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Abstract: Past research has shown that as skewed bridges change temperature, additional lateral
movement or forces will occur along with the elongation of the bridge. Even though past research
has documented this behavior, lateral movements of semi-integral bridge superstructure associated
with temperature effects on bridge skewness have not been well predicted. In this study, the seasonal
movements of a 24-year-old semi-integral bridge caused by temperature effects with skewed abutment
have been investigated by conducting a series of field measurements on bridges subjected to various
environmental climates. The measured data showed that as the bridge heated up, the superstructure
tended to move toward the acute corner of the bridge, and the bridge would contract towards its
obtuse corner with a negative temperature change. During warm weather, the cracks on the end
diaphragm tended to open with a positive temperature change and close with a negative temperature
change, which was much more predictable than the cold weather behavior. This behavior confirms
that even though the bridge moves linearly with temperature, the end diaphragm response to the
temperature depends on the season. Movement of the bridge superstructure from temperature
change has caused cracks in the end diaphragm, which are now propagating to the deck. These
cracks could damage the bridge enough that it would require repair work in the future. The evidence
in this study will help provide a complete picture of seasonal jointless bridge behavior so future
semi-integral bridges can be made safer and more efficient.
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1. Introduction

In recent years, bridges without expansion joints in the deck have been more desirable
because of lower maintenance costs and longer lifespans [1-5]. When an expansion joint is
used in a bridge deck, elements such as chemicals and debris can leak through the joints
and cause problems such as joint spalling, freezing, and thawing as well as corrosion [6].
However, even with the benefits of using jointless bridge construction, unique problems
occur with both semi-integral abutment bridges and fully integral abutment bridges that
associates with the bridge skewness [7]. When deciding if a semi-integral or fully integral
bridge is more appropriate, it is important to find the type and magnitude of the forces it is
subjected to. The semi-integral design provides a more flexible system that allows more
unrestricted movement [8]. A fully integral bridge is a more rigid system that depends on
the bridge acting as one piece. This means that a fully integrated bridge must be designed
to handle larger stress concentrations, while the semi-integral bridge must be designed to
handle larger displacements. Design codes specify that semi-integral abutment bridges are
required to use when the skew angle of the bridge is above 30-degree angle [1-3,9-13].

The end diaphragm connects the girders, so they act together as one piece and provide
stiffness to the bridge [2,14]. The girders and deck are the primary items considered during
the design phase of the bridge, but this can cause the end diaphragm to be overlooked. It is
the purpose of the end diaphragm to transfer the vertical loads from the superstructure via
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an elastomeric bearing pad to the substructure [1,8]. This bearing pad is typically assumed
to only vertical transfer loads, which the abutment and foundation then transfer to the
soil. Both concrete and steel girders use an end diaphragm, which can be made from either
steel or concrete, but the latter is the more common. There are many unknown variables
associated with quantifying the stresses developed from the temperature effects with
skewed abutment in relation to the differential heating and cooling of the bridge [6]. Usually,
the bridge designer must use their engineering judgment when it comes to handling the
effect that skew angle plays on end diaphragms. As it could be easy to overlook additional
loadings that are developed from the thermal expansion of a skewed bridge, more attention
is necessary to analyze the behavior of bridge end diaphragms.

Precautions should be taken to understand all the side effects of utilizing the semi-
integral bridge’s flexible nature when designing the sub-structure of the bridge as well as
the superstructure. Standard codes do not provide a prediction of thermal movements in
the transverse direction of the skewed semi-integral bridge. It provides and describes the
effect of the thermal movements in skewed bridges that may help to improve the design
of end diaphragm in a skewed semi-integral bridge to minimize the cracks at the ends of
skewed bridges. The objective of this study is to investigate the performance of a 47.5°
skewed semi-integral bridge by conducting a series of field measurements on bridges
subjected to various environmental climates. This high level of skewness sets this bridge
apart from most bridges and amplifies the effects associated with skew and temperature
change. The evidence in this study will help provide a complete picture of seasonal jointless
bridge behavior so future semi-integral bridges can be made safer and more efficient.

2. Literature Review

It has been established by past research [8,15] that significant forces from temperature
effects with skewed abutment will be developed and must be considered into the bridge
design. The problem associated with skewness and temperature is that there is no perfect
way to quantify how the bridge will react. The bridge behavior can depend on the size
and shape along with the general site conditions. According to Burke [8], when the
superstructure of a semi-integral bridge is supported by elastomeric pads, it can be assumed
that the superstructure and substructure act “almost” independent of each other. The lateral
resistance of the superstructure is developed from its interaction with the backfill material.
The skewness of a bridge’s geometric shape causes additional forces associated with
temperature change to develop. The thermal expansion of the bridge causes it to expand or
contract within a space that is confined. This additional movement can cause issues to the
design of the overall structure if it has not been accounted for.

