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Abstract

This paper reports on the design and implementa-
tion of an optical-fiber sensor based on the
extrinsic Fabry-Perot interferometer (EFPI) for the
non-destructive  quantitative  evaluation  of
advanced concrete-based civil structures. The per-
formance of the EFPI sensor is demonstrated in
two different applications. In the first implementa-
tion, performed with researchers in the Civil
Engineering Department at the University of
Southern California in Los Angeles, optical-fiber
sensors were used to obtain quantitative strain
information from reinforced concrete interior and
exterior column-to-beam connections. The second
implementation, performed in co-operation with
researchers at the Turner Fairbanks Federal High-
way Administration Center in McLean, Virginia,
used optical-fiber sensors, attached to composite
prestressing strands used for reinforcing concrete,
to obtain absolute strain information. The paper
is concluded with a discussion of practical con-
siderations that need to be taken into account
when implementing optical-fiber sensors in a con-
crete civil structure environment. © 1997
Published by Elsevier Science Limited

Keywords: optical fiber sensors, non-destructive
evaluation, smart materials and structures,
strain monitoring.

INTRODUCTION

Optical-fiber sensors, unlike conventional elec-
trically-based sensors, are fabricated with
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high-strength silica which possesses an inherent
immunity to corrosion and electromagnetic
interference. Their small size and geometric
flexibility allows them to be embedded unob-
trusively in or attached to the surface of the
host structure. Fiber-optic sensors have been
used for the non-destructive evaluation (NDE)
of advanced materials and structures for over 10
years.! For example, in composites, fiber sen-
sors have been demonstrated to be feasible for
the measurement of internal material changes
during fabrication, the in-service lifetime
measurement of strain, temperature, vibration,
and other physical perturbations, and the even-
tual detection of damage or property
degradation.” Recent advances in fiber-optics
communication technology and the widespread
use of fiber communications have made avail-
able a large selection of reliable and
inexpensive opto-electronic devices and compo-
nents for wuse in sensors and sensor
instrumentation support systems.

Composite materials have found extensive
applications in the high-technology defense
industry. Especially in the military aerospace
industry, where cost is less important than per-
formance, composite materials have been
implemented because of their light weight, high
specific strength, excellent fatigue behavior, low
thermal expansion, and good resistance to
corrosion and a variety of chemicals.” Advanced
composite materials are also quickly replacing
traditional materials in the commercial sporting
goods market, where the cost vs performance
factor is much more important. So far, though,
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owing to liability concerns, higher up-front
costs, unfamiliar design procedures, and a lack
of long-term reliability data, few civil structures
have been designed with composite materials.
Plans to build these types of structures, how-
ever, are underway. For example in San Diego,
California, a cable-stayed, 60 ft wide, 450 ft long
all-composite bridge is being designed, and will
be built, to connect the two campuses of the
University of California at San Diego across
route I-5.* Composites are ideal for larger
structural facilities where weight considerations
are an issue. But composite materials are also
used to retrofit and augment existing structures
and in some cases are making the structures
stronger than before.

Since limited information is available on
composite materials and few models can accu-
rately predict their durability, it is important to
implement monitoring systems that can non-
destructively determine the structural integrity
of such advanced materials. It has already been
shown that optical-fiber sensors are ideal candi-
dates for embedding in composite materials to
monitor structural health.’ In the case of
advanced civil structures that implement all-
composite designs optical-fiber sensors would
be ideal for monitoring structural integrity since
few models can accurately determine the
integrity of the structure over time.

A growing number of researchers are now
embedding optical-fiber sensors into concrete
civil structures to monitor various physical per-
turbations in the structures.”’ Even though
most of this work is qualitative in nature, results
show great promise. Relatively low-cost fiber-
optic refractive index sensors have been
developed by Ansari et al. at the New Jersey
Institute of Technology in Newark, for the in
situ determination of air content in fresh con-
crete.®  Researchers have  implemented
polarimetric-type optical-fiber sensors that can
be used to monitor stress concentrations in
small concrete specimens. The orientation of
the birefringent axis is extremely important and
difficult to align, making this type of sensor
difficult to implement in large structures outside
the laboratory.®'°

