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Abstract. The paper presents a case study in which the structural condition assessment of the East Bay bridge
in Gibsonton, Florida is evaluated with the help of remote health monitoring techniques. The bridge is a four-span,
continuous, deck-type reinforced concrete structure supported on prestressed pile bents, and is instrumented with
smart Fiber Optic Sensors. The sensors used for remote health monitoring are the newly emerged Fabry —Perot
(FP), and are both surface-mounted and embedded in the deck. The sensing system can be accessed remotely
through fast Digital Subscriber Lines (DSL), which permits the evaluation of the bridge behavior under live traffic
loads. The bridge was open to traffic since March 2005, and the collected structural data have been continuously
analyzed since. The data revealed an increase in strain readings, which suggests a progression in damage. Recent
visual observations also indicated the presence of longitudinal cracks along the bridge length. After the formation of
these cracks, the sensors readings were analyzed and used to extrapolate the values of the maximum stresses at the
crack location. The data obtained were also compared to initial design values of the bridge under factored gravity
and live loads. The study showed that the proposed structural health monitoring technique proved to provide an
efficient mean for condition assessment of bridge structures providing it is implemented and analyzed with care.

Keywords: structural health monitoring; condition assessment; smart structures; fiber optic sensors; remote
monitoring.

1. Introduction

Health monitoring of civil infrastructure systems has recently emerged as a powerful tool for condition
assessment of structural performance. With the widespread use of modern telecommunication technologies,
structures could now be monitored periodically from a central station located several miles away from
the field. This remote capability allows immediate damage detection, so that necessary actions that
ensure public safety are taken. Remote health monitoring can be performed using a variety of sensors
and techniques. Strain gauges, accelerometers, LVDT, and inclinometers have all been used for this
purpose. Fiber Optic Sensors have numerous advantages over conventional electrical resistance strain
gauges and are therefore more suitable for strain monitoring, as discussed by Ansari (2005). The first
known wireless accelerometer was developed by Straser and Kiremidjian (1998), and was known as the
WiMMS system. Later, wireless communication techniques were expanded and used for different types
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of sensors, as discussed by Lynch and Loh (2005). In addition, miniature micro-electro-mechanical
systems (MEMS) or smart dust sensors could be also used, as well as Piezoelectric sensors.

Many bridges worldwide have been instrumented with continuous monitoring systems. In the US,
Idriss, et al. (1997), Catbas, et al. (1998), Aktan, ef al. (2000), Hipley (2001), Sikorsky, et al. (2003),
Wang (2004), Bastianini, et al. (2007), and Mehrani, ef al. (2008) reported successful implementation
of continuous monitoring of bridges. In addition, similar work was conducted in Canada by Mutfti, et al.
(1997), Choquet, et al. (1999), Cheung and Naumoski (2002), and Benmokrane, et al. (2006). Long
term monitoring of bridges was also reported in China by Ou (2004) and Ko and Ni (2005); in Korea by
Koh, et al. (2003) and Yun, et al. (2003); in Japan by Wu (2003) and Fujino and Abe (2004); and in
Europe by Casciati (2003) and Brownjohn (2003).

The objective of this work is to present a case study, where the condition assessment of the reinforced
concrete East Bay bridge in Hillsborough county, Florida is evaluated using remote health monitoring
techniques with Fiber Optic sensors. The emphasis of the discussion is on the analysis of the collected
data and their use in tracking crack initiation and propagation. The proposed health monitoring system
is described in the next section.

2. Remote health monitoring system

The remote sensing system used in this study relies on Fabry-Perot Fiber Optic Sensors and consists
of: 1) Fabry-Perot Sensors attached to critical locations of the structure, 2) Fiber Optic Cables to
connect the FP sensors to their acquisition system, 3) Acquisition system securely housed on-site, and
4) DSL connection to remotely connect to the acquisition system.

3. Installation of health monitoring system on the East Bay Bridge

The original bridge was a concrete structure built in the early 1970s. The bridge was classified as
functionally obsolete due to severe deck cracking, corrosion of the longitudinal bars, and its narrow
width. The replacement bridge is a four-span 120’ long and 55’ wide structure and is shown in Fig. 1.
The interior spans are 33’ and the exterior spans are 27’ long. The intermediate spans are continuous,
and the middle span is fixed over the central bent. The superstructure is composed of 18” thick cast-in-

Fig. 1 Elevation view of the New East Bay Bridge
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Fig. 2 Sensors location
Legend
1. Surface-mount sensors ASM, BSM, CSM, DSM: Bonded with epoxy to bottom deck
2. Surface-mount sensors P1 and P2: Bonded with epoxy to top deck
3. Embedded sensors C, D, E, F: Bonded to bottom reinforcing bars
4. Embedded sensors G, H, I, J: Bonded to top reinforcing bars

place reinforced concrete slab, while the substructure is composed of 24” square pre-stressed concrete
piles. The top and bottom mats consisted of # 9 rebar (1.125” diameter) placed 6” on center. The clear
space between the bars was 4.87”.