There is currently no specific standard for allowable limits of integral abutment bridge
components in the United States, according to Tabatabai et al. [16]. Instead, each state
has state-specific requirements that must be met. The study by Tabatabaiet al. [16] was
performed to consolidate the individual requirements of each U.S. state when designing
integral abutment bridges. These requirements found by the authors included maximum
girder length, maximum skew angle, and the types of foundations typically used. The
highest skew angle permitted was 20 degrees for 4 states, 25 degrees for 2 states, 30 de-
grees for 14 states, 45 degrees for 6 states, and 11 states did not have a maximum skew
angle available.

With more future research relating bridge behavior to the skewness of the bridge, a
national specification could be used to standardize the procedure for designing skewed
integral abutment bridges Tabatabai [16]. There is no perfect solution or absolute bounds
for which a skewed bridge could be used. However, there will be some uncertainty when
dealing with skewed bridges because of the variable behavior which has been shown in
past research [15,17,18].

To better understand the behavior of semi-integral bridge behavior, the behavior of a
fully integral bridge should be looked at as a comparison. LaFave et al. [19] investigated
the performance of two fully integral abutment bridges located in Illinois under environ-
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mental factors. All of their collected data trended with the ambient temperature change
and showed strong tendencies for larger strains to develop in the piles that were on the
acute angle corner of the foundation, which is what was predicted would happen. The
magnitudes of strain developed in the girders measured by LaFave et al. [19] could be
of concern and should be accounted for in future designs, but the relative rotation of the
abutment to the superstructure was of a small magnitude and was not a major concern for
the integrity of the bridge.

Arsoy [20] studied the behavior of semi-integral bridge abutments subjected to cyclic
temperature change to determine if the connection between pile caps and the abutment
could transfer loads and moments under cyclic conditions over the expected lifespan
of a semi-integral bridge. Understanding issues associated with semi-integral bridges
such as the research by Arsoy [20] is just as important as understanding the benefits
from using them. The research performed by Hussein et al. [21] helps demonstrate the
importance of recognizing the effect that seasonal weather can have on a bridge as well
as the combined effect that weather and normal loadings can have on the integrity of the
bridge. Similarly, temperature loads on a skewed bridge combined with design loads could
affect the bridge in a way it was not designed to handle originally. More care needs to be
taken to better quantify the effect that temperature can play on semi-integral bridges. The
research provided by this thesis will help give a better framework of knowledge of skewed
bridge behavior relating to temperature change.

Bridges that would typically experience large horizontal movements utilize guide
bearings to manage the direction and magnitudes of these movements [22]. If bridge
superstructure movements are not restricted, and lateral movements are more than ex-
pected, the only thing that can stop the lateral movement would be a buttress or wing
wall depending on the style of the bridge. This is the reason that several studies, such
as report FHWA /VCTIR 12-R10 by Hoppe [18] and the report FHWA /OH-2010/16 by
Steinberg and Sargand [23], have investigated the cracking of wing walls due to excessive
lateral movement associated with changes in temperature relative to the skewness of a
bridge. More research is needed to quantify better the behavior of skewed bridges and how
horizontal movements, or forces are transferred to the substructure of the bridge. From the
research conducted in this study, skewed semi-integral bridge end diaphragm behavior
was better quantified and documented.

The information gathered from this literature review helps demonstrate some of the
general behavior and issues associated with skewed bridges. Many studies have been done
to better quantify the forces developed in the girder/deck or the sub-structure/wing- wall
of bridges [15,17,18,22]; however, there has been no known research into the behavior of
skewed bridge end diaphragms. There is uncertainty when designing skewed bridges,
which is one reason regulations vary from state to state [16]. There is a similar issue when
designing end diaphragms of bridges, with an accepted general layout typically associated
with a state regulation. When designing a skewed end diaphragm, it is expected for the
designer to use experience or engineering judgement to complete the final design while
considering additional forces from temperature effects with skewed abutment. It would be
easy not to consider the additional temperature effects when the primary service loads on
the bridge dominate the design of the bridge.

