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Using Fiber-Optic Sensing
Techniques To Monitor Behavior of
Transportation Materials

JAMES M. SIGNORE AND JEFFERY R. ROESLER

-Although not new to the communications or manufacturing area, fiber-
optic sensors are only recently being applied to civil engineering struc-
tural evaluation. These sensors offer enormous potential within the
transportation field to examine and characterize strain behavior in com-
monly used materials. Fiber-optic sensing research efforts conducted
during the past 2 years on three materials relevant to the transportation
industry are documented: portland cement concrete, steel, and asphalt
concrete. Portland cement mortar beams were tested to determine the
rate and magnitude of shrinkage. Impending fractures in steel structures
may be avoided by real-time sensing, thereby minimizing potential
safety problems. Steel beams were loaded to measure bending strains,
as a precursor to beam crack detection. Finally the lateral strain behav-
ior of axially loaded asphalt emulsion aggregate mixture (EAM) cylin-
ders was studied. The EAM Poisson ratio was determined. Findings
comparable with those calculated from theory, found in the literature,
and obtained with traditional sensing techniques are presented. Whereas
this fiber-optic sensing methodology offers great potential, the reliabil-
ity and viability of this new measurement technique must be further
assessed. This research advances the development and use of this inno-
vative technology. :

Although traditionally used for communications purposes, fiber
optics show considerable promise as strain sensors. These sensors
have been used primarily to evaluate composite materials (/,2).
Progress is beginning to be made in the use of fiber-optic sensors
in civil engineering. The evaluation of crack formation and propa-
gation in concrete beams has also been researched (3,4). Stresses
and ‘strains present in concrete specimens under load were also
investigated (5-7). :

In this research, fiber-optic sensing techniques were used to test
and characterize the behavioral properties of three transportation
materials: portland cement concrete (mortar), steel, and asphalt
emulsion aggregate mixtures (EAMs). The shrinkage strains asso-
ciated with mortar beams, the bending strains of a loaded steel
beam, and the lateral deformation of EAM cylinders subjected to
compressive loads were studied. An additional intent of -this
research was to verify the viability of fiber-optic sensors in civil
engineering. : : i

RESEARCH OBJECTIVE

The objective of this research was to use innovative fiber-optic
sensing methods to evaluate nondestructively three transportation
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materials and to assess the practicality of using fiber-optic sensing
techniques in this domain. Specifically the study objectives were to

¢ Determine the total amount (and rate) of internal shrinkage
strain that a mortar beam undergoes at certain critical points in its
cross section during the curing process.

¢ Determine bending strains within a steel beam subjected to
load.

e Determine the lateral strain associated with rutting and fatigue
evaluation that EAM cylinders undergo when subjected to static
compressive loads.

EXPERIMENTAL PROGRAM

This research involved blending several engineering disciplines. To
ensure that the sensors were accurately evaluating the material
characteristics, knowledge of optical fibers and the host materials is
necessary. Brief descriptions of pertinent background information
and the procedures followed in this study are presented to help the
reader understand fiber-optic sensing methodologies.

.Optical Fibers as Strain Sensors

Basics

Optical fibers consist of a central core and cladding surrounded by
a protective jacket (Figure 1). The core and cladding are typically
silica glass, and the jacket is usually a polymeric material. In man-
ufacture of the fiber, the core and cladding are drawn together as a
filament from a single piece of molten glass called the preform. This
preform is an enlarged version of the fiber that exhibits the same
general physical properties as those desired in the final product. The
cladding is doped with trace elements or impurities to give it a
higher index of refraction than the core, which allows for light trans-
mission through the core via total internal reflection as shown in
Figure 1. The polymeric (or other material, such as metal or
ceramic) jacket is applied to the fiber after it is drawn from the pre-
form and provides protection to the core and cladding.

The light that propagates through the fiber is sent by a laser or
light emitting diode and detected by a photodetector. Associated
peripheral electronics adjust the laser output and process the signals
produced by the photodetector. By analyzing the signal outputs,
fiber strains and host material changes can be determined.
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FIGURE 1 Optical fiber and light transmission.

Issues and Concerns

Three issues dealing with the use of fiber optics as sensors need to
be addressed. These issues are often ignored or assumptions are
made to minimize their influence in previous literature. The first
issue is the potential for slippage or loss of bond at the core or
cladding and jacket interface. The core or cladding is the active
sensing region of the fiber, and any slippage with the jacket will
result in erroneous test data because the jacket is bonded to the host
material. Tests performed in this study confirmed that there is ade-
quate bond present to assume a full bond. This assumption implies
that any strain transferred to the jacket along the fiber length must
also be transferred to the glass core. Concerns have arisen in the lit-
erature about the capabilities of given jacket materials to transfer
stresses and strains adequately; hence the proper choice of jacket
material is important (8).