Sensors embedded in concrete that are not
attached to rebar, or some other type of rein-
forcing material, may not provide accurate,
reliable or long-term information related to the
parameters they are trying to monitor. Mendez
and Morse, and Huston et al. have both already

indicated that, for accurate and reliable meas-
urements, it is essential to ensure that there is
adequate and stable strain/state transfer
between the host structure and the fiber-sensor
elements.'’'? In fact, Majumdar reports that in
concrete the interfacial bond between the glass
fiber and matrix material is poor since the bond
is both discontinuous and irregular.”” If the
interfacial bond between the fiber and the con-
crete was good, cracks that typically occur in
concrete over time, and that are expected,
would propagate through the fiber and destroy
the sensor.

Despite these problems, however, progress in
embedding optical-fiber sensors in concrete has
been made. Fuhr et al., at the University of
Vermont, were able to detect vibration signa-
tures from turbine engines used in a dam using
modal-domain-based  optical-fiber  sensors
embedded in the dam wall.'* Measures et al.,'®
using Bragg-type gratings, and Wolff and Miess-
eler,'® using optical time-domain reflectometry
techniques, were able to perform strain meas-
urements on composite prestressing strands
used to reinforce concrete bridges. Even though
both techniques can be used to obtain strain
information, both systems require complex tem-
perature compensation techniques to obtain
truly quantitative strain information.

This paper discusses the use of optical-fiber
sensors for the non-destructive quantitative
evaluation of advanced civil structures. It covers
a wide range of issues pertaining to sensors
embedded in, and attached to, these structures.

EXTRINSIC FABRY-PEROT
INTERFEROMETER

Optical-fiber-based Fabry-Perot Sensors
reported in the literature have been shown to
be highly sensitive to temperature, strain, vibra-
tion, acoustic waves and magnetic fields."” The
fabrication of these Fabry-Perot-type sensors
has typically been achieved with the use of air—
glass reflectors,'® in-fiber Bragg gratings,'® or
through the use of semi-reflective splices along
the length of the fiber.?® In extrinsic sensors,
the fiber only serves to carry optical power to,
and sensing information from, an external
region, usually air. The main advantages of the
extrinsic method over the intrinsic method
include the avoidance of polarization problems,
and the detection of the axial strain components
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only. For the extrinsic Fabry-Perot interferom-
eter (EFPI), first described by Murphy, the
Fabry-Perot cavity is formed between the air-
glass interfaces of two fiber endfaces aligned in
a hollow-core fiber.”' Changes in the separation
between the two fiber endfaces, known as the
gap length, cause interferometric fringe varia-
tions. In this section we present a theoretical
analysis of the optical field reflected off the tar-
get fiber using Kirchhoff's diffraction theory.
This analysis allows the prediction of the signal-
to-noise ratio as a function of the gap length
and helps in determining the dynamic range of
a given sensor. Experimental results which
support the theoretical predictions are also pre-
sented.

The EFPI sensor geometry is shown in Fig. 1.
Here light from a 1300 nm laser light source is
coupled into the sensor head which consists of a
126 ym inner diameter hollow-core tube into
which a 9/125 ym single-mode input fiber and a
second fiber, serving solely as a reflector, are
positioned. The reflection, approximately 4%,
from the first glass—air interface at the end of
the input fiber, R, and the reflection, R,, from
the air-glass interface at the input to the second
fiber interfere and couple back to a detector via
a 2 x 2 coupler. The resulting interference signal
varies sinusoidally in response to microdisplace-
ments in the air-gap cavity. Typical interference
fringes observed for displacing the sensor from
0 to 400 um are shown in Fig. 3. In these

xA

/ Qlp.»)

experiments the target fiber was not bonded to
the hollow-core fiber so that it could slide freely
inside the hollow-core fiber.

EFPI sensor analysis

The theoretical analysis of EFPI-based optical-
fiber sensors has conventionally been performed
by the vectorial summation of the two reflected
fields, R; and R,. This is, however, a simplified
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model since it approximates the reflections in
the Fabry-Perot (FP) cavity with only a two-
beam model, and hence an exact analysis was
performed using an approach based on Kirchh-
off's diffraction formalism.>> As shown in this
section, the exact approach yields results which
are in closer agreement with those obtained
experimentally, compared with the conventional
two-beam interference approach.