The bridge instrumented in this study is located near Logan, Ohio, on State Route 180,
which overpasses U.S. Route 33. This bridge was constructed approximately 24 years ago in
the summer of 1994. The purpose of instrumenting this bridge in 1994 by Metzger [17] was
to measure the forces that developed in the bridge girders, deck and backfill material better
to quantify the temperature effects with skewed abutment on the bridge. Metzger [17]
found that the forces in the bridge increased as the bridge heated up and decreased as it
cooled down, but no numerical correlation was found. Metzger [17] concluded that with
the measurements collected from the field, no stresses outside of the allowable limits were
found. This statement shows that nothing was initially stressed beyond what was expected
and that the bridge appeared satisfactory shortly after construction.
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Burke [8] provided several examples of interesting jointless bridges that might help
illustrate or highlight deck cracking issues associated with jointless bridges. More specifi-
cally, a bridge that is located at the overpass of US-33 and SR 180, which is the same bridge
being analyzed for this research. During the construction of this bridge, the longitudinal
expansion joints on the acute corners of the bridge compressed to half their thickness. It was
also noticed that the joints at the obtuse corners were falling away from the abutment be-
cause of the gap formed between the abutment and end diaphragm. This initial movement
of the bridge superstructure illustrates the issue that temperature can play when dealing
with highly skewed bridges. This initial movement also shows that either something was
not properly accounted for with the design, or something was not properly installed with
this bridge. Interestingly, if this bridge movement is considered along with data from
Metzger [17], it could be hypothesized that even with the excessive bridge movements, no
damaging stresses developed within the bridge initially.

3. Experimental Program
3.1. Apparatus

In this research, the field monitoring method was used to identify the effect of the
environmental factors on 47.5° skewed semi-integral under various climates. This high level
of skewness sets this bridge apart from most bridges and amplifies the effects associated
with skew and temperature change. The field monitoring method was used in an attempt
to measure the movements in longitudinal and transverse directions of the end diaphragm
along with cracks opening and closing. In order to study the behavior of the bridge as
it heats and cools with changes of ambient air temperature, the forward abutment was
instrumented. To measure the movements of the bridge superstructure, thermocouple
gauges, displacement gauges, and strain gauges were installed. The strain gauges were
installed across the vertical cracks, which were located along with the end diaphragm
beside each girder along with temperature in order to measure opening and closing across
the cracks of the end diaphragm as the bridge heats and cools. The displacement gauges
were placed at the interface between the sides of the wing walls and the sides of the
end diaphragm to measure the relative displacement between them. The displacement
of the end diaphragm is not the absolute movement of the superstructure, but rather
the measured relative displacement between the superstructure and substructure of the
bridge. Thermocouple gauges were used to measure the temperature of the steel girders
and in the concrete deck of the bridge. These temperature readings helped to show the
relation between the maximum or minimum temperatures to the maximum or minimum
movements of the bridge superstructure. Additionally, the temperature sensors were
used to measure the temperature behind the abutment in the backfill material. These
temperature measurements helped to demonstrate how ambient air temperature change
affects the temperature of the entire bridge structure.

3.2. Bridge Description

The bridge instrumented in this study is located near Logan, Ohio, on State Route
180, which overpasses U.S. Route 33, as shown in Figure 1. The bridge is a two-span
semi-integral bridge with a concrete pier at the mid-span and was constructed during the
summer of 1994. Each span is 116 feet long with five steel plate girders, which are shear
connected to its concrete deck. The bridge is skewed 47.5 degrees with integral approach
slabs, and a bridge deck width of 47 feet. The five steel girders were integrally cast into
a concrete end diaphragm, which sits on elastomeric bearing pads. These bearing pads
allow the superstructure of the bridge to move laterally while transferring the vertical loads.
Styrofoam was placed in the gap between the end diaphragm and the bridge abutment
and neoprene sheeting was used to prevent water from flowing through the soil and into
this gap. The wing walls of this bridge were integrally cast into the abutment. Expansion
joints with2-inch gaps were placed between the side of the end diaphragm and wing wall
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to allow horizontal movement. This expansion joint was expected to allow the bridge to
expand and contract with the temperature change in the transverse direction.

(b)

. ) L Nianb)
Bridge Deck approach Slab Digphragm

| / ‘ / \( Wingwall
s e I £

/
= f—pezpad /

~

n
|
(7T

Girder /

—

Diaphragm L Elastomeric Bearing = E[?\
)

\ Elastomeric Bearing
I— Abutment I‘\J \
Abutment
(c) (d)

Figure 1. Bridge details (a) bridge overview, (b) plan view, (¢) abutment cross section, and (d) eleva-
tion view.

