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Prestressed concrete bridges currently account for 45% of bridges built in the last
5 years in the United States. This has resulted in an increase in the number of deficient
bridges composed of prestressed concrete, which requires a better understanding of
the on-site performance of this building material. The use of new materials, such as
high-performance concrete, in conjunction with prestressing provides additional moti-
vation for the creation of structural health monitoring methods for prestressed concrete.
This paper identifies two parameters relevant to prestressed concrete, along with meth-
ods for their evaluation. The parameters evaluated are the prestressing force value at
transfer and the width of prerelease cracks, both of which are indicators of structural
performance. Improper transfer of the prestressing force can result in tensile stresses
in the concrete that exceed capacity and result in cracks and/or excessive deflections.
Prerelease cracks occur in the concrete prior to transfer of the prestressing force and are
mainly caused by autogenous shrinkage and thermal gradients. Closure of the cracks
is expected by virtue of prestressing force transfer. However, the extent of crack closure
is important in order to guarantee durability and structural integrity. This paper presents
an integral overview of two novel methods for the statistical evaluation of the two mon-
itored parameters: prestressing forces and the width of prerelease cracks. Validation
of the methods is performed through application to two structures, both of which are
components of Streicker Bridge on the Princeton University campus. Uncertainties are
evaluated and thresholds for unusual behavior are set through the application.

Keywords: prestressed concrete, prestressing forces, prerelease cracks, early-age cracks, continuous girder,
long-gage fiber optic sensors, deck-stiffened arch

INTRODUCTION

Structural health monitoring (SHM) is the process of measuring and analyzing parameters, on a
continuous or regular basis, and deriving conclusions about the health condition or performance of
a structure (Glisic and Inaudi, 2007). With infrastructure failure catastrophes and aging infrastruc-
ture, the need for SHM has increased, as timely maintenance decisions need to be made. The 2013
Infrastructure Report by the American Society of Civil Engineers (ASCE) rates U.S. bridges with a
C+, indicating that bridges are in fair to mediocre condition and show significant deficiency (ASCE,
2013). Additionally, recent catastrophes, such as the I-35 Mississippi River bridge failure, expose the
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vulnerability of current infrastructure and the shortcomings of
current inspection procedures.

Effective SHM of bridges requires, among other tasks, the
identification of damage-sensitive parameters and the creation of
methods for the monitoring and assessment of such parameters
for every structure and material type. This study deals with the
identification and monitoring of such parameters for prestressed
concrete beam-like structures. Since the introduction of pre-
stressed concrete, the number of prestressed concrete bridges has
undergone a steady increase to comprise more than 45% of bridges
built in the last 5 years, as shown in Figure 1 (Federal Highway
Administration, 2014). This emphasizes the importance of an
accurate assessment of their health condition and performance.
This paper presents an integral overview of two monitoring
methods for prestressed concrete structures using two important
parameters: prestressing force distribution at transfer and the
width (opening) of prerelease cracks.

Monitoring of the prestressing force at transfer can indicate
whether or not adequate transfer of the force between the
prestressing strands and the concrete was achieved. Inadequate
transfer of the prestressing force can result in unanticipated
stresses in the concrete, leading to possible malfunction or failure
of the structure at loads lower than predicted by the design.

Prerelease cracks are early-age cracks that occur in the
concrete prior to the transfer of the prestressing force and are
due to early-age thermal and shrinkage effects in the concrete
(Green et al., 1984; Baran et al., 2004). Such cracks are believed
to be closed after application of the prestressing force by virtue
of force transfer. However, residual cracking can occur and has a
significant impact on structural capacity and performance (Baran
et al., 2004). Thus, monitoring the width of prerelease cracks
after prestressing is important in order to guarantee structural
integrity and durability.

