs) were selected for this investigation.

The selected commercially available surface mountable FBG strain sensors are written onto a

single mode polyimide fiber coated with polyimide coating. This FBG sensor is embedded into a
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package that consists of carbon fiber reinforced polymer (C-FRP) material and bonded together with
epoxy. The dimensions of the C-FRP package are 8 x 3/4 x 5/128 in. The manufactured surface
mountable FBG strain sensors are ready to be attached to structural members (Figure 6.2). Because

of the small thickness (5/128 in.), this FBG sensor can be embedded between wood laminates.

The bare FBG strain sensors used in the custom structural sensor packages are written on to a
polyamide fiber that has a protective polyimide layer over the grating (Figure 6.3). A disadvantage

with bare FBG strain sensors is the fragile nature which is why sensor packaging is required.

In this work, a total of thirty bare FBG sensors protected with custom-made structural packages
and six commercially manufactured surface mountable FBG sensors were utilized. All sensors
possessed center wavelengths between 1520 and 1570 nm with bandwidths at -3 dB between 0.1 to
0.3 nm. Each sensor was manufactured with two, 3-foot leads and FC/APC (fiber channel/angle

polished connectors) connectors on both ends.

The non-structural package sensors consisted of FBGs written on a compatible single mode fiber
(SMF28-Compatible) coated with polyimide over the bare fiber (Figure 6.4). Each of these sensors
was manufactured with two 3-foot leads and two FC/APC connectors. The FBG wavelengths ranged
from 1520 to 1570 nm and were verified for operability before and after packaging.

Figure 6.2. Surface Mountable FBG Sensor: Strain Sense "™ — Avensys ™: C-FRP Package and Two
Leads with FC/APC Connectors (Doornink, 2006)
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Bare Fiber

Figure 6.3. Bare FBG sensor: Polyimide Fiber FBG ™ Avensys " - Bare Fiber and Two Leads with

FC/APC Connectors
.
/— Bare Fiber
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Figure 6.4. Bare FBG Sensors: Os1100 series FBG sensor with polyimide coat — Micron Optics ™: Bare
Fiber and Two Leads with FC/APC Connectors

Both bare sensor types can be directly mounted on the structure to be used as conventional strain
or temperature sensors. Alternatively, these sensors can be packaged to provide protection during
handling, installation and use in diverse structural materials. In this investigation, packages were
developed to protect the FBG sensor against potential damage during handling and installation into

the specimens.

6.2.2. PACKAGE TYPES
In this section, the configurations of the structural and non-structural packages are presented. In

addition to protecting the bare FBG sensors, one group of packages was developed to transmit the
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flexural strain in the specimen to the FBG sensor (structural packages), while the other group isolated
the FBG sensor from strains (non-structural packages). Five structural packages were designed and
constructed using two types of backing materials selected based upon their general material
properties. These packages were prepared to be either externally attached or embedded into the small
scale glulam specimens. For the non-structural packages, two backing materials were selected based

upon their potential for isolating the sensors from structural strains.

6.2.2.1. STRUCTURAL PACKAGE

The configuration of the structural packages must protect the fragile bare FBG strain sensor
during handling and installation and while also providing mechanical connectivity between the FBG
sensor and the glulam specimen. Initial design of the structural packages was based on a previously
mentioned study completed by the BEC. These previously developed structural packages consisted
of a bare acrylate coated FBG sensor bonded to a 0.005-in. thick stainless steel shim with a structural
adhesive. This 1 5/8 in. long and 5/8 in. wide package, developed and tested by the BEC (Doornink,
2006), was surface welded to steel coupons and tested under static and cyclic tensile loadings. The
obtained results confirmed the accuracy of the structural package when compared to electrical
resistance (foil) strain gages. In the same study, commercially available surface mountable FBG
sensors with C-FRP backing material were also evaluated as an additional reference. Strain results
from the tensile tests indicated that the surface mountable FBG sensors were comparable in precision

and accuracy to the foil strain sensors.

In this research, the timber materials and packages to be bonded differed in texture, porosity,
stiffness and moisture content. The designed FBG structural packages (to be either attached or
embedded between the laminates) must be capable of transmitting the flexural strains to the sensors.
The selection of the package backing material was based on the preceding work, available materials,
and anticipated shear stresses between the member material and the sensor substrate. In addition to
the commercially manufactured C-FRP package, four designed structural packages constructed from
0.005 in. thick stainless steel shims were evaluated. A fifth designed package 0.0021-in. diameter
aluminum mesh sheet was evaluated. In Table 6.3, the nomenclature assigned to each backing
material and the FBG sensor type is presented. In addition, the various geometric configurations and

backing materials are shown in Figure 6.5.
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Table 6.2. Backing Material for FBG Structural Packages

Designation Backing Material Sensor Type
C-FRP Manufactured Carbon Fiber Reinforced Polymer and Surface Mountable FBG Sensor
epoxy (0.04 in. thick)
RS-SS Rectangular shape — stainless steel shim (0.005 in. thick) Bare FBG Sensor
CS-SS C Shape — stainless steel shim (0.005 in. thick) Bare FBG Sensor
IS-SS I Shape — stainless steel shim (0.005 in. thick) Bare FBG Sensor
72H-SS 72 Holes — stainless steel shim (0.005 in. thick) Bare FBG Sensor
AM-SS Aluminum mesh sheet (0.004 in. thick) and stainless Bare FBG Sensor
steel shim (0.005 in. thick)
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Figure 6.5. Structural Packages: Backing Material Geometry

The geometry and dimensions of the structural packages were developed to resist the shear

stresses and to allow for the redistribution of localized strain irregularities between the package and

the wood laminates. Specifically, the dimensions were designed to resist at least an average shear

stress of 1700 psi.

The RS-SS package backing material was shaped in an 8 1/2 x 7/8 in. rectangle similar to the

commercially available C-FRP package. In comparison to the 0.04-in. thickness of the C-FRP



115

package, the stainless steel shim has an approximately one-two hundredth-inch thickness (0.005 in.).
The CS-SS package had the same rectangular shape as the preceding packages but included two 90-
degree clips that were intended to mechanically anchor the shim at both ends (C shape, Figure 6.5(¢c)).
This package in addition to being bonded was also anchored by inserting the clips into 1/4-in. deep
grooves in the wood laminate. The IS-SS package is another variation of the localized anchorage
concept. This package was shaped in the form of an “I” to concentrate the bonding area near the

ends.

Another investigated means to improve the interlock between the package and the wood
laminates was to introduce holes into the backing material thereby creating shear dowels of adhesive.
The 72H-SS package was prepared with 72 evenly distributed 1/8-in.-diameter holes over an area of §
1/2x 1 1/2 in. In a similar way, the AM-SS package was developed with two backing materials. The
on-center stainless shim provided a smooth bonding area for the bare FBG sensor while the external
aluminum mesh increased the mechanical interlock factor by exposing a larger surface area to which
to bond.

6.2.2.2. NON-STRUCTURAL PACKAGE

The non-structural packages were developed to isolate the strain response of the member from the
FBG sensors. The isolation of these sensors will be important as efforts are put towards the

development of decay/deterioration detection sensors.

Three pairs of non-structural packages were constructed using aluminum foil and two others with
stainless steel shims as shown in Figure 6.6(a). In all cases, the FBG sensors were not attached to
these backing materials. The non-structural packages only served to protect and isolate the sensors in

a 1/4-in. deep recess area (Figure 6.6 (b)).

6.2.3. ADHESIVE
The selection of potential adhesives was based on the wood and package substrate properties,
fixture time, curing time, viscosity during application, and long term performance. The selected
adhesives for structural and non-structural purposes are capable of bonding non-porous to porous
materials. For the structural packages, the selected structural adhesives were required to resist at least
a minimum shear stress of 1700 psi. For the non-structural packages, adhesives and double coated

adhesive tapes were selected for their short fixture time and low viscosity.
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Figure 6.6. Non-Structural Package: Geometry and Location

6.2.3.1. STRUCTURAL PACKAGE

No records of adhesive used for attaching packaged FBG sensors to timber bridge members were
found in any technical literature. The selection of adhesives to bond the structural packages to wood
laminates was based on the theoretical stress calculations for a typical 60-foot bridge glulam stringer
with an expected moisture content of 16%. For the structural packages, adhesives with shear strength
greater than 1700 psi, corresponding to the maximum flexural stress of a HS 20-44 truck at service

level, were selected.

Among the various structural adhesive types that include two-part epoxy, one-part polyurethane
and one-part cyanoacrylate adhesives, only cyanoacrylate adhesives have been proven to bond
various material substrates (e.g., metals, plastics, rubber and wood to each other). Cyanoacrylate
adhesives are one-part, rapid set adhesives that are available in a variety of viscosities (ranging from
liquids to gels) with operating temperatures between -65°F and 180°F. These adhesive fixture times
vary from 15 seconds to 6 minutes. Typically, this adhesive type cures in 24 hours at room
temperature conditions. The estimated lap shear tensile strength for cyanoacrylate adhesive is

approximately 3000 psi for steel materials (ASTM D1002, 2005).
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Based upon published manufacturer’s properties, Loctite 454™ Prism ®, 426™ Prism ® and
4212™ Prism ® (here after Loctite 454, Loctite 426 and Loctite 4212 respectively) were selected for
evaluation. In Table 6.3, the data provided by the manufacturer are presented (Henkel ®, 2005). In
all cases, the adhesives were cured for at least 48 hours. Note that manufacturer recommended cure

times are at least 50% less than that used in this work.

Table 6.3. Adhesive for Bonding FBG Structural Packages

Denomination Color Gap Fill Viscosity Fixture  Tensile Shear Temperature
Time Strength Range
[in.] [cP] [sec] [psi] [°F]
454 ™ Prism ® Clear 0.010 Gel 30 3,200 -65 to 180
426 ™ Prism ® Black 0.010 Gel 15 3,000 -65to 210
4212 ™ Prism ® Black 0.008 11,000 360 3,900 -65 to 250

In addition, the adhesive used to bond the backing material and the bare FBG strain sensor was
Loctite 410, a cyanoacrylate adhesive type utilized in a similar application (Doornink et al, 2005).
Based upon the data provided by Loctite ™, the Loctite 410 adhesive has a tensile shear strength of
3,200 psi for steel materials, a fixture time of 90 seconds for a gap of 0.008 in. and a temperature

operation range from -65°F to 225°F.

6.2.3.2. NON-STRUCTURAL PACKAGE

Two adhesives and two adhesive tapes were for their ability to attaching the non-structural
package. The selected adhesives had low viscosities and short fixture times to prevent the adhesives
from flowing into the recess area. Adhesive tapes with double coat were selected because of the
direct application with a uniform pressure between the material package and the wood laminate.

Loctite 454 ™ Prism ® and 3M Rite-Lok "™ — PR54 ® adhesives were selected for their
capability to bond porous and non-porous substrates and for their short fixture time. In addition, 3M
Rite-Lok ™ — PR54® with a viscosity of 20,000 cP (centi Poises) (3M™ Technical Sheet, 2009) was

evaluated. In Table 6.4, the published material properties of both adhesives are summarized.

Additionally, 3M™ VHB™ — 5915 and 3M™ Double Coated Tape with Adhesive 350 — 9500PC
adhesive tapes were evaluated. These tapes provide interior and exterior bonding capabilities thereby
replacing liquid adhesives. The 3M™ VHB™ — 5915 tape is a viscoelastic acrylic foam that bonds to

both porous and non-porous materials. According to the manufacturer’s information, the adhesive
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reaches 100% of the bond strength after 72 hours at room temperature (3M™ VHB ™, 2010). The
Double Coated with Adhesive 350 — 9500PC structural tape is a thin clear polyester film covered on
both sides with a medium-firm acrylic adhesive 350 — 9500PC 3M™. The recommended
temperatures for tape application are between 70°F to 100°F. As reported by the manufacturer, both
tapes have a static shear strength of approximately 4.4 1bs/in” in accordance to Standard Test Methods

for Shear Adhesion of Pressure-Sensitive Tapes (ASTM D 3654/D 3654 M-06, 2006).

Table 6.4. Adhesive for Bonding Non-Structural Package
Color GapFill Viscosity Fixture Tensile Shear  Temperature

Denomination

Time Strength Range
[in.] [cP] [sec] [psi] [°F]
Loctite 454 Prism™ Clear 0.010 Gel 5-30 3,200 -65 to 180
3M Rite-Lok™ PR54® Clear 0.020 20,000 3-60 4,600 -65 to 180

6.2.4. INSTALLATION TECHNIQUES FOR PACKAGES
Techniques developed for embedding and attaching packages to timber members are presented in
this section. These techniques include preparation of the wood laminates, packaging of the FBG

strain sensors and the application of the adhesives.

6.2.4.1. STRUCTURAL PACKAGE

Prior to assembling the small scale glulam specimens, the internal laminates were instrumented
with FBG structural packages. After assembling the specimens, both exterior flexural surfaces were
then instrumented with FBG sensor. In Figure 6.7, the layout of the four FBG sensor package
locations in a typical specimen is presented. In each specimen, two types of structural packages were

utilized.

6.2.4.1.1. Embedding Technique
In each specimen, two internal laminate surfaces were instrumented with FBG structural
packages using the technique described below. This technique consisted of laminate preparation,

backing material preparation and sensor package installation.

6.2.4.1.1.1. Internal Laminate Preparation
Douglas-Fir wood laminates were utilized in the construction of the small scale glulam

specimens. The 27 individual wood laminates were surfaced by the manufacturer to a nominal cross
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Figure 6.7. Structural Package: External and Internal FBG Sensor Location

section of 6 3/4-in. x 1 3/8-in. and a total length of 44 in. These laminates were grouped into nine
specimens according to their general dimensions and absence of knots in the anticipated sensor
package area at mid span. Each of the eighteen interior laminate surfaces was prepared to receive one

FBG structural package.

The preparation of the internal laminates consisted of the routing of the recess areas to house
either the FBG sensor package and/or the leads. Prior to routing, the position of the package backing
material and leads were traced on the selected internal laminate face. Using a router and different
straight router bits, a recess area was cut in the wood laminate following the patterns shown in Figure
6.8.

For the stainless steel shim backing materials, no recess area was required because of the minimal
thickness (0.005 in.); only the leads were housed in a 1/8-in.-deep curved groove. In the C shape
stainless shim (CS-SS) backing material, two additional straight cuts 1/4 in. deep and 7/8 in. long
located 8 1/2 in. apart were formed to house the 90-degree clips (see Figure 6.8 (a)). In three of the
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wood laminates, an additional recess area of 8 1/2 x 7/8 in. and approximately 0.03-in. deep was

6.2.4.1.1.2. Backing Material Preparation

cut to receive the C-FRP surface mountable FBG sensor package (see Figure 6.8 (b)).

Five backing material designs (Section 6.2.2.1), were fabricated to the previously discussed

6.2.4.1.1.3. Embedded FBG Structural Package Installation

provide a consistent mounting surface for the bare FBG strain sensors.

pattern and dimensions (see Figure 6.5). The CS-SS packages were mechanically bent to obtain the
1/4-in.-long 90-degree clips and the 72H-SS packages were drilled with a 1/8-in. diameter bit to
create the indicated holes pattern. All backing material substrates were cleaned with an antistatic

wipe wetted with 99.9% alcohol to remove contaminants. Backing materials were installed to

The procedure for bonding the FBG structural packages basically consisted of the installation of
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the backing materials and bare FBG strain sensors. The scheme of the embedding technique is

presented in Figure 6.9 and the procedure is described as follows:

After routing grooves for the leads and prior to sensor installation, the wood laminates were
cleaned with a brush to eliminate wood debris (Figure 6.9 (a)).

The backing material was bonded with the adhesive to the wood substrate (Figure 6.9 (b)). The
adhesive was uniformly spread over the clean wood substrate with a putty knife at the outlined
sensor location. Immediately after, the selected backing material was placed on the adhesive and
bonded to the wood by applying uniform pressure by hand for the recommended fixture time.
For the AM-SS backing materials, the stainless steel shim was bonded to aluminum mesh right
after the completed the fixture time. After initial set (less than a minute), the packages were
undisturbed for approximately 48 hours to ensure full adhesive curing.

After curing, preparations were undertaken to mount the bare FBG sensor to the installed backing
materials. Three layers of tape were bonded to the backing strip to make a straight narrow
groove. The tape layers were located on top of the shim at both sides of the center line to form a
“reservoir” for the adhesive and to create a 1/4-in. wide uniform layer (Figure 6.9 (c)).

A 320-grade sand paper was used to further smooth the exposed area of the stainless steel shim
(Figure 6.9 (d)). The purpose was to provide a consistent surface that was a slightly roughened to
facilitate proper adhesion.

The adhesive for the bare FBG sensor was poured into the groove formed by the tape layers
(Figure 6.9 (e)).

Immediately, the bare FBG sensor was lightly wiped with an antistatic wipe wetted with 99.9%
grade alcohol to clean the surface (Figure 6.9 (f)).

By manually gripping the fiber leads at both ends, the FBG sensor was fully submerged into the
adhesive groove (Figure 6.9 (g)); the bare FBG sensor was aligned over the center line of the
laminate and held in place for at least one minute during initial set of adhesive.

To ensure the FBG remained in the desired location, both fiber ends were taped into place until
completing the full curing time.

After the allotted curing time, the three tape layers were carefully removed.

The bare fiber optic strand and/or leads were directly inserted in the corresponding curved recess

area (Figure 6.9 (h)).

This procedure was performed to embed fifteen FBG structural packages. In the CS-SS

packages, additional adhesive was applied over the 90-degre clips and into the 1/4-in. deep recess
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area. In all cases, an additional load of 2 1bs was placed on top of the bonded backing material
maintain a uniform pressure during the curing time. After completing the sensor installation,

measurements were taken to ensure that the FBG sensors were operative.

Mid span
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(b) Applying the adhesive and installing the
backing material

[ 1

(c) Applying three tape layer

(d) Smoothing the backing material over the 1/4-
in. groove

Ba

(f) Cleaning of the bare FBG sensor

N

 ——

(B>

(e) Pouring the Loctite 410 adhesive

(g) Submerging the bare FBG sensor into the adhesive (h) Inserting fiber strand/leads into recess area
Figure 6.9. Structural Package: Embedding Technique of the Bare FBG Sensor with Structural Package

In the case of the commercially available surface mounted C-FRP package, the installation
comprised of:
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e Cleaning of the wood laminate recess area with a brush to eliminate debris (similar to Figure 6.9
(a)).

e Applying the adhesive over the package recess area (see Figure 6.10 (a)).

e (leaning the C-FRP package with an antistatic wipe wetted with 99% grade alcohol, similar to
the procedure described in Figure 6.9 (f).

e Bonding the C-FRP FBG sensor package and insertion of the leads in the recess areas once

(Figure 6.10 (b)).

Ayl

NS g/

(a) Adhesive application (b) Bonding the structural package and inserting the
leads into the recess area
Figure 6.10. Structural Package: Embedding Technique of the Manufactured C-FRP Structural
Package

An additional weight of 2 Ibs was placed on top of the bonded C-FRP package to apply a uniform
pressure throughout the curing process. This internal FBG structural package installation was less
complex than the previously described custom packages since the manufactured FBG sensor included

the backing material (C-FRP).

To illustrate the attachment process, the installation of the RS-SS package is presented in Figure
6.11 (a). Asshown, the wood laminate has two grooves free from debris to house the FBG leads and
one of the three layers of tape to form the 1/4-in. groove to host the bare FBG strain sensor in place.
In Figure 6.11 (b), the CS-SS Loctite 426 package is fully installed and ready to be assembled to the

glulam specimen.

The eighteen internal FBG structural packages were installed using combinations of the five
developed package backing materials, bare FBG strain sensors and one commercially manufactured
surface mountable FBG strain sensor with C-FRP package; all sensors were attached by applying
either Loctite 454, 426 or 4212 adhesives. Eighteen internal laminates were instrumented using the
embedding technique. The structural packages and the respective adhesive are summarized in Table

6.5.
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(a) Bonded backing material and tape to host the FBG (b) Installed internal CS-SS Loctite 426
sensor package

Figure 6.11. Structural Package: Laboratory Installation of the FBG Structural Package

Table 6.5. Type of Internal FBG Structural Packages

Specimen Adhesive Backing Material Internal Side 1 Internal Side 2
1 Loctite 454 ™ C-FPR and RS-SS C-FRP Loctite 454  RS-SS Loctite 454
2 Prism ® CS-SS and IS-SS IS-SS Loctite 454 IS-SS Loctite 454
3 72H-SS and AM-SS 72H-SS Loctite 454 ~ AM-SS Loctite 454
4 Loctite 426 '™ C-FPR and RS-SS C-FRP Loctite 426 RS-SS Loctite 426
5 Prism ® CS-SS and IS-SS CS-SS Loctite 426 IS-SS Loctite 426
6 72H-SS and AM-SS 72H-SS Loctite 426 ~ AM-SS Loctite 426
7 Loctite 4212 '™ CFPR and RS-SS C-FRP Loctite 4212  RS-SS Loctite 426
8 Prism ® CS-SS and 1S-SS CS-SS Loctite 4212 IS-SS Loctite 4212
9 72H-SS and AM-SS 72H-SS Loctite 4212 AM-SS Loctite 4212

6.2.4.1.2. Attaching Technique

After assembling the nine small scale glulam specimens, FBG structural packages were attached
to the external surfaces. The laminate preparation consisted of cleaning the external surface of the
specimen and outlining the package backing material position. At mid span, the backing material was
placed at 1 1/2 in. offset measured from the package center to the laminate edge, as shown in Figure
6.12. For the IS-SS packages, the distance was 1 3/4 in. to accommodate the wide I Shape ends. The

external FBG sensor packages were attached with a technique that utilized the same material
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preparation and installation methodology as the embedded FBG sensor packages. The attaching

technique consisted of:

Outlining the backing material location.

Cleaning the exterior wood surface prior to sensor installation with a brush.

Bonding the package backing material to the wood substrates and curing for approximately 48
hours.

Bonding two lines of three tape layers separated by 1/4 in. to form a straight narrow groove.
Surface preparation of the backing material with a 320-grade sand paper and cleaning with a
brush.

Pouring the Loctite 410 adhesive into the 1/4-in. groove (see Figure 6.12).

Cleaning the bare FBG sensor with an antistatic wipe wetted with 99.9% grade alcohol.
Submerging the bare FBG sensor into the bottom of the adhesive groove resting on the shim over
the center line of the laminate.

Straightening and immobilizing of the FBG sensor with tape at both ends.

After curing for approximately 48 hours, removing the three tape layers with caution.

All external FBG structural packages were installed off center of the laminate, while alternative

strain sensors, foil strain gages and strain transducers, were positioned on center (see Figure 6.13).

According to the ASTM 198-05a provisions (ASTM 198-05a, 2005), proven sensors are to be placed

on center to investigate the mechanical properties of the glulam members.

1n 3

. 15" or 17" on center
Mid span ¢
|

%ﬁ 3%"
¢ . .
Installed K
\

backing material |

Figure 6.12. Structural Package: Attaching Technique — Package Backing Material, Immobilizing Tape
and Adhesive application
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Figure 6.13. Installed External FBG Sensor with Structural Package (CS-SS Loctite 454), Foil Strain

Gages and Strain Transducers

6.2.4.1. NON-STRUCTURAL PACKAGE
Two non-structural packages were installed in the internal laminates of five small scale

specimens to isolate the FBG sensors from strain effects and protect them from damage during

handling and assemblage of the specimens (see Figure 6.14).
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Figure 6.14. Non-Structural Package: Internal FBG sensors and Package Location
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6.2.4.1.1. Embedding Technique
The embedding technique of the non-structural packages consisted of the laminate preparation,

backing material preparation and installation of the non-structural package.