3.3. Instrumentation and Data Collection

The forward abutment located near the westbound lane of U.S. 33 has been instru-
mented to study the behavior of the bridge as it heats and cools with changes of ambient
air temperature. To measure the movements of the bridge superstructure, thermocouples,
linear variable displacement transformers (LVDTs), and vibrating wire strain (VW) gauges
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were installed. Only the forward side of the bridge was instrumented to conserve the
number of instruments needed and the symmetric nature of the bridge.

The VW strain gauges were installed across the vertical cracks, which were located
along with the end diaphragm beside each girder. These cracks developed at the centerline
of the bridge girder bearing pads and projected out perpendicular to the face of the end
diaphragm. To measure the relative opening and closing across the concrete cracks at
these locations, brackets were fixed to the bridge end diaphragm. With the proper brackets
installed, strain gauges were secured into place with set screws to measure the relative
opening and closing of the cracks. Figure 2 shows a strain gauge after it was installed near
girder #4. The VW strain gauges can measure both temperature and strain, which will both
be used to measure opening and closing across the cracks of the end diaphragm as the
bridge heats and cools. These strain gauges were numbered and placed across the cracks
of each corresponding girder. Figure 2 shows the locations of each VW strain gauge. The
VW strain gauges have a resolution of plus or minus 0.1 micro-strain within the gauge’s
range of measurement. The relative displacement of the strain gauge ends, measured as
strain, are used to quantify the movement across the discontinuity (cracks) on the face of
the end diaphragms.
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Figure 2. Instrumentation Layout and Strain Gauges Located at Girders.

The LVDTs were placed at the interface between the sides of the wing walls and the
sides of the end diaphragm to measure the relative displacement between them. The
displacement of the end diaphragm is not the absolute movement of the superstructure, but
rather the measured relative displacement between the superstructure and substructure
of the bridge. LVDTs (#1, #3, #4, and #6) were placed near the top and bottom of the
end diaphragm on both sides of the foreword abutment to measure the longitudinal
displacement of the bridge superstructure. To measure the transverse movement of the
bridge superstructure, LVDTs (#2 and #5) were placed on both ends of the end diaphragm
parallel with the face of the bridge abutment. Figure 2 shows the locations of the LVDTs on
the foreword abutment of the bridge. Figure 3 shows LVDTs #1, #2, and #3, located on the
obtuse corner of the foreword abutment.
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LVDT#1

LVDT#2

Figure 3. Instrumentation Layout and LVDTs Located at Wingwall.

Thermocouple gauges were used to measure the temperature of the steel girders and in
the concrete deck of the bridge. Additionally, a single thermocouple was placed in the open
air near the acute corner of the forward abutment to measure the ambient air temperature
around the bridge. Thermocouples were also placed in the surface of the deck and at the
mid depth of the deck to see the temperature gradient across the bridge deck. Additionally,
three thermocouple gauges were installed in the top flange, mid web and bottom flange of
the #1, #3, and #5 girders to obtain the temperature gradient across the bridge girders. These
temperature readings helped to show the relation between the maximum or minimum
temperatures to the maximum or minimum movements of the bridge superstructure.
Additionally, the temperature sensors were used to measure the temperature behind the
abutment in the backfill material. These temperature measurements helped to demonstrate
how ambient air temperature change affects the temperature of the entire bridge structure.
A data logger was used to collect the hourly data through periods of desired temperature
changes from the LVDTs, the VW strain gauges, and the thermocouples.

4. Results
4.1. Propagation of Cracks in the Bridge End Diaphragms

Each end diaphragm had a length of 76'-81/2 ” a width of 3'-9” and a maximum depth
of 6'-8” at the outermost points. This large piece of concrete encased the ends of the five
steel plate girders so that the bridge superstructure behaved as one piece. After the bridge
was constructed in 1994, cracks developed in the end diaphragms at the bearing pads,
which projected perpendicularly to the end diaphragm surface. Figure 4 shows the vertical
cracks in the end, diaphragm located at the projected centerline of the girder bearing pad.

The number and length of each crack vary, but each crack starts at the bottom of
the diaphragm and propagates towards the bridge deck. In some locations, these cracks
reached the bridge deck, which is shown in Figure 4. The progressive cracking along the
end diaphragm could potentially damage the deck enough that it would need to be replaced
in the future. The surface of the bridge deck appeared to be an inadequate condition with
no major cracking noticed. It should be noted that the bridge deck was resurfaced in 2012
with no issues related to replacement of the deck surface, as reported by ODOT [24,25]. To
prevent future issues associated with the deck, the cracks on the bottom of the deck should
be monitored.