This paper presents the two methods associated with the
assessment of the two aforementioned parameters through
application to a real life structure, Streicker Bridge. The struc-
ture is a pedestrian bridge on the Princeton University campus
constructed in 2009, and it is composed of a main span and four
approaching “legs” Half of the main span and the longest of the
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FIGURE 1 | Proportion of prestressed concrete bridges by age [data
from Federal Highway Administration (2014).

approaching legs, namely, the southeast leg, were instrumented
with fiber optic strain and temperature sensors at several loca-
tions for educational and research purposes.

The two parameters are monitored using the same sensor net-
work, consisting of a series of parallel long-gage fiber optic strain
sensors embedded in the concrete prior to pouring. The sensors
measure strain and temperature, and the methods process the
measurands into the monitoring parameters (prestressing force
and prerelease crack width) in order to derive conclusions about
the condition of the structure.

The methods are briefly presented in Section “Methods” fol-
lowed by a description of the application structure and monitoring
system in Section “Streicker Bridge Instrumentation.” Sections
“Results and Discussion” and “Conclusion” present the results of
the analyses and the conclusions, respectively.

METHODS

The locations of the sensors within the structures were deter-
mined based on loose structural analysis and include locations of
large bending moments, locations with small bending moments
(close to inflection points), and locations close to extremities
(anchorages) to capture force transfer (Abdel-Jaber and Glisic,
2014). Within a cross-section, two parallel sensors are installed
such that one is above the centroid of stiffness (top sensor), and
the other is below the centroid of stiffness (bottom sensor) of the
cross-section. For illustrative purposes, an example of a sensor
network is given in Figure 2. Such a network is suitable for struc-
tures predominantly under uniaxial bending, which is commonly
the case for bridges.

Prestressing Force

The value of the prestressing force at an instrumented cross-
section can be computed using strain measurements at two
locations along the cross-section and the relative locations of the

Gl
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Sensors

FIGURE 2 | Monitoring system on the main span of Streicker Bridge:
(A) elevation view and (B) cross-sectional view.
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sensors from the centroid of stiffness of the cross-section. Using
linear beam theory, Eqs 1-3 derive the value of the prestressing
force (Abdel-Jaber and Glisic, 2014).

_& &

=_t b 1
K : (1)
€cs =& KV s (2)
F=g EA 3)

where k is the curvature at a cross-section, ¢ and &, are the
elastic strain values at the top sensor and bottom sensor loca-
tions, respectively, h is the vertical distance between the sensors,
gcs is the strain at the centroid of stiffness, y.cs is the vertical
distance between the top sensor and the centroid of stiffness, F
is the value of the prestressing force, E is the modulus of elastic-
ity of the concrete, and A is the cross-sectional area at a given
location.

The elastic strain can vary significantly along in the depth of
cross-section due to eccentricity of prestressing force (i.e., due to
eccentricity of prestressing cables); however, this variability of the
strain does not affect determination of prestressing force, which
is calculated using only the value of the strain at the centroid of
stiffness of the instrumented cross-section, as per Eq. 3.

The application of Eqs 1-3 is challenging in the case of
cracked cross-sections. At the location of a crack, application
of the prestressing force causes the interfaces of the crack to
displace closer to each other to allow force transfer. Once the
interfaces of the crack are sufficiently close, force transfer
can occur and the concrete will experience compression due
to the force application. A sensor placed across a crack will
register such displacement as strain, in addition to registering
the strain due to actual prestressing. Thus, strain values at
cracked locations cannot be used in the above equations as
they do not correspond to prestressing strain only, but to the
sum of apparent strain due to displacement of crack interfaces
(closing of crack mouth) and prestressing strain. Since the two
effects cannot be simply separated, the equations cannot be
directly applied. Instead, the prestressing forces can be deter-
mined through interpolation from nearby uncracked locations,
assuming a sufficient number of uncracked locations have been
instrumented.