A total of sixteen Fabry-Perot strain sensors capable of measuring within a range of +/- 2000 pe were
installed on the bridge as part of the health monitoring system. Fig. 2 illustrates the position of the
sensors along the bridge length. Three types of sensor are placed in four categories of installation. The
three types of sensors are identified as 1) Surface mount, known as Fiso-B (blade), 2) Embedded
sensors, and 3) Embedded temperature sensors. The location of these sensors along the deck thickness
is identified in Fig. 3. Four embedded sensors were bonded to the bottom longitudinal reinforcing bars,
and four blade sensors were surface-mounted to the concrete bottom deck surface. In addition, four
embedded sensors were bonded to the top reinforcing bars over the bents, and two blade sensors were
surface mounted to the concrete top deck surface. Two more sensors for temperature compensation
were installed on the top and bottom bars respectively.

The sensors were carefully installed per the manufacturer’s recommendations, then wrapped in nitrite
rubber. Fig. 4 shows a close view of the installation and wrapping process of sensors on reinforcing
bars. The micro capillary section of sensors is glass and thus is very sensitive to scratch and impact.
Also, optical fibers are very sensitive to bends, kinks, sharp curves and impact. To avoid damage to the
system, the fiber optic cables were inserted into 17 diameter schedule-40 PVC pipes. The pipe conduits
were guided through the crowded rebar mats to the edge of slab. The openings in the conduits were
sealed with nitrate rubber sheet and caulking. The conduits were tightly secured to the rebars. Fig. 5
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Fig. 3 Sensors location along thickness

Fig. 4 Installation of sensors on rebars

shows a plan view of the conduits within the rebar mats. The conduits containing the fiber optic cables
were brought unto the forms of the slab. At this area, the fiber optic cables are most vulnerable to the
construction activities such as worker’s traffic and placing and removing the forms. A 2” diameter hole
was drilled out to allow the conduit to exit the slab. Three small boxes (12”x12”x12”) were fabricated
to house the cables at the point of exit. The conduits were then guided to the smart box containing the
acquisition system. The smart box was attached to the side of bridge and locked for security as shown
in Fig. 6. The acquisition system weights only 10 Ibs, and has dimensions of 17.7x12.8”x5.2”” and cost
around $14,000, which accounts for less than 1% of the overall cost of the bridge ($1.5 millions). To
access the acquisition system remotely, telephone and power lines that were buried 30” below the
surface were brought to the bridge.
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Fig. 6 Smart box on bridge side

The phone line serves to remotely access the smart box through fast DSL connections. The traffic
data are currently being continuously collected and analyzed with the purpose of evaluating the bridge
structural health. A more detailed description of the installation of the health monitoring system as well
as the data collection and analysis is provided in Mehrani (2006).

4. Design of the East Bay Bridge

In order to conduct an accurate condition assessment of the bridge structural health, the collected data
need to be compared to the corresponding values evaluated during the original design of the bridge. A
brief description of the bridge design process is given in this section.

The Florida Department of Transportation standard specification for road and bridge construction and
supplemental (2000) was used for the design of the bridge. The AASHTO LRFD method of design
(2004) was used throughout. The design live load for LRFD method is HL-93 loading, which is the
combination of a design truck or a design tandem with design uniform lane load. The Design truck load
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Fig. 7 Bending moments due to HS-20 truck loading

is HS20-44 truck, and the design tandem has each axle weighing 25 kips. The design truck load is
increased by 1.33, which is the dynamic impact load allowance.

The Load Factor Design (LFD) method has been predominantly used in analysis of Bridge Load
Rating. The LFD method was presented in the first edition, first printing, of AASHTO manual for
maintenance inspection of bridges in July 1970. Since then, several editions have been printed, but
there has not been any significant modification in the formulation and application.