Buildings 2022, 12, 1985

8of 19

(b) (c)

Figure 4. Typical cracks at each girder (a) vibrating wire strain gauge located near girder #2, (b) cracks

forming in diaphragm (c) cracks forming in bridge deck.

4.2. Movement of Bridge Superstructure

The initial inspection of the bridge shows that the bridge superstructure has displaced
significantly since it was initially constructed. Figure 5 shows the current condition of the
expansion joint between the end diaphragm and the wing walls. The expansion joints
between the wing walls and end diaphragm were originally 2 inches thick, but after
excessive lateral movement, they have deformed over time. Table 1 shows how much each
expansion joint has been opening and closing.

Table 1. End Diaphragm Displacements 26 February 2018.

Original Measured Change in
Side of Bridge  Corner Location = Expansion Joint Expansion Joint Expansion Joint
Size (in) Size (in) Width (in)
Forward Acute 2 0.71 —-1.29
Rearward Acute 2 0.22 —1.78
Forward Obtuse 2 3.81 1.81
Rearward Obtuse 2 3.28 1.28

As the bridge superstructure is heating up and expanding, it tends to rotate away
from its abutments, which it is supported. The opening of the obtuse corner expansion
joints and the compression of the acute corners of the bridge shown in Table 1 illustrates
this finding. The relative displacements of these expansion joints do not appear to be
recoverable. As the bridge heats and cools, these joints move cyclically back in forth in
small increments. However, it appears that the large displacements of over half their
thickness will not be reversed but will continue to be deformed over time. It is debatable
if this deformation has reached a state of equilibrium or if the bridge superstructure will
progressively move laterally.

4.3. Secondary Issues

The primary problems occurring at this bridge have been caused by the horizontal
rotation of the bridge driven by the temperature effects with skewed abutment. This
rotation of the bridge superstructure has been causing problems for parts of the bridge
other than the girders, deck, or end diaphragm. The approach slabs of this bridge are
integrally reinforced with the bridge deck and end diaphragm so that the approach slab
acts concurrently with the superstructure. It is for this reason that when the bridge super-
structure rotates from the temperature effects with skewed abutment, the approach slab
must also rotate. This rotation of the approach slab caused it to dip vertically overtime at
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the asphalt/concrete interface, and for the curbs at the sides of the slab to be displaced
horizontally. This behavior can be seen in Figure 6. For this reason, asphalt pavement was
placed by maintenance crews on top of the beginning of the approach slab. The added
asphalt provides a continuous elevation for vehicles to travel across, but it does not fix
the issue of the approach slab movement. Currently, the approach slab condition is not a
structural problem, but it should be monitored in the future to ensure that it does not turn
into a problem.

238 ft

116 ft 116ft

47°-30°-00*
SKEW ),

(d) | | @

Figure 5. Wingwall joint opining: (a) overview; (b) forward obtuse corner of bridge; (c) forward
acute corner of bridge; (d) rearward acute corner of bridge; and (e) rearward obtuse corner of bridge.
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Figure 6. Approach slab deformation (a) pavement cracks at end of approach slab and (b) bridge

curb displacements.

The bridge wing walls are integrally attached to the abutment and act independently of
the superstructure and end diaphragm. When the bridge superstructure displaces laterally,
the soil interaction on the bridge and the wing wall will be the only parts that will resist the
movement. For this reason, it is typical to see the cracking of wing walls of skewed bridges.
Significant research has been conducted on the cracking of wing walls of skewed bridges
such as the research done by LeFave [19], Shehu [22], and Steinberg [23]. When considering
the high skew angle of 47.5° for the bridge being researched, it would be expected to see
the cracking of wing walls. However, the wing wall is not what is starting to crack, but
rather the end diaphragm. The compression of the expansion joints hypothetically protects
the wing walls from developing excessive forces on them. This means the wing wall was
properly designed, and it is interesting to note the good condition of the wing walls even
with the high bridge skew angle due to the use of straight wing wall compared to turn
wing wall.

4.4. Temperature Measurements

In order to compare the results measured with the LVDTs and strain gauges, the tempera-
ture change of the bridge site overtime was required. Thermocouples were placed in the deck,
and a thermocouple was used to measure the ambient air temperature around the bridge.
The thermocouples and the temperature component were used to quantify the temperature
gradient across the site better. Figure 7 shows the distribution of temperatures measured
during a period of warm weather along with AASHTO [26] temperature limitations.