It is important to note that the prestressing force usually vary
along the length of the structure, and consequently, the accuracy
of estimation of prestressing force at cracked locations, using
interpolation from nearby uncracked locations, can be affected
by this variation if all these instrumented locations are too far
from each other. This represents potential limitation of the
method, which can be overcome by proper design of the sensor
network, i.e., by proper spacing of the instrumented locations.
Variation of prestressing force along the length of the structure is
mostly the result of combined effects of friction losses, variability
of position of prestressing cables, and variability of geometrical
and mechanical properties of the cross-sections along the
structure. However, variability of these three parameters can be
relatively accurately estimated using design models, and conse-
quently, the distance between the cross-sections equipped with

sensors can be established based on this estimation, so the error
in determination of prestressing force at cracked location using
interpolation from nearby uncracked locations can be evaluated
and minimized.

However, even at healthy (uncracked) locations, the applica-
tion of Eqs 1-3 is challenged by the accurate determination of the
geometrical and mechanical parameters involved in equations,
and the quantification of uncertainties. Key parameters that
require accurate determination are the location of the centroid
of stiffness and the modulus of elasticity. The location of the
centroid of stiffness can be determined using geometrical and
material properties of the cross-section, or using strain measure-
ments from the same sensor network (Sigurdardottir and Glisic,
2013, 2014). Determination of the modulus of elasticity can be
done directly, through testing of concrete samples of the bridge
(rarely available), or indirectly, using the compressive strength
of the concrete (usually available) and empirical equations from
design codes, such as in Section 8.5.1 in ACI 318-08 (ACI,
2008). Such empirical equations result in large uncertainties. For
example, ACI 318-08 specifies an uncertainty of +20%, a rather
large uncertainty that challenges threshold setting for anomaly
detection.

Prerelease Crack Width

The evaluation of the width of prerelease cracks after transfer of
the prestressing force is a two-step process. First, the occurrence
of a crack must be discerned and its initial width determined.
Next, the effect of prestressing on crack closure is considered, and
the final width of the crack is determined.

Crack Width before Prestressing

In general, the occurrence of a crack can be determined using
any available damage detection method, one of which uses the
same sensor network suggested in this paper. Observing the time
history of strain measurements at a sensor location from the
time of pouring of the concrete until prestressing is performed,
such as the one given in Figure 3, the occurrence of a crack is
characterized by the sudden upward jump in the strain value at
the sensor location. Such a jump does not occur at an uncracked
location.

When the occurrence of a crack has been determined, the
initial crack width before prestressing can be determined using
strain measurements at the two locations within the cross-section.
The strain measurement at any sensor location is given by Eq. 4.

8tot = SE + 8'I‘ + 8@ + 85]1 + 8other (4)

where ¢, is the total strain (measured by the sensor), & is the
elastic strain, ey is the thermal strain, &, is the strain due to creep,
€ is the strain due to shrinkage effects in concrete, and €other is
the strain due to other effects, such as the occurrence of a crack.

Thus, to determine the strain change due to a crack, the strain
change due to elastic, thermal, and rheological effects must be
subtracted from the total strain change between two timestamps,
such that one precedes the occurrence of the crack and the other
succeeds it. To account for all aforementioned effects, strain
changes at cracked locations can be compared to strain changes
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FIGURE 3 | Example of a time history of strain measurements for healthy (uncracked) and cracked locations showing the occurrence of a crack.

prestressing, and reference and final times.

Ref Time Final Time
100 b —
0
-100 \\ [
® rc\'\
« 200
S \\ J \ “~Prestressing +
a2 M
E ! crack closure
g -300 —Crack
n
-400
-500 Uncracked Location Prestressing
==Cracked Location |
-600
0 2 4 8 10 12

Time after pouring (days)

FIGURE 4 | Example of a time history of strain measurements for healthy (uncracked) and a cracked locations showing crack occurrence,

at uncracked (healthy) locations. The difference between the two
should yield the strain due to the crack, i.e., the crack size. This
procedure is illustrated in Figure 4. The reference and final times
refer to the times between which strain changes are compared.
The final time is the moment immediately preceding prestressing

and thus the choice of this point is inflexible. The reference time
can however be chosen as any point preceding the occurrence of
the crack. It is recommended to choose this point such that the
thermal gradient is not significantly different between reference
and final times. This serves to minimize thermal effects in the
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structure, which can influence strain and cause uncertainties
in the analysis. More details on the choice of the reference time
and comparison sensor are presented in Abdel-Jaber and Glisic
(2015).