For a weakly-guiding, circular-core optical
fiber, the scalar field of the fundamental mode,
LPy, can be assumed to be approximately
Gaussian in shape, given by*

2

Yo =A exp ( a)g
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where o is the mode field radius, A4 is the nor-
malized amplitude, f is the modal propagation
constant, p and z are cylindrical coordinates,
and the temporal dependence is implicit.
Assuming that the electric field at the endface
of the input (lead-in) fiber can be expressed by
eqn (1), the electric field at any point P outside
the lead-in fiber endface is given by Kirchhoff's
diffraction formula®*
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In the above equation, k=2n/A is the free
space propagation constant, and the integral is
evaluated over the lead-in fiber endface region.
Using eqn (1), eqn (2) may be simplified to be
of the form

v o (22
et

where L is the gap length of the Fabry—Perot
cavity. The factor § is the vector distance
between a point Q at the input/output endface
and the point P, as shown in Fig. 2. From geo-
metry, S can be written as

S=lp*+(p')?—2pp" cos(¢— ¢ )+ ~2'), (4)

where p, ¢, and z are the cylindrical coordinates
at the lead-in fiber endface, and p’, ¢’, and 2’
are the cylindrical coordinates at the point P.
Use of the Gaussian approximation for the
guided fundamental mode field ensures that
light propagating in the cladding is also
accounted for while evaluating the integrals.
The target fiber in Fig. 2 acts as a partial reflec-
tor with a Fresnel reflection of approximately
4%. The normalized electric field amplitude, A’,
at this reflector may be expressed as

€)

Arbitrary time scale (total change in gap length is approximately 400 microns)

200 250 300

Change in gap length (microns)
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Fig. 3. Experimental (left) and theoretical (right) results of output power vs gap length (0400 ym).
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The total field at the input/output fiber may
then be expressed as the summation of E;, the
field due to the first reflection at the glass/air
interface, and E,, the field contributed by the
target fiber at this interface. These fields may be
written as

Ei = C\PO], (6)
and
E.=C(1—C?|A’'|Wo: exp(jkoL), (7)

where C = (n;—n,)/(ns+n,) is the Fresnel
reflection coefficient at the air/glass interface of
the fiber. For a typical silica fiber, C is approxi-
mately 0.2. Hence using eqns (6) and (7), the
total optical power returning through the input/
output fiber is given by

P =11 ds = [[|[E:+E,* ds, 8)

where I represents the intensity contributed by
the two reflections at a given point on the end-
face of the fiber mode field, and the integral is
calculated over the endface of this mode field.
The gap length, L, is half the axial distance
used for the Kirchhoff integral [eqn (2)]. A pro-
gram was written to perform the numerical
calculation of eqn (8). The resulting normalized
power vs gap length for displacements from 0 to
400 yum are shown in Fig. 3. The theoretical
graph shown in Fig. 3 shows oscillations in the
near field which indicate the presence of Fres-
nel zones.” The reason for their absence in the
experiment could be axial misalignment
between the input/output and target fiber due
to imperfect fiber endface cleaves and hollow-
core tube attachment. This observation is
important since, for given fiber parameters, the
numerical analysis yields the minimum gap
length for reliable sensor operation. The experi-
mental fringe contrast vs gap length, along with
the theoretical prediction, is illustrated in Fig. 4.
The experimental fringe contrast decreases

o ; i ;
0 50 100 150

200 250 300 350 400

Change in gap length (microns)
Fig. 4. Fringe contrast vs gap length, comparing Kirchhoff's analysis approach and the conventional two-beam analysis

with experimental results.
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more rapidly as compared with the theory. This
could be due to increasing misalignment
between the input/output and target fibers.

EFPI sensor implementation

A full-scale external-reinforced concrete col-
umn-beam interconnect specimen, shown in
Fig. 5, was designed and constructed at the
USC Civil Engineering Department in Los
Angeles. A rebar cage was constructed and
EFPI strain gages, with collocated foil strain
gages, were placed on the main rebar, and
selected beam and column stirrups. The rebar
and stirrup surfaces were ground to the
required smoothness at the appropriate gage
positions, prior to attachment, and a silicone
rubber layer was used for waterproofing the
sensors. Figure 6 shows the locations of the
fiber-optic strain gages. As a result of unfore-
seen delays, the specimen was not poured with
concrete for six months after the sensors had
been attached, and the actual tests were not
performed until three months after the concrete
had set. These delays did not affect the per-
formance of the gages.