4.5. LVDT Displacement Measurements

After the bridge was initially constructed, it was subjected to many changes such as
initial settlement, creep, shrinkage, and compaction of fill material. By instrumenting the
bridge 24 years after it was constructed, the initial erratic movements will have stopped,
and the bridge movement will be more uniform. This means the measured bridge move-
ments occurred when the superstructure was at a point of equilibrium. The bridge end
diaphragm is a critical location of a semi-integral bridge where longitudinal and vertical
forces are transferred, and significant horizontal movements can occur. By instrumenting
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the bridge end diaphragm, a better understanding of the highly skewed bridge behavior as
it undergoes temperature changes can be understood.

Temperature (°C)
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Figure 7. Measured temperatures (a) warm weather temperature variation (b) daily temperature data.

In order to measure the daily temperature-induced movements of the bridge end
diaphragm, LVDTs were placed between the wing walls and end diaphragm. This relative
displacement demonstrates how the bridge superstructure is affected by both daily heating
and cooling as well as the seasonal heating and cooling. During periods of rapid changes
in temperature, the bridge displacements are prone to behave more erratically. To better
demonstrate the general behavior of the bridge, Figure 8 shows the typical lateral and
longitudinal displacement trends of the bridge on a warm day.

The reason LVDT #2 and #5 have opposite directions is because the LVDTs are oriented
in opposite directions. LVDT #2 and #5 are measuring the lateral relative displacements
between the end diaphragm and the wing walls on the obtuse and acute corners, respec-
tively, of the forward side of the bridge. When LVDT #5 moves positively and LVDT #2
moves negatively, this means the bridge superstructure is moving towards the acute corner.
Figure 8 shows that as the bridge heats up in warm weather, the end diaphragm moves
towards the acute corner of the bridge, as shown by the displacement of LVDT #2 and
LVDT #5, which mirror the movements of the other in the same direction. However, it can
also be noted that there is a slightly more lateral movement noticed at the acute corner of
the bridge (LVDT #5) than the obtuse corner of the bridge (LVDT #2).
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Figure 8. Measured temperatures and displacements (a) warm weather lateral displacement (b) warm
weather longitudinal displacement.

Figure 9 shows the longitudinal movement of the end diaphragm as it heats and cools
during typical warm weather. As the temperature increases, LVDT #3 and LVDT #6 show
more longitudinal movement at the bottom of the end diaphragm than the top portion with
LVDT #1 and LVDT #4. This is caused by the steel girders heating and cooling quicker than
the concrete deck does. The more longitudinal movement was also noticed on LVDT #4
and LVDT #6 because this side of the bridge would have direct sunlight as the sun started
to rise. Figure 9 shows the longitudinal expansion of the bridge superstructure on a typical
period of cold weather.
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Figure 9. Measured temperatures and displacements (a) cold weather longitudinal displacement
(b) cold weather lateral displacement.

The data in Figure 10 confirms this behavior because the movements are symmetric
and decrease with the positive temperature change. The movements of the bridge end
diaphragm appear to trend linearly with temperature, which is shown in Figure 10. The
comparison of temperature and displacement of each LVDT is shown in Figure 11 along
with the linear fit between temperature and displacement. The linear fit of the LVDTs had
an average R? value of 0.8, which demonstrates the consistency of the movement relative
to temperature. Figure 12 also confirms the linear behavior noticed because each LVDT
returns to zero at the same installation temperature they were zeroed.
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Figure 10. Average LVDT Displacement vs. Temperature.
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Figure 11. LVDT Monthly Ave. Relative to Temperature.

4.6. Vibrating Wire Strain Measurements

The purpose of the installed strain gauges was to measure the opening or closing of the
cracks located along with the end diaphragm. This helps demonstrate the general behavior
of this piece of the superstructure during hot or cold weather. The measurement from
each gauge gives an indication of how much the cracks at each girder location are moving
but will not represent the actual strain in the end diaphragm concrete. The strain gauges
did not measure the strain in the concrete, but rather indicate the opening and closing
movements of the cracks. When a strain gauge has a positive measurement, the crack is
opening, and when the strain gauge has a negative measurement, the crack is closing.