Crack Width after Prestressing

As shown in Figure 4, the change in strain during prestressing
is larger at cracked locations than at uncracked locations. This
is due to the displacement effect during crack closure, i.e., the
interfaces of the crack need to be displaced closer to each other
in order for force transfer to occur. This displacement places the
sensor across the crack in compression and is thus interpreted as
strain by the sensor. Additionally, the sensor registers the strain
that occurs during force transfer due to the compression in the
concrete. Thus, the strain change registered by the sensor is a
combination of displacement due to crack closure and prestress-
ing of the concrete. The two effects must be separated in order to
determine the final crack width.

The strain due to prestressing can be determined through
interpolation from nearby uncracked locations using the method
briefly outlined in Section “Prestressing Force” Then, the strain
due to crack closure can be determined as the difference between
the total strain change measured by the sensor and the prestress-
ing strain. Adding this strain (compressive) to the initial strain
due to the crack (tensile) gives the residual strain due to cracking,
if any.

A brief overview of the two methods discussed in Sections
“Prestressing Force” and “Prerelease Crack Width” is shown in
Figures 5A,B, respectively.

Uncertainty Propagation

The uncertainties that affect the analysis in this study were
considered and rigorously quantified. These include uncertain-
ties in measurements, mechanical parameters, and geometrical
parameters. For all variables, uncertainties were assumed to be 1
SD of a set of repeated measurements. Uncertainty propagation
was then performed according to Eq. 5.

2 2 2
0 0 9
o] =| Qo [ Zon o Zan]
1

2 n

where y is a function of independent variables xi, x,, ..., x,, and

dx; is the uncertainty in variable x;.

STREICKER BRIDGE INSTRUMENTATION

The methods presented in Section “Methods” were applied to
data from a pedestrian bridge on the Princeton University cam-
pus, Streicker Bridge. The bridge was constructed in 2009 and is
composed of a main span and four approaching legs, as shown in
Figure 6. The overall length of the bridge is 104 m with a constant
deck depth of 578 mm. The main span is a deck-stiffened arch,
and the approachinglegs are curved continuous girders supported
on Y-shaped steel columns. The deck is made of post-tensioned
high-performance concrete (NJ DOT Class A HPC), and the arch
and columns are made of weathering steel (Yolloy).

The main span and three of the approaching legs were con-
structed in August 2009. The construction of the southeast leg
was delayed until October 2009. Thus, although the materials had
the same nominal specifications for both the main span and the
southeast leg, the different construction times resulted in differ-
ent actual batches of the concrete used for the construction of the
two parts of the bridge, in addition to different pouring and cur-
ing conditions. This fact, combined with the different structural
systems of the two parts of the bridge, allows the treatment of the
two parts as two separate structures for all practical purposes.

Because of symmetry and the purpose of instrumentation
being research and education oriented, the instrumentation of
the bridge was limited to the approaching leg with the longest
span, the southeast leg, and half of the main span.

The bridge is instrumented with two different sensing tech-
nologies. The methods presented in this paper use long-gage
fiber optic sensors and as such will only describe the relevant
components of the corresponding monitoring system. More
details regarding the full instrumentation of the bridge are
given in Sigurdardottir and Glisic (2015). Prior to the pouring
of concrete, parallel sensors were installed at several locations
along the southeast leg, namely, at the extremities of the beam
structure, above columns (maximal negative bending moments),
in mid-spans (maximal positive bending moments), and at two
additional locations, i.e., at the quarter-spans of the longest span.
A gage length of 60 cm was selected based on the guidelines given
by Glisic (2011). Plan view of the locations and naming conven-
tions of the sensors are shown in Figure 7 (see also positions of
the sensors in elevation of the main span in Figure 2A and in
cross-section in Figure 2B).

