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Effect of thermal load on the behavior  
of an adjacent precast, prestressed  
concrete box-beam bridge that contains 
ultra-high-performance concrete  
shear keys with transverse dowels

Ali A. Semendary, Kenneth K. Walsh, Eric P. Steinberg, and Issam Khoury

■ Reflective cracks in the overlays due to longitudinal 
cracks in the shear keys or in the composite decks 
of adjacent precast, prestressed concrete box-beam 
bridges have become a critical issue.

■ The long-term performance of a bridge with rein-
forced ultra-high-performance concrete (UHPC) 
shear keys was investigated for different periods 
during the first year after its construction.

■ No cracks were expected in the shear keys from the 
field data, and the reinforced UHPC shear keys had 
enough strength to resist thermal loads, which had 
the greatest effect on the performance.

Adjacent precast, prestressed concrete box-beam 
bridges have been in service for many years and 
have historically performed well. There are many 

advantages to this type of bridge, including a relatively 
simple design, ease and speed of construction, and high 
torsional rigidity.1–5 The adjacent box-beam bridge consists 
of box beams placed side by side and connected with partial- 
or full-depth shear keys, which are normally grouted using 
nonshrink grout. Typically, tie rods or transverse post-ten-
sioning, with or without a reinforced concrete deck, are used 
to enhance the continuity of the bridge in the transverse 
direction. However, reflective cracks in the overlays or in the 
composite deck due to the longitudinal cracks in the shear 
keys have become a critical issue. The main functions of 
shear keys are to transfer the load and prevent the pene-
tration of water between adjacent beams, which can cause 
degradation of the shear keys and lead to structural and dura-
bility issues. The structural issue is the potential reduction in 
or loss of load transfer,3 while durability issues could result 
from salt water penetrating the longitudinal connections, 
causing corrosion of the beams’ reinforcement. Stresses 
from temperature have been found to be the main cause of 
longitudinal cracks in shear keys.1,3,4,6–9
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The behavior of adjacent precast, prestressed concrete box-
beam bridges due to thermal loading was investigated based 
on field testing of the early-age behavior of a full-scale bridge, 
field observations of in-service bridges, and finite element mod-
eling. Comprehensive field testing of an in-service bridge under 
thermal loading over long periods has not yet been performed.

The performance of a full-scale bridge was evaluated for 
thermal and cyclic loading based on a bridge consisting of 
four box beams connected by three partial-depth shear keys 
filled with nonshrink grout.6 The results showed cracking at 
the shear-key interface with the beams for two of the three 
shear keys when the test was conducted in winter. The cracks 
totally penetrated the shear key at midspan and partially pen-
etrated another shear key near the abutment. However, when 
the test was conducted in the summer, cracks were observed 
at the abutment in all three shear keys three days after casting. 
In both tests, the cracks from temperature propagated under 
cyclic loading with no new cracks due to load only. The par-
tial-depth shear keys were also grouted using epoxy, and no 
cracks were observed under thermal or cyclic loads. However, 
the difference in thermal expansion between the concrete and 
the epoxy makes the epoxy undesirable. When the middepth 
shear keys were grouted using the nonshrink grout, the cracks 
were reduced because the ungrouted throat assisted the reduc-
tion of stresses due to temperature effects.1

Longitudinal cracks in the shear keys were also identified by 
inspection in some in-service bridges in Michigan. The results 
from the field inspections showed that longitudinal cracks 
at the shear key–beam interface developed due to thermal 
stresses, especially at early age; through full-depth shear keys; 
due to high post-tensioning; and when a composite deck had 
been used.4 Finite element modeling was also used to study 
the temperature effects on the behavior of the adjacent box-
beam bridges using either the measured temperature from the 
field or the design temperature. The results show that tem-
perature was the main cause of the cracks in the shear keys of 
the adjacent box-beam bridges. However, the finite element 
model was not verified using actual strain data collected from 
the bridge.7–9

A significant amount of research has been done to reduce or 
eliminate shear key cracking by changing the shear key shape 
or type of grout material.10–12 However, the results from these 
studies were based on small-scale tests or field observations. 
Because the cracks were observed in the longitudinal joints at 
the interface between the precast concrete elements and grout 
materials, transverse forces were applied at discrete locations 
along the span length using transverse tie rods or post-ten-
sioning strands with or without composite deck.2,9,13–15 How-
ever, this solution was inadequate to eliminate the reflective 
cracks in some adjacent box-beam bridges.

Ultra-high-performance concrete (UHPC), along with trans-
verse steel reinforcement, was successfully implemented in 
the longitudinal connection between two full-scale adjacent 
box beams. Partial- and full-depth shear keys