The second issue is the bond between the fiber jacket and the host
material. For this research, adequate bond between the fiber and
concrete matrix, fiber and steel, and fiber and asphalt must be pre-
sent. One approach taken to ensure that adequate bond exists is to
use a cement paste coating on the fiber before embedding it into the
concrete (4). Most of the remaining literature on the subject does
not address this issue. In early attempts it was difficuit to obtain
consistent and reliable bond between the optical fiber and the mor-
tar, thereby yielding errant results. A novel technique was devel-
oped to enisure bond between the fiber and the mortar, resulting in a
- dramatically increased repeatability and consistency of results.
Beads of epoxy were formed along the length of the fiber to pro-
trude into the mortar matrix similar to deformed rebars (Figure 2).
This ensured a strong bond between the mortar and the fiber so that
strain could be transferred to the fiber jacket without slip between
the mortar and the fiber jacket. Fortunately, the loss of bond in
localized areas is not critical to measuring the total strain.

For bonding to the steel beams and EAM specimens, a combina-
tion of surface roughness and selected epoxies were used to ensure
ample bonding. Previous experimentation with various epoxies and
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FIGURE 2 Epoxy microbeading details.
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host material surface conditions provided the knowledge of which
epoxies and surface conditions result in the most accurate and con-
sistent measurement values.

The third issue deals with fiber-optic survivability under demand-
ing conditions. Although this study consisted of laboratory experi-
ments, appropriate -fiber materials that can withstand harsh envi-
ronments such as temperature extremes, moisture, and dynamic or
static fatigue as well as ways to best protect the fibers from impact
damage were investigated. Some existing literature deals with these
concerns because fiber failure is a major concern in the telecom-
munications industry as well as in sensor development (9,10).

Sensing Techniques

Several different methods of fiber-optic sensing are now in use. One
method is monitoring light polarization, which deals with examin-
ing the character of the light as it progresses through a fiber (11). As
a fiber is stressed transversely, the fiber deforms and the relative
polarization of the light changes locally. These changes can then be
correlated to the applied pressures. Another technique measures the
relative phase of light waves exiting a fiber (/7). The phase change
experienced by the light, as a result of fiber perturbation, is indica-
tive of the strain experienced by the fiber. In addition, changes in
the intensity of light propagating through a fiber indicate the degree
of stress, strain, or bending within a fiber (5). Light intensity dimin-
ishes as fibers are bent into curves or are stressed transversely. This
decrease in light output can then be correlated to material deforma-
tions. In optical time domain reflectometry (OTDR), the relative
transit times for light sent through a fiber are monitored, and time
changes are indicative of fiber strain (72). An OTDR may also be
used to measure light intensity.

Because the primary concern in this study was to determine

4 length changes, OTDR was the most applicable and practical tech-

nique to use. The instrument used was a very high-speed, high-
resolution OTDR that could measure fiber length changes or locate
fiber breaks to within 0.1 mm. The OTDR injects a laser pulse into

-a fiber and detects changes in laser pulse transit time through a fiber

that has experienced strain or refractive index change, whether by
applied load or temperature change (/2). These changes in light
transit time are converted into length changes by accounting for the
speed of light, temperature variation, and material density changes.
Note that the density of the core increases during shrinkage and
decreases during elongation. This density change affects the speed
of light within the fiber, which can then be related to shrinkage or
bending strain. Light travels at a speed of ¢/n through the fiber,
where n is the index of refraction of the fiber, typically around 1.5,
and c is the speed of light (3E8 m/sec). This research graded index
used multimode fibers with a 100-micron core diameter and 140-
micron cladding diameter. The graded index of refraction profile of
the fiber core minimizes light pulse dispersion by progressively
slowing down the light as it nears the fiber core axis. This enables
the light, which travels along many reflected paths within the fiber,
to arrive at the fiber end more coherently. _

Two OTDR sensing techniques were used in this research. The
first sensing technique used in this research was far-end reflection
time measurement, as illustrated in Figure 3. Light was sent through
the fiber under test, and the time it took to traverse the fiber and
return to the detector was noted. Subsequent readings were taken,
and changes in this “transit time” due to perturbations of the mate-
rial under test reflected changes in fiber/beam length. An increase
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FIGURE 3 Original test setup.

in transit time would reflect a corresponding increase in fiber length
and therefore material strain.