The EFPI strain gages were configured to
yield only the strain component parallel to the
long axis of the rod on which it was attached.
To determine which sensors had survived the
embedding process, small cyclic loads were

.
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applied to the specimen. All sensors showed a
response. With the set-up used only two sensors
could be monitored, and it was therefore
decided to dedicate one channel to monitoring
one sensor throughout the entire test and to use
the other channel to periodically switch over to
the other sensors.

Specimen dimensions, as given in Fig. 6, were
8inx16inx63in for the beam, and
12inx12in x 108 in for the column. The col-
umn-to-beam interconnection was tested in the
vertical plane. The beam tip was displaced at a
constant rate and a periodic loading cycle was
used for the beam-tip displacements.

Typical comparative strain data obtained
from sensor 6 and sensor 4 for beam tip dis-
placement from O to 0.5 in are shown in Fig. 7.
Here, note the general agreement between sen-
sor 6 (upper graph) and sensor 4 (lower graph).
The upper traces on both graphs are expansions
of the lower traces. The lead-out fiber for sen-
sor 4 was destroyed during the —2 to 2in
loading cycle series. Figure 8 summarizes all the
data obtained from fiber-optic sensor 6. The
horizontal axis indicates the maximum displace-
ment of the beam, as it was displaced from its
minimum position, through zero, to its maxi-
mum position. The vertical axis accounts for the
total change in strain as the beam moves from
its minimum to its maximum position and con-
sists of both compressive and tensile strain.
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Fig. 5. Overview of the external column-to-beam set-up used to impose dynamic loads.
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Unfortunately, for this experiment, data from
the foil strain gages were not available for com-
parison. The foil strain gage did survive the
specimen fabrication process, but, possibly due
to improper installation procedures, none of the
gages was able to provide reliable data.

ABSOLUTE EXTRINSIC FABRY-PEROT
INTERFEROMETER

The standard EFPI implemented in the pre-
vious experiment is unable to provide absolute
measurements and may be susceptible to direc-
tional ambiguity. Moreover, when the system is
turned off, all the phase information is lost and
hence it is impossible to obtain absolute strain
data for long-term field-test measurements.
These drawbacks have focused current research
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in optical-fiber sensors on absolute optical-fiber
sensors which yield non-relative strain informa-
tion.

Absolute EFPI sensor analysis

The following provides a brief analysis of the
absolute EFPI (AEFPI) system used in this
experiment. An in-depth analysis of the AEFPI
sensor is given by Bhatia et al.?® The intensity, I,
at the output of an EFPI is described by

4z
I=1,cos (TL>’

where I, is the maximum value of the output
intensity, L is the gap separation, and 4 is the
laser-diode center wavelength. A change in the
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Fig. 7. Comparative strain data obtained from sensor 6 (top graph) and sensor 4 (bottom graph), for beam-tip displace-

ment from 0 to 0.5 in.

gap separation, L, caused by an external pertur-
bation such as strain, results in a sinusoidal
modulation of the output intensity, /. If a
change in direction of the applied strain occurs
at a maximum or a minimum the system will be
unable to detect it. Still, the EFPI system can
only be used to monitor relative strain changes,
and cannot be used to monitor absolute strain;
once the EFPI system is turned off, strain infor-

12000

mation is lost. The AEFPI system uses a
superluminscent diode (SLED) instead of a
laser diode and is based on the concept of white
light interferometry. The signal processing is
done using a spectrometer, followed by a per-
sonal computer, as shown in Fig. 9. Two
wavelengths, A, and A, which are 2n out of
phase, are determined from the spectrometer
and the gap separation, L, is calculated using
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Fig. 8. Strain data from sensor 6.
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2(2—4)
The gap separation is then used to calculate the
applied strain, given the gage length of the sen-
sor. By coating the fiber endfaces inside the
hollow-core fiber with a high-purity gold, a
high-finesse Fabry—Perot cavity is made. The
sensitivity of the overall system can be improved
by increasing the finesse, F,
nr