The AASHTO manual for maintenance inspection of bridges requires highway bridges to be rated
at two load levels, either by load factor or by working stress methods. At the first or upper level,
rating is referred to as Operating Rating. The operating rating will result in the absolute maximum
permissible load level to which the structure may be subjected to. At the second or lower level, rating
is referred to as inventory rating. The inventory rating will result in a load level, which can safely
utilize an existing structure of an indefinite period of time. To determine the Rating Factor, RF for
the Operating Level, all six Florida legal trucks, SU2, SU3, SU4, C3, C4, C5, two design vehicles,
HS20-44 and HL-93, and military loading must be investigated and the rating factor, RF" for all nine
cases must be evaluated.

The FDOT MathCAD-based live load generator (2005) was used to obtain all positive and negative
moments for service live load. The dead load moment was obtained from beam analysis. The
moment envelope for HS-20 truck is shown in Fig. 7. For design purpose, the notional design truck
HL-93 is used. The corresponding service moments, cracked and uncracked section results are given
below.
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4.1. Service moments

The following live load positive and negative moments were obtained from the Live Load Generator.
The dead load moment was obtained from static load analysis.

250.6\  Positive.live.load. moment
M,,; = |170.8| Negative.live.load moment |kip - fi
136 Dead. load moment

4.2. Cracked section analysis

The major assumption made in designing the East Bay Road Bridge was that the deck would crack
under service load. The design calculations for cracked conditions are described in detail in Mehrani
(2006). Given the design parameters, the steel strains were found to equal to:

P 319.471\ Positive.live.load.moment
steel

E=T— €= | 217.74 | Negative.live.load. moment
Esteel
173.37 Dead.load moment

4.3. Uncracked section analysis

It is necessary to obtain the steel strains of uncracked section to compare with the actual steel strain
under service load. The detailed calculations are given in Mehrani (2006) and resulted in:

67.275 Positive.live.load. moment
& = | 45.852| Negative.live.load moment |kip - fi
36.51 Dead.load moment

4.4. Application of Florida legal load

The Florida legal load consists of six truck configurations, as described earlier. Analysis under the
effect of these loads is needed to determine the rating factor (RF)). The moment envelopes for all Florida
legal trucks are given in Mehrani (2006). The cracked section analysis resulted in the values of actual
steel strain shown in Table 1. The strain due to the service limit state of uncracked section are tabulated
in Table 2 for all eight configurations of design trucks.

Table 1 Steel Strain, &. of cracked section in micro-strain, y&

& SU2 SU3 Su4 C3 C4 C5 HS20 HL-93
LLpos 166.609 249.792 320 179.081 262.083 201.932 300.688 319.471
LL,c, 105.141 201.135 217.793 186.209 249.653 241.027 240.357 217.74
DL 173.376 173.376 173.376 173.376 173.376 173.376 173.376 173.376
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Table 2 Strains, & of uncracked section in micro-strain, &

E. SU2 SU3 SU4 C3 C4 Cs HS20 HL-93
LLos 35.085 62.078 67.548 37.711 55.19 42.523 63.32 67.275
LL,ee 22.141 42.356 45.863 39.212 52.573 50.756 50.615 45.852
DL 36.51 36.51 36.51 36.51 36.51 36.51 36.51 36.51

5. Condition assessment of the East Bay Bridge

The East Bay bridge has been continuously monitored under the effect of traffic load since its
opening in March 2005. Figs. (8a-b) show the strain values of sensor F as designated in Figs. 2 and 3
for two intervals during the first year of service, a reading recorded three months after initial operation
and another one seven months later. The maximum value recorded for the first reading was 9.5 pe and
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Fig. 8 (a) Dynamic strain 06/14/2005 (e = 9.5 pe), (b) Dynamic strain 01/15/2006 (€yq= 28 Li€)
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Fig. 9 1st crack on bottom of bridge deck

that of the second reading was 28 pe. Progression in strain values were evident, although the recorded
strain values as well as visual observations at that time indicated that there were no cracks present in the
bridge deck underside.

By examining the maximum recorded strain data over the first 12-month period of operation, it was
found that they agree well with the design values assuming uncracked conditions and reported in Table 2,
rather than those of the cracked conditions shown in Table 1. Additional static and dynamic load tests,
as well as finite element analysis of the bridge, were performed by Mehrani, et al. (2008) and resulted
in the same conclusion. Such uncracked condition was not assumed in the original design of the bridge,
which lead the authors to initially believe that current design guidelines are conservative.