The second sensing technique used was a more elaborate tech-
nique known as “fiber re-entrant loops” (12) (Figure 4). As in pre-
vious experiments, the fiber was inserted longitudinally through or
around the specimen, but this time the laser sensing pulse was cir-
culated through the fiber many times via a fiber coupler. An impor-
tant benefit of this technique was that, because the accuracy of the
-sensing equipment was limited for a given gauge length, increasing
the gauge length increased the strain resolution. In the re-entrant
loop technique, each circulation effectively increased the sensing
length by an additional beam length or EAM specimen circumfer-
ence. For example, five circulations afforded a fivefold increase in
strain resolution over the far end reflection technique.

Fiber-Optic Sensing Studies and Discussion

Concrete Shrinkage

Concrete shrinkage typically presents an unpredictable and undesir-

able problem during the design and construction of concrete struc-
tures such as buildings and pavements. Concrete maturity and over-
all shrinkage vary widely depending on the curing conditions and
type of mixture. Although the shrinkage characteristics of concrete
measured at the surface have been extensively reported in the liter-
ature (13-19), the measurement of the internal shrinkage of concrete
has been limited (20) and lacks conclusive results. Having the capa-
bility to know a priori the internal shrinkage for a given mixture and
curing conditions would be an extremely valuable tool for the design
engineer. This information could be used to better understand crack
formation in concrete and how to control this problem.

Sixteen concrete beams were produced for this experimental
study. The specimens were made of mortar paste consisting of Type
I cement, sand, and water at a weight ratio of 1:1:0.4. The fineness
modulus of the sand was 2.55. The beams were 760 mm (30 in.)
long with 50 mm (2 in.) by 50 mm (2 in.) square cross sections. Pre-
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FIGURE 4 Re-entrant loop setup.
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cision forms were made to ensure that the fibers were placed exactly
along the axis of each beam at three locations in the beam cross sec-
tion. The outside fibers (A and C) were 12 mm (0.5 in.) from the
edge and centered in the vertical direction, and the third fiber (B)
was placed exactly in the center of the beam (Figure 5). The speci-
mens were removed from the forms 24 hr after casting. Baseline
readings were then taken, and the specimens were placed in a
controlled environment at 55°C (130°F) and less than 10 percent
relative humidity to facilitate shrinkage.

Two different methods were investigated to ensure correct fiber
placement within the beams. The first method was to feed the fiber
through a long hypodermic steel tube placed within the mortar (21).
Once the fiber is fed through the tube, the tube is carefully pulled
out. The second method developed as part of this research was to
place the mortar around pretensioned fibers and then thoroughly
vibrate the form to promote bond between the mortar and the fibers
(Figure 6). .

Pull-out tests performed on the beams indicated that the tension-
ing method was preferred over the hypodermic steel tube. The
bleeding effect seen around the void left by the steel tube resulted
in weak, unbonded spots along the fiber. The second method,
although more difficult and fiber-breakage prone, yielded solid and
continuous bonds in this experiment. It was realized that in situa-
tions with larger aggregate concrete the tensioning method was
preferable if good bond could somehow be ensured. These tests
were performed before developing the epoxy microbead procedure,
so either of the procedures could have been implemented in this"
study.
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FIGURE 5 Mortar beam cross section.
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FIGURE 6 Fiber placement and
tensioning.
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With these fibers placed longitudinally along the entire length of
the beam, the total strain in the beam could be determined. A major
advantage of this technique was that the entire beam length was the
gauge length. Attempts have been made to evaluate internal shrink-
age by using embedded strain transducers. However, the intrusive
wires and gauges only give values of local shrinkage over a mini-
mal gauge length, not of regional or total deformations (20). Con-
crete surface shrinkage can be determined relatively easily using
commonly available gauges; however, correlation of internal
shrinkage from surface shrinkage is not an accurate approach. To
date, this approach has met with limited success because the free
. surface boundary conditions cause moisture loss associated with

plastic shrinkage, whereas internal shrinkage (drying shrinkage) is
attributed to loss of interlayer water in the cement paste (15).