1—r

, (11)

where r is the reflectivity of the endface.* Typi-
cal output response from an AEFPI sensor is
shown in Fig. 9. The AEFPI system can detect
temperature changes as small as 2°C and strain
changes as small as 100 ue.?” Since the system is
not differential in nature, it does not require a
reference measurement to be made prior to the
actual sensing procedure, an absolute measure-
ment is made each time the system is turned on.
Due to the scanning time needed by the spec-

trum analyzer, this system is only suitable for
quasi-static measurements. In the experiment
described in the next section the absolute EFPI
(AEFPI) was implemented.

AEFPI sensor implementation

Concrete, though strong in compression, is
quite weak in tension, and compressive stress
on it can be used to counterbalance any tensile
force due to loading, which might lead to either
cracks or deflection. Although prestressed con-
crete iS more expensive to manufacture than
reinforced concrete, the long-term savings
owing to reduced maintenance and extended
lifetime are making it a popular choice for use
in long-span structures, such as segmented
bridges.”® In pre-tensioning prestressed con-
crete, a tendon is tensioned before concrete is
placed and the prestress is transferred to the
concrete after it has cured, usually for 8 to
10 days, by releasing the tendon. If this pre-
stressing force is applied along the axis of the
structure, the procedure is termed linear pre-
stressing. In linear prestressing it is often
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required to determine the axial strain on the
tendon during the initial procedure of pre-ten-
sioning, so that the required longitudinal force
to achieve maximum concrete strength can be
determined accurately.

The experiment was performed at the Turner
Fairbanks Federal Highway Administration
research facility located in McLean, Virginia.”®
The reinforcing of concrete was implemented
using a pretensioned graphite composite strand.
In order to enable survivability of the sensors in
high-strain environments, the input fiber was
bonded to the hollow-core fiber while the out-
put/reflective fiber was allowed to move freely
inside the hollow-core fiber by bonding it to the
prestressing strand. The gage length, L, was
determined by measuring the distance between
the point where the input fiber was epoxied to
the hollow-core fiber and the point where the
output fiber was epoxied to the prestressing
strand. Since the strain was not directly trans-
ferred to the glass fiber, strains in excess of
10000 pe could be monitored. The fiber sensors
were attached so that the axis of the strand and
that of the hollow-core fiber were parallel to
each other. Five foil strain gages were also
attached at different locations on the graphite
prestressing tendon.

One end of the prestressing tendon was kept
anchored while the other end was loaded, so

that the strand was axially strained with increas-
ing load. The load was increased in steps of
approximately 2000 1Ibs. The frequency of the
output fringes increases with increase in load,
owing to the increase in the gap length, d, and
a consequent reduction in A,—A;. The mea-
sured strain is plotted against the applied load
in Fig. 10. The final value of strain measured by
the AEFPI system was 12255 pue, which was
within 2% of the value measured by a collo-
cated foil strain gage. The strain from the
AEFPI sensor was obtained in real time. It is
interesting to note that two of the foil strain
gages failed at higher loads.

CONCLUSION

-In this paper we have demonstrated the per-

formance of EFPI sensors in two different
implementations. The results obtained from
these experiments look promising but several
issues still need to be taken into consideration.
An optical-fiber sensor embedded in or
attached to a civil structure should be able to
sense condition changes reliably and accurately
over the entire lifetime of the structure. The
civil infrastructure environment, especially when
concrete is used, is an exceptionally harsh
environment. Specialty coatings are required to
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Fig. 10. Measured strain vs applied load.
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protect the optical-fiber sensors from corrosion
caused by the high alkaline content of the con-
crete. During construction, extra precautions
need to be taken to ensure that the sensor itself
and the lead-in/out fibers are sufficiently pro-
tected from workers, machines, weather and
falling material. After construction, special care
must be taken not to sever the fibers at the
points where they enter or exit the structural
material. Fiber fracture at these points may be
the single most important problem that needs
to be overcome before fiber sensors can be used
for the non-destructive evaluation of structures.
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