6.2.4.1.1.1. Internal Laminate Preparation

Fifteen individual Douglas-Fir laminates were selected to assemble five small scale specimens
with nominal dimensions of 6 3/4 x 4 1/8 x 44 in. The location of the non-structural package and the
FBG sensor leads were outlined on the internal laminate as shown in Figure 6.15. A recess area was
routed in the surface of Laminates 2 and 3 with a constant depth of 1/4 in. to house FBG sensors. In
Laminate 2, the recess area at mid span was 6 x 1 1/2 in., while in Laminate 3 the recess area was 6 x
3 in. Additionally, both laminates were routed to form a groove with a 1/4 x 1/4 in. shape along the
longitudinal direction of the laminate to house the FBG leads. In all cases, the recess areas were at
least 1/2 in. wider and 1 1/2 in. longer than the corresponding FBG structural package dimensions

with the purpose of isolating the FBG sensor and adjacent leads from the adhesive.

. To house FBG sensor
Mid span Type 1

3.
64

1/4" deep groove — | |
to house the leads \

Recess area

1/4" deep Laminate 2
TA halica FRM cancnr
. To house FBG sensor
Mid span Type 2
6" ri‘ ~3"

1/4" deep groove — | |
to house the leads \

Recess area

1/4" deep Laminate 3

Figure 6.15. Non-Structural Package: Location and Dimensions of the Recess Area to House the FBG
Sensors
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6.2.4.1.1.1. Backing Material Preparation
Pairs of package backing materials shown in Section 6.2.2.2 were manually cut (see Figure 6.6).
Three pairs were prepared from aluminum foil and two others from stainless steel shim material.
Both the stainless steel shim and the aluminum foil were sanded and cleaned with an antistatic wipe

wetted with 99% alcohol.

6.2.4.1.1.2. Embedded Non-Structural Package Installation
Prior to installing the non-structural packages, ten FBG strain sensors were protected with two
types of structural packages (Figure 6.5 (c) and (d)). These packages were constructed using part of
technique developed in Section 0 that comprised of the backing material preparation and the bonding
of the FBG sensor. CS-SS and IS-SS package backing materials were prepared with a total length of
4 1/2 in. (see Figure 6.16). The resulting FBG structural packages were not bonded to the wood

members.

The non-structural package installation was performed as follows:

e The specimen laminates were brushed to eliminate any wood debris.

e The FBG sensor for non-structural purpose was placed over the recessed area on center with a 1/2
in. gap (Figure 6.16). The 1/2-in. long leads nearby the FBG sensor package were set loose into
the recess area to avoid any contact with the non-structural adhesive that could cause axial strains
due to bending. The other portion of the leads were inserted into the 1/4 in. groove and protected

from external damage with a commercially available silicone. Wavelength readings were taken

to verify that the FBG sensors were operative.

(a) Laminate 2: CS-SS structural package with cotton (b) Laminate 3: IS-SS structural package with cotton
fiber fabric

Figure 6.16. Non-structural package: Installation of the packages FBG sensors
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o The selected adhesive or adhesive tape was applied outside the recessed area over a width of 1/2
in. After placing the package, a uniform hand pressure was applied during the recommended
fixture time for the adhesive. For the adhesive tape, a 1-pound roller was utilized to add an
approximate 15 psi pressure on the package. In Figure 6.17 and Figure 6.18, the application of

the adhesive and adhesive tape as well as the installed non-structural packages are shown.

All non-structural packages were cured for approximately 72 hours before assembling the wood

laminates. In Table 6.6, the non-structural package materials per specimen are indicated.

(a) Adhesive application (b) Steel shim bonded with adhesive
Figure 6.17. Non structural package: Adhesive Application and Package Backing Material Installation

Specimen 1 Board 1

(a) Tape application (b) Aluminum foil package bonded with tape

Figure 6.18. Non Structural Package: Adhesive Tape Application and Package Backing Material
Installation

Table 6.6. Type of Non-Structural Package per Specimen

Specimen  Backing material Adhesive/Adhesive Tape
NS1 Aluminum foil 3M VHB Tape
NS2 Stainless Steel shim Rite-Lok 3M Eng. Instant Adhesive
NS3 Aluminum foil Loctite 454 Prism™

NS4 Stainless Steel shim 3M VHB Tape
NS5 Aluminum foil 3M Double coated tape with Adhesive 350 — 9500PC
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6.2.5. ASSEMBLY OF THE SMALL SCALE GLULAM SPECIMENS
After the internal laminate instrumentation, the small scale glulam specimens were assembled in

the laboratory. The following is the description of the assembly of specimens.

6.2.5.1. SPECIMENS WITH STRUCTURAL PACKAGES

The individual laminates were bonded together with Cascophen LT-5210, a conventional phenol-
resorcinol resin for timber laminating mixed with the Cascoset FM-6210 hardener (Hexion, 2010).
The hardener was dissolved in water in a weight proportion of 2 to 1, and the resulting mix was
proportioned to the resin in a weight ratio of 1 to 2.2 and mixed until a uniform mixture was obtained.
The adhesive was immediately applied over the wood laminate substrate with a paintbrush and the
instrumented laminate was then placed on top (see Figure 6.19). This process was repeated to
complete three laminates per specimen. The assembly of the specimens was conducted in two
groups; the first group comprised of Specimens 1 through 6 and the second group included Specimens

7 through 9.

Figure 6.19. Assembly of the Glulam Specimens: Adhesive Application to Wood Laminates

According to the manufacturer’s specifications, a pressure of 100 psi between laminates must be
sustained for at least 24 hours with a constant room temperature of 70°F. This clamping pressure was
attained by using a steel frame consisting of two 1 7/8-in. diameter 150-ksi bars and a steel girder,
and two hydraulic jacks (see Figure 6.20 (a)). The recently bonded specimens were placed under the
steel frame, covered with 1-in. thick plate for improving the load distribution and clamped with a total

load of 30 kips (Figure 6.20 (b)).
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(a) Steel frame with hydraulic jacks (b) Pressing of the glued laminates
Figure 6.20. Assembly of the Glulam Specimens: Laboratory Equipment

FBG sensor measurements were taken during the curing process and after the assembly of the
specimens. In the first group, Specimens 1 through 6 had operative FBG sensors throughout the
curing process. Of the two connectors, wavelength readings were detected by at least one connector.
After releasing the load, additional readings were taken; with the results indicating that Specimen 2
lost one embedded FBG sensor constructed with IS-SS package and bonded with Loctite 454
adhesive. Although the leads were attached to the sensor, internal damage may have occurred to the
bare fiber optic strands. After assembling the second group, Specimens 7 through 9, one internal
FBG strain sensor with C-FRP package, located at Specimen 7, was operative. A visual inspection of
the specimens showed that the fiber leads were apparently intact and internal damage in the bare fiber
optic strand may have occurred. After assembling the glulam specimens, twelve of the original

eighteen embedded FBG strain sensors were operative.

6.2.5.2. SPECIMENS WITH NON-STRUCTURAL PACKAGES

After curing the non-structural packages installations, the laminates were grouped to form
Specimens 1 through 5. The laminates were bonded with the established wet-adhesive, Cascophen
LT-5210 mixed with the Cascoset FM-6210 hardener, applying the same procedure as described in
the previous Section 6.2.5.1 (Hexion, 2010). Wooden dowels were inserted into the predrilled holes
to align the laminates (see Figure 6.21). The relative humidity and temperature in the laboratory were

approximately 50% and 71°F, respectively.
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Figure 6.21. Assembly of the Glulam Specimens with Non-Structural Packages: Insertion of the Wooden
Dowels

Prior to the bonding of the laminates, one steel frame for applying the clamping force was
constructed in the laboratory with the same characteristics described in the preceding section. After
placing the specimens under the steel frame covered with a 1-in. thick plate, a total load of 30 kips
was applied to generate a constant pressure of approximately 100 psi over an area of 6 3/4 x 44 in.
The glulam specimens were cured for 48 hours. The FBG wavelength readings taken during and after

assembling the small scale glulam specimens indicated that all sensors were operative.

6.2.6. SMALL SCALE SPECIMENS: MECHANICAL PROPERTIES
Prior to testing, the mechanical properties of the small scale glulam specimens were assessed by
visually grading the laminates utilizing known standards (AITC 117, 2004) and utilizing the
specifications (AASHTO, 2006). With the estimated mechanical properties, the response of the
specimens to applied load was estimated. All specimens were assembled utilizing softwood Douglas

Fir laminates.

6.2.6.1. STRUCTURAL PACKAGES

Before assembling the nine fabricated small-scale glulam beam specimens instrumented with
structural FBG sensor package, each laminate was visually graded according to the provisions
established in the Annex C of the Standard Specifications for Structural Glued Laminated Timber of
Softwood Species (AITC 117, 2004). As stipulated in the Annex C, graded Douglas Fir laminates

ranged from L1 to L3. With these references, the bending design values for structural glued
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laminates contained in Tables 1 and 2 of Chapter 8 of the AASHTO specifications (AASHTO 2006)
were selected. Upper and lower moduli of elasticity (MOEs) for flexure of 2000 and 1500 ksi
respectively were selected. These flexural MOEs corresponded to the grading limits of L1 and L3.

With a total load of 2500 1bs applied in the elastic range of the specimens, the theoretical strains
and deflections were calculated based upon common mechanics of materials equations for the third-
point loading that would be performed. The external flexural strain values were expected to range
from +/-522 pe to +/-392 pe, for moduli of elasticity of 1500 ksi and 2000 ksi, respectively. For the
internal laminates, the estimated flexural strains ranged from +/-174 pe to +/-130 ue. Theoretical

displacements at mid span were estimated to be between 0.035 in. and 0.026 in., respectively.

6.2.6.2. NON-STRUCTURAL PACKAGES

Similarly to the previous section, theoretical strains were estimated based on the assumed
material properties, established in the preceding section, and the reduced cross section of the
specimens with non-structural packages. With two recess areas of 1 1/2 in. x 1/4 in. and 3 in. x 1/4
in. at mid span, the cross section decreased from 27.8 in® to 26.7 in”>. The moment of inertia
decreased to 38.9 in*, 98% of the gross section (39.5 in*). The theoretical external flexural strains
were estimated to be between +/-530 pe and +/-398 e, for moduli of elasticity of 1500 ksi and 2000
ksi, respectively. For the internal laminates, the calculated theoretical flexural strains were +/-177 pe
and +/-133 pe, respectively. These theoretical strains were compared to the attached strain

transducers and internal FBG sensors to assess the effectiveness of the non-structural packages.

6.2.7. STATUS OF SPECIMENS
For the nine specimens with structural FBG sensor packages, twelve internal FBG sensors were
functioning after assembling the specimens. All external FBG sensors were operative after
installation; however, two external FBG sensors were damaged when readying the specimens for
testing. The status of each FBG sensor per specimen before starting the testing program is

summarized in Table 6.7.

In addition, the moisture content of the specimens was obtained using a two-prong resistance type
moisture meter. The moisture content measurements were taken on both sides (i.e., side 1 and side 2)

at three locations on each side (i.e., 1 ft from both ends and at mid span) and ranged from 7% to 10%.
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These values are lower than would normally be found in field bridge applications (e.g., 16% in bridge

superstructures).

Table 6.7. FBG Structural Packages — Status of the FBG Sensors

Specimen Adhesive External Side 1 Internal Side 1 Internal Side2 External Side 2

Package  Status Package Status Package Status Package Status

1 Loctite CFPR (0] CFPR (0] RS-SS (0] RS-SS (0)
2 454 CS-SS (0] CS-SS 0] IS-SS X IS-SS (0]
3 72H-SS 0] 72H-SS (0] AM-SS (0] AM-SS X
4 Loctite CFPR (0] CFPR 0] RS-SS 0] RS-SS (0)
5 426 CS-SS (0] CS-SS 0] IS-SS 0] IS-SS (0]
6 72H-SS 0] 72H-SS (0] AM-SS (0] AM-SS X
7 Loctite CFPR O CFPR (0] RS-SS X RS-SS (0)
8 4212 CS-SS (0] CS-SS X IS-SS X IS-SS (0]
9 72H-SS 0] 72H-SS X AM-SS X AM-SS O
Note.- “O” denotes that the FBG sensor is operative

“X”” denotes that the FBG sensor is inoperative.

After the assembling of the five specimens with FBG non-structural packages, all ten FBG

sensors were operative. The moisture content ranged from 10% to 11%.

6.2.8. TESTING PROGRAM

The following is a description of the testing program followed to evaluate the techniques for

embedding and attaching FBG sensors. All specimens were tested in bending by third-point loading.

The specimens with FBG structural packages were tested under variable time of loading, loading

rate and temperature conditions. The assessment of the different adhesive/package combinations was

completed by analyzing the strain response with respect to time, and with respect to each other. The

specimens were tested with the purpose of evaluating:

The strain response during loading and unloading as compared to the estimated theoretical strain
values.

The strain response by comparing the obtained FBG strain data to electrical resistance strain
gages (foil strain sensors) and BDI strain transducers (strain transducers).

FBG strain data when subject to a sustained load at laboratory temperature conditions.

The behavior of the FBG packages and adhesives under “fast” loads, followed by a sustained load
under laboratory temperature conditions.

Mechanical energy dissipation in the FBG packages through cyclic loading at laboratory

temperature conditions.
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e FBG package response at elevated temperatures when subjected to a sustained load.

e FBG package response at suppressed temperatures when subjected to a sustained load.

The five specimens with non-structural packages were, again, tested under three-point bending
with the purpose of investigating the efficiency of the developed techniques for packages to isolate

the sensors from mechanical strains.

6.2.8.1. TEST SETUP

Loading of the small scale glulam specimens was by third-point loading thereby creating a region
with uniform bending moment and zero shear. As shown in Figure 6.22, two steel beams were placed
36 in. apart from center to center establishing the support conditions. The two roller supports were
constructed with 2-in. diameter bars and 1/4-in. thick plates; another 1/4-in. thick plate was placed
diametrically opposite to only allow rotation. The two pin supports were constructed by placing a
free 2-in. diameter bar between two 1/4-in. thick plates allowing for both horizontal displacement and
rotation. The glulam specimen was placed over one set of pin and roller supports with an effective
span length of 36 in. The second set of supports was placed on the top surface of the specimen
collocated 12 in. apart, coinciding with the mid span. To equally distribute the load from the
universal testing machine head, a 1-in. thick steel plate was symmetrically placed on top the upper pin

and roller assembly.

¢

Direction of loading——=

SATEC loading———=

ﬁBending surface - Side 1
/

2 .
# Z r—Glulam specimen

_(O—==—Roller support

Pin support;»Q /
Bending surface - Side 2
36"
000000020 70 TIN50 7500 777 TIN50 )

e

— External and internal instrumentation

SATEC Table

Figure 6.22. Typical Bending Test Configuration
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6.2.8.1. STRUCTURAL PACKAGE TESTING PROGRAM

This section describes the test protocols followed to evaluate the structural performance of the
FBG structural packages. In general the test protocols were adapted from the ASTM 198 05a
standards (ASTM 198-05a, 2005).

6.2.8.1.1. Sensors and Testing Equipment

For the small scale specimens, additional sensors were installed to provide sensor performance
verification data. The additional sensors consisted of BDI strain transducers (strain transducers),
electrical resistance strain gages (foil strain sensors) and direct current displacement transducers

(DCDTs).

BDI (Bridge Diagnostic, Inc.) strain transducers (hereafter strain transducers) are a full-
wheatstone bridge sensors consisting of four active 350 Ohm foil gages, with 4-wire hookups that can
be interfaced with standard data acquisition systems. The strain transducers have been used on steel,
concrete and timber bridges with proven success in short term monitoring tests. These strains
transducers have an effective gage length of 3 in. and recordable strain levels over 1000 pe. These
sensors were bonded to the wood surface using Loctite 410 ™-Prism ® and Loctite-7452 accelerator

based upon previous experience with these sensors.

Electrical resistance strain gages (hereafter foil strain gages) have been utilized in the evaluation
of the material properties of wood laminates and composite wood laminates with proven success
(Sliker, 1972; Piao et al, 2004). With this background, general purpose foil strain gages with a gage
length of 0.39 in. were utilized. These foil strain gages were externally bonded to the timber

members using the manufacturer’s recommended adhesive (cyanoacrylate type).

The foil strain gages and strain transducers were attached parallel to the longitudinal direction of
the specimen. These sensors were positioned on both external bending surfaces of the specimens to
measure bending strains for comparison to the FBG sensors. Note that for the FBG sensors, the
effective gage length was smaller than the other strain sensors (i.e., 0.39 in.); in all cases all sensors
were approximately aligned on with their mid-lengths at the same cross-section. In addition,
deflection transducers were attached at mid span of the specimen to record vertical displacements.
Additionally, thermocouples were attached to the specimens for any test lasting longer than a minute.
All sensors were monitored with appropriate data acquisition hardware. All tests were conducted in a

hydraulic universal testing machine.
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The nine small scale glulam specimens were instrumented with two foil strain gages; each one
was located on the intersection of the center line and the mid span of the specimen, parallel to the
FBG sensor packages. Also parallel to these sensors, two strain transducers were positioned “over”
the foil strain sensor with a second placed off center, 1 1/2 in. from the edge on both external bending
surfaces (see Figure 6.23). Specimens 1, 4 and 7 had an additional pair of foil sensors located next to
the FBG sensor packages, also at mid span (see Figure 6.24). Finally, two deflection transducers

were attached at mid height of the glulam beam to record the vertical displacements at mid span.

Figure 6.23. Specimens with Structural Packages: FBG Sensor, Foil Strain Gage and Strain
Transducers

Additional off center
foil strain gage
for Specimens 1,4 and 7

™~

+——— Typical on center

foil straing gage
FBG 9949

strain sensor

Specimen Mid Span—— |~ ||

ol
2 ) .
Typical strain
transducers
placed on top of
foil strain gage
and laminate edge

Figure 6.24. Specimens with Structural Packages: Scheme of External Instrumentation at Mid Span
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6.2.8.1.2. Test Protocols

Initially, the nine specimens were tested in bending to investigate the basic elastic behavior as
compare to conventional strain sensors. In Figure 6.25, a typical specimen is shown. Three
additional series of bending tests applying the same third-point loading method were performed by
modifying the period of sustained load and loading rate. In one case, a total load of 2500 lbs was
sustained for 24 hours to observe potential creep or temperature influence on the structural package.
To observe any rate of loading (i.e., shear lag), tests were performed by applying the load at three
different rates. Two pseudo cyclic tests were also conducted to observe if any dissipation of
mechanical energy had occurred in the specimen packages. Two additional test series were
performed on the specimens by maintaining a constant load for 24 hours with at variable temperatures

to evaluate the FBG sensor behavior at expected service temperatures.

6.2.8.1.2.1. Bending Test
The bending test was performed to establish the flexural behavior in the elastic range, observe the
FBG structural package performance during the loading and unloading process, and compare the

response to the foil strain gages and strain transducers. The specimens were first loaded on one

Figure 6.25. Small Scale Glulam Specimen with Structural Package and Test Setup

bending surface (Side 1, as seen in Figure 6.22). For the bending tests, the rate of loading was
approximately 1000 Ibs/min until a total load of 2500 Ibs was applied. This load was sustained for
approximately 30 seconds and then instantaneously removed. The FBG data sampling rate was

approximately 5 Hertz; while for the other strain sensors, the sampling rate was 1 Hertz. The
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specimens were turned over to the other bending surface (hereafter Side 2) and tested in the same

manner to verify the symmetry of the specimens.

6.2.8.1.2.2. Sustained Loading Test
Using the same test frame configuration and instrumentation as in the bending test, a 24-hour
sustained load was applied to each of the nine specimens to assess the time and temperature
dependent strain response and potential creep effects in the adhesive. Because of the duration of the
test and sensitivity of the temperature fluctuations, additional thermocouples were attached on the top
and bottom of the specimen adjacent to the external FBG sensors. After synchronizing all sensors,

data were collected at a rate of 1 sample/min during the load ramp up and until completing the test.

After reaching the maximum load of 2500 Ibs with a loading rate of approximately 1250 1bs/min,
the load was sustained for 24 hours under uncontrolled laboratory temperature conditions. After 24
hours the load was released and FBG sensor strain data were recorded for another 15 minutes to
observe any residual strains. All nine specimens were first tested with Side 1 in compression. To
complete the assessment of the sustained loading, additional tests were performed three months later
applying the load to Side 2. Only seven operative specimens were tested following the same test
protocol. In Specimen 6, the bare fiber strand adjacent to the packages broke during handling and
both external FBG sensors were not able to be reconnected. Specimen 2 was tested on Side 1; this

specimen failed under an accidental overloading when completing one set of the fast loading test.

6.2.8.1.2.3. Accelerated Loading Test
The goal with conducting this test was to evaluate the viscoelastic behavior of the adhesives
utilized to bond the structural packages to the glulam members using different rate of loadings. The
viscoelastic behavior was evaluated through the strains during the process of loading (effective

stiffness) and unloading (residual strains) of the specimens.

After placing each specimen in the test fixture, the 2500-1b load was applied with loading rates of
2500 lbs/min, 5000 Ibs/min and 2,500 Ibs/sec. The latter loading rate was performed twice to observe
the reproducibility of the test. Each test was conducted at 30 minute intervals to allow for the full
recovery of the strain energy. The sampling rate for the 2500-1bs/min and 5000-1bs/min rate of
loading tests was 1 Hertz for all sensors; while for the 2,500-1bs/sec rate of loading, the sampling rate

was 30 Hertz. Immediately after reaching the maximum load of 2500 Ibs, this load was sustained for
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approximately 20 minutes and then removed. After removing the load, data were recorded for other 3

minutes to observe any residual strains.

Eight specimens were operative during the accelerated loading tests. These tests were performed
on both external bending surfaces. After completing one of the accelerated loading tests, Specimens
2 and 7 were accidentally overloaded causing debonding of the external fiber optic sensors with the
subsequent failure of one. Specimen 2 failed at approximately 2500 pe, seven times higher than the
bending strain at 2500 Ibs. In this specimen, the 5000-1bs/min and 2,500-1bs/min loading tests were
not performed on Side 2. In the case of Specimen 7, no visible damage was observed after an
accidental overloading. The strain levels at the time of debonding were approximately 1200 pe on the
tension side, at least 4 times larger than the bending test strain. The C-FRP package located on the
tension side debonded without damaging the FBG sensor. This sensor package was reattached with
the same adhesive, Loctite 4212, and techniques as described in the previous section and then tested
for operativeness. After testing this specimen and comparing to the initial behavior, the obtained
strain results were deemed satisfactory. After completing the accelerated loading tests, only seven

specimens were operatives.

6.2.8.1.2.4. Pseudo Cyclic Loading Test
The goal with this test was to observe the viscoelastic behavior of the adhesive utilized to bond
the FBG structural packages to the glulam specimens through any sign of strain phase lag, if present,

upon loading and after the removal of the applied load.

Using the same test frame configuration for the bending test, each specimen was loaded with a
total load of 2500 Ibs. Two pseudo cyclic loading tests were performed with rates of loading of 1250
Ibs/min and 5000 1bs/min, and unloaded at the same rate. Each test was run for 10 cycles with data
sampling rates of 10 Hertz. Each specimen was reloaded only after 30 minutes allowing for strain
recovery. The pseudo cyclic loading was performed on eight specimens on Side 1. After the failure
of Specimen 2, the pseudo cyclic test protocol was performed on the seven operative specimens

turned over to Side 2.

6.2.8.1.2.5. Heat and Sustained Loading Test
Before starting this test, the moisture content per specimen was reassessed in all specimens.

Using the same two-prong resistance moisture meter, no electrical response was obtained in the
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specimens. The lower scale of the moisture meter was 6%, indicating a drier condition of the
specimens than at the beginning of the test program. The moisture content decreased in an interval of
six months from the initial moisture content (between 7 % and 10%) to less than 6%. With lower
moisture content, the strength and stiffness of wood specimens is expected to relatively increase

(Ritter, 1992).

The purpose of this test was to observe the effect of high temperatures on the viscoelastic
behavior of adhesive attaching the FBG sensor packages. A total of seven operative small-scale
specimens were tested under sustained load with temperatures that ranged from laboratory condition
to approximately 120°F. The small-scale specimens were subjected to higher temperatures than a
bridge would potentially experience in summer. To heat the specimen, a heat box was constructed to
completely enclose the specimen. The box consisted of two sets of rigid board (blue board) insulation
walls sealed with insulation silicone, and aluminum foil tape. Additionally, one layer of aluminum
foil was attached to the interior of the walls to prevent overheating and burning of the insulation
board. The box was designed to fit inside the testing machine frame and to host the specimen and the
heat source. The heat source comprised of four 100-watt bulbs distributed inside the box surrounding

the specimen (see Figure 6.26).