The magnitude of the uitimate shrinkage for each of the 16 beams
tested is presented in Table 1. The values shown are the average
readings from the three fibers embedded in each beam. As was typ-
ical in dealing with mortar, there was variation in the ultimate
shrinkage. This variation typically was no more than 15 percent
from the mean and followed no particular trends. Figure 7 shows a
representative plot of shrinkage versus time. Fibers A and C are
those fibers located 12 mm (0.5 in.) from the edge of the beam, and
fiber B is the center fiber. The internal shrinkage strains shown are
similar to results obtained in other experiments (/4). The shrinkage
results also appear realistic as a function of time. Mortar shrinkage

~was found to be 0.2 to 0.3 percent at a relative humidity of less than
20 percent and determined an ultimate shrinkage at O percent rela-
tive humidity of 0.32 percent (/4). In this study, a mean shrinkage
of 0.25 percent (2,517 microstrain) was determined (Table 1). Dis-
crepancies can be attributed to the use of a lower water-to-cement
ratio in this experiment and that surface shrinkage was measured
with a dial gauge comparator (14). '

The shrinkage at the center of the beam can be compared with
that nearer the edge. As expected, the internal shrinkage at the cen-
ter was less than that at the edges. The outside two fibers (A and C)
showed similar results throughout the experimental program. It is

TABLE1 Mortar Beam Shrinkage Results Summary

Beam # Ultimate Shrinkage Average of 3 Fibers
(Microstrain)

1 2300

2 3100

3 *

4 *

5 2000

6 1900

7 2800

8 2900

9 2700

10 2700

11 2300

12 2000

13 2800

14 2800

15 2200

16 2000

Mean 2517

Standard Dev. 405
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well-known that the specimen size and shape affect the measured
ultimate shrinkage of concrete, especially when the dimensions are
less than 100 mm (4 in.) (16,17). Although the specimén Cross sec-
tion used in this study was only 50 mm (2 in.) by 50 mm (2 in.), the
results shown in Figure 7 show that there is a difference between
internal and near-surface shrinkage in the mortar beams. These
preliminary results indicate the possibility of a moisture gradient
present in the mortar.

Steel Bending Strain

Structural members weakened through deterioration pose a safety
problem for state and federal highway agencies. As the design lives
of bridges are reached or exceeded, early detection of structural
weaknesses that result in increased failure potential become more
critical. Detection of strained or cracked members before their
structural usefulness diminishes to the point of bridge collapse
could be an enormous benefit in terms of lives and dollars saved.
Research is underway to evaluate procedures for sensing strains and
crack formation in reinforced concrete structures (22,23) and
bridges (24). The goal of this research is to measure bending strains
in loaded steel beams. :

Optical fibers were affixed to a steel beam, which was then
loaded for the purpose of measuring bending strains. For initial
assessment of the sensing capability, a simply supported beam con-
figuration was used (Figure 8). The beam was 9.5 mm (0.375 in.)
thick by 51 mm (2 in.) wide, with a span of 2.2 m (88 in.). The fibers
were epoxied onto the tensile side of the beam. Three strain gauges
were added at the L/4 points of the beam for additional verification
of the bending strains.

For various loads, bending strains were measured. The fiber-optic
sensing system was able to detect the integrated or total strain along
the entire beaim. This measured strain was compared with beam the-
ory predictions and the readings from the strain gauges on the beam.
Typical test results are shown in Figure 9. Predictions within 5 per-
cent of théoretical predictions were common for small strains with
slight decreases in accuracy at much higher strains. However, both
the optical-fiber system and resistive strain gauges produced com-
parable results throughout the study. Of note is that the test results
show linear strain behavior similar to that theoretically predicted
and shown by the strain gauges. Additional refinement of the mea-
surement and bonding techniques are underway to further increase
accuracy. A significant outcome of this study was that fiber-optic
sensing techniques were extremely repeatable, with minimal varia-
tion between readings.

To fully use these sensors in a field environment, suitable epox-
ies or fiber bonding methods, or both, that can withstand harsh
weather conditions are necessary. Methods of isolating or protect-
ing the fibers from impact damage are also needed. The fibers must
be capable of functioning under severe conditions, such as fatigue
and temperature cycling. To implement a real-time sensing system
on a field structure, there must be a monitoring system that includes
a signal to indicate whether a structural problem exists. Each of
these system concerns is under investigation.