The opening or closing of these cracks depends on the temperature of the structure
of the bridge as well as the ambient air temperature. As seen in Figure 13, during typical
warm weather as the air temperature increases the cracks along the end diaphragm tend to
open and as the temperature decreases the cracks tend to close. It should be noted from
Figure 13 that the acute side of the bridge (VW#4) tends to open more than the other cracks
with a positive temperature change, and the obtuse side cracks (VW#1) of the bridge tend
to close more than the other cracks with a negative temperature change. The cracks located
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in the middle of the end diaphragm tend to behave similarly with lower magnitudes
than the cracks found closer to the ends of the end diaphragm. When the cold weather
behavior is compared with the warm weather behavior, it is easy to see that both daily
temperature change and time of year affect how the bridge will react. Figure 13 shows the
end diaphragm behavior during a week period of cold weather.
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Figure 12. Measured temperatures and displacements (a) LVDT #1, (b) LVDT #2, (c) LVDT #3,
(d) LVDT #4, (e) LVDT #5, and (f) LVDT #6.
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Figure 13. Measured temperatures and displacements (a) warm weather strain gauge movements
(b) cold weather strain gauge movement.

Figure 13 shows that under cold weather conditions, as the temperature increases or
decreases, the response of the gauges is not always the same. The behavior of the diaphragm
during the winter season shown in Figure 13 does not match the warm weather behavior
also shown in Figure 13. This illustrates how the end diaphragm behavior depends on
the ambient temperature and the time of year. It is hypothesized that this erratic crack
movement is caused by the overall seasonal contraction of the bridge as it cools down.
This causes the end diaphragm to pull away from the backfill material, which changes the
superstructure’s response to temperature change. This change in behavior also appears
when the soil and air temperature fluctuate around the freezing point. This would allow
freezing and thawing in the end diaphragm cracks, and backfill material, which could also
change the response of the bridge end diaphragms. Figure 14 compares the end diaphragm
behavior through seasonal temperature changes and shows how the cracks start to close as
the seasonal temperature drops.
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Figure 14. Strain Gauge Monthly Ave. Relative to Temperature.
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5. Discussion

To understand the skewed bridge behavior caused by temperature change, displace-
ment, strain, and temperature data were analyzed together. It is essential to look at the
trends in data at maximum and minimum temperatures, as well as general trends as the
bridge is heating up or cooling down. The propagation of cracks in the bridge end di-
aphragms could potentially damage the deck enough that it would need to be replaced
in the future. The surface of the bridge deck appeared to be an inadequate condition with
no major cracking noticed. It should be noted that the bridge deck was resurfaced in 2012
with no issues related to replacement of the deck surface, as reported by ODOT [24,25]. To
prevent future issues associated with the deck, the cracks on the bottom of the deck should
be monitored.

For movement of bridge superstructure, the initial inspection of the bridge shows that
the bridge superstructure has displaced significantly since it was initially constructed. The
expansion joints located between the wing-walls and the end diaphragm have started to
deteriorate from seasonal bridge movement and weathering. As the bridge superstructure
has been moving over time, the expansion joints located at the acute corners have started
to be over-compressed while the expansion joints located at the obtuse corners have been
falling away from the bridge. This opening and closing of expansion joints can visually
show how the bridge is moving and demonstrates the relative displacements between the
bridge wing walls and end diaphragm. The widths of the expansion joints were originally
2-inch-thick pre-molded expansion joint filler (as shown in the plans) before they were
deformed over time. The acute corner expansion joints were compressed 1.78 inches for the
rearward side of the bridge and 1.29 inches for the forward side of the bridge. While the
obtuse corner expansion joints opened 1.28 inches for the rearward side of the bridge and
1.81 inches for the forward side of the bridge.

In order to understand the overall performance of the end diaphragm, temperature and
displacement measurements were discussed here. From Figure 7, the deck temperatures
reached higher values than the ambient air temperatures reached. This occurs because of
the additional heat from thermal radiation, which the girders are mostly protected from.
The behavior of the bridge depends on the temperature of the soil and structure as much as
the air temperature. The temperature of the soil was used as a baseline to understand what
kind of temperatures the bridge structure is dealing with relative to the air temperature
measured. The air temperature data collected from Highland Park Weather Station [27]
near Logan, Ohio and is shown in Figure 7. This temperature data from a local weather
station helps to support and confirm the temperature measurements that were collected.