Mid span

Typical heat source

Glulam specimen

1 e —¢

| € Thermocouples
o located top and bottom of specimen

Figure 6.26. Heat and Sustained Loading Test: Test Setup and Instrumentation

Strain data were collected from the FBG sensors, foil strain gages and DCDTs throughout the
heat test. In this case, the strain transducers were disconnected and removed due to the potential for

heat damage. In addition to the two original thermocouples, four additional thermocouples were
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placed at each end of the beam, two on top and two on the bottom to observe the heat distribution
along the specimen. After placing the specimen in the bending frame, verifying the sensors
operability, the same protocol for the sustained loading test was utilized. Each specimen was loaded
with a maximum load of 2500 Ibs and a loading rate of 1250 1bs/ min. In the entire test, strain,
temperature and load data were collected with a sampling rate data of 1 Hertz. The data were
collected for approximately 20 minutes at ambient temperature to observe the initial behavior. After
this initial period, the specimen was enclosed in the heat box. The heat source then was connected for
24 hours (see Figure 6.27). Additional strain and temperature data were collected for at least four

hours after the heat source removal to observe the recovery of the specimens while cooling.

During the test of Specimen 1, Side 1, some overheating occurred after five hours. The FBG
sensor reached 173°F on the tension side (RS-SS package bonded with 454-Loctite adhesive); which
is near the maximum recommended operating temperature of the adhesive (180°F). At this point, the
lids were partially opened to reduce the temperature. Although the temperature decreased, a
sustained temperature of approximately 163°F was still present. To moderate the internal
temperature, a small fan was installed to distribute the heat and the heat box lids were partially open
to release the excess of heat (see Figure 6.28). This change in the methodology of testing provided
sustained temperatures between 110°F and 120°F on average and was repeated as part of the test

protocol for the remaining tests.

Figure 6.27. Heat and Sustained Loading Test: Assembling of the Heat Box
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Figure 6.28. Heat and Sustained Loading Test: Regulating the Internal Temperature

6.2.8.1.2.1. Cold and Sustained Loading Test

The remaining seven operational small-scale glulam specimens were tested in cold temperatures
to evaluate the response of the adhesives. A cold box was constructed to reduce the temperatures to
approximately 0°F. The cold box contained the core of the instrumented specimen between the
supports of the bending frame of the third-point loading test setup (see Figure 6.29). Only operational
FBG sensors and foil strain gages were utilized to collect strain data. Strain transducers were not
installed because of the potential for damage. To record the temperatures, the specimens were
externally instrumented with six thermocouples placed in the same locations as those using during the
heat and sustained loading test. Typically, two thermocouples were located in the vicinity of external
FBG sensors on top and bottom of the glulam specimen, while four others were placed at

approximately 12 in. from the center of the specimen.
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Figure 6.29. Cold and Sustained Loading Test: Test Setup and Instrumentation

Prior to the test, the instrumented glulam specimen was positioned on top of the supports located
outside the cold box (Figure 6.30). Initial laboratory temperature and zero strain levels were recorded
for two minutes with a sampling rate of 1 Hertz. Following initial data collection, dry ice pellets were
deposited on the top and the bottom of the specimen while strain and temperature data were recorded.
Immediately after, the universal test machine was prepared for testing. After closing the cold box
(Figure 6.31), the test machine was calibrated to zero. The cooler box lids and universal test machine
head were additionally taped to confine the cold temperature. Each specimen was loaded at a loading
rate of 1250 Ibs/min until reaching the maximum load of 2500 Ibs. This load was sustained for 24
hours. After completing the load testing, the specimen was released and allowed to warm for
approximately two hours with the assistance of a fan. Additional strain and temperature data were
obtained during this process to observe the response of the package during warming. The specimens

were tested on both bending surfaces, on Side 1and later on Side 2 to complete the study.
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Figure 6.31. Cold and Sustained Loading Test: Assembling the Cold Box

6.2.8.2. NON-STRUCTURAL PACKAGE TEST PROGRAM
In this section, the test protocols adapted from the ASTM 198-05a standards were utilized to

evaluate the non-structural packages installed in five small scaled glulam specimens.

6.2.8.2.1. Sensors and Test Equipment
Two strain transducers were bonded with Loctite 410 adhesive and Loctite-7452 accelerator.

Each strain transducer was placed at mid span on the specimen’s external bending surface. FBG
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sensors, strain transducers and load cells were monitored with the data acquisition hardware used in

other phases of this work.

6.2.8.2.2. Test Protocol
Only one bending test protocol was applied to each specimen to measure the mechanical strains

in the FBG sensors.

6.2.8.2.2.1. Modified Bending Test

The purpose of this test was to investigate the effectiveness of the non-structural package
techniques by measuring the mechanical strains in the FBG sensors (zero strain would indicate
perfect isolation). The five specimens were tested in bending using the same third-point loading
method with a total load of 2500 1bs under ambient laboratory temperatures. All specimens were
placed on the test fixture described in the previous section 6.2.8.1 (see Figure 6.22). The sampling
rate for FBG strain sensors, strain transducers and load cell data were set to 10 Hertz. After
synchronizing the instruments, the load was applied with a loading rate of 500 Ibs/min; this slower
loading rate was applied with the purpose of avoiding vibration of the partially restrained FBG strain
sensors. The 2500-Ibs load was sustained for five minutes, and then removed with an unloading rate
of 500 Ibs/min. Each specimen was loaded twice to verify reproducibility of the results. Each

loading test was performed within intervals of 30 min allowing the strain recovery.

Figure 6.32. Modified Bending Test: Specimens with Non-Structural Package
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6.3. EXPERIMENTAL RESULTS OF THE SMALL SCALE SPECIMENS

This section presents the analyses of the test results for the fourteen small scale glulam specimens

described in the preceding section.

Nine specimens instrumented with structural FBG sensor packages were tested in bending to
verify their consistency by evaluating their initial conditions, by comparison to theoretical strains and
by comparison to data gathered with foil strain gages and strain transducers. The strain data were
collected for variable load duration and temperature conditions (Section 6.2.8.1). The objective of
these tests was to evaluate both the elastic and viscous-like behavior of the structural packages. The
following flow chart summarized the steps taken in the subsequent sections to evaluate the structural

FBG sensor packages (see Figure 6.33 and Figure 6.34).

Initial Conditions FBG Sensor Package Evaluation TPy
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|
Assessment of | During Loading: | Foil Strain Gages and Strain
Macroscopic Wood MOE Evalution Transducer Comparison
Characteristic

Linear fit

At Maximum Loading:
Linear Strain Diagram —
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Figure 6.33. Chart of the Evaluation of the Structural FBG Sensor Package
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Five specimens instrumented with non-structural FBG sensor packages were also tested under
bending loads (Section 6.2.8.2). The main objective of this testing was to evaluate the effectiveness
of the non-structural packages in isolating the FBG sensors from mechanical strain response for

potential use in measuring environmental effects within the member.

6.3.1. ASSESSMENT OF MACROSCOPIC WOOD CHARACTERISTICS IN THE SMALL SPECIMENS
Prior to evaluating the test results, all specimens were visually inspected to later explain and/or
justify the experimental strain levels. Note that this was limited to the exposed Side 1 and 2 surfaces.
So defects on the middle lam are not reflected here. Only Specimens 1, 3, 5 and 9 are presented from
Figure 6.35 through Figure 6.38. The following macroscopic wood characteristics were observed on
the external bending surfaces (i.e., Side 1 or Side 2), and were grouped as follows:
e The presence of knots was observed on two specimens:

o In Figure 6.35 (a), a 1 1/2-in. intergrown knot was located near the strain transducers at
Specimen 1, Side 1.

o In Figure 6.38 (a), a small encased knot was located at Specimen 9, Side 2, far from the
sensors locations.

e Slope of grain patterns, defined as the deviation of the wood fiber orientation with respect to the
longitudinal direction of the specimen:

o InFigure 6.35 (b), abrupt change in the fiber orientation classified as grain deviations were
observed in Specimen 1, Side 2.

o InFigure 6.37 (a), diagonal grains deviating from the longitudinal specimen direction were
observed in Specimen 5.

o Straight grains, where the fiber orientation mainly followed the longitudinal direction of the
specimen, were observed at regions of Specimen 2, Specimen 9, Side 2 near the FBG sensor
(see Figure 6.38 (b)).

B S —— ) N
= Dlagonal grain ,

. S
ke f , | ~)
(a) Side 1 — C-FRP Loctite 454 package (b) Side 2 — RS-SS Loctite 454 Package
Figure 6.35. Specimen 1: Bending Surfaces Side 1 and 2
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(a) Side 1 — 72H-SS Loctite 454 package (b) Side 2 ~AM-SS Loctite 454 Package
Figure 6.36. Specimen 3: Bending Surfaces Side 1 and 2

Diagonal Straight
grars grain

(a) Side 1 — CS-SS Loctite 426 package
Figure 6.37. Specimen 5: Bending Surfaces Side 1 and 2

- Diagonal grain

Jecimen 9
Side
e —....

Intergrown
knot

Saght grain 4
(b) Side 2 ~AM-SS Loctite 4212 Package

Diagonal graim—>

7 (a) Side 1 —72H-SS Loctite 4212 package
Figure 6.38. Specimen 9: Bending Surfaces Side 1 and 2
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Regarding the instrumentation, the three sensor types were installed at determined locations with
arbitrary macroscopic wood characteristics. In general, the foil strain gages with a 0.39-in. long gage
were located at the straight grains parallel to the longitudinal direction of the specimens. For the
strain transducers, the 3-in. effective gage was located either at regions with straight grain (Figure
6.38 (b)) or where the slope of grain changed in orientation, which represented a reduction in the
stress levels (see Figure 6.35 (b)). The FBG sensor were observed to be located at regions were the
slope of grain was either straight (Figure 6.37 (b)) or the combination of both straight and diagonal
grains (Figure 6.37 (a)).

6.3.2. STRUCTURAL FBG SENSOR PACKAGES
The experimental results of the nine structural package specimens are presented in two parts. The
first part is comprised of the evaluation of the FBG sensors under bending loads with the purpose of
establishing the initial flexural behavior. The second part presents the FBG strains obtained from
additional bending tests varying the duration of the loading, the rate of loading, and the temperature

conditions to assess the viscoelastic behavior of the adhesive.

6.3.2.1. FBG SENSOR EVALUATION UNDER BENDING TEST

The specimens were tested using the bending test protocol explained in Section 6.2.8.1.2.1.

6.3.2.2. BENDING TEST RESULTS

The nine specimens were subjected to third point bending with a maximum load of 2500 lbs. The
load was applied to each bending surface (Side 1 and Side 2) to evaluate the compressive and tensile
response of each sensor. In Figure 6.39, a typical response of the FBG sensors with respect to the

applied load versus time are presented.

The following were calculated and/or identified from experimental:
e The relationship between strain and stress at mid span.
e The neutral axis location (assuming that plane sections remain plane).
e The dispersion of the strain data during the application of a sustained load for 30 seconds.

e The occurrence of any residual strain after removing the load.

The results are presented per Side 1 and Side 2 Loading.
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Figure 6.39. Representative Bending Test Results upon Loading

Stress-Strain Behavior. The experimental strains and theoretically calculated stresses from the
applied load were compared to a linear regression model. To quantify the fit, a coefficient of
determination (R” coefficient) was calculated as the squared correlation between the experimental

data and the predicted values.

As stipulated in the ASTM standards (ASTM 198-05a, 2005), the apparent MOE is recommended
to be calculated using the experimental deflection data and beam theory. In the small specimen tests,
the deflection data were not sufficient to estimate this standard MOE value. However, an equivalent
experimental modulus of elasticity (MOE) was calculated using the external FBG sensor strains
where the flexural behavior was predominant. The average MOE (Avg. MOE) was defined as the
average slope between stress and strain data. In addition, the standard deviation (Std. Dev.) was

calculated.

In Figure 6.40, examples of the strain-stress results are presented for two external FBG sensor
types on Specimen 1. For the FBG 1 sensor, the Avg. MOE was 3034 ksi (+/-136); this relatively
large value may have been cause by the presence of an intergrown knot in the vicinity of the sensor
(see Figure 6.35 (a)). For the FBG 2 sensor, the Avg. MOE value was 2170 ksi (+/-61) (see Figure
6.35 (b)). When comparing the experimental data to the predicted values using the linear regression,

the R? coefficients were above 0.998.
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(b) External FBG 2 Sensor
Figure 6.40. Bending Test: Stress-Strain Behavior for Specimens 1, Side 1 and Side 2 Loadings

In Table 6.8, the experimental Avg. MOE and standard deviation (Std. Dev.) values are presented
for all operative sensors. For the external FBG sensors, the tensile Avg. MOEs were consistently

lower than the compressive values, with exception of the external FBG 1 sensor at Specimen 9. In
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general, the Std. Dev. values were between 2% and 9% of the Avg. MOEs indicating a low
dispersion. In the linear regression model evaluation, the R* coefficients for all sensors were between

0.998 and 0.999, indicating that experimental strains and calculated stresses were linearly related.

The calculated MOEs were compared to the theoretical MOEs for a glulam member with up to
three laminates; as noted in Section 6.2.6, the theoretical lower and upper MOE values were 1500 ksi
and 2000 ksi, respectively. From the MOE evaluation, Specimens 3 and 4 had Avg. MOEs within the
theoretical values (see Table 6.8). For other specimens, the Avg. MOEs varied between 1803 ksi
(Specimen 3) and 3384 ksi (Specimen 7).

From the MOE evaluation, the experimental strains at the depth of the cross section were

relatively dissimilar and consequently asymmetrical with respect to the center of gravity of each

specimen. In this context, more study was needed and is described in the subsequent section.

Table 6.8. Bending Test: Summary of Average Modulus of Elasticity and Standard Deviation

. External FBG 1 External FBG 2
Specimen Side Avg. MOE  Std.Dev.  Avg. MOE _ Std. Dev.

Loading X - - -

[ksi] [ksi] [ksi] [ksi]

1 1 (3034) 136 2170 61
2 2410 59 (2467) 58
2 1 (2332) 99 1884 67
2 2130 83 (1958) 70
3 1 (2042) 46 --- ---
2 1803 113 - —
4 1 (1970) 99 1672 58
2 1815 72 (1888) 80
5 1 (2654) 104 2090 70
2 2200 88 (2190) 78
6 1 (2679) 181 --- ---
2 2159 40 - —
7 1 (2954) 208 2631 212
2 2676 164 (3384) 184
8 1 (2101) 191 2173 169
2 1913 97 (2256) 116
9 1 (2469) 126 2197 118
2 2608 93 (2732) 97

Note. - ( ) corresponds to the compressive Avg. MOE.
“---"" indicates an inoperative FBG sensor.



155

Maximum Loading — Experimental Strain versus Linear Regression Model Comparison.
To assess if the sensor readings indicated plane cross-sections remained plane, the internal and
external flexural FBG strains presented in Table 6.9 were compared at approximately 2500 Ibs. The
FBG strains at maximum loading per Side 1 and Side 2 loading were compared for the purpose of:
e Obtaining the range of the flexural strain per sensor.
e Investigating the linear strain relationship with R* coefficients.

e Evaluating the position of the neutral axis.

Table 6.9. Bending Test: Maximum External FBG Strain Results per Structural Package
Specimen Side External FBG 1 Internal FBG1 Internal FBG2 External FBG 2

Loading [me] [ue] [me] [ne]
1 1 =272 -133 92 355
2 322 133 -87 -320
2 1 -345 --- 156 423
2 370 - -136 -398
3 1 -386 -171 132 -
2 413 168 -137 -
4 1 -396 -140 143 451
2 427 121 -149 -422
5 1 -305 -171 82 380
2 344 165 -84 -351
6 1 -310 -129 86 -
2 358 124 -89 -
7 1 -260 -109 - 283
2 282 113 - -235
8 1 -392 - - 369
2 412 --- - -357
9 1 -312 - - 349
2 300 - - -293
Note. - “---" indicates an inoperative FBG sensor.

Using a linear regression method, the external and internal strain levels per specimen and per Side
1 and Side 2 loadings were correlated to investigate the strain relationship and position of the neutral
axis. Typical linear strain models for Specimens 1, 4 and 7 with four operative FBG sensor packages
are plotted in Figure 6.41. With three operative sensors, the typical linear model for Specimens 2, 3,

6 and 7 are shown in Figure 6.42. Specimens 8 and 9 had only two operative FBG sensors.
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Figure 6.41. Bending Test: Specimen 1, Side 1 and Side 2 Loading — Maximum FBG Strains
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Figure 6.42. Bending Test: Specimen 3, Side 1 and 2 Loading — Maximum FBG Strains

Independently of the number of operative FBG sensors and their locations, the following general

observations were made:
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e For Specimens 1 through 7, the R* coefficients ranged from 0.974 to 0.999 which indicated that
the measured strains are approximately contained within plane sections. The relative error in
predicting a linear strain response for specimens with three of four operative sensors indicated
that the sensor error may be independent of the strain magnitude.

e In all cases, the neutral axis was located between 0.10 in. and 0.22 in. from the center of gravity

of the specimen cross section.

Short-Term Sustained Load. To evaluate the repeatability of the strain readings, the specimens
were subjected to a short-term sustained load for approximately 30 seconds (see Figure 6.39). During
testing, the temperature was assumed constant and the strains due temperature variations were
neglected. Examples of the responses are presented in Table 6.10 and Table 6.11 for Specimens 1
and 4. In these tables, the maximum strains, the average strains and associated standard deviations

are given.

In general, the differences between the maximum strains and the average strains were negligible.
The associated standard deviations were similarly also negligible. In this 30 seconds short term
loading, the repeatability of the strain levels indicates that the adhesives were behaving with

negligible viscoelastic influences.

Residual Strain. After removing the load, residual strains were assessed to determine the
behavior of the adhesive. Examples of residual strains are shown in Table 6.10 and Table 6.11. In
general, the residual strains at the end of the data collection varied from 0.0 to 8.3 pe. (e.g., Specimen
4).

Table 6.10. Bending Test: Specimen 1 — Short Term Loading Analysis and Residual Strains

Side 1 Loading — Sensors Side 2 Loading — Sensors
Response External Internal Internal External Internal Internal External Internal
FBG 1 FBG 1 FBG2 FBG2 FBG 1 FBG1 FBG 2 FBG 2
[pe] [ue] [ue] [ue] [ue] [ue] [pe] [pe]
Max. Strain -271.7 -133.3 92.8 355.0 321.7 133.3 -86.7 -320.3
Avg. Strain -271.6 -132.8 92.5 354.8 321.5 132.7 -86.1 -320.0
Std. Dev. 0.5 0.8 0.5 0.8 0.5 04 04 04
Residual 0.0 0.0 0.0 5.0 0.8 1.7 17 25

Strain
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Table 6.11. Bending Test: Specimen 4 — Short Term Loading Analysis and Residual Strains

Side 1 Loading — Sensors Side 2 Loading — Sensors
Response External Internal Internal External Internal Internal External Internal
FBG 1 FBG 1 FBG2 FBG2 FBG 1 FBG 1 FBG 2 FBG 2
[me] [ne] [ne] [me] [ne] [ne] [me] [me]
Max. Strain -395.8 -140.0 142.5 450.8 427.5 120.8 -149.2 -421.7
Avg. Strain -394.1 -139.4 142.9 450.5 426.7 120.2 -149.0 -420.9
Std. Dev. 0.5 0.4 0.7 0.6 0.6 0.6 0.4 0.8
Residual 0.0 17 17 5.8 25 1.7 1.7 8.3

In the second part of the FBG sensor evaluation, the structural FBG sensor packages were

subjected to 24-hour sustained loading to investigate the long term viscoelastic behavior.

STRAIN COMPARISONS. In the following sections, the maximum FBG strains were compared to
the theoretical strains and the measured strains from foil strain gages and strain transducers. In
addition, the experimental deflections were compared to the theoretical values to corroborate the

specimens’ strain levels.

Theoretical Strain Comparison. In Section 6.2.6.1, theoretical strains were calculated at the
sensor locations using the modulus of elasticity values as tabulated in the AASHTO specifications
(AASHTO, 2006). The upper and lower bound of the theoretical external strains are +/-522 pe and
+/-392 ue and the theoretical internal strains are +/-174 pe and +/-130 pe, for moduli of elasticity of
1500 ksi and 2000 ksi, respectively.

External FBG Strains. In Figure 6.43, the maximum external strains for FBG 1 and FBG 2
sensors per specimen are presented. In the same plot, the theoretical upper bound (+/-522 pe) and

lower bound (+/-392 pne) strains are shown for comparison.

From the plot, the following observations were made:

e All external FBG strains were lower than the upper bound strain of +/-522 pe. The maximum
strain was 451 pe, corresponding to the Specimen 4, external FBG 2 sensor.

e The external FBG strains were observed to vary in the vicinity of the lower bound theoretical

value of +/-392 pe. For Specimens 2, 3 4 and 8, the strain levels were in the range of +/-15%.
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e  With respect to the theoretical lower bound strain of +/-392 pe, the measured strains for
Specimens 1, 5, 6, 7 and 9 were smaller. The lowest experimental strains were found in

Specimen 7, between 235ue and 283 pe.

Internal FBG Strains. In Figure 6.44, the maximum internal strains for Specimens 1 through 7
are shown. In the same graph, the theoretical upper and lower bound strains of 174 pe and 130 pe
were plotted for comparison. From the plot, the following observations were made:

e The internal FBG strains were lower than the upper bound strain of +/-174 pe. For Specimens 3
and 5, FBG 1 sensors, the strain levels were between 165 and 171 pe.
e The FBG 2 strains at Specimens 1, 5 and 6 were consistently lower, ranging from +/-82 pe to +/-

92 pe.

e The rest of internal FBG sensors were contained within the vicinity of the theoretical lower bound

strain of +/-130 pe. Strain values were in the range of +/-16% of the lower bound strain.

For all FBG sensors, the experimental strain values were smaller than the theoretical strains based

on the assumed moduli of elasticity values.
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Figure 6.43. Bending Test: Comparison of Theoretical and Experimental External FBG Strains
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Figure 6.44. Bending Test: Comparison of Theoretical and Experimental Internal FBG Strains

Theoretical Deflection Comparison. The vertical deflections at the maximum load measured at
the specimen mid span are plotted in Figure 6.45. In the same plot, the theoretical upper and lower
bound deflections of 0.035 in. and 0.026 in. correspond to deflections estimated using a modulus of

elasticity of 1500 ksi and 2000 ksi, respectively.

From the theoretical strain comparisons presented earlier, the measured strains were smaller than
the theoretical upper values; in contrast, the specimen deflections were approximately equal or higher
than the theoretical upper limit of 0.035 in. When comparing the experimental strains and deflection

levels, similar variabilities were observed.

The experimental strains and deflections were non-dimensionalized using the theoretical values
and compared. Theoretical strains and deflections were calculated for various load and MOE values
using the third point loading beam relations and the specimen geometry. The relationship between
non dimensional strains and deflections was evaluated using a linear regression model. The linear fit,

R? coefficients were determined.
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Figure 6.45. Bending Test: Comparison of Maximum Theoretical vs. Experimental Deflection at Mid
Span for Specimens 1 through 9, Side 1 and 2 Loadings

Examples of the non-dimensional strain-deflection plots for external pair of FBG sensor packages
are presented in Figure 6.46 and Figure 6.47. As indicated in the figures, approximate linear
relationships were observed between the non-dimensional strains and deflections for both the external
FBG sensors. For all specimens, the non dimensional strain-deflection curves had R? coefficients that

varied from 0.972 to 0.997.

Foil Strain Gages and Strain Transducer Comparison. Recall that the small scale glulam
specimens were instrumented with foil strain gages and strain transducers (Section 6.2.8.1.1); in this
section, these values are compared to the FBG strain values. In Figure 6.48, a typical response of the

sensor strain levels and the applied load are plotted against time.