Asphalt EAM Deformation

Much of the knowledge about EAM behavior is based on simple
mechanical measurements. Knowledge of the lateral straining char-




Signore and Roesler

41

Beam Shrinkage Testing: Beam 7
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FIGURE 7 Representative shrinkage plot.

acteristics of EAM under load is an important feature in assessing
the rutting and fatigue performance of the material. In this research,
fiber-optic methods were used to determine the Poisson ratio (hori-
zontal strain/vertical strain) for EAM samples. ’

The testing of EAM specimens with fiber-optic sensors is a com-
pletely new concept, and this study is the first such application the
authors have found on this subject. Fibers were affixed about the
perimeter of the cylindrical samples, and the subsequent circumfer-
ential deformation of the sample under load was measured. Figure
10 illustrates the setup for this test. The samples under test were 305
mm (12 in.) long with a diameter of 152 mm (6 in.). Only static
loading of the sample was evaluated. It is hoped that the behavior
under dynamic loading can be addressed as the fiber-sensing
technique develops.

The Poisson ratio was determined by relating the horizontal and
vertical strain in the material. Unlike current methods used to mea-
sure horizontal deformation, which only assess the deformation in
one plane, the fiber sensor allows for a complete assessment of hor-
izontal deformation entirely around the sample. For these tests, ver-
tical deformations were incremented in 1.25 mm (0.05 in.) steps and
were limited to 6mm (0.25 in.) to maintain linear elastic behavior in
the specimen. Vertical and horizontal strains were recorded at each
increment. The experimentally determined Poisson ratios were 0.44
for the first sample and 0.35 for the second sample. Although these
measured Poisson ratios are not exact, they are close to the accepted
values of 0.40 * for EAM specimens. The test procedure was sim-
ple to conduct.
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FIBER OPTICS VERSUS TRADITIONAL SENSORS

This paper has shown that fiber-optic sensors can give comparable
results to existing measurement techniques, such as strain gauges.
The use of fibers to directly measure total internal strains and strains
in large structures has promise because global estimates are not
extrapolated from local measurements. Fiber optics have proved
their viability in the laboratory as a research tool. However, fiber-
optic sensing is delicate, and there is only limited structural appli-
cation, much of which has inconclusive results. This sensing tech-
nique is presently impractical for widespread field use because of
the cost of the equipment and peripheral items. As technology pro-
gresses, along with the use of other less expensive techniques, fiber-
optic sensing should become competitive.

SUMMARY AND CONCLUSIONS

Research efforts using fiber-optic sensing procedures in the civil
engineering field are just beginning. These sensors offer great
potential for evaluating commonly used transportation materials
and structures in a nondestructive manner. In this study, the strain
characteristics of cement mortar beams, steel beams, and emulsion
aggregate mixtures were examined with success. This research has
shown that fiber-optic sensors produce repeatable and accurate
measurements under a variety of conditions. The test results com-
pare favorably with existing techniques. Fiber-optic sensors also
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FIGURE 8 Typical steel beam testing configuration.
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Bending Strain vs Load: Comparative Values
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FIGURE 9 Steel beam bending strain.

offer the advantages of being immune to electromagnetic interfer-

“ence and can measure total or integrated strain as well as point
strain. To fully use the capability of these sensors, however, further
work must be performed relating to long-term sensor reliability and
survivability.

The internal shrinkage of mortar beams was monitored. Methods
were developed to ensure that the measured internal shrinkage
strains were accurate through a full bond between the mortar and
the optical fiber, and the fiber core and the jacket. The shrinkage
strains measured for the mortar specimens of 0.25 percent were sim-
ilar to results reported in the literature. It was shown that the use of
fiber-optic sensors may be used internally in a cement-based mate-
rial to provide excellent real-time results.

/

EAM Cylinder

N

FIGURE 10 EAM deformation testing.

Fiber-optic sensors were applied to steel beams to sense bending
strains due to static loads. The results were both accurate and con-
sistent. Research efforts on larger-scale projects that would include
crack detection would be an important next step. Eventually with
refinement, this technique should allow for real-time monitoring of
high-risk field structures, statically and dynamically.

. The first use of fiber-optic sensors on EAM samples resulted in
the measurement of Poisson’s ratio. This technique may be used to
further corroborate mechanically derived Poisson values. The
results of these initial tests indicate that further research toward
additional applications is promising. :

These positive research findings suggest that fiber-optic sensors
have many applications in civil engineering. Examples of possible
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applications include long-term concrete shrinkage and creep
monitoring, concrete and steel crack initiation and propagation, and

monitoring the growth of the fracture process zone. In addition, real-

time information on static and dynamic loading and displacements of
in situ structures, such as buildings and pavements, may be obtained.
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