However, recent visual observations revealed the presence of two discrete cracks on the bottom of the
deck propagating along the length of the bridge as shown in Fig. 9. The transverse location of these
cracks was approximately at 5ft and 11ft to the west of the centerline respectively. The longitudinal
cracks are not believed to be due to splitting failure, since the detailing of the reinforcing bars within the
concrete deck was carefully designed. The formation of the longitudinal cracks is more likely due to
either restraining shrinkage effects which can result in curling of the deck, lack of concrete consolidation, or
overstress in the transverse direction. The latter seems to be the most likely cause since the location of
these two cracks is very close to that of the traveling wheel loads. In this case, the longitudinal cracks
typically form at the bottom surface along the wheel path as the wheel loads move on the bridge deck in
the longitudinal direction (Pedikaris, er al. 1993). A combination of overstress in the transverse
direction and curling is also a possibility. In any case, these cracks pose concerns as they allow for the
intrusion of water and chlorides that can potentially lead to corrosion of the reinforcement bars. A more
detailed discussion on the different types of bridge deck cracks and their potential damage is given in
NCHRP-380 (1996).

The maximum strain reading of sensor F recorded in August 2008 under the passage of heavy trucks,
and after the observation of the longitudinal cracks, is shown in Fig. 10. The figure depicts a maximum
value of strain of 42 pe. Static loading of the bridge using SU-4 trucks was also performed in August
2008, and the recorded strain value of sensor F was equal to 45 pie. While these values reveal a progression
of damage, they do not suggest the presence of cracks, which contradicts the recent visual observations.
However, to further understand this phenomena the following study is performed:

Consider a reinforced concrete member subjected to axial tension as shown in Fig. 11. In this case
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tensile stresses are transmitted across the crack through the bonded reinforcing steel. If the axial stress
does not exceed the tensile strength of concrete, the member is ideally free of cracks. This state is
referred to as state 1. The steel and concrete strains, &; and &, respectively, are compatible along the
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member. The average strain is:
_ N _ N
! Ec(Ac+nAs) EcAl

&1 = & (1)
where N is the value of the axial force, 4. and A; are the cross sectional areas of concrete and steel and
n=FEJ/E. with E; and E. being the moduli of elasticity of steel and concrete respectively. When the
concrete stress exceeds the tensile strength, cracks appear. At a crack the stress is completely carried by
the reinforcement and the concrete stress is zero. This condition will be referred to as state 2. The steel
stress and strain are given by:

Oy — N/As (2)
Eop T N/EsAs (3)

In the portion between two cracks, part of the tensile stress carried by the steel at the crack is transferred
to the concrete through bond. The stress and strain are in an intermediate state between states 1 and 2,
as depicted in Fig. 12. Midway between consecutive cracks, the section is in state 1 and the steel stress
is less than oy,. At a crack the section is in state 2 with the steel stress at its maximum value oy, and with
the concrete stress equal to zero. The difference in steel stress is transmitted to the concrete through
bond, so that the member elongates less than the bare steel. Denoting the average or smeared strain of
the cracked member in Fig. 11(a) as g, then

g, = AL/L @)

where L is the original length of the member and AL is the member elongation.

Before cracking, compatibility of strains is maintained so that Eq. (1) holds (g, = &1 = &.,). After
cracking, the value of &, lies for a given stress level between the steel strain in the perfectly bonded case
&1 and the steel strain at the crack &,.

Denoting the reduction in steel strain due to the participation of concrete between cracks by Ag, then

g, = &,— A& (5)
Axial N
force &, =——
EcAI
A (state 1)
N
8.:2=
— EKAU
gm Ag (state 2)

Average Strain

Fig. 12 Axial force vs. average strain for an axially loaded reinforced specimen
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Based on experimental evidence, it is assumed that Ag varies inversely with the applied axial load N
(CEB 1985):

Ae = Ag, N 6)
N

where N,, is the cracking load and A&, is the steel strain difference between states 1 and 2 at the first
crack.
From the graph in Fig. 12:

NCV

Agmax = (gs2_ gsl) (7)
Substitution of Eq. (6) in (7) gives the average strain value of the member:
m o (1_Q6$1+§6$2 (8)
where £ 'is a dimensionless parameter that represents the amount of cracking and is given by:
N 2
_ - (_) 9
c=1-(= ©)

¢'= 0 for an uncracked member. The difference between the solid line and the line representing the bare
steel in Fig. 12 is referred to as tension stiffening. It represents the increase in stiffness due to the
concrete contribution between cracks. Tension stiffening can be significant up to the yielding of the
reinforcement, but drops considerably near the yield point. After yielding of the reinforcement at the
most critical section, the member elongates without significant increase in load and the tension carried
by the concrete becomes negligible.