In this study, the uncertainties in temperature and strain
measurements were +0.2°C and +4 pe, respectively, based on
the manufacturer’s specifications. The geometrical parameters
considered were the locations of the sensors and the dimensions
of the structure, for which the uncertainties were assumed to be
+5 and +10 mm, respectively, based on site measurements and
tolerances. The uncertainty in mechanical parameters, namely,
the modulus of elasticity, was set at £20% as specified by ACI
318-08 (ACI, 2008).

RESULTS AND DISCUSSION

The methods presented in Sections “Prestressing Force” and
“Prerelease Crack Width” were applied to the two parts of Streicker
Bridge. The method for the determination of the prestressing
forces (see Prestressing Force) was applied to both main span
and southeast leg of Streicker Bridge, and a statistical approach
was used to determine whether or not the deviation from design
values is significant. The method for the determination of the
width of cracks after prestressing (see Prerelease Crack Width)
was applied to the southeast leg of the bridge, as only this part
of the bridge experienced prerelease cracking. Prerelease cracks
occurred at four locations along the deck of the southeast leg a
few days after pouring and before prestressing were performed.
They were detected and characterized using the same monitoring
system presented in Section “Streicker Bridge Instrumentation”
(Hubbell and Glisic, 2013). They were caused by thermal gradients
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FIGURE 5 | Flowcharts detailing the methods of analysis for the evaluation of (A) prestressing forces and (B) prerelease crack width.

during the early age in the concrete deck. A statistical methodwas ~ Prestressing Force
applied to the results to determine whether or not residual cracks ~ Using the strain measurements and the method presented in
were within the critical crack width limits. Section “Prestressing Force,” the value of the prestressing force at

Frontiers in Built Environment | www.frontiersin.org 6 August 2016 | Volume 2 | Article 20


http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive

Abdel-Jaber and Glisic

SHM of Prestressed Concrete Structures

FIGURE 6 | Top view of Streicker Bridge.

2.62, 4.67

Main span

FIGURE 7 | Top view of Streicker Bridge with sensor locations along the main span and the southeast leg (Sigurdardottir et al., 2012).

all instrumented locations along the main span and southeast leg
was determined. Uncertainties in all the input parameters were
considered in order to determine the uncertainty in the value of
the force, as presented in Section “Uncertainty Propagation.” More
details on the determination of the uncertainty are presented in
Abdel-Jaber and Glisic (2014). Assuming the force values to have
Gaussian distributions with means equal to the force values deter-
mined based on Section “Prestressing Force” and SDs equal to the
determined uncertainties, confidence intervals were determined.
A threshold of 80% was set on the confidence interval, such that
any design value that falls outside the 80% confidence interval
is considered significantly different from the value determined
by the SHM method. The threshold was determined based on
experience and engineering judgment. The example of results is
presented in Figure 8 for the main span.

Asshownin Figure 8, the valuesatlocations P6h7, P8h9,and P9
show a significant deviation from the design values. Based on the
tests on the bridge, section P6h7 seems to perform with a higher
stiffness than predicted by the design, possibly due to composite
action between the deck and arch at that location (Sigurdardottir
etal., 2012). At locations P8h9 and P9, the deviation is explained
by the influence of the anchorage at location P10MS that was
not previously accounted for in the design. The anchorage losses
seem to propagate over a longer length than predicted by the

8000+
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0 : —
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FIGURE 8 | Comparison of SHM and design prestressing force values
for the main span of Streicker Bridge.

design. Tests of the bridge indicate no significant consequence of
the losses on the condition of the structure (Sigurdardottir and
Glisic, 2015).