To investigate that the FBG sensors provided reliable readings, the following comparisons were

made:

e The FBG sensor flexural strains were compared to flexural strains for the foil strain gages and
strain transducers at the maximum load.

e Each FBG sensor strain was compared to the average strain calculated as the arithmetic mean of
all sensor results. Standard deviations were determined to evaluate the response between the

FBG sensor response and average strain for all sensors.
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External Sensors Strain Comparison. In Figure 6.49 though Figure 6.52, the theoretical upper
and lower bound strains (i.e., 522 ue and 392 ne, respectively), FBG sensors, foil strain gages and

strain transducers for compressive and tensile strains are presented for Specimens 1, 3, 5 and 9.
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Figure 6.46. Bending Test: Non-Dimensional Strain-Deflection Curves — Specimen 1, Side 1 Loading
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Figure 6.47. Bending Test: Non-Dimensional Strain-Deflection Curves — Specimen 4, Side 1 Loading
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Figure 6.48: Bending Test: Representative Strain History and Load for Three Sensor Types

When comparing data between the FBG sensors and the other sensor types, the following was

observed:

For Specimens 1 and 5, all strains were lower than theoretical values (see Figure 6.49 and Figure
6.51).

In Specimen 1, Side 1 Loading, the FBG 1 strains differed by approximately 30 pe with respect to
the both foil strain gages and the on center strain transducer values. However, the differences
between the FBG strains and the off center strain transducer values were at least 100 pe. In the
Side 2 Loading, similar strain differences were observed (see Figure 6.49).

In Specimen 3, (see Figure 6.50), aside from the fact that the FBG 2 sensor was inoperative,
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noticeable strain differences were observed in the other sensor types. The on center sensors’

response differed by at least 200 pe.

responses (e.g., Figure 6.51).

In the FBG 2 sensors, strain differences were up to 143 pe.
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T B

600 - Side 1 Side 2 Side 1 Side 2

Specimen 1

In Specimens 2 through 8, the FBG sensors were up to 14% different to the other sensor

In Specimen 9 (Figure 6.52), both FBG sensor strains were smaller than the other sensor types.
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Figure 6.49. Bending Test: Specimen 1 — Experimental External Strains vs. Theoretical Strains
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Figure 6.50. Bending Test: Specimen 3 — Experimental External Strains vs. Theoretical Strains
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Figure 6.51. Bending Test: Specimen 5 — Experimental External Strains vs. Theoretical Strains
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Figure 6.52. Bending Test: Specimen 9 — Experimental External Strains vs. Theoretical Strains

For all specimens, the strain data for the foil strain gages and strain transducers were lower than
the theoretical upper bound strain (i.e., +/-522 ng). Comparison of all sensor types indicated that the

strain data for the FBG sensors were of the order of magnitude as the other sensors, which indicated
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the reliability of the FBG strain data. Note that, as previously explained in section 3.1, the influence

of the wood surface irregularities may have altered the strain levels in all sensors.

External Average Strain Comparison. Average strains and associated standard deviations were
calculated over all external sensor results to estimate the strain level only at each bending surface,
Side 1 and Side 2. The FBG sensor strains were compared to the average strain for all sensors to

quantify the strain differences.

As observed in Table 6.12, higher differences were observed among the Specimen 1, FBG 1 and
FBG 2 sensors and Specimen 9, FBG 2 sensor strain values and their respective average strains (e.g.,
between 12% and 22%). In Specimens 1 and 9, FBG 2 sensors, both flexural strains exceeded the

standard deviations of the average strains by at least 14 pe.

In Specimens 2 through 8, the differences between FBG sensor strains and average strains varied
from 0% to 11%. Most FBG sensors’ strains were contained within their respective standard
deviation of the average strains. Few other FBG sensor strains exceeded this interval by 1 ue to 7 pe,

which can be considered minimal.

With the exception of the Specimen 1 and Specimen 9, the FBG strains varied in the range of the
standard variations in most cases. Strain differences were assumed to be at least partially influenced
by the inherent wood mechanical properties and/or the localized wood surface irregularities, and/or

material properties of the FBG sensor packages.

Internal FBG Strain Comparison. The internal FBG strains were compared to external strain for foil
strain gages, strain transducers and external FBG sensors using a linear regression model to assess if
the strains were contained in a plane section. The internal strains (predicted internal strains) were
calculated at the FBG sensor locations and compared to the experimental internal strain values.
Experimental and predicted internal strains with their respective R* coefficients are given in Table
6.13. With the exception of the noted FBG sensors at Specimens 1, 3 and 5 (see Table 6.13), the
strains differences between the experimental FBG strains and the predicted internal values were
between 3% and 19%. Examples of the strain comparison plots for Specimen 1 and Specimen 3 are

shown in Figure 6.53 and Figure 6.54, respectively.
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Table 6.12. Bending Test: External FBG Sensor vs. Average Strain

Specimen Loading FBG 1 Sensor FBG 2 Sensor
Side FBG  Avg. Strain Difference  FBG  Avg. Strain  Difference
Strain  (Std. Dev.) Strain  (Std. Dev.)

[ne] [ne] % [ne] [me] %

1 1 -272 -243 (53) 12% 355 311 (26) 14%
2 322 276 (54) 17% -320 -281 (25) 14%

2 1 -345 -358 (9) -4% 423 399 (27) 6%
2 370 391 (21) -5% -398 -397 (30) 0%

3 1 -386 -374 (20) 3% -—- 400 (119) -
2 413 390 (20) 6% -—- -396 (110) -

4 1 -396 -389 (23) 2% 451 436 (25) 3%
2 427 405 (21) 6% -422 -415 (37) 2%

5 1 -305 -341 (34) -10% 380 364 (12) 4%
2 344 341 (14) 1% -351 -330 (18) 6%

6 1 -310 -339 (22) -8% - 304 (2) -
2 358 359 (10) 0% -—- -289 (19) -

7 1 -260 -260 (18) 0% 283 255 (27) 11%
2 282 277 (19) 2% -235 -247 (27) -5%

8 1 -392 -379 (12) 3% 369 359 (34) 3%
2 412 405 (16) 2% -357 -365 (27) 2%

9 1 -312 -331 (31) -6% 349 421 (49) -17%
2 300 310 (20) -3% -293 -377 (60) -22%

Note. - Avg. Strain: average strain, Std. Dev.: standard deviation, “---": data not available.

Table 6.13. Bending Test Results: Internal FBG Strains vs. Predicted Strains using Linear Regression
Calculation (Associated R?)

Specimen  Loading FBG 1 Sensor FBG 2 Sensor
Side Interr‘lal Predic.ted Per.cent Interlllal Predic‘ted Per.cent 2
Strain Strain Diff. Strain Strain Diff.
[ne] [me] [ne] [ne]
1 1 -133 -69 48% 92 120 30% 0.976
2 133 96 28% -87 -93 7% 0.981
2 1 --- -92 --- 156 158 1% 0.998
2 --- 127 --- -136 -135 1% 0.997
3 1 -171 -124 27% 132 141 7% 0.971
2 168 133 21% -137 -135 1% 0.976
4 1 -140 -117 16% 143 158 10% 0.997
2 121 129 7% -149 -144 3% 0.996
5 1 -171 -117 32% 82 119 45% 0.991
2 165 124 25% -84 -100 19% 0.996
6 1 -129 -124 4% 86 89 3% 0.998
2 86 89 3% -89 =77 13% 0.998
7 1 -109 -90 17% - 83 --- 0.993
2 113 103 9% - =72 --- 0.997

Note. - Percent Diff.: percent difference, “---"’: data not available.
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Figure 6.54. Bending Test: Specimen 3 — Strains along the Cross Section at the Maximum Loading

In general, the strain levels were well correlated (i.e., R” larger than 0.95). The R? coefficients

varied from 0.971 (Specimen 3) to 0.998 (Specimen 6) indicating that flexural strains can be
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approximated to a plane section. In addition, linear regression calculations were also obtained only
for the external strain sensors; the R? coefficients were between 0.991 and 0.999. The relative error
in predicting the linear strain response for specimens with various external and internal sensors

indicated that the sensor error may be independent of the strain magnitude.

6.3.3. INFLUENCE OF MACROSCOPIC WOOD CHARACTERISTICS IN THE EXPERIMENTAL
STRAINS

In the light of the strain results, the macroscopic wood characteristics observed in all specimens
had influenced the local strain levels. The presence of a knot in Specimen 1, Side 1, demonstrated
that wood strains levels were reduced throughout the obtained lower strain levels in the adjacent
sensors. In the other specimens, the sensors located at spiral grain had the lowest strain levels while
the sensors at the straight grain had relatively high strain levels (i.e., sensors at Specimen 1, Side 2).
In Specimen 9, the low FBG 2 strains were not associated to the straight grain orientation. In this
FBG sensor with AM-SS Loctite 4212 package, a weak bonding line between both material packages

(i.e., aluminum mesh and stainless steel sheet) was suspected.

Overall, despite the efforts to select the top quality uniform wood laminates (i.e., clear straight-
grain wood without reducing strength characteristics) on the regions of the sensors’ locations, the
presence of macroscopic wood characteristics as the slope of grain and knots affected the external and
internal FBG sensors’ results. In the global behavior of the specimen, the FBG sensors’ strains along
the cross section were approximately contained in a plane section indicating that the beam theory is
present. However, deflection readings were larger than the predicted theoretical values and were only
proved to have similar variabilities strain values. In the local behavior of the FBG sensors was
affected by the variations in the structure and/or properties of the wood laminates resulting from
inherent wood growth characteristics. From the previous evaluation, the FBG sensors have
demonstrated to perform in the ranges established by the beam theory and other proven sensors with
an acceptable performance. More tests were conducted under different rate of loadings and

temperature conditions to prove the effectiveness of the structural FBG sensor packages.

6.3.3.1. FBG STRAIN SENSOR PACKAGE EVALUATION UNDER VARIABLE LOADING AND
TEMPERATURE CONDITIONS

The strain performance of the FBG sensors with structural packages was evaluated considering

the influence of load duration and temperature variations as established in the bending test methods
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described in Section 6.2.8. The specimens were tested with a total load of 2500 Ibs as follows:

e Sustained loading tests were performed over 24 hours at uncontrolled laboratory temperatures,
with variable increasing and decreasing temperatures.

e Variable load rates of 2500 Ibs/min, 5000 lbs/min and 2500 lbs/sec were applied.

e Cyclic rates of loading and unloading of +/-5000 Ibs/min and +/-1250 1bs/min.

The main objective of this task was to select the structural FBG sensor package or packages for

implementation in a full scale glulam specimen.

6.3.3.1.1. Sustained Loading Test

The objective of this test was to evaluate the viscoelastic behavior of the FBG structural packages
subjected to 24-hour sustained loading and uncontrolled ambient laboratory temperature. The
structural FBG sensor packages’ strains were analyzed as follows:
e Comparison of the short term sustained loading strains with the previous bending test results.
e Establishment of a relationship between FBG strains and temperature variations.
e Measurement of residual strains (short term creep deformation), to investigate the viscoelastic

behavior of the FBG structural packages (short term creep recovery).

In Figure 6.55, the strain history response of the external and internal FBG sensors for Specimen
1 is shown with the load and laboratory temperature. In Table 6.14, initial peak, final and residual
strains are summarized for Specimen 1, Side 1 Loading. After removing the load for three minutes,

the residual strains varied from 1.6 ue to 14.2 pe.

For all specimens, the strain changes were observed to vary with temperature fluctuations.
Residual strains also occurred in all eight specimens. At the end of the testing program, the

specimens were visually inspected; no sign of deterioration was observed in the packages.

Short Term Strain Comparison. In the initial 15 minutes of the sustained loading (see Figure
6.55), the strains for all specimens were averaged for comparison to the bending test results. The
laboratory temperature variations during the 15-min loading were minimal (i.e., +/-0.2 °F), and strain
variations were minimal. The calculated strain dispersions were in the range of +/-1 pe, indicating
that the strain readings were stable. In this context, the average strains for the bending tests and
sustained loading tests were compared. In Figure 6.56, the average strain comparisons are presented

for Specimens 1, 4 and 7. Prior to testing, FBG sensor leads for Specimen 6 were damaged during
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handling. After the sustained loading test, Side 1 Loading, Specimen 2 was damaged when placed on

the testing fixture; however, the FBG sensors were still operative.
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Figure 6.55. Sustained Loading Test: Typical FBG Strains, Temperature and Load vs. Time Responses

Table 6.14. Sustained Loading Test: Summary of the FBG Sensor Strains for Specimen 1, Side 1

Side 1 Side 2 Load Temperature
Response External Internal Internal External Side 1 Side 2

[ne] [me] [me] [me] [1bs] [°F] [°F]
Initial peak -274.2 -131.7 89.2 3533 2475.8 79.1 79.9
24-hr loading -289.2 -147.5 92.5 3583 2471.9 79.6 77.7
Residual strains -9.2 -14.2 2.5 -1.6 --- - -

Based on the average strain comparison, the following observations were made:
e For both Side 1 and Side 2 loading results, the differences between the average strains for the

bending and sustained loading tests were between 2 ue and 18 pe.
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e  When comparing to the bending test average strains, low sustained loading average strains were
observed in four operative sensors for Specimen 1, Side 2 Loading. The low strain levels could
be possibly explained by either the weakening of the structural package bonding line or errors in
the data collection system. Further investigation of Specimen 1 was necessary to evaluate the

FBG sensors readings and conditions after the 24-hour loading.
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Figure 6.56. Comparison of Initial Strains Between Bending Load Test vs. Sustained Loading Test for
Specimens 1, 4 and 7

Strain and Temperature Relationship. The FBG strains from sustained loading varied with the
temperature fluctuations over the 24-hour loading period (see Figure 6.55). In this context, the
external strain data were compared to temperature variations for 24 hours to determine the strain-

temperature relationship.

Prior to the strain-temperature evaluation, thermal coefficients of the specimens and sensor
packages were examined. Wood with moisture contents between 8% and 20% (i.e., moisture contents
for specimens varied from 8% to 11%) and package materials (i.e., C-FRP, stainless shim and
adhesive) will have negligible temperature effect on the package response. However, the only
material that could be significantly affected by temperature variations is the bare FBG sensor. The
gage factor temperature for a bare FBG strain sensor is approximately 10 pm/°C, while the gage

factor due to strains is proportional to 1.2 pm/pe.
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A linear regression calculation was made for each set of strain and temperature data. R*
coefficients were obtained for the Sides 1 and 2 loadings for the external FBG sensor strains and the
corresponding temperature data. In Table 6.15, R* coefficients and associated standard deviations for
the temperature data are presented per package. The calculated R* coefficients varied from 0.000 to

0.975 (i.e., in Specimen 4 and Specimen 5 respectively).

Table 6.15. Sustained Loading Test: Linear Regression between Strains and Temperatures
R? Coefficient Temp. R’ Coefficient Temp.

Specimen Structural Package

Side 1 Std. Dev. Side 2 Std. Dev.

Loading [°F] Loading [°F]

1 C-FPP — Loctite 454 0.791 (C) 1.1 0.421 (T) 0.4
RS-SS — Loctite 454 0.237 (T) 0.9 0.429 (O 0.3

4 C-FPP — Loctite 426 0.000 (C) 2.1 0.951 (1) 1.6
RS-SS — Loctite 426 0.879 (T) 2.0 0.331 (O) 1.4

7 C-FPP — Loctite 4212 0.171 (C) 1.2 0.804 (T) 1.5
RS-SS — Loctite 4212 0.722 (T) 1.1 0.890 (C) 2.0

2 IS-SS — Loctite 454 0.697 (C) 0.8 — - -
CS-SS — Loctite 454 0.356 (T) 0.9 - - -

5 CS-SS — Loctite 426 0.669 (C) 0.7 0.708 (T) 1.4
IS-SS — Loctite 426 0.255 (T) 0.8 0.975 (O) 1.6

8 CS-SS — Loctite 4212 0.697 (C) 0.5 0.935 (T) 4.0
IS-SS — Loctite 4212 0.274 (T) 0.6 0.961 (C) 3.6

3 72H-SS — Loctite 454 0.311 (O 0.9 0.671 (T) 1.9
AM-SS — Loctite 454 - e 1.1 - e 2.6

6 72H-SS — Loctite 426 0.772 (C) 2.8 - - -
AM-SS — Loctite 426 - e 3.7 - - ---

9 72H-SS — Loctite 4212 0.562 (C) 0.6 0.858 (T) 1.2
AM-SS — Loctite 4212 0.251 (T) 0.8 0.439 (O) 1.0

Note. - Temp: temperature, Std. Dev.: standard deviation.
“---"" indicates an inoperative FBG sensor.

In general, R? coefficients above 0.95 indicated a well correlation between strain and temperature
(e.g., Side 2 Loading responses of Specimens 4, 5, and 8). In contrast, low R* coefficients (less than
0.95) indicated that the strain levels were partially affected by temperature variations. Other factor
that influenced in the strain response was possibly attributed to the viscoelastic behavior of the
package material components under the sustained loading. For a 24-hour loading, the only material
that could have been affected by the loading was the adhesive that bonded the structural FBG sensor

packages to the glulam specimens.
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Residual Strain Evaluation. From the close up of Figure 6.55, “Residual Strain Time Zone”,
the typical strain levels before and after removing the load are shown in Figure 6.57 (a) for Specimen
1, Side 1 Loading. As observed in Figure 6.57 (b), the residual strain levels gradually decreased over
three minutes. As noted in Table 6.14, the residual strains levels at the end of the collected data were

between 1.6 pe and 14.2 pe.

Wood exhibits viscoelastic behavior when subjected to time-dependent loads (i.e., for short term
and load term, deformations are not immediately recovered after the removal of the load). However,
the residual deformations should disappear over a period of time after the unloading (Ritter, 1992).
Similar to wood, the structural adhesives bonding the packages to glulam specimen are viscoelastic
materials. However, after a 24-hour loading, wood was expected to behave elastically and
consequently not to deform. After the sustained load removal, residual strains existed for all sensor

packages and were attributed to the viscoelastic behavior of the adhesive.

One way to measure the viscoelastic strain recovery was through the rate of recovery, defined as
the residual strain reduction per unit of time. For each FBG sensor, the residual strains were collected
for periods between 3 and 15 minutes. During this time, the temperature fluctuations were negligible
(i.e., 0.2°F). The positive rates of recovery were defined as the strain decrease over time; in contrast,
negative values were interpreted as the “no strain recovery” of the adhesive. In Table 6.16, the
calculated strain rate of recovery and the final residual strains at the end of the data recording are
given for Specimens 1, 3 and 7. For Specimen 1, Side 2 Loading, the residual strains were between
15.0 pe and 59.2 pe. In addition, the rates of recovery were negative in all cases. The larger residual
strain levels could be possibly explained by either the structural package bonding line weakening or

data collection errors.

To examine the recovery of the FBG sensor packages, rates of recovery were compared
after both Side 1 and 2 Loadings. For most specimens, the positive rates of recovery associated
with small strain levels demonstrated the creep recovery (see Table 6.16, Specimen 9, FBG 1 sensor).
However, other package adhesives had residual strains with negative rate of recovery (see Table 6.16,
Specimen 1, FBG 2 sensor). However, other package adhesives had residual strains with negative
rate of recovery (see Table 6.16, Specimen 1, FBG 2 sensor). In Figure 6.58, the residual strain
history for two operative FBG sensors at Specimen 9 is presented. After the Side 1 and Side 2
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Loadings, one of FBG sensor packages (external 72H-SS Loctite 4212) showed residual strain levels

that decreased to 4.2 pe over 10 minutes.
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Figure 6.57. Sustained Loading Test: Residual Strains After Unloading for Specimen 1, Side 1 Loading
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Figure 6.58. Sustained Loading Test: Residual Strains After Unloading for Specimen 9, Side 2 Loading

From the evaluation of the rate of recovery, six FBG sensor packages with positive rates of
recovery that resulted in residual strains between 1.7 pe and 26.7 ue were identified for the Side 1

sustained loading tests. Though in the residual strains for the Side 2 sustained loading test were
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larger (i.e., between 4.2 pe and 45.0 pe), the rates of recovery indicated the possible recovery of the

packages. The six FBG sensor packages are given in Table 6.17 for further information.

Table 6.16. Sustained Loading Test: Residual Strains After 24 hours and Rate of Recovery per Hour for
Specimens 1, 5 and 7

External FBG 1 Internal FBG 1 Internal FBG 2 External FBG 2

Specimen L()Sz;gleng Rate of  Res. Rate of  Res. Rate of  Res. Rate of  Res.
Recovery Strain  Recovery Strain Recovery Strain  Recovery. Strain
[ue/hr.]  [ue] [pe/hr]  [une] [pe/hr.] [me] [pe/hr.] [ue]
1 1 11.5 -9.2 7.7 -14.2 0.0 2.5 -19.2 -2.5
2 -15.4 -59.2 -15.4 -15.0 -3.8 31.7 -23.1 58.3
3 1 15.6 1.7 9.4 -11.7 6.3 0.0 - -
2 -16.7 5.0 -6.7 -8.3 13.3 -15.8 - -
9 1 4.0 0.8 - - - - 2.0 2.5
2 154 42 --- - - - 0.0 -6.7
Note. - “---" indicates an inoperative FBG sensor.

Table 6.17. Sustained Loading Test: Selected Structural FBG Sensor Packages

Side 1 Loading Side 2 Loading
Specimen  Structural Package Rocovery _ Straing _Recovery _ Stras
[me/hr] [me] [me/hr] [me]
4 External C-FPP — Loctite 426 42.3 -1.7 35.7 5.0
4 External RS-SS — Loctite 426 69.2 2.5 50.0 -31.7
8 External IS-SS — Loctite 4212 18.8 10.0 333 -45.0
9 External 72H-SS — Loctite 4212 4.0 0.8 15.4 4.2
3 Internal AM-SS — Loctite 454 6.3 0.0 13.3 -15.8
4 Internal RS-SS — Loctite 426 26.9 26.7 28.6 -15.8

All external FBG sensor packages were visually inspected to detect any physical deterioration.

No damage was observed confirming the accuracy of the strain reading during and after loading.

From the Sustained Loading Tests, the following observations were drawn:

e The comparison of the bending and sustained loading strains confirmed that the FBG structural
packages had similar EI values. Only for Specimen 1, Side 2 Loading, the low strains for all
FBG sensors could be possibly explained by either the structural package bonding line weakening

or data collection errors.
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e Strain levels varied with uncontrolled laboratory temperature fluctuations. The linear correlations
indicated that the sustained load strain data and temperature variation were partially related.

e The viscoelastic behavior was present in the adhesive (i.e., part of the strain deformation during
the 24 hour loading and residual strains after the load removal). Only six packages, after
completing the Side 1 and Side 2 sustained loadings showed creep recovery over periods below
10 minutes. The evaluation of the rate of recovery was a useful tool to predict the creep recovery
of the structural FBG sensor packages.

e No sign of deterioration/damage was observed in the packages.

6.3.3.1.2. Accelerated Loading Test

The accelerated loading tests were intended to understand the behavior of the adhesive bond on
the FBG sensors subjected to an initial accelerated loading. The main objective of these tests was to
evaluate the viscoelastic behavior of the FBG structural packages subjected to 2500 Ibs with three
different rates of accelerated loadings (i.e., varying from 1 minute, 30 seconds and 1 second),
followed by a constant sustained loading of twenty minutes before the removal of the load. Three
different rates of loading were applied varying from the level of the bending test of 2500 Ibs/min,

increasing to 5000 Ibs/min and to an instantaneous pulse of 2500 Ibs/sec.

In Figure 6.59, the typical FBG strain history for an initial rate of loading of 2500 Ibs/sec along
with the load and ambient temperature is presented. In the accelerated loading time zone (see Figure
6.59), the applied accelerated load increased in two steps. During the first six seconds, the load
increased to approximately 200 1bs and the rest of the effective load was applied in one second. As
observed, the strain levels increased along with the peak load, stabilized in the following 3 to 6
seconds and remained constant to a load of 2500 Ibs for another 15 minutes. For the 2500 Ibs/min
and 5000 Ibs/min accelerated loading tests, strains increased in one step and stabilized in less than 2
seconds (see Figure 6.60 “Accelerated Loading Time Zone™). In the laboratory, the ambient
temperatures fluctuated in the range of +/-0.6 °F, inducing strain levels in the range of the sensor

precision (+/-2.0 peg).

The impact of the accelerated loading tests on the FBG sensor packages was studied as follows:
e Comparison of the 2500 Ibs/min accelerated loading with the bending loading tests to assess the

initial conditions of the packages (EI parameter).
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e Comparison of the 2500 and 5000 Ibs/min accelerated loading peak strains for the purpose of

evaluating the conditions of the packages (EI parameter) after accelerated loadings.

e Comparison of the 2500 lIbs/min and 2500 lbs/sec accelerated loading results for evaluating the

conditions of the packages upon a higher loading rate (EI parameter).

e Evaluation of the FBG sensor package final conditions after completing the accelerated loading

test program through residual strain values and visual inspection.
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Figure 6.59. Accelerated Loading Test — 2500 lbs/sec: Load, Strain and Temperature vs. Time for

Specimen 1, Side 1 Loading
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Figure 6.60. Accelerated Loading Test — 5000 lbs/min: Strain vs. Time for Specimen 1, Side 1 Loading

Comparison of the 2500-1bs/min Accelerated Loading and Bending Loading Test. Average
strains determined in both tests were compared for purpose of verifying the repeatability of sensor
response. Note that for the 2500 accelerated loading test, Specimen 6 with inoperative FBG sensors
was not tested. After completing the Side 1 Loading test series, Specimen 2 was not operative
(specimen damaged during handling on the testing machine). During the constant sustained loading,
the strain dispersions were in the order of the sensor precision, which indicated the strain data were
stable. In Figure 6.61, the bending loading and accelerated loading results are presented for

Specimens 1, 4 and 7.

The following observations summarize the conditions of the FBG structural packages subjected to
the 2500 Ibs/min accelerated loading with respect to the bending results:

e For the Side 1 Loading, the accelerated loading average strains were on the order of the bending
average values; the strain differences ranged from 2 pe to 14 ue. However, for the Specimen 1,
external FBG 2 sensor, the accelerated loading strains were 41 pe lower than the bending loading
value. Possible changes in the EI parameter on the package could be attributed to the adhesive
bonding line. No visible damage was observed.

e For the Side 2 Loading, the strain differences were in most cases lower than 15 pe. In Specimen
1, the four FBG sensors had higher compressive and tensile strains at the 2500 Ibs/min

accelerated loading test, which could indicate changes in the adhesive bonding line.
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Figure 6.61. Comparison of the 2500 Ibs/min Accelerated Loading Test and Bending Test Results for
Specimens 1, 4 and 7

Based on the test 2500-1bs/min accelerated loading results, with exception of Specimen 1, the rest
of FBG sensor packages had similar strain levels (EI parameter) than the previous bending test

results.

Comparison of the 2500 and 5000 lbs/min Accelerated Loading Tests. After applying the
load of 2500 Ibs at rates for 2500 and 5000 Ibs/min, both strains and load were found to be stable in
less than two seconds (see see Figure 6.60 “Accelerated Loading Time Zone™). In Figure 6.62, peak
strains compared to their respective average strains are plotted for accelerated loading rates of 2500
Ibs/min and 5000 1bs/min. Typically, strain differences between the peak strains and average strains
were found to be below 6 pe, for both accelerated loading tests. During the constant sustained

loading, the average strains had standard deviations below +/- 3.0 pe.

Based on both test comparisons, the FBG sensors possessed similar strain levels indicating that
the packages have consistent EI parameters for the two different loading rates. After removing the
load, residual strains were observed at the end of both loading tests in all packages. For the 2500
Ibs/min, the residual strains were less than 15.8 pe; while for the 5000 Ibs/min, the strain levels were
less than 7.0 ue. When inspecting each strain history, the strain recovery was observed in all tests

confirming the viscoelastic behavior of the packages.
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Figure 6.62. Representative Peak and Average Strain Comparisons for S000 Ibs/min and 2500 Ibs/min
Accelerated Loading Tests for Specimen 4

Comparison of the 2500 Ibs/min and 2500 Ibs/sec Accelerated Loading Tests. In Figure 6.63,
strain comparisons for both accelerated loading tests are presented for Specimen 4; and in Table 6.18,
the strain results for the selected FBG structural packages are given. As observed in Figure 6.59
(“accelerated loading time zone™), higher strain levels were instantaneously obtained per sensor
packages upon the 2500 Ibs/sec accelerated loading. Peak strains were above 30% higher than the
average strain values (see Table 6.18). In each specimen, the 2500 Ibs/sec accelerated loading test
was repeated twice and the strain reproducibility was verified in all specimens. The strain dispersions
for the 2500 Ibs/sec tests were in the range of +/-3 e, indicating that the strain levels were stable
during the constant loading. The average strain levels for the 2500 1bs/sec accelerated loading test
were compared to the 2,500 Ibs/min test values. The differences between both average strains were
less than 7.0 pe. (e.g., see Table 6.18). In general, strain differences between average strains
indicated that the sensor packages had similar EI parameters after subjecting the specimens to 2500

Ibs/min and 2500 Ibs/sec accelerated loading tests.
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Figure 6.63. Comparison of 2500 lbs/min and 2500 Ibs/sec Accelerated Loading Tests: Peak and Average
Strains for Specimen 4

Table 6.18. Comparison of 2500-Ibs/min and 2500-1bs/sec Accelerated Loading Test for the Selected FBG
Structural Packages

FBG Sensor Loading Rate of Peak  Average Increment Std. Residual
(Package) Side Loading Strain  Strain Dev. Strain
[me] [me] [%] [ne] [ne]
Specimen 4 1 2500 lbs/min -416.7 -415.4 0% 0.8 -1.7
Ext. FBG 1 Sensor 2500 Ibs/sec -560.8 -412.2 36% 0.5 0.0
(C-FRP Loctite 426) 2 2500 lbs/min 429.2 427.3 0% 1.6 9.2
2500 Ibs/sec 568.3 424.4 34% 1.1 5.8
Specimen 4 1 2500 lbs/min 4433 439.9 1% 2.6 6.7
Ext. FBG 2 Sensor 2500 lbs/sec 585.0 440.1 33% 1.6 33
(RS-SS Loctite 426) 2 2500 lbs/min -430.0 -428.7 0% 1.2 -5.8
2500 Ibs/sec -562.5 -422.9 33% 1.6 9.2
Specimen 8 1 2500 lbs/min 359.2 3573 1% 1.3 15.8
Ext. FBG 2 Sensor 2500 Ibs/sec 466.7 357.2 31% 1.0 4.2
(IS-SS Loctite 4212) 2 2500 lbs/min -351.7 -350.7 0% 0.8 -0.8
2500 Ibs/sec -504.2 -355.1 42% 1.2 -3.3
Specimen 9 1 2500 lbs/min -308.3 -306.5 1% 0.8 0.0
Ext. FBG 1 Sensor 2500 Ibs/sec -433.3 -308.3 40% 0.9 -3.3
(RS-SS Loctite 4212) 2 2500 lbs/min 297.5 296.2 0% 1.1 33
2500 Ibs/sec 418.3 291.7 43% 0.7 1.7
Specimen 3 1 2500 lbs/min 134.2 132.4 1% 0.9 3.3
Int. FBG 2 Sensor 2500 Ibs/sec 185.0 132.0 40% 0.9 2.5
(RS-SS Loctite 454) 2 2500 lbs/min -138.3 -136.7 1% 0.5 -0.8
2500 Ibs/sec -235.8 -137.8 71% 0.6 0.0
Specimen 4 1 2500 lbs/min 149.2 146.4 2% L.5 5.0
Int. FBG 2 Sensor 2500 Ibs/sec 202.5 153.5 32% 1.3 33
(RS-SS Loctite 426) 2 2500 lbs/min -147.5 -147.0 0% 0.5 -0.8

2500 Ibs/sec -193.3 -145.3 33% 0.8 4.2
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Final Conditions of the Structural FBG Sensor Packages. To evaluate the structural condition
of the packages after removing the load, the residual strains were assessed. In Figure 6.64, the
residual strains are presented for Specimen 1 after being subjected to a 25000 Ibs/sec accelerated
loading over three minutes. The residual strain levels were less than 2.5 pe. For the 2500 1bs/min
accelerated tests, the residual strains for the six selected packages ranged between 0.8 and 15.8 ne
(noted in Table 6.18). While for the 2500 Ibs/sec accelerated loading tests, the residual strains varied
from 0.0 pe to 9.2 pe. Therefore, the residual strains for all specimens after the accelerated loading
tests were small. Once the testing program was completed, the structural FBG sensor packages were

visually inspected. No sign of deterioration was observed in any package.

Specimen 1 - Adhesive Loctite 454

FBG Strain Sensor Package Location
20 20 —— Off center external 1 C-FRP
—— On center intemal 1 C-FRP
—— On center intemal 2 RS-SS
—— Off center external 2 RS-SS
1: Side 1
104 -10 2: Side 2
c —
£8 o 0 &
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-20- --20
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Figure 6.64. 2500-lbs/sec Accelerated Loading Test: Residual Strains for Specimen 4, Side 2 Loading
(See “Residual Strains Time Zone in Figure 6.59)

From the accelerated loading testing program, the following observations were made:
e With exception of the Specimen 1, similar average strains between the 2500 1bs/min accelerated
loading and the bending test results confirmed that the structural FBG sensor packages had

similar EI parameters.
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e The 2500 Ibs/min and 5000 Ibs/min accelerated loading tests had similar impact in the FBG
structural packages. For both accelerated loading tests, the differences between the peak strains
and respective average strains were less than 6 pe.

e Higher peak strains resulted from the 2500 lbs/sec accelerated loading tests. After the stabilized
loading, the strain levels at a constant sustained loading of 2500 lbs were comparable to the 2500
Ibs/min accelerated loading test results. The average strain differences were below 7 ue. For all
specimens, the package EI parameters were maintained after completing the accelerated
testing protocol.

e For the three accelerated loading tests, the residual strains after four to six minutes decreased to
less than 15.8 pe. The consistent viscoelastic behavior of the package adhesive was present.

e FBG sensor packages were undamaged.

6.3.3.1.3. Pseudo Cyclic Loading Test

Pseudo cyclic loading tests were defined as repetitive loading of the specimens subjected to 2500
Ibs over short periods of 40 min and 15 min. Each pseudo cyclic loading test consisted of 10 cycles
with rates of loading and unloading of +/-1250 Ibs/min and +/-5000 Ibs/min, applied on each
specimen bending side The ramping rates were selected based on the bending test rate of loading

(1250 Ibs/min) and increased four times (similar to the 5000 Ibs/min accelerated loading test).

In Figure 6.65, a representative pseudo cyclic FBG strain history and applied load for Specimen 1
is shown. As observed, the strains varied along with the cyclic loading. Peak strains were
approximately constant. The ambient laboratory temperature fluctuations were less than +/-0.4°F. In
this test program, Specimen 6 and 2 were inoperative due to damage on the sensors and specimen

after the Side 1 Loading, respectively.

In-service conditions, structural bridge members are frequently subjected to repetitive truck
loadings. In this context, limited cyclic load was applied to the small glulam specimens to examine
the viscoelastic behavior of the structural packages; in particular, if any phase lag response upon
loading and after the removal of the applied load have occurred. For this purpose, peak strains were
examined for reproducibility. In addition, the residual strains were evaluated to verify creep recovery

of the structural FBG sensor packages.
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The viscoelastic behavior in each structural package was evaluated by comparing both +/-5000
and +/-1250 Ibs/min pseudo cyclic loading tests as follows:
e Comparison of the strain results for the +/-1250 Ibs/min pseudo cyclic loading test with the
bending test to verify reproducibility.
e Comparison of the average peak strains of both cyclic and bending results.

e Evaluation of the residual strains at the cyclic loading.
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Figure 6.65. Representative Pseudo Cyclic Loading Test: Rate of loading +/-1250 1bs/min

Comparison of the Strain Results for Bending Tests and +/-1250 lbs/min Pseudo Cyclic
Loading Tests. In Figure 6.66, the peak strains are plotted for Specimens 1, 4 and 7. Note that the
Specimen 1, Side 2 Loading under similar rates of loading, the strain levels for pseudo cyclic loading
tests were larger than the bending test results. Strain differences were between 21.5 pe and 46.9 pe.
Similar higher strain differences were found in the 2500 Ibs/min accelerated loading test results. The
four sensor packages at Specimen 1 could have possibly changed their EI parameters, associated to
the adhesive bonding line. No visible damage was observed on the four packages. For the other

specimens, the peak strain differences were lower; differences varied from 0.7 pe to 20.2 pe.
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Comparison of Strain Results for Both Pseudo Cyclic Loading Tests: Both +/-5000- and +/-
1250- Ibs/min test results were compared at the level of average peak strains, per specimen. In Figure
6.67 and Figure 6.68, average peak strains for Specimens, 1, 2, 4, 5, 7 and 8 are plotted for both
pseudo cyclic loading tests. Typically, the external average peak strains for a loading rate of +/- 1250
Ibs/min were less than the values obtained at the +/-5000-1bs/min test results. The average peak strain
differences were between 3 pe and 12 pe. For the internal packages, the peak strain differences were

smaller.

In both tests, the associated standard deviations for average strains were less than +/-3ue. FBG
sensors typically have a precision of +/-2 pe. In this context, the peak strains per pseudo cyclic
loading test were similar to the initial peak strain value. In Table 6.19, the summary of the pseudo

cyclic loading test results is given for the selected six FBG structural packages
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4 Loading Loading Loading Loading Loading  Loading -
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Figure 6.66. Comparison of Strain Results for Bending Tests and +/-1250 Ibs/min Pseudo Cyclic Loading
Tests: Specimens 1, 4 and 7
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Figure 6.68. Pseudo Comparison of Strain Results for +/-5000 lbs/min and +/-1250 Ibs/min Pseudo Cyclic
Loading Tests: Specimens 2, 5 and 8

Final Conditions of the FBG Structural Packages. After removing the load, the residual

strains gradually decreased within three minutes to values ranging from 0.0 pe to 10 pe (see Table
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6.19). In Figure 6.69, the residual strains curves are shown for Specimen 8, Side 2 Loading when
completed the +/-5000 1bs/min pseudo cyclic tests. The residual strains after 1.3 min (75 sec) were
negligible (less than 0.8 ue). The data plots for all specimens showed that all sensor residual strains

decreased over periods of 1 to 3 minutes (short term creep recovery).

When completing the test protocol, the FBG sensor packages were visually inspected; no sign of

deterioration was observed.
Test results show that:
e The residual strains were minimal indicating that the selected FBG structural packages had a

consistent viscoelastic behavior (short term creep recovery).

Table 6.19. Pseudo Cyclic Loading Tests: Results for Selected FBG Structural Packages

FBG Sensor Side Rate of  Average Std. Residual
(Package) Loading _ Loading Strain Dev. Strain
[Ibs/min] [ne] [ne]  [ne]
Specimen 4 1 +/-1250 -402.7 1.0 0.0
Ext. FBG 1 Sensor +/-5000 -409.4 0.8 -1.7
(C-FRP Loctite 426) 2 +/-1250 410.5 1.3 0.8
+/-5000 421.9 1.3 0.0
Specimen 4 1 +/-1250 428.8 1.9 4.2
Ext. FBG 2 Sensor +/-5000 431.8 1.0 3.3
(RS-SS Loctite 426) 2 +/-1250 -413.0 2.8 -4.2
+/-5000 -423.3 2.7 -1.7
Specimen 8 1 +/-1250 355.5 L.5 1.7
Ext. FBG 2 Sensor +/-5000 361.5 1.3 1.7
(IS-SS Loctite 4212) 2 +/-1250 -346.8 1.2 0.8
+/-5000 -354.2 1.6 0.8
Specimen 9 1 +/-1250 -303.3 0.3 0.8
Ext. FBG 1 Sensor +/-5000 -309.5 0.7  -10.0
(RS-SS Loctite 4212) 2 +/-1250 288.6 1.4 4.2
+/-5000 -309.5 0.7  -10.0
Specimen 3 1 +/-1250 132.0 2.2 6.7
Int. FBG 2 Sensor +/-5000 132.0 0.7 1.7
(RS-SS Loctite 454) 2 +/-1250 -135.6 0.4 -0.8
+/-5000 -139.1 0.3 -0.8
Specimen 4 1 +/-1250 148.7 1.9 3.3
Int. FBG 2 Sensor +/-5000 147.6 0.3 2.5
(RS-SS Loctite 426) 2 +/-1250 -141.1 2.8 -1.7

+/-5000 -144.8 2.7 -1.7
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Figure 6.69. Pseudo Cyclic Loading Test: +/-5000 Ibs/min Residual Strains for Specimen 8, Side 2
Loading

e The pseudo cyclic loading tests (rates of +/-1250 Ibs/min and +/-5000 1bs/min) show the strain
phase lag to be negligible.

e In all cases, the packages had not deteriorated.

6.3.3.1.4. Heat and Sustained Loading Test
The specimens were subjected to combined heat and sustained loading for 24 hours to evaluate
the viscoelastic behavior of the FBG packages during and after loading. After testing, structural FBG
sensor packages were examined to detect physical damage. The strain data were analyzed as follows:
e Performance of the FBG structural packages.
e Temperature versus strain evaluation.
e Residual strain evaluation.

e Final conditions of the FBG structural package.

Prior to testing, the moisture content of the glulam specimens was measured. For all specimens,
the moisture contents were approximately 6%. The specimen was confined into a heat box and
loaded for 24 hours with a sustained load of 2500 lbs. After 20 min, the heat source was connected
(see Section 6.2.8.1.2.5). At the end of the 24 hours, the specimen was unloaded and after 10
minutes, the heat source was disconnected. Additional strain and temperature data were collected for

a minimum of 3 hr. Only seven operative specimens were laboratory tested. In Specimen 5, the
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external IS-SS Loctite 426 package was inoperative after handling the specimen on the testing fixture

(damage in the FBG leads).

Strain Performance of the FBG Structural Packages. In Figure 6.70 (a), a representative time
plot is shown for strains, applied load and temperature variations for 24 hours and unloading time of
25 min (total of 87900 sec). The strain levels increased along with the load of 2500 Ibs and remained
constant for the “sustained loading over 20 min” (Figure 6.70 (b)). For all specimens, the strain
standard deviations during this period were less than 3 pe, while temperature variations were

approximately +/-0.5°F.

When comparing the average strains for the 20 min sustained loading and the bending loading
tests results, the average strain differences were small. For Specimen 5, Side 1 Loading, the average
strain differences varied from 1 pe to 7 ue (see Figure 6.70 (b)). In contrast, for Specimen 1, Side 2
Loading (Figure 6.71), the average strain differences between initial sustained loading and bending
tests varied from 31 pe to 118 pe (e.g., RS-SS Loctite 454 noted in). For the other specimens, the
averages strains for the sustained loading tests were between 0.8 ue and 105 ue lower than the
bending tests results. The relatively low strain levels could be attributed to the modification of
loading testing fixture (use of a pin support instead of a roller support) and/or changes in the EI

parameter of the package adhesive.

Immediately after connecting the heat source, the temperature increased non linearly for all
sensors. In general, the specimens were subjected to temperatures above 100°F and below 125°F
(e.g., see Figure 6.70 (a) and Figure 6.71 (a)). While the external strain levels increased along with
the temperatures increments, the internal strain levels slowly increased. The observed strain lags
could be possibly attributed to the thermal expansion lag due to the insulation properties of the wood

specimen.

After 24 hours, the load was removed and the strains immediately decreased for all specimens
(see Figure 6.70 (b) and Figure 6.71 (b)). The residual strain levels were above 80 ue after removing
the load (noted in both figures as “load removal time zone”). The heat source was connected for
another 10 min. After 15 minutes of cooling the specimens, the residual strains decreased in a
minimum of 10 pe (noted in figure as “cooling off time zone”). The residual strains are assessed later

in this section.
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Temperature and Strain Evaluation. As observed in Figure 6.70 (a) and Figure 6.71 (a), the
temperature fluctuation had visible influenced the strain variations. In Table 6.20, the summary of
the linear regression R* coefficients are presented for the external FBG sensor packages of seven

specimens. In addition, temperature fluctuations are given.

As observed, R* coefficients varied from 0.247 to 0.974. Only the Specimen 9, 72H-SS Loctite
4212 package had good correlations between strains and temperature fluctuations in both tests (i.e.,
0.974, 0.955). For Specimens 1 and 7, Side 1 Loading with temporary temperatures above 150°F
when (see Table 6.20), two FBG 2 sensors were closest to the heat of source, the linear regression R
coefficients were 0.685 and 0.771, respectively. For correlations less than 0.95, the viscoelastic
behavior of the package adhesives could be also influenced by creep due to the sustained loading and

larger temperature increments.

The biomass of the wood composed mainly of lignin, hemicelluloses and cellulose decompose at
temperatures between 392° F and 932° F. At these elevated temperatures, cellulose decomposes in
400 s, while hemicelluloses and lignin decompose at 100 s. In these conditions, structural changes in
forms of both shrinkage and cracking are expected to occur (Shen et al, 2009). For all specimens, the
external surfaces at temperatures above 150° F were not structurally damaged (e.g., Specimens 1 and
7). Note that the oven drying temperatures for wood requires 215°F to 217° F (Wengert, 2008);
therefore, when the temperatures were between 104.5° F and 173.4° F, the moisture content of 0%
was not attained. However, the initial moisture content of all specimens could have potentially
decreased after the first test (Side 1 Loading). In general, wood that contains moisture (i.e., 6% in all
specimens before testing), first expands when heated and then gradually shrinks due to the lost of
moisture. Even in the longitudinal direction (grain), dimensional changes due to shrinkage
predominate over the dimensional changes due to thermal expansion after prolonged heating (Wood
Handbook, 1999). In contrast, for very dry wood (perhaps 3% or 4% moisture content of less), the
thermal expansion coefficients are positive in all directions (1.7 to 2.5 x 10° /° F). In addition, wood
is a good insulator and does not respond rapidly to temperature changes in the environment.
Therefore, wood thermal expansion and contraction lag substantially behind temperature changes
(Ritter, 1992). It should be noted that the linear regression R? coefficient with values less than 0.95
could indicate that influence of the wood thermal expansion lag for specimens that were dry (i.e.,

moisture content less than 6%).
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Figure 6.70. Heat and Sustained Loading Tests: Specimen 5, Side 1 Loading
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e Average strain: -305 ue
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(b) Close up of Figure 6.71 (a)
Figure 6.71. Heat and Sustained Loading Tests: Specimen 1, Side 2 Loading
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Table 6.20. Heat and Sustained Loading Test: Linear Regression for External Strains and Temperatures

R’ Temperature R’ Temperature
Spec. S;;;(;r Package Side 1 Min. — Max. Side 2 Min. — Max.
Loading [°F] Loading [°F]

1 FBG1 C-FPP - Loct. 454 0.834 (C) 66.3-147.9 0.918 (T) 749 -112.6
FBG2 RS-SS - Loct. 454 0.685 (T) 66.8 —173.4 0.958 (C) 74.6—119.5

4 FBG1 C-FPP - Loct. 426 0.629 (C) 77.2-105.3 0.829 (T) 75.1-106.0
FBG2 RS-SS - Loct. 426 0.247 (T) 772-1164 0.731 (C) 753-118.5

7 FBG1 C-FPP-Loct. 4212 0942 (C) 77.7-1259 0.781 (T) 79.1-126.7
FBG2 RS-SS-—Loct. 4212 0.771 (T) 77.7-165.9 0.692 (C) 79.8 —130.0
5 FBG1 CS-SS - Loct. 426 0931 (C) 733-1193 0.923 (T) 73.8—111.5
FBG2 IS-SS-—Loct. 426 - 73.6—123.6 - 73.5-106.8

8 FBG1 CS-SS—Loct.4212 0926 (C) 753-108.3 0.844 (T) 79.6—113.8
FBG2 IS-SS-Loct. 4212 0.603 (T) 76.6—112.6 0916 (C) 84.4-116.8

3 FBG1 72H-SS-Loct.454 0917 (C) 77.1-105.9 0.345 (T) 76.9-113.8
FBG2 AM-SS - Loct. 454 - 76.9-112.4 - 79.3-129.1

9 FBG1 72H-SS-Loct. 4212 0.974 (C) 70.6-104.9 0.955 (T) 71.0-106.3

FBG2 AM-SS-Loct.4212 0.695 (T) 70.1-112.1 0.947 (C) 70.1-102.3

Note. - Spec.: specimen, Min.: minimum, Max.: maximum, Loct.: Loctite adhesive.

Residual Strains. After removing the load, the residual strains in all specimens were larger than
80 pe. The heat box was removed and the specimens were allowed to cool for a minimum of three

hours to ambient temperatures (see “ambient laboratory temperature time zones” in Figure 6.72).

For all specimens, the residual strains gradually decreased over time (see “residual strains time
zone” in Figure 6.72). For Specimen 8, Side 2 Loading, the strains visibly decreased after five hours
(time point of 110,000 sec); at that time, the residual strains were -15 ue and -2 pe, for CS-SS Loctite
4212 and IS-SS Loctite 4212 packages, respectively.

For Specimen 1, Side 2 Loading, the residual strains for four operative sensors are shown in
Figure 6.73. After cooling the specimen for three hours up to the ambient laboratory temperatures,
the external strains were still -75 pe and 153 ue for the C-FRP and RS-SS Loctite 454 packages,
respectively. In contrast, the residual strains for the internal packages were smaller (i.e., -14 pe and

35 pe).

For all specimens, the sensor packages had residual strain levels that were larger than 20 pe after

cooling the specimen more than four hours. The large residual strains could be attributed to the
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thermal contraction (cooling) lag due to the wood insulation properties of the glulam specimen and/or

the creep in the package adhesive due to the elevated temperatures and/or the combination of all.

Final Conditions of the Structural Packages. At the end of each test, the packages were
visually examined to determine their final conditions. In general, when the specimens were subjected
to under temperatures between 100°F and 125°F, the packages showed no damage. However, some
damage occurred for temperatures larger than 125°F. For Specimen 1, Side 1 Loading (Figure 6.74),
the temperature increased from the ambient conditions (66.8° F) to 173.4°F in a period of four hours,
which is close to the adhesive manufacturer’s recommended operating temperature of is 180°F. The
temperature was gradually decreased to less than 125° F until the end of the test. Both external strain
levels increased in some proportion to the temperature fluctuations (see “high temperatures and

strains time zone” in Figure 6.74).
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Figure 6.72. Heat and Sustained Loading Test: Close Up of Initial and Final Time Zones for
Temperatures and Strains for Specimen 8, Side 2 Loading
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Figure 6.73. Heat and Sustained Loading Test: Residual Strains for Specimens 1, Side 2 Loading after
Cooling Off for 3 hours (see Figure 6.71)
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Figure 6.74. Heat and Sustained Loading Test: Temperature, Strain and Load History for Specimens 1,

Side 1 Loading

After the Side 1 Loading test, delamination occurred at one end of the Specimen 1RS-SS Loctite

454 package (see Figure 6.75 (a)). After the Side 2 Loading test, the package detached when
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removing the specimen from the testing fixture. An alternating failure mode type was identified by
the signs of remaining adhesive on the package backing material (see Figure 6.75 (b)). In this failure
type, the tensile stresses within the plane of the adhesive can destabilize a growing debond (adhesive
cracking path), causing it to alternate from one adherend to the other (Dillard, 2005). In the same

specimen, the C-FRP Loctite 454 package showed no sign of delamination.

In Specimen 7, Side 1 Loading, the temperature on Side 2 exceeded 165°F for approximately 5
hours. After this period, the temperature was gradually stabilized to 120° F, approximately. In both
external C-FRP and RS-SS Loctite 4212 packages, no physical damage was observed. One
advantage of these packages over the delaminated RS-SS Loctite 454 package was the use of the
Loctite 4212 adhesive which can operate at temperatures up to 250°F (manufacturer’s

recommendations).

Delamination

Alternating
Failure Mode |

(b) Detached RS-SS package backing material and
associated alternating failure mode (Dillard, 2005)
Figure 6.75. Heat and Sustained Loading Test: Specimen 1, Side 1 Loading — Package Delamination

From the heat and sustained loading test, the following observations were outlined:

e Before applying heat, the 20 min sustained loading strains were smaller than the bending test
results. Large strain differences were observed in Specimen 1, Side 2 Loading; changes in the
FBG structural packages were attributed to the EI parameters.

e Elevated temperatures visibly affected the strain levels. The linear regression between the
temperature and the external strain data varied from 0.247 to 0.974. Correlations less than 0.95

could be attributed to either the viscoelastic behavior of the package adhesive (creep due to
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sustained loading and temperature) or the wood thermal expansion lag or the combination of
both.

e The presence of residual strains could be also attributed to the package adhesive viscoelastic
behavior and/or the wood thermal contraction (cooling the specimen) lag.

e The elevated temperatures may potentially reduce the remaining moisture content in the glulam
specimens. The moisture content at the end of the testing program was unknown.

e  With the exception of the RS-SS Loctite 454 package, most of the FBG structural packages
subjected to temperatures under 125°F had no damage after completing the bending test. The

selected six FBG structural packages were capable of resisting the entire test program.

When completing the test, Specimens 1 lost both internal and external RS-SS Loctite 454
packages. In Specimen 8, the CS-SS Loctite 4212 package lost both connectors at the end of the Side
2 Loading test (handling).

6.3.3.1.5. Cold and Sustained Loading Test

This test program was conducted for the purpose of evaluating the effect of cold temperatures and
24 hour sustained loading on the viscoelastic behavior of the FBG structural packages. The
evaluation of the strain data was as follows:
e Performance of the FBG structural packages during the sustained loading.
e Temperature and strain comparison during loading.
e Residual strains.

e Final conditions of the structural FBG sensor packages and specimens.

The process of testing the specimens with cold and sustained load is described in Section
6.2.8.1.2.1. At the beginning of the test program, the moisture content readings for seven specimens

were not detected by the two-prong resistance moisture meter.

Strain Performance of the Structural FBG Sensor Packages. In Figure 6.76 (a), an example
of the FBG strain history, temperature variations, and the 24-hour load are shown. Typically, dry ice
pellets were placed near the packages and surrounding the specimen, on top of the specimen and on
bottom of the cold box. After sealing the specimen, the load was applied with a loading rate of 1250
Ibs/min. As observed in Figure 6.76 (b), the tensile and compressive strains increased upon loading

and were decreasing with cold temperatures maintained inside the box cold.
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Figure 6.76. Cold and Sustained Loading Test Results for Specimen 4, Side 1 Loading
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For Specimen 4, Side 1 Loading, the temperatures in the compressive side were lower than -50°F
during the first hour and gradually increased to approximately 50°F (Figure 6.76 (a)). The tensile
bending surface was subjected to temperatures below 0°F for during the 24 hour loading.
Consequently, variable temperature gradients were imposed to the specimen that could have affected
the internal strain levels. In addition, a close up of the initial cold and sustained loading is shown in
Figure 6.76 (b). For the C-FRP Loctite 426 package, the Time 1 and Time 2 strains and temperatures
were compared under the sustained load of 2500 Ibs. For Time 1 (3750 s), for a strain level of -
1152.5 pe, the temperature was -49.4° F; while for Time 2 (7500 s), for a strain level of -1184.2 pe,
the temperature was -33.5° F.

By comparing both time results, the larger strains for lower temperatures (Time 2) indicated the
presence of other factors altering the strain response. When comparing the strain results from the
previous tests, the following was observed:

e Due to a bending loading, the expected strain level was -396 pe.
e For the sustained loading test under ambient laboratory temperatures (7500 s), the strain level was

-393 pe, on the order of the bending test result.

e However, when subjecting the specimen to cold temperatures and sustained load, the viscoelastic
behavior of the package adhesive could have induced large compressive strains.
e In the previous test, heat and sustained loading, the wood thermal insulation property indicated to

possibly have influenced the strain response of the FBG sensor packages during heating for 24

hours and cooling of the specimens. Similarly, the thermal contraction lag due to the cold

temperatures could have added lag strains in the FBG package strain response.

For all sensor packages, the strain responses were expected to be affected by both viscoelastic

behavior of the package and the temperature contraction lag during the 24 hour test.

Note that the surface mountable FBG sensor with C-FRP backing material, the minimal operating
temperature was -40° F (manufacturer’s specifications); while for the bare FBG strain sensor for all
other packages the operating temperature for cold conditions was -85°F. As for the adhesive, the
operating temperature recommended by the manufacturer was -65° F. In this test program, the
minimal operating temperatures of various materials were exceeded and are assessed in the following

sections.
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Temperature and Strain Evaluation. As previously noted (e.g., Figure 6.76 (b)), the effect of

the temperature variations in the stains levels could have a retarded effect due to the insulation wood

properties. In this case, no linear regression calculation was made because it would not realistically

represent the correlation between strains and temperatures at real time.

In the Side 1 Loading 1 tests, all FBG sensor packages were functioning under variable cold

temperatures (e.g., Figure 6.76). However, in the Side 2 Loading tests, “abnormal” strains were

observed in several sensor packages. In Figure 6.77, an example of “abnormal strains” was observed

for the Specimen 4, external RS-SS Loctite 426 package during the first 10,000 sec (2.8 hr).

“Abnormal” strains were observed immediately after applying the ice and when the temperature

decreased to -63°F (see “abnormal strains (out of range)) and warming up (see “abnormal strains

(spikes)”).
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Figure 6.77. Cold and Sustained Loading Test: Strains, Load and Temperature vs. Time for Specimen 4,
Side 2 Loading
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Four external structural packages located at Specimens 3, 4, 5 and 7 showed flawed strains under
temperatures between -10 °F and -93 °F. For Specimen 5, Side 2, “abnormal strains were observed
while initially loading and applying cold temperatures (similar to Figure 6.77). However, for
Specimens 3, Side 2, “abnormal” strains were observed at different times of loading when the cold
temperatures were warming up. For Specimen 7, Side 2 (Figure 6.78), “abnormal” strains (out of
range) were observed after 3 hr (12060 sec) and disappeared immediately after removing the load.
The reason of the “abnormal” strains is unknown. Factors that generated the erroneous readings
could be attributed to effect of the cold temperatures either in the bare FBG sensor and/or package

adhesive bonding line.
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Figure 6.78. Cold and Sustained Loading Test: Strains, Load and Temperature vs. Time for Specimen 7,
Side 2 Loading

Residual Strain Evaluation. After completing the loading test, the cold box was disassembled
and the specimen was warmed for a minimum of two hours with the assistance of a fan until the
specimen was subjected to similar ambient laboratory temperatures. Additional strain and
temperature data were collected to examine the strain recovery of the packages. After unloading, the

residual strain levels for most specimens were between 25 ue and -500 pe (e.g., Figure 6.79). In
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(b) Side 2 Loading (See Figure 6.77)
Figure 6.79. Cold and Sustained Loading Test: Residual Strains for Specimen 4

general, the strain levels decrease over time. After warming the specimen to the initial ambient

laboratory temperatures, some packages had strain levels that varied from 5 pe to 400 pe.

The residual strains of the three of six selected packages are presented in Figure 6.79 for

Specimen 4 (i.e., external and internal RS-SS and external C-FRP Loctite 426 packages). In Figure
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6.79 (a), the external residual strains after more than 2 hr (8053 sec) were 5.8 e to 28.3 ue; while for
the internal FBG packages, the residual strains were 31.6 pe and 40.8 pe. Note that the internal
strains could be affected by the thermal contraction/expansion lag and/or creep recovery of the
adhesive. In Figure 6.79 (b), the residual strains for three packages after approximately 5 hr (17,940
s) varied from 27.5 pe to 46.7 pe. Only for the external RS-SS Loctite 426 package with “abnormal”

strains during testing, the residual strain was 103.3 pe.
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Figure 6.80. Cold and Sustained Loading Test: Residual Strains for Specimen 1, FBG 1 Sensor

In Figure 6.80, the final strain levels are shown for two operative sensor packages at Specimen 1,
Side 1. After removing the load and cold box and warming up the specimen for almost an hour, the
residual strains for both external and internal C-FRP Loctite 454 packages were 360 ue and -120 pe,
respectively. In the strain plots, no sign of strain recovery was observed for these packages after the

specimen reached the ambient temperatures.

In general, the level of residual strains could be attributed to the viscoelastic behavior of the
package adhesive and/or the wood thermal contraction and expansion lag (changing from cold to
warm temperatures), or the combination of all. The large residual strains and slow strain recovery
were observed in some packages with “abnormal” strains during the cold and sustained loading

testing.
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Final Conditions of the structural FBG Sensor Packages and Specimens. In general, all
operative FBG sensor packages remained in place after completing the test program. Only the glulam
specimens were observed relatively dryer than at the beginning of the testing program. In Figure 6.81
and Figure 6.82, photos for Specimen 1 and 4 show the conditions of the Side 2 bending surfaces
before the bending loading test and after completing the cold and sustained loading tests. For
Specimen 1, Side 2, after the RS-SS Loctite 454 package delamination, only one cold and sustained
loading test was performed on Side 1. The regions at the sensor locations showed the external dry
condition of the specimen (Figure 6.81 (b)). For Specimen 4, Side 2, the test protocol was completed.
The dry appearance of the specimen was less than the Specimen 1, Side 2 bending surface. In

general, all specimens had dry appearance similar to the Specimen 4, Side 2.

(a) Before Bending Test (b) After Hot and Sustained Loading
Figure 6.81. Bending Surface Before and After Testing Program for Specimen 1, Side 2

(a) Before Bending Test (b) After Hot and Sustained Loading
Figure 6.82. Bending Surface Before and After Testing Program for Specimen 4, Side 2

After the evaluation of the cold and sustained loading tests, the following comments were

outlined:
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e During Side 1 Loading, the strain responses decreased along with the cold temperatures.
However, the lowest strains (compressive flexural strains) did not correspond to the coldest
temperature. The effect of the thermal contraction lag due to the thermal insulation properties
could have affected the total strain levels along the test.

e The presence of “abnormal” strains indicated that erroneous readings which could be attributed to
effect of the cold temperatures either in the bare FBG sensor and/or package adhesive bonding
line.

e The residual strains could be attributed to the viscoelastic behavior of the package adhesive
and/or the wood thermal contraction and expansion lag (changing from cold to warm
temperatures), or the combination of both.

e After testing, most specimens appeared relatively dry

Based upon all tests, six structural sensor packages were selected for further evaluation in the full
scale glulam beam. They consisted of the C-FRP plus Loctite 426, the RS-SS plus Loctite 426, the
IS-SS plus Loctite 4212, the 72H-SS plus Loctite 4212, the AM-SS plus Loctite 454, and the RS-SS
Loctite 426. These packages were selected for their generally superior performance and

corroboration with other sensor types.

6.3.4. NON-STRUCTURAL PACKAGE
In this section, the experimental results of bending tests performed on the five small-scale glulam

specimens with embedded non-structural FBG sensor packages are presented.

6.3.4.1. MODIFIED BENDING TEST EVALUATION

Wood is a durable structural bridge material when properly engineered (i.e., design, fabrication
and installation process). However, when timber bridge members are subjected to extended service
periods may decay and/or deteriorate due to the exposure to deleterious environmental and biologic
factors (Phares et al, 2005). In this context, the development of sensors and health monitoring
techniques are required for assessing the condition of the timber bridge structures, by measuring
factors associated with the decay/deterioration (i.e., moisture content, corrosion and ultraviolet light
degradation). In the present investigation, non-structural package techniques for isolating embedded
sensors for non-structural purposes were developed, installed in small scale glulam specimens and

evaluated.
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Bending tests were performed to assess five non-structural package techniques by measuring
mechanical strains in the embedded FBG sensors (Section 6.2.8.2.2.1). Note that zero strain readings
would indicate the perfect isolation. Otherwise, if the package techniques were not efficient, the
experimental strains were expected to vary between +/-177 pe and +/-133 pe, for assumed moduli of
elasticity of 1500 ksi and 2000 ksi, respectively. In Figure 6.83, the typical sensor instrumentation is
shown. Non-structural FBG 1 and FBG 2 sensors were placed in recess areas of 1 1/2 x 6 in. and 3 x
6 in., respectively, protected by non-structural packages. In addition, two external strain transducers
were attached to the external bending surfaces as references. Strain values were expected to be in the

range of the theoretical values (i.e., +/-530 pe and +/-398 pe).

€ On center strain transducer

Bending Surface - Side 1

Non-structural Package

yd
On center internal — [ Recess area
sensor type 1 — — "/ "/ NA.
Non-structural Package
i
On center internal | — = Recess area

sensor type 2 4

On center strain transducer;

Bending Surface - Side 2

Figure 6.83. Typical Cross Section Sensor Instrumentation at Mid Span for Glulam Specimens

In Figure 6.84, a representative strain and load history is presented for the Non-Structural
Specimen 3 (NS3). For all specimens, the modified bending test consisted in applying 2500-1bs
loadwith a loading rate of 500 Ibs/min, sustained for 5 min and remove with an unloading rate of 500
Ibs/min. As observed, no mechanical strains were detected by both FBG sensors during the loading
and unloading process. After removing the load for minimum of 1.5 min, “residual” strains due to the

“free” sensor were still present.

A summary of the strain results during the 5-min sustained load is presented in Table 6.21 for

Specimen NS3 shown in Figure 6.84. Strain levels during loading increased between -2.5 pe and -5
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ue. During the sustained loading, noise due to the testing machine was detected in form of strains

(standard deviations less than 1 pe). After unloading, the strain levels were between 3.3 pe and 5.8 pe.

In general, the external strains varied from +/-200 pe to +/-341 pe, being lesser than the

theoretical lower bound (i.e., +/-398 pne).

The following general observations were made based on modified bending test results of five

non-structural specimens:

e For the non-structural FBG 1 sensors, the strain levels less than 3.3 pe, while the residual strains

were between 0.8 pe and 5.0 pe.

e For the non-structural FBG 2 sensors, the strain levels ranged from 1.7 pe to 8.0 pe. The residual

strains were between 0.0 ue and 5.8 pe.
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Residual Strains

Specimen NS3

FBG Sensor Location

— — —Internal Non-Structural FBG 1
Internal Non-Structural FBG 2
1: Side 1

2: Side 2

Load

Maximum load: 2500 Ibs
sustained for about 5 min
Loading rate: 500 Ibs/min
Unloading rate: 500 Ibs/min
Test1

Figure 6.84. Modified Bending Test: Specimen NS1, Side 1 Loading — Strains and Load vs. Time

Table 6.21. Modified Bending Test: Summary of the Results for Specimen NS3, Side 1

Internal FBG 1 Internal FBG 2
Sensor Sensor
[pe] [ue]
Initial 2.5 -5.0
End -3.3 -5.8
Average 2.4 -5.4
Standard Deviation 0.6 0.6
Residual Strains 33 5.8
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The presence of strains during loading and after the removal of the load could be attributed to the
noise of the testing machine.

Only the FBG 2 sensor embedded in Specimen NS2 registered internal average strains of 81.5 pe
(see Figure 6.85), being lower than the estimated theoretical lower bound strain of 133 pe. The
source of error was attributed to the package adhesive that may have bled in the recess area and

partially attached the sensor to the recess area.

During the 5-min sustained loading, the strain standard deviations were lower than +/-1 pe,

indicating the stability of the sensor readings during maximum loading. After removing the load, the

residual strains varied from 0.0 pe to 5.8 pe indicating that possible friction between the wood recess

area and the lose FBG sensor may have occurred.

Based on the strain levels and the non-structural package installation, the following observations

were made:

Strains

Load

In all cases, the techniques used to install the non-structural packages were proved to be easily
implemented in any wood member.

At the load of 2500 Ibs, small mechanical internal strains were obtained in the non-structural
packages isolating the sensors from structural response.

The presences of residual strains confirmed that the sensors relatively moved inside the recess
area. Further investigation of materials to support the sensors into the recess areas while isolating

them from strain may be investigated with developed FBG sensors for non-structural sensing.
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1000 +44448.2 Test 1
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Figure 6.85. Modified Bending Test: Specimen NS2, Side 1 Loading — Strains and Load vs. Time



211

From the results, two non-structural package types were selected to be evaluated in the full scale
glulam girder. The non-structural packages constructed with aluminum foil and Loctite 454 adhesive,
and the one constructed with stainless steel shim and 3M VHB tape were selected to be installed in

the full scale glulam girder because they exhibited the best strain isolation characteristics.

6.4. FULL SCALE GLULAM SPECIMEN

In the preceding chapter, FBG sensor packages for structural and non-structural purposes were
selected based on the analysis of a series of bending tests performed on small scale glulam specimens.
Before final selection of sensor package types, a full scale glulam girder was assembled at the
manufacturing plant utilizing laminates previously instrumented with FBG sensor packages. It was
found that after assembling and handling the girder, some of the internal FBG sensors did not survive.
In the laboratory, other external FBG sensor packages and strain sensors were externally attached for
comparison. The girder was tested with two-point loading simulating typical service truck levels for
the purpose of evaluating the FBG sensor packages. A bending test was performed to establish the
bending behavior. The girder was also tested in bending while varying the duration of the applied

load and the cycle of the loading.

6.4.1. CONSTRUCTION OF THE SPECIMEN
The following section presents the construction of the full scale glulam specimen. In Chapter 3,
four external and two internal structural FBG sensor packages were selected as was described
previously to be installed in a full scale glulam specimen (girder) because of their consistent
viscoelastic behavior. For non-structural packages, two types of packages were selected based upon

their easy installation process and demonstrated ability to be strain isolated.

6.4.1.1. GLULAM GIRDER SELECTION

The selected girder represented a single girder from a fictitious double lane timber bridge with a
24-ft roadway width. The fictitious bridge superstructure was assumed to consist of seven 31-foot
long glulam girders typically spaced at 44 in. with a cross section of 27 1/2 x 6 3/4 in. supporting a 5
1/8 in. thick transverse glulam deck (Wacker et al, 2001). The layup of the girder consisted of twenty
Douglas-Fir laminates symmetrically balanced in lumber quality and strength through the depth. In

Figure 6.86, the specimen cross section is shown. This balanced girder layup was selected for the
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purpose of loading both bending surfaces, Side 1 and Side 2, to obtain both compressive and tensile

flexural strains on each sensor.

Prior to assembling wood members and installing both internal and external packages, the
laminates were visually inspected for surface irregularities. Encased and intergrown knots as well as
finger joints were preferably avoided at the FBG sensor packages locations but still allowed in the
vicinity of the sensors. The full-size glulam beam specimen was fabricated with a beam layup of

24F-V8 (DF/DF) by a glulam manufacturer located in Albert Lea, Minnesota.

f Bending Surface
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L2

S —— |
~— K(24T)

|
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Side 2 4

(a) Selected laminates for girder assembling (b) Laminate distribution of glulam girder
Figure 6.86. Cross Section of the 24F-V8 DF/DF Glulam Girder
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6.4.1.2. INSTALLATION OF THE EMBEDDED STRUCTURAL AND NON-STRUCTURAL FBG
SENSOR PACKAGES

Two internal L1 and L2 graded laminates were instrumented with ten FBG sensors utilizing six
structural and four non-structural packages. The FBG sensors were placed in three predetermined
cross sections; one at mid span of the girder and two lateral ones at 7ft — 3 in. from the center (Figure

6.87); hereafter, the cross sections are referred as mid span, west and east sections respectively.
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West Section Specimen Mid Span

/ / Typical structural FBG sensor
156" i | package on center
|

East Section

| |

| 73"

{ }/ FBG lead into groove
\ 1" | 1 i 1

31

73"

Figure 6.87. Typical Laminate Instrumentation: Plan View

For the L1 laminates, the structural FBG sensor packages were placed at each of the three cross
sections. The L1 Side 1 and L1 Side 2 laminates were instrumented with the AM-SS Loctite 454
structural packages and the RS-SS Loctite 426 packages, respectively.

Similarly, the L2— Side 1 and Side 2 laminates were instrumented with two types of non-
structural packages at the west and east sections. For the L2 — Side 1 and Side 2 laminates, the FBG
sensors were protected with non-structural packages which consisted of aluminum foil bonded using

3M™ VHB™ — 5915 adhesive tape and stainless steel shim and Loctite 454 adhesive, respectively.

In Table 6.22, the location and material configuration utilized to fabricate the structural and non-

structural packages per laminate are summarized.

Table 6.22. Location and Configuration of the Internal Structural and Non-Structural Packages

Laminate —

West Section Mid Span East Section
Package Type
L1Side 1 - AM-SS with Loctite 454 AM-SS with Loctite AM-SS with Loctite 454
Structural package adhesive 454 adhesive adhesive
L2 Side 1 — Aluminum foil bonded -—- Aluminum foil bonded
Non-structural package ~ with Loctite 454 adhesive / with Loctite 454 adhesive
FBG sensor stuffed with / FBG sensor stuffed with
cotton fiber foam
L2 Side 2 — Stainless steel shim -— Stainless steel shim
Non-structural package bonded with 3M VHB bonded with 3M VHB
adhesive tape / FBG sensor adhesive tape / FBG
stuffed with cotton fiber sensor stuffed with foam
L1 Side 2 — RS-SS with Loctite 426 RS-SS with Loctite RS-SS with Loctite 426
Structural package adhesive 426 adhesive adhesive

For the structural FBG sensor packages, the embedding technique given previously was followed. An

additional 1/8-in. deep recess area was prepared to house the packaged FBG sensor and part of the
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bare FBG strands with the purpose of reducing the possibility of crushing the FBG strand and lead
(Figure 6.88). Grooves were routed 1/8 in. deep and 1/8 in. wide to host the FBG leads. For the RS-
SS Loctite 426 packages, the recess area was 1 in. long x 12 in. wide; while for the AM-SS Loctite

454, the recess area was approximately 1 5/8 in. x 12 in.

Using the same technique as in the small specimens, 1/4 in.-deep recess areas and grooves were
routed in the longitudinal direction for the non-structural packages. Two 12-in. long recess areas
were routed 1/2 in. wider than the packaged sensor. In Figure 6.89, the recess area, the packaged
FBG sensor, the leads and the position of the backing material are shown. The non-structural backing
materials consisted of two pairs of aluminum foils and stainless steel shim sheets that were prepared 1
in. wider than the recess areas (i.e., 1 3/8 x 12 in. and 2 x 12 in.). Both aluminum foils and stainless
steel shim were bonded surrounding the recess area utilizing the selected adhesive tape or adhesive.

The embedding of the non-structural was completed as discussed previously.

Bare FBG strain sensors with total lengths of 32 ft. were manufactured in series of three and two
sensors spaced at approximately 7 ft. 3in. and 14 ft 6 in., for the structural and non-structural
packages respectively. The FBG sensor spacing was coincident with the cross sections to be
instrumented. In all cases, the FBG sensors were manufactured in SMF 28-compatible fiber type and
coated with polyimide (see Section 6.2.1). The grating length was approximately 1/2 in. centered in

the bare portion of the fibers. Each set of FBG sensors were manufactured with two FC/APC

connectors.
FBG grating on center
with structural package
Bare FBG strand
. Groove ~ 1/8" deep
‘ 12 ! to host FBG leads
‘ y ‘
| ; |
Lo L i | S S |8
61" L j l L/ T
Structural
package width + %

Recess area ~1/8" deep
to host structural package
and bare FBG strand

Figure 6.88. L1 Laminate Instrumentation: Detail of Structural FBG Sensor Package
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Bonding line ~1/2 in. wide
for non-structural packages

Groove~ 1/4" deep
to host FBG leads

o 1 Lt
7 M _”JA e

4, A | 8
Packaged FBG
sensor width + %

Packaged
FBG sensor

Recess area ~ 1/4" deep
to FBG sensor, bare FBG strand
and cotton fiber/foam strip

Figure 6.89. L2 Laminate Instrumentation: Detail of Non-Structural FBG Sensor Package

As shown in Figure 6.90, the recess areas were prepared for the respective structural FBG sensor
packages. After bonding the AM-SS Loctite 454 and RS-SS Loctite 426 backing materials, the
central FBG sensor was bonded in accordance with the procedure previously discussed; later, the
lateral sensors were placed at the west and east sections located at 7ft. 3in. from centerline (see Figure

6.91). All structural adhesives were cured for a minimum of 24 hours.

For the non-structural FBG sensor packages, the FBG sensors were accommodated in the recess
area (see Figure 6.92) following the methodology discussed previously. In Figure 6.93, both non-
structural packages are shown. The adhesives and adhesive tapes were cured for 24 and 72 hours
respectively, as specified by the manufacturers. After installing the sensors, the FBG leads were
secured in grooves which were filled with a commercially available silicone (see Figure 6.94).

To complete the internal instrumentation, the FBG connectors were inserted into a 5/8 in.-deep
recess area routed at both ends of the laminates (see Figure 6.95 (a)). Backing material was then
inserted to protect the FBG connectors from the glulam adhesive. As shown in Figure 6.95 (b), a
stainless steel shim covered the recess area and aluminum foil was partially bonded to the stainless

shim and free at the laminate end to allow access the FBG connectors after girder laminating.

Wavelength readings were obtained in the ten installed FBG sensors indicating that all sensors
were operative before assembling the laminates. In all cases, the wavelength repeatability ranged

within +/- 2pe (i.e., sensor precision).
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AM-SS Loctite 454
/ package

RS-SS Loctite 426

/ package

(a) Outlining the recess areas (b) Recess area and groove for backing material
and FBG leads

Figure 6.90: Preparation of the Laminate

AM-SS Loctite 454
package

RS-SS Loctite 426
package

Figure 6.91. Internal Instrumentation of Laminates L1 with FBG Sensors with Structural Packages

Figure 6.92: Installation of the FBG sensor and Adhesive Tape
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/ with 3M VHB
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Figure 6.93: Installation of Non-Structural Packages
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Figure 6.95: Protection of the FBG connectors
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6.4.1.3. GLULAM GIRDER ASSEMBLING

After completing the internal instrumentation, the 31-foot long laminates were assembled at the
manufacturing plant. Each laminate was inserted in the bonding machine at a speed of 390 ft/min
with glue lines spaced at approximately 1/4 in. (Figure 6.96 (a)). For the instrumented L1 and L2
laminates, the bonding speed was reduced to one half with the purpose of providing double volume of
adhesive and less pressure in an effort to avoid damaging the bare portion of the FBG sensors if
exposed (Figure 6.96 (b)). Each of the recently glued laminates was manually placed on its narrow
edge (see Figure 6.96 (c)), laterally aligned and pounded against the steel frame with very heavy
weights. Clamps spaced at 16 in. on center were manually bolted and fastened using a torque wrench
to a clamping pressure of approximately 100 psi (see Figure 6.96 (d)). Once again, wavelength

readings were taken confirming that all ten sensors were operative.

Glue line

(b) Close up of the glue application
L (e

(d) Fastening the clamps
Figure 6.96: Assembling of the Wood Laminates
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The clamping force on the glulam girder was maintained for 48 hours. The clamps were released
one by one with the torque wrench. To complete the manufacturing process, the girder was laterally
surfaced to the width of 6 3/4 in. The girder was packaged and transported to the Iowa State
University Structures Laboratory (Figure 6.97). No wavelength data were gathered during these
activities. Immediately upon arrival, wavelength readings from the ten internal FBG sensors were
taken. At this stage, two of the six FBG sensors with structural packages and two of the four FBG
sensors for non-structural purposes were operative. Many sources that could have damaged the FBG
sensors were suspected (i.e., during unclamping, lateral resurfacing, packaging for delivery,

transportation, lifting, etc); however, no one source could be clearly identified.

6.4.1.4. INSTALLATION OF THE ATTACHED STRUCTURAL PACKAGES

A total of six external FBG strain sensors were installed on bending surfaces Side 1 and Side 2
using four packages selected from Chapter 3 and summarized in Table 6.23. The external

instrumentation followed the developed attaching technique presented previously.

Table 6.23. Location and Configuration of the External Structural Packages

Location West Section Mid Span Section East Section
Side 1 C-FRP Loctite 426 C-FRP Loctite 426 72H-SS Loctite 4212
Side 2 RS-SS Loctite 426 RS-SS Loctite 426 IS-SS Loctite 4212

Prior to attaching the external FBG structural packages, each bending surface was cleaned from

wood slivers with a brush. All structural packages were directly bonded to the bending surface and
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only routed along the length of the FBG leads. An additional piece of steel shim was bonded to
protect the exposed bare fiber (see Figure 6.98(a)). All adhesives were cured for 24 hours. The
backing materials were cleaned and taped to form a reservoir which was smoothed and cleaned. The
bare FBG sensor was submerged into the Loctite 410 adhesive as shown in Figure 6.98 (b). After
completing the curing time, the tape was removed and the packages were cleaned with acetone.
Wavelength readings were taking before and after the installation confirming that all FBG sensors

were operative.

In addition to the above mentioned external sensors, commercially available Stainless Steel
Mounted (SSM) FBG strain sensors (Figure 6.99 (a)) were installed near the Side 1 FBG sensors with
custom design packages (Figure 6.99 (b)). These manufactured FBG sensors are manufactured from
a single mode fiber SMF28 compatible fiber optic coated with polyimide. The grating length is
protected by a 302-stainless steel package, which provides an effective gage length of approximately
0.87 in. According to the manufacturer’s specifications, these FBG sensors have an estimated strain
sensitivity of 0.0014nm/pe within a range of +/- 2500ue and can be thermally compensated. The
locations of the FBG sensors with structural and non-structural packages that were embedded in and
attached to the full scale glulam girder are shown in Figure 6.100 (a). The position of the sensors

within the three cross sections is indicated in Figure 6.100 (b).

Additional stainless shim

(a) Bonding of the package (b) Installation of the bare FBG strain sensor
Figure 6.98: External Structural Package and FBG Sensor Installation
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FBG sensor
with IS-SS
Loctite 4212

Steel mounted
FBG sensor

(a) Detail of the stainless steel package and FBG sensor  (b) Location of the sensors on Side 1

Figure 6.99: Steel mounted FBG strain sensor for epoxy
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Figure 6.100. Location of the FBG Sensor Instrumentation at the Full Scale Glulam Girder
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6.4.2. FULL SCALE GLULAM GIRDER: MECHANICAL PROPERTIES
According to the published graded 24F-V8 DF/DF girder characteristics for loads applied
perpendicular to the wide faces of the laminations, the modulus of elasticity was estimated to be 1800
ksi (APAEWS, 2004). Thus, theoretical strains were calculated using basic beam theory formulas,
assuming that the girder is loaded in the elastic range and both compressive and tensile flexural
properties are the same. In Table 6.24, the estimated strains at each sensor location under codified
design conditions are summarized per cross section. Theoretical vertical displacements at mid span

and at the loading sections were estimated also to be 0.96 in. and 0.91 in., respectively.

Table 6.24. Theoretical Strain Levels due to Bending at the FBG Sensor’s Locations

Laminate Mid Span  West/East Section
[me] [ne]
External laminate — K 974 719
Internal laminate — L1 877 647
Internal laminate — L2 799 575

6.4.3. STATUS OF THE FBG SENSORS
The internal FBG strain sensors were operative during and immediately after girder fabrication.
In the plant, the girder was unclamped after 48 hours, surfaced to the final dimensions and wrapped

for delivery to the laboratory.

In the laboratory, four of the six FBG sensors with structural packages and two of the four FBG
sensors for non-structural purposes were found to be working following delivery. After placing the
girder on Sidel, one of the internal FBG sensors located on Side 1 stopped working. Similarly, when
the girder was positioned on Side 2, one internal sensor on Side 2 stopped working. Of the four
internal operative sensors, two structural and two non-structural sensor packages were operative.
After preloading the girder with a total of 2000 Ibs to verify the operability of the sensors and load
cells, two internal FBG sensors for structural purposes stopped working. In Table 6.25, the status of

the operative FBG sensors at the time of testing is summarized.

6.4.4. TESTING PROGRAM
A testing program was conducted to verify the performance of the sensor packages in and on the
manufactured girder. Before testing, a frame test setup was constructed and additional
instrumentation was installed. The girder was subjected to bending tests with a total load of 23,680

Ibs to evaluate the behavior of the FBG sensor packages under:
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Table 6.25. FBG Sensors with Structural and Non-Structural Packages — Status of the FBG Sensors
Laminate West Section Mid Span Section East Section
Location Package Status Package Status Package Status

Ext. Laminate K C-FPR Loctite 426 O C-FPR Loctite 426 o IS-SS Loctite 4212 o

Int. Laminate L1 AM-SS Loctite 454 X AM-SS Loctite 454 X AMS-SS Loctite 454 X

Int. Laminate L2 Aluminum foil with X --- - Aluminum foil with O
Loctite 454 Loctite 454

Int. Laminate 1.2 Stainless steel shim X -— -— Stainless steel shim (@)
with 3M VHB with 3M VHB
adhesive tape adhesive tape

Int. Laminate L1 RS-SS Loctite 426 X RS-SS Loctite 426 X RS-SS Loctite 426 X
Ext. Laminate K RS-SS Loctite 426 O RS-SS Loctite 426 X 72H-SS Loctite 4212 X

Note.- “O” denotes that the FBG sensor is operative; “X” denotes that the FBG sensor is inoperative.

e Loading and unloading of the girder with four step loadings of 25%, 50%, 75% and 100% of the
total load (23,680 1bs).

e Sustained loads (eight hours) under uncontrollable laboratory temperatures.

e  Short term pseudo cyclic loadings.

e In addition, the strain readings were recorded due to laboratory temperature variations to establish

a relationship between sensor readings and temperatures.

6.4.4.1. TEST SETUP

The full scale specimen was tested in bending by the two-point loading method. The 31-ft. girder
was supported by one pin and one roller located 6 in. from each girder end. To apply the load at two
points, two steel load frames were constructed and positioned at 4 ft. 6 in. from the mid span. In

Figure 6.101 and Figure 6.102, details of the typical bending test configuration are shown.
Mid Span
West Loading Frame Section— L East Loading Frame Section
i

10-6" i 9 | | 10-6"

V +
46" 46" F

6" West Section—

!

Pin~

Support ~—— Steel Beam

\
|
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i
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Figure 6.101. Full Scale Glulam Girder
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Short
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-— Hydraulic Jacks .

(a) At mid span: Two inverted T frames spaced at 4 ft (b) At the support: view of one lateral short column
to prevent instability to prevent instability

Figure 6.102: Typical Bending Test Configuration

6.4.4.2. ADDITIONAL SENSORS AND OTHER TESTING EQUIPMENT

In addition to the FBG sensors, the girder was externally instrumented with six foil strain gages
and six strain transducers located near the FBG strain sensors. These sensors were laterally placed at
1 1/2 in. from the edge at mid span as well as at the west and east sections. The foil strain gages were
centered with respect to the FBG sensor grating and topped with a strain transducer (see Figure 6.103)

as was described in previous section.

Differential current displacement transducers (DCDTs) were connected to the bottom and mid
depth of the girder to measure the deflections. Five DCDTs were centered on the girder coincident
with load frames, at mid span, and near the supports. In addition, three pairs of DCDTs were placed
at mid depth at the load locations and at mid span. In Figure 6.104, the locations of the DCDTs are
presented. Photographs of typical DCDTs are shown in Figure 6.105.

6.4.4.3. TEST PROTOCOLS

As previously mentioned, the girder was tested using the two point loading method. All data
were collected at a frequency of 1 Hertz. Three series of bending tests were conducted similar to the
small specimens’ test protocols and adapted from the ASTM 198-05a provisions (ASTM 198-05a,
2005). Bending tests were performed to evaluate the general behavior. A sustained loading test was
performed for eight hours to evaluate the viscoelastic behavior of the packages during and after
loading. In addition, a pseudo cyclic loading was conducted to evaluate the energy dissipation

capabilities of the sensors. All bending tests were first performed on Side 1, and repeated on Side 2.
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Figure 6.105: View of DCDTs
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6.4.4.3.1. Bending Test

The bending test was performed to evaluate the strain levels in the structural and non-structural
FBG sensor packages under minimal and maximum service loads. In addition to this, experimental
FBG strains were compared to theoretical values and to the foil strain gages and strain transducers’

data, where possible.

For the bending test, the girder was subjected to four load steps with total loads equivalent to
25%, 50%, 75% and 100% of 23,680 Ibs. In each step, the load was applied with a loading rate of
approximately 3000 Ibs/min, maintained constant for three minutes and removed for another three
minutes. After applying the four load levels, strain data were continuously collected for another 30
minutes. The test was repeated to verify the reproducibility of the results.

6.4.4.3.2. Sustained loading Test

Sustained loading tests were performed to evaluate the elastic and viscoelastic behavior of the
structural FBG sensors packages and the loading effect in the non-structural FBG sensor packages. In
addition to the strain instrumentation, three thermocouples were installed near the Side 1 sensor
locations. After loading the girder with a rate of approximately 4000 Ibs/min, the total load of 23,680
Ibs was maintained constant for eight hours. After unloading, strain data were collected for at least
eight hours to investigate the residual strains. The test was performed twice to verify the

reproducibility of the strain data. The same test protocol was repeated on Side 2.

6.4.4.3.3. Pseudo Cyclic Loading Test

The main objective of this test was to evaluate the viscoelastic behavior of the adhesive through
strain phase lag and residual strains. In addition, the capability of the non-structural packages to
isolate the structural response under pseudo cyclic loading was evaluated. The girder was loaded and
unloaded with a manually controlled electric pump. Each test consisted of twelve cycles to a total
load 23,680 Ibs applied in intervals of approximately one minute. After the twelve cycles, data were
collected for 30 minutes to allow for stabilization of the sensors. The test was repeated to verify its

reproducibility.

6.4.4.3.4. Temperature Effect Test
Temperature effects on the FBG sensors with structural packages were evaluated by comparing
the readings and the temperature fluctuations under no load. The ambient temperatures were

modified by introducing cool temperatures to the laboratory. In the first hour, ambient laboratory
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temperature and strain data were gathered. In the second hour, the specimen was subjected to the
environmental cold temperatures. Following this, the girder was warmed for an additional hour. The
temperature test was performed before the sustained loading test. Data were obtained for Side 1 and

later for Side 2 sensors.

6.4.5. EXPERIMENTAL RESULTS
In this section, the analyses of the results are presented. In addition, comparisons to theoretical

values are made, when applicable.

6.4.5.1. BENDING TEST

The objective of this bending test was to evaluate the behavior of both the structural and non-
structural FBG sensor packages when the girder was subjected to four gradual and consecutive
loadings and unloading up to service levels. The strain levels were examined to verify each sensor
readings’ consistency and behavior. In addition, the strain levels were compared to the theoretical

values and other sensor responses, where applicable.

6.4.5.1.1. Structural Packages
The FBG sensor packages’ strains were evaluated to verify the consistency of the readings during
loading, at the maximum load and after removing the load as follows:
e Comparison of the modulus of elasticity (MOE) per package and each step loading. In addition,
the evaluation of the apparent MOE based on the ASTM D 198 — 05a provisions.
e At each load step, the location of the neutral axis was investigated.
e At constant loading, the consistency of the strain levels was assessed per package.

e Assessment of the residual strains.

In Figure 6.100, a typical strain and load history is presented. Note that in the plot, the applied
load (i.e., 25% through 100%) was sustained of approximately three minutes and removed for a

minimum of three minutes. After removing the load, small residual strains were present.

MOE Evaluation. Experimental MOEs were determined per FBG sensor package at each load
step to verify the consistency of the readings and linear elastic behavior of the packages under short
term loading. In Figure 6.107, an example of the MOEs for the four-step loadings with respect to the

West C-FRP Loctite 426 sensor 1s shown. As observed, the calculated MOE values were similar
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Figure 6.106. Bending Test: Typical FBG Strain and Load History
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during all load steps indicating consistency in response. Overall, most FBG sensor readings resulted
in MOE values that were consistent at all loadings; differences of only 8% with respect to the
maximum loading were calculated. However, the West SSM FBG sensor had variable MOEs that
varied from 3918 ksi (+/-133) for the 25% loading to 4708 ksi (+/-461) for the 100% loading. The

MOE differences were attributed to localized factors such as a knot hole.

In Table 6.26, MOEs are summarized for the nine structural packages with respect to the 100%
load. For the custom design packages on Side 1, the compressive MOEs were larger than the tensile
values by at least 11%. The Side 2 FBG sensors had similar MOE values; differences of up to 3%

were attributed to the minor surface irregularities.

In addition, the apparent MOE was calculated using the deflections at midspan and then
compared to the calculated MOE values (ASTM D 198 — 05, 2005). For the Side 1 and 2 loadings,
the MOEs calculated from the deflections were 2043 ksi and 2037 ksi, respectively. When comparing
the apparent MOE:s to the midspan experimental values, the differences were between 4% and 20%

(see Table 6.26).

Table 6.26. Bending Test: Summary of Average Modulus of Elasticity and Standard Deviation

West Section Midspan Section  East Section
Side Side Sensor Package Avg. Std. Avg. Std. Avg. Std.

Loading ! Type MOE Dev. MOE Dev. MOE  Dev.
[ksi] [ksi] [ksi] [ksi] [ksi] [ksi]

1 1 Custom Design (2600) 51 (2452) 48 (3222) 70

1 SSM (4708) 461 (2203) 46 (2945) 71

2 Custom Design 3273 77 2184 48 2857 73

2 1 Custom Design 2340 102 2260 83 2890 111

1 SSM 3403 114 1712 74 2232 90

2 Custom Design (3218) 120 (2119) 71 (2884) 98

Note.- Avg. MOE.: stands for Average Modulus of Elasticity, Std. Dev.: stands for Standard Deviation, ( ): corresponds to
the compressive Avg. MOE.

Maximum Loading — Experimental Neutral Axis Comparison. At the three cross sections, the
position of the neutral axis based on the external FBG strains per load step was determined and
compared to the other loadings’ positions. As an example, in Figure 6.108 and Figure 6.109 the

neutral axis positions for four step loadings are shown for the midspan section Side 1 and 2 loadings,
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respectively. Note that for each side loading, the neutral axis position was basically the same at each
of the four load steps. In all cases, the compressive and tensile strains at each load level were
different due to the dissimilar MOE. Consequently, the neutral axis location was not coincident with
the geometric center of gravity. At the midspan section, the distance between the neutral axis and the
center of gravity was 0.5 in. and 0.7 in., with respect for Side 1 and Side 2 loadings. For the west and
east sections, the neutral axis positions per side loading were also comparable for all step loadings.
The distance between the neutral axis and center of gravity of the cross section was between 0.0 and

2.1 1n.

Short-Term Strain Consistency. After each step loading, the load was maintained constant for
three minutes. During this interval, the strain data dispersions were calculated to evaluate the

consistency of each FBG sensor reading. In all cases, the strain dispersions were less than +/-3 pe.

Residual Strains. After completing the bending program, the strain levels decreased over the
period 30 min. As observed in Figure 6.110, the residual strains for all FBG sensors were small,

typically varying from 1.7 pe to 3.3 pe.
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Figure 6.108. Bending Test: Neutral Axis Locations — Midspan Section, Side 1 Loading
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Figure 6.110. Bending Test: Typical Residual Strain Responses (see Figure 6.106)

STRAIN COMPARISONS. The operability of the FBG sensor packages was evaluated by the

following comparisons:

e Experimental FBG strains and associated deflections were compared to theoretical values.

e Experimental FBG strains were compared to the other installed sensors’ responses.

Theoretical Strain Comparison. In each loading phase, the experimental strain levels were

observed to be consistently lower than the theoretical values. As an example, the strains for an
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applied load of 23,680 Ibs (100% loading) are shown for the three cross sections in Figure 6.111. The
differences between the experimental and theoretical strains ranged from minimal to 300 pe. The

largest differences were observed in the West SSM FBG strains.

Theoretical Deflection Comparison: Each set of experimental deflection data were compared
to their respective theoretical values. Typically, the average deflections were lower than their
respective theoretical values. In Table 6.27, the average deflections at the three main locations for a
total load of 23,640 Ibs and their respective theoretical deflections are presented for comparison.