The bridge end diaphragm is a critical location of a semi-integral bridge where longi-
tudinal and vertical forces are transferred, and significant horizontal movements can occur.
By instrumenting the bridge end diaphragm, a better understanding of the highly skewed
bridge behavior as it undergoes temperature changes can be understood. Even though
the movement is not as significant as the warm weather movement, the LVDTs located
at the bottom of the end diaphragm underwent more movement. This supports the idea
that the steel girders are expanding and contracting more quickly than the concrete deck,
which also has resistance from the approach slab. The lateral displacement of the bridge is
caused by the expansion and contraction of the superstructure while it is confined at each
end. When the bridge heats up, the data shows that it will move towards the acute corner.
However, when the bridge contracts from a negative temperature change, it tends to move
towards the obtuse corner of the bridge.

The data in Figures 10-12 confirms this behavior because the movements are sym-
metric and decrease with the positive temperature change. The movements of the bridge
end diaphragm appear to trend linearly with temperature. The linear fit of the LVDTs
had an average R? value of 0.8, which demonstrates the consistency of the movement
relative to temperature. The linear behavior noticed because each LVDT returns to zero
at the same installation temperature they were zeroed. The displacements measured on
the acute side of the end diaphragm (LVDT #4, #5, #6) appeared to be slightly larger than
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those measured on the obtuse side of the bridge (LVDT #1, #2, #3). The average movement
of the bridge as the temperature varies from its initial installation temperature. However,
when the temperatures started to drop, the bridge started to contract and move more. This
helps to show how movement in the warmer months varies from that which is seen in, the
colder months.

From strain measurements, it appears that the cracks near the girders closest to the
acute corner (VW #4) contract the least, and the cracks near the girders closest to the obtuse
corner (VW #1) contract the most. When the relative opening and closing of the cracks
during the winter is compared with magnitudes of the summer, the end diaphragm cracks
have been contracting as the temperature has decreased. The end diaphragm is contracting
as the seasonal temperature drops, but the thermal response of the cracks changes as the
season changes. It is thus shown from the data collected that the behavior of the bridge
is influenced by the change in temperature of the structure as well as the overall ambient
temperature. Although the movement of the bridge superstructure is linear, the bridge
behaved differently for the same change in temperature, depending on the season.

6. Summary and Conclusions

Past research has shown that as skewed bridges heat up, additional lateral movement
or forces develop. However, past research has also shown that when dealing with jointless
bridges quantifying this behavior can be difficult. Data was collected to better document
the superstructure and end diaphragm behavior as well as demonstrate the differences in
cold or warm weather behavior.

The initial site conditions at the bridge showed that it had undergone some changes
since its construction in 1994. The superstructure of the bridge cyclically moved from
temperature effects with skewed abutment as the bridge heated and cooled through each
season. This is why the expansion joints located between the wing walls and the end
diaphragm became deformed over time. This relative movement also caused the approach
slab to dip over time from cyclic temperature changes. Cracks also formed along the end
diaphragms of the bridge, and these cracks started to propagate to the bridge deck.

From the measured LVDT data, it was noticed that as the bridge heated up, the
superstructure tended to move toward the acute corner of the bridge, and the bridge would
contract towards its obtuse corner with a negative temperature change. During typical
warm weather, the most significant relative lateral movements and displacements were
noticed. However, during cold weather, there was not as much lateral movement, but it
rather contracted towards the obtuse corner of the bridge as the seasons cooled down.

The cracks on the end diaphragm were located at the centerline of the girder bearing
pads. The strain gauges placed over these cracks were used to monitor how the cracks
opened or closed as the temperature changed. It was found from collected data that as
the bridge cooled down seasonally, the cracks tended to close on average but behaved
erratically during winter months. During warm weather, the cracks tended to open with
a positive temperature change and close with a negative temperature change, which was
much more predictable than the cold weather behavior. This behavior confirms that even
though the bridge moves linearly with temperature, the end diaphragm response to the
temperature depends on the season.

Movement of the bridge superstructure from temperature change has caused cracks in
the end diaphragm, which are now propagating to the deck. These cracks could damage
the bridge deck enough that it would require repair work in the future. The bridge
movement and behavior depend on the change of temperature as well as the seasonal
ambient temperature.

In the future, skew effects driven by the overall change in temperature should be
considered into the design of skewed semi-integral end diaphragms. More versatile finite
element software could be used to model the semi-integral bridge connection and disconti-
nuities in the end diaphragm. With a more accurate model, skewed bridge behavior could
be predicted, so a more effective design can be made. Investigation of the benefits that end
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diaphragm guides provide when subjected to skewed temperature effects. The cracks in
the bottom of the bridge deck should be monitored in case they continue to propagate and
compromise the bridge deck.
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