Frontiers in Built Environment | www.frontiersin.org

August 2016 | Volume 2 | Article 20


http://www.frontiersin.org/Built_Environment/
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive

Abdel-Jaber and Glisic

SHM of Prestressed Concrete Structures

P10 _ P11
—F— =" _ P12 P13
_—-—/-
0
= |
200 T
Ml cfore PS

s I After PS1
2 > B After PS2
3z
g 100
®]
8
2 50
=
g
£
& 0 |

-50

P10 P10q11 P10h11 P10qqqll P11 P11h12 P12 P12h13 P13
Location
FIGURE 9 | Summary of strain due to crack at the centroid of stiffness of all instrumented locations along the southeast leg of Streicker Bridge
(grayed labels refer to cracked locations).

The prestressing force for the southeast leg was with 80% con-
fidence equal to the design at all instrumented locations (Abdel-
Jaber and Glisic, 2014), and the test of the bridge confirmed its
expected performance.

Prerelease Crack Width
The method presented in Section “Prerelease Crack Width” was
first applied to all locations (healthy and cracked) along the
southeast leg to determine the accuracy of the method. Onlyloca-
tions P10, P10h11, P11, and P11h12 exhibited prerelease cracks.
As shown in Figure 9, this is reflected in the results by the larger
strain due to crack at these locations. At all other locations, the
small value of the strain is due to the inaccuracy of the method,
which is on the order of 5 pe on average. This model uncertainty
was accounted for in subsequent analysis.

Prestressing was performed in two stages on the southeast leg.
As shown in Figure 9, a large percentage of the crack closure
occurred during the first stage, which is expected as the interfaces
need to be sufficiently close for force transfer. Residual cracks
after the second stage of prestressing were tested for statistical
significance from the full closure limit (0 mm) and the critical clo-
sure limit for humid environments (0.3 mm) (Nilson, 1987). The
results are presented in Table 1. The crack widths were assumed
to have Gaussian distributions with means as determined in
Section “Prerelease Crack Width” and SDs as determined based
on uncertainty propagation in Section “Uncertainty Propagation.”
A threshold of 20% was used for statistical significance, such that

TABLE 1 | Confidence levels for significance of residual cracks in the
southeast leg of Streicker Bridge (Abdel-Jaber and Glisic, 2015).

P10SE  P10h11 P11 P11h12
Residual crack width at CS (mm) 0.002 0.009 0.006 0.008
Uncertainty (mm) 0.008 0.012 0.013 0.014
Confidence level (crack closed) (%) 43 23 32 27
Confidence level (crack less than 100 100 100 100

0.3 mm) (%)

a confidence level below 20% indicates that the residual crack
width and the limit under consideration are significantly differ-
ent. Based on the results in Table 1, all crack widths are below the
0.3 mm limit with a confidence that exceeds the threshold of 20%.
Additionally, the crack widths at all locations are not significantly
different from the full closure limit of 0 mm based on the 20%
threshold. Residual cracks in the order of 0.01 mm are possibly
due to degradation of the crack interfaces that cause a mismatch
preventing the interfaces from fitting together. Thus, structural
capacity remains uncompromised due to locking of interfaces.

CONCLUSION

Prestressed concrete structures represent a significant percentage
of newly built bridges and thus require suitable monitoring param-
eters and methods, given the condition of current infrastructure
and the need for SHM. This paper presents an integral overview
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of two monitoring parameters and methods for prestressed
concrete, the distribution of prestressing forces, and the width of
prerelease cracks. The methods outline the use of the parameters
for condition assessment of prestressed concrete bridges.

The methods were applied to Streicker Bridge at the Princeton
University campus. The analysis showed that the prestressing
force transfer was mostly adequate except at three locations. At
one location, previously observed higher stiffness was detected
again. At two other locations close to one of the extremities of the
main span of the bridge, anchorage losses higher than predicted
in the design are suspected. Tests of the bridge confirmed that
the differences are minor and do not impact the safety or perfor-
mance of the structure. Additionally, analysis is performed on the
southeast leg of the bridge where the deck experienced prerelease
cracks at four locations. Results from the analysis indicate that
minor residual cracking may persist. However, the cracks were
closed beyond critical limits with high statistical significance and
do not impact the structural safety and condition of the bridge.
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