When comparing Side 1 and 2 loading deflection levels, both values were consistently on the same

order.
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Figure 6.111. Bending Test: Comparison of Theoretical and Experimental External FBG Strains

Table 6.27. Bending Test: Deflections at the Maximum Loading

Bending Side West Load East Load  Theoretical Mid Theoretical
Load Loading Frame Frame Deflection Span Deflection
100% S1 0.767 0.762 0.910 0.849 0.960

S2 0.761 0.760 0.850
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Foil Strain Gages and Strain Transducers Comparison. At maximum loading, both structural
FBG sensor package types were compared to readings from the foil strain gages and strain transducer.
In addition, the FBG sensors were compared to the average strain of all sensors to determine the

consistency in measurements.

Sensor Strain Comparison. In Figure 6.112, the comparisons of the west section sensors
(including FBG sensors, foil strain gages and strain transducers) and theoretical strains are presented
for both Side 1 and 2 loadings. In this plot, the FBG sensors with custom design packages had strain
levels on order of the foil strain gages and strain transducers, with strain differences of approximately
70 ue. Conversely, the SSM FBG sensor had compressive and tensile strain values below 400 pe. At
the midspan and east sections, sensor strain differences below 80 ue were observed (see Figure

6.113).

Average Strain Comparison. To further assess the performance of the FBG sensors, the average
strains were calculated for each location and compared to the individual FBG sensor readings. In
Table 6.28, the compressive and tensile FBG strains at the maximum load of 23,680 lbs and average
strains are presented. In addition, the associated standard deviation and strain differences in

percentage are indicated.
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Figure 6.112. Bending Test: Strains at Maximum Loading — West Section, Side 1 and 2 Loadings
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Table 6.28. Bending Test: External FBG Sensor vs. Average Strain

. FBG Avg. Strain Difference
Sens?r Structural Package Logdlng Strain (Std. Dev.)
Location Side
[ue] [pe] %
West section — C-FPP — Loctite 426 1 -689 -572 (133) 20%
S1 2 718 595 (143) 21%
Steel Surface Mounted 1 -383 -572 (133) -33%
2 392 595 (143) -34%
Midspan section — C-FPP — Loctite 426 1 -730 =753 (57) -3%
S1 2 748 767 (59) -3%
Steel Surface Mounted 1 -806 =753 (57) 7%
2 820 767 (59) 7%
East section — IS-SS — Loctite 4212 1 -552 -553  (34) 0%
S1 2 583 585 (35) 0%
Steel Surface Mounted 1 -601 -553  (34) 9%
2 635 585 (35) 9%
West section — RS-SS — Loctite 426 1 544 590 (41) -8%
S2 2 -522 -567 (41) -8%
Midspan section — RS-SS — Loctite 426 1 813 752 (55) 8%
S2 2 -802 =743 (56) 8%
East section — 72H-SS — Loctite 4212 1 617 578 (42) 7%
S2 2 -586 -550 (37) 7%

As expected, the largest differences were observed at the West Side 1 sensors location (i.e.,

between 20% and 33%). By analyzing the results at this location, the difference between the C-FRP

Loctite 426 package and the other sensors (i.e., foil strain gage and strain transducer) would be
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reduced to 8% (not considering the SSM FBG sensor response). Note that all sensors installed on a
wood surface with minor surface irregularities and straight to diagonal grain orientation, had lower
strain differences (i.e., ranging from 0% to 9%). Statistically, the FBG strains were either contained

or in the vicinity of the standard deviation of the average strains.

6.4.5.1.2. Non-Structural Packages
At each load step, the FBG sensors protected by the non-structural packages detected some strain
levels (see Figure 6.114). To verify the level of the isolation, the experimental strains were compared
to the corresponding theoretical strains. In the non-structural package S2, the maximum strains were
up to 40 pe, 7% of the theoretical strain for an applied service load of 23,680 (i.e., 575 pe, see Table
6.24). In the other package S1, the maximum strain was up to 15 pe, (3%). After removing the load,

residual strains ranged from 2.5 pe to 15 pe.
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Figure 6.114. Bending Test: Strain and Load vs. Time — Side 1 Loading

6.4.5.2. SUSTAINED LOADING TEST

The objective of the sustained loading test was to verify the viscoelastic response of the structural
FBG sensor packages during and after 8 hours of constant loading and uncontrolled ambient
laboratory conditions. In addition, the further study of the effectiveness of non-structural packages in

isolating mechanical strains was completed.
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6.4.5.2.1. Structural Packages
In Figure 6.115, FBG strains, load and temperature data are plotted against time. At the
maximum loading, the strain levels along with the uncontrolled laboratory temperatures. After

removing the load, small residual strains were present.

For the structural packages, the FBG sensor strains were analyzed as follows:
e Short term strain comparison between the sustained loading strains and the bending test at a total

load of approximately 23,680 Ibs.
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Figure 6.115. Sustained Loading Test: Typical FBG Strains, Temperature Load vs. Time Responses

e At maximum loading, the relationship between temperature and strain data was investigated.

e Assessment of the residual strains.
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Short Term Strain Comparison: For the sustained loading, average strains were determined in
the interval of 15 minute strain data. In this interval, strain dispersions were up to 5.4 ue; during that
same period, temperature fluctuated in the range of +/-0.2 °F. Due to temperature fluctuations, strains
were minimal (+/-1 ue). Other factor that may have affected the strain dispersions was that fact that
the load was constantly decreasing and had to be adjusted. Nevertheless, the strain levels for initial
sustained loading were on the order of the bending tests’ results (see Figure 6.116); for most sensors,

the strain levels differed by a maximum of 8 pe.
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Figure 6.116. Sustained Loading Test: Comparison of Bending and Sustained Loading FBG Strains

Strain and Temperature Relationship: Before testing, the moisture content of the girder was

assessed. At the west and east sections, the moisture content was 9%, while at midspan, this value

was 11%. As anticipated from the testing described in Chapter 3, all FBG sensor packages were

found to be impacted by temperature fluctuations. In Figure 6.115, the strain levels during the

constant loading were observed to vary with the temperature variations. A linear regression fit was

determined between each set of temperature and strain data to measure the degree of the linear

relationship degree. From the evaluation, the R* coefficients ranged from 0.00 to 0.90 (see Table

6.29). The linear regression R* coefficients less than 0.95 indicated that the influence of the

temperature had only partially affected the strain variation. The rest of the variation might be

explained by creep deformation of the package adhesive.
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Table 6.29. Sustained Loading Test: Linear Regression between Strains and Temperatures

Side 1 Loading Side 2 Loading

Sensor Location  Structural Package R? __Temp. R? __Temp.

. Std. Dev. . Std. Dev.

Coefficient ————— Coefficient ————
[°F] ['F]
West section — S1 C-FPP — Loctite 426 0.34 0.9 -— -—
Steel Surface Mounted 0.90 0.9 -—- -
Midspan section — S1  C-FPP — Loctite 426 0.71 0.9 - -
Steel Surface Mounted 0.81 0.9 --- -—-
East section — S1 IS-SS — Loctite 4212 0.00 0.9 --- -
Steel Surface Mounted 0.41 0.9 --- -—-
West section — S2 RS-SS — Loctite 426 - -—- 0.05 0.5
Midspan section — S2  RS-SS — Loctite 426 --- --- 0.35 1.2
East section — S2 72H-SS — Loctite 4212 - -— 0.63 1.3

Residual Strain Evaluation. After loading for eight hours and then unloading, the residual

strains were less than 40 pe, which represented 5% of maximum strain. As observed in Figure 6.117,

the residuals strains gradually decreased over one hour (see “residual strains decreasing over constant

temperature zone”). After that, the strains were varied along with the temperature fluctuations.
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Figure 6.117. Sustained Loading Test: Residual FBG Strains — Side 2 Loading

6.4.5.2.2. Non-Structural Packages

In the sustained loading test, two FBG sensors with non-structural packages at internal Side 1 and

Side 2 were impacted by the external loading as observed in Figure 6.118 (see “15-min short term
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sustained loading” for Internal S1 and Internal S2 sensors). The measured strain levels varied
between 16.7 pe and -28.3 pe upon loading. During the “8-hr long term sustained loading”, the

strains increased between 21 pe and 41.6 pe.

When removing the load, strain levels instantly decreased and decreased impacted by the
unloading. Residual strain levels were to 35 ue and decreased to values between -5 ue and 10 pe.
The strain recovery of the sensors was observed to be slow (see “residual strains time zone” in Figure
6.118); the relative FBG sensor movement in the recess area was suspected to retain the induced
residual strains. In addition, thermal effects were suspected to affect the final strains. At the end of

the data collection, the residual strains were -5 pe and 15 pe.
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Figure 6.118. Sustained Loading Test: Non Structural FBG Strains and Load History

6.4.5.3. PSEUDO CYCLIC LOADING TEST

Limited cyclic loads were applied to the full scale girder to assess the viscoelastic behavior of the
packages, particularly to assess any strain phase lag upon consecutive loadings. In this context, peak
strains were compared for reproducibility. In addition, the viscoelastic behavior of the structural FBG
sensor packages was investigated through the creep recovery of the packages (i.e., residual strains
decreasing to minimal values). In the non-structural packages, sensor strain data were further

assessed to determine the sensitivity of the package to mechanical strains.
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6.4.5.3.1. Structural Packages
The performance of the FBG sensor packages was evaluated:
e Evaluation of the FBG sensor package strain levels.
e Comparison of strain results for bending test and pseudo cyclic loading test results.

e Assessment of the residual strains.

Evaluation of the FBG sensor package strain levels: The peak strains for twelve cyclic
loadings were averaged and the associated peak strain dispersion was determined per sensor package.
In Figure 6.119, an example of the pseudo cyclic loading and strains against time is presented.
Similar variability between load and strain plots can be observed. During the tests, temperature

fluctuations were below +/-0.5 °F.
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Figure 6.119. Pseudo Cyclic Loading Test: Typical FBG Strains, Temperature, Load vs. Time Responses

The average peak strains and respective standard deviations are summarized in Table 6.30. As

observed, the standard deviations were between 4 pe and 8 pe, less than 1% of the average peak
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strains. The strain standard deviations were small; strain differences could be attributed to the

variable rate of loading and unloading.

Comparison of the Strain Results for Bending Tests and Pseudo Cyclic Loading Tests. The
averages of the peak strain levels for the pseudo cyclic loading tests were compared to the bending
average strains as shown in Figure 6.120. For all sensors, the differences between both tests results

were less than +/-6 pe.

Table 6.30. Pseudo Cyclic Loading Test: Peak Strains and Standard Deviation [ug]

S Locati Structural Pack Side 1 Loading Side 2 Loading
ensor Location ructurat Tackage Peak Avg. Std. Dev.  Peak Avg. Std. Dev.
West section — S1 C-FPP — Loctite 426 -694.4 5.5 714.4 7.1
Steel Surface Mounted -416.7 5.1 411.4 4.3
Midspan section— S1 ~ C-FPP — Loctite 426 -735.1 5.7 745.9 7.5
Steel Surface Mounted -812.4 6.2 815.9 8.2
East section — S1 IS-SS — Loctite 4212 -555.8 4.2 582.7 5.7
Steel Surface Mounted -607.3 4.6 633.9 6.3
West section — S2 RS-SS — Loctite 426 546.9 4.0 -524.7 53
Midspan section —S2  RS-SS — Loctite 426 814.2 6.0 -798.0 7.9
East section — S2 72H-SS — Loctite 4212 617.8 4.7 -585.6 6.0
1000 — Side 1 Loading Side 2 Loading Average Strain Comparison
. MS2 [ Bending Test
800 - wsy MS1 [ Pseudo Cycling Load Test
. ES2 ES1
600 — WS2 Structural FBG Sensor Package
E Side 1
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-400 + Legend
1 W: West Section
-600 M: Midspan Section
. ES1 ws2 ES2 E: East Section
800 WS o) S1: Side 1
1 MS2 S2: Side 2
-1000 -

Figure 6.120. Pseudo Cyclic Loading Test: Comparison of Average Strain Results for Bending and
Pseudo Cyclic Loading Test Results
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Residual Strains. After removing the load, residual strain data were collected for approximately

25 minutes (see Figure 6.121). For all FBG sensor packages, the residual strains decreased over time

and at the end of the recording period were between zero and 4 ue. These results indicated that the

sensors had a consistent viscoelastic behavior after pseudo cyclic loadings.
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6.4.5.3.2. Non-Structural Packages
As expected, the pseudo cyclic loading induced strain levels that ranged from 15 pe to 30 pe,

which was equivalent to 5% of the theoretical (see Figure 6.122) strain at the gage location.

After the load removal, the residual strains were between 0 pe and 16 pe. The residual strains

were also assumed to be part of the friction between FBG sensor and the recess area.

6.4.5.4. TEMPERATURE EFFECT TEST

Strain and temperature data were collected for the external structural FBG sensor packages to
evaluate if a linear correlation existed. The laboratory temperatures were increased and decreased at
approximately +/- 8 °F per hour. In Figure 6.123, strains and temperature against time are presented
for the custom design IS-SS Loctite 426 package and the commercially available SSM FBG sensor at
the east section. Both FBG sensor strains showed variabilities with respect to the temperature
fluctuations; however, the custom design package showed a more pronounced temperature influence.
Similarly, the West and Mid SSM FBG sensors’ strain patterns showed a relatively lower temperature

variation than the [S-SS Loctite 4212 and C-FRP FBG Loctite 426 sensor packages.
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Figure 6.123. Temperature Test: Residual FBG Strains — Side 2 Loading
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Using a linear regression model, the quality of the fit was measured by the R” coefficients (see
Table 6.31). For the custom design packages, the linear correlation was above 0.95 showing that the
bare FBG sensor has a predominant temperature influence over the other package materials.

Conversely, the SSM FBG sensors had R* coefficients that were between 0.77 and 0.87.

Table 6.31. Temperature Test: Linear Regression between Strains and Temperatures

Side 1 Loading Side 2 Loading
Sensor Location Structural Package R’ M R M
. Min. — Max. . Min. — Max.
Coefficient ———————— Coefficient ————

[°F] [F]
West section — S1 C-FPP — Loctite 426 0.99 78.6 — 86.6 - -—
Steel Surface Mounted 0.87 - ---
Midspan section — S1 ~ C-FPP — Loctite 426 0.95 78.1 —86.2 --- ---
Steel Surface Mounted 0.77 - -—--
East section — S1 IS-SS — Loctite 4212 0.95 77.4-85.0 - ---
Steel Surface Mounted 0.77 - -—--

West section — S2 RS-SS — Loctite 426 -— -— 0.95 80.9 - 89.5

Midspan section — S2  RS-SS — Loctite 426 - - 0.95 80.6 — 88.9

East section — S2 72H-SS — Loctite 4212 -—- -—- 0.98 80.5 - 88.5

6.5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.5.1. SUMMARY
In this work, techniques for embedding and attaching FBG sensor packages for monitoring

structural and non-structural attributes of timber bridges were investigated through the construction
and testing of glulam specimens. Two sets of packages were developed and deployed on/in small
scale glulam specimens. One set of packages served to protect the FBG strain sensor as well as to
provide mechanical connectivity between the FBG sensor and glulam member for measuring
structural response. The other set was intended to isolate the sensor from structural responses. Initial
package designs were installed in fourteen small scale glulam specimens for testing and evaluation.
From this study, a group of structural and non-structural FBG sensor packages were selected and

installed in a manufactured full scale glulam girder to test and further verify their performance.

The internal and external structural FBG sensor package conceptually consisted of a backing
material and a bare FBG strain sensor bonded together. The resulting package system was either
attached to an exposed wood surface or embedded between the laminates of glulam members. In this

work, five new backing material configurations were developed utilizing either stainless steel shims
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or aluminum mesh sheets. These custom designed structural packages were dimensioned to resist the
horizontal shear stresses and to allow for the redistribution of localized strain irregularities between
the package and the wood laminates. In addition to the bare FBG strain sensors, one commercially
available surface mounted FBG strain sensor bonded to a C-FRP package was evaluated. Three
structural adhesives were selected to bond the backing material to the wood surface.

The non-structural FBG sensor package conceptually consisted of a backing material and
adhesive or adhesive tape that isolated the FBG sensor from load induced structural response. In that
sense, no physical attachment between the FBG sensor and wood laminate was desired. These
sensors were inserted in a recess area in the wood laminate. Ten non-structural packages were
prepared with a combination of stainless steel shims and aluminum foil as backing materials which
were bonded to the edge of a recess area with two different types of adhesives and two adhesive

tapes.

Under a typical third-point-loading test fixture, the nine small specimens instrumented with
structural FBG sensor packages were tested in bending to evaluate the performance of the packages.
With the same total load, six series of bending tests were performed by varying the rates of loading,
cycling loadings and sustained loadings under uncontrolled ambient temperatures as well as imposed
heat and cold temperature conditions. Each specimen was loaded on each bending surface (Side 1

and 2) to obtain the compressive and tensile flexural response in each package.

The strain data indicated that the developed sensor packages were operating within predicted
values and were compatible to other installed sensor types. Strain recovery was evident in all
packages indicating that the viscoelastic behavior was consistent. In a 24-hour sustained loading,
creep deformations and uncontrolled ambient temperature changes were found to significantly
influence the FBG sensor packages’ strain levels in the long term loading and after unloading

(residual strains).

Thermal changes in the form of heat above 110 °F and cold below 0 °F were applied to the
specimens under a sustained load verified that most FBG sensor packages operate in extreme
environmental conditions while loaded and recover to their previous state. When cooling and loading
Side 2, the specimens subjected to a sustained loading and temperatures below -50 °F showed suspect
strain levels. These inconsistent strains in few packages indicated that changes in the mechanical

properties of either the wood or sensor packages occurred.
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After completing the small-scale testing program, the following packages were selected for their
generally superior performance and corroboration with other sensor types:
e External structural FBG sensor packages:

C-FRP Loctite 426.
RS-SS Loctite 426.
IS-SS Loctite 4212.

o
o
o
o 72H-SS Loctite 4212.

e Internal structural FBG sensor packages are:

o AM-SS Loctite 454.
o RS-SS Loctite 426.

Specimens with non-structural packages tested in bending demonstrated that the developed
packages isolated the FBG sensors from structural strains. Only one package had an installation error
which resulted high strain levels. From the non-structural package evaluation, two packages were
selected for further evaluation:

e Aluminum foil and Loctite 454.

e Stainless Steel shim and adhesive tape 3M VHB.

With the selected structural and non-structural FBG sensor packages, a full scale glulam girder
was instrumented by the research team and assembled at a commercial manufacturing plant. In a
selected balanced 24F-V8 DF/DF layup girder type, two outer internal L1 and L2 graded laminates
were instrumented. In two L1 graded laminates, structural packages were installed at three cross
sections separated 7 ft 3 in. from midspan. Two pairs of non-structural packages were installed in
two L2 graded laminates. The processes of instrumenting the laminates and assembling the girder
were satisfactory and six structural and four non-structural packages were operative. However,
additional activities that occurred after clamping such as handling, resurfacing and delivering were
suspected to have damage the fragile bare fiber. Before testing, only two internal non-structural FBG
sensor packages were working. Externally, four-custom design and five commercially available

structural FBG sensor packages were successfully installed using the respective attaching technique.

The full-scale girder was symmetrically loaded at two points with an equivalent service load to
verify the operability of both the structural and non-structural FBG sensor package types. Bending
tests were performed by gradually increasing the load, modifying the load duration, and cycling the

load up to the pre-determined service load. The girder was loaded on both bending surfaces to obtain
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the compressive and flexural strains per package. In the four-step bending tests, each external
structural package was verified for strain consistency. When comparing the experimental strains to
the beam theory values and the other strain sensors, all structural packages were operating within the
theoretical limits and the other sensors response (i.e., in the range of 9%). For the short term pseudo-
cyclic loading, strain levels were consistent. In the short term bending tests, residual strains per
package were lower than 4 pe. In the sustained loading bending tests, creep and affected the strain
pattern over the 8-hour loading. After unloading, residual strains were observe to be below 50 pe.
The strain recovery was evaluated over a short period with a relatively constant temperature.
Temperature evaluations of each package show that the custom designed sensor packages had an
estimated linear response to temperature fluctuations; in contrast, the manufactured steel surface
mounted packages had a lower linear response. Most non-structural packages indicated no sign of

structural strain levels.

6.5.2. CONCLUSIONS
The general conclusions of the study are:

e Techniques for embedding and attaching FBG sensor packages for structural monitoring in small
scale specimens worked adequately immediately after set up. However, survivability of the
sensors decreased when the specimens were released from the assembly fixture (unclamping) and
handled for testing. In general, sensor damage occurred at the fragile bare strand transition
between the packaged bare FBG sensor and the leads.

e Macroscopic wood characteristics affected the measured strains in Specimen 1 due to intergrown
knot and spiral grain orientation. After each test evaluation, strain levels at maximum load were
different with respect to the previous test. The FBG packages performed consistently and strain
levels were constant over time during each bending test.

e The consistent performance of the FBG sensor packages was proven through the reproducibility
of the bending strain data while varying the duration of the load (i.e., bending tests, up to twenty
minutes sustained loading, stabilized accelerated loading and average peak strains for the pseudo
cyclic loading results). In all cases, minimal strain differences were observed among average
strain levels.

e Viscoelastic behavior of the FBG sensor packages was verified by residual strain levels
decreasing in time. In the short term tests (less than twenty minutes), the residual strains varied

from 0 to 9 pe.
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e Sustained loadings at ambient laboratory temperatures as well as adding hot/cold temperatures
modified the viscoelastic behavior of the packages, retarding the strain recovery over time. In the
cold and sustained loading, dryer conditions of the specimens added thermal contraction lags that
retarded the strain recovery process. Most packages proved to operate and resist the imposed
thermal conditions (i.e., heat and cold temperatures) during sustained loading; after unloading,
strain recovery was slow but evident over time.

e In the small specimens, the developed non-structural FBG sensor packages and associated
embedding technique were satisfactorily applied. With the exception of one sensor that registered
strain levels, all packages were effective at isolating the sensor from strain.

e In the full scale glulam girder, the improved installation process and assembly of both sets of
internal structural and non-structural packages was satisfactory. However, additional
manufacturing activities were found to damage the internal FBG sensors. In this context, the
sensor installation technique needs to be improved to be suitable for manufacturing.

e In the full scale girder, the external structural sensor packages were successfully installed. In the
experimental program, all structural packages confirmed to be behaving consistently upon
loading and unloading, being suitable for future deployment.

e The non-structural packages generally were not affected by the structural response; however,

some vibrations of the “free” sensor resulted in extraneous readings.

6.5.3. RECOMMENDATIONS FOR CONTINUED STUDY
As previously noted, both structural and non-structural FBG sensors package types were

adequately operating in the small scale glulam specimens. Damage in the internal packages was
associated to the assembling and handling of the specimens as well as the fragile nature of the bare
FBG sensor. In the full scale girder, although all internal FBG sensor packages were successfully
installed, FBG sensor packages were damaged during the final manufacturing process (i.e.,
unclamping, surfacing, handling, etc.). In this context, supplementary assessment and improvement
in the embedding and attaching techniques are required to ensure the bare FBG sensors protection and
operability. Additionally, testing of other sensor types should evaluate if they have better
survivability. To address the possible sources of damage as well as to evaluate the resulting FBG
sensor packages’ techniques, the following list of recommendations for future research work is
presented:
e A review of available deterioration-type sensors (moisture, ferric ion, lignin loss) should be

conducted to ensure that the general types of non-structural packages can be adapted. Where
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appropriate the identified deterioration-type sensors should be evaluated in small scale specimens
that are fabricated at a commercial facility. Testing should be conducted under variable
environmental conditions.

A constructability review of various sensor types should be conducted. Unlike the work
described in this report, testing should look at electrical-type gages and the above mentioned
deterioration-type sensors in addition to the previously evaluated optical sensors. As with the
above mentioned small-scale specimens, this testing should be completed on specimen(s)
fabricated in a commercial facility.

The adhesive and package combination should be evaluated for its fatigue performance.
Specifically, a full-scale beam should be tested under service levels of load for up to 1,000,000+
cycles.

Develop alternative encasement procedures for improved protection during manufacturing of

fragile FBG leads.
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