The installed Fiber Optic sensors are either embedded and bonded to the rebars or surface-mounted to
the concrete. The surface-mounted sensors would record the strain &, = &; before cracking. After
cracking, if the sensor is exactly located at the crack position, its reading will drop to zero. It is more
likely, however, that the sensor exists between two cracks. In this case the reading of the sensor will
drop, but to a non-zero value. Gradual decrease of the sensor readings indicate the formation of
additional cracks until the deck becomes severely cracked. In this case, the readings will approach zero
values. The role of the surface-mounted sensors therefore is to detect the formation of the initial cracks
and to monitor the crack propagation with time. After the deck becomes severely cracked, these sensors
won’t be able to record service strain values.

The role of the embedded sensors on the other hand, is to monitor the service strain values in addition
to recording the maximum steel stress values at cracked locations. Before cracking the sensors would
record the strain & = &.1. When the strain &, reaches the concrete cracking strains, this will indicate the
formation of the first crack. The steel strain at the crack location will increase and reach the value of &,
but the steel strain between cracks will be less than &,. If the sensor is exactly located at the crack
position, it will record the value of &;,. This is however unlikely to happen, and it is assumed that the
sensor is recording an average value that equals g, as defined in Eq. (5). In order to extrapolate the
value of the steel strain at the crack location, Eq. (8) is used to estimate the value of the axial force N
resisted by the reinforced concrete section, which is again used with the help of Eq. (3) to evaluate the
steel strain at the crack location &,. A further increase in the value of either g, or &, under the same
loading conditions indicate the formation of additional cracks or a decrease in the value of the crack
spacing S identified in Fig. 11.
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Fig. 13 Stress distribution of cracked section

The previous equations are typically used to extrapolate the maximum steel strain at the cracked
location after initial cracking of the section. For the case of the East Bay bridge, due to the presence of
the longitudinal cracks that were probably formed because of high flexural stresses in the transverse
direction, the stress distribution at a section in the longitudinal direction is expected to be as shown in
Fig. 13. In this case, the stresses in the bars at the crack location are maximum, while those in the bars
away from the crack are minimum. The equations derived earlier could still be used to evaluate the
average section strain. Since the load that caused the longitudinal crack to form is unknown, it is
assumed that it is the one that corresponds to the last recorded strain value before cracking (28 pue).
From Eq. (1), N, = 82.08 kips. Assuming the maximum recorded strain to be the averaged smeared
strain g, = 45 ueg, Eq. (8) can be used to solve for the only unknown N, which can substituted in Egs.
(1), (3) and (9) to evaluate &, &, and £ The solution resulted in the following values: &; =31 pe,
&> =118 ug, and = 0.165. These values suggest that even though the maximum recorded strain was
45 pe, the expected maximum strain at the crack location is actually 118 pe, which exceeds the
cracking strain of concrete. This observation suggests that the assumption of cracked conditions used in
the initial design matches well with the current condition of the bridge. The strain value at the crack
location matches better with the design strains evaluated in Table 1 assuming cracked conditions, than
with those evaluated assuming uncracked conditions.

The preceding discussion confirms that the continuous monitoring with Fiber Optic Sensors can
provide a good mean for condition assessment of bridges providing its results are analyzed with care.
Periodic visual inspection is still necessary in order to capture the different types of damage that could
not be directly interpreted from the sensors readings. The sensors data however could be extrapolated
and used to track crack initiation and propagation, and more importantly to monitor the steel stress
increase following crack initiation.

6. Conclusions

The paper presents a case study for the application of continuous monitoring with Fiber Optic
Sensors for condition assessment of reinforced concrete bridge structures. A total of sixteen Fabry-
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Perot Fiber Optic sensors were installed on the East Bay bridge, in Hillsborough County, Florida. The
sensors were both bonded to the longitudinal reinforcing bars and surface-mounted to the concrete
deck. The sensors data were transmitted to the bridge maintenance office through DSL lines. The
bridge was continuously monitored since its opening in March 2005. The data obtained were compared
to initial design values of the bridge under factored gravity and live loads. The collected data over this
period revealed a progression of damage due to the increase in strain readings. Recent visual
observations however indicated the presence of two longitudinal cracks along the bridge length. While
the sensors could not directly predict the formation of these discrete cracks, simple analysis could be
used to extrapolate the stresses at the crack location from the sensors readings. The study showed that
the continuous monitoring with Fiber Optic Sensors proved to provide an efficient mean for condition
assessment of bridge structures providing its results are analyzed with care. The sensors data can in
general be used to track crack propagation, and to monitor the steel stress increase following crack
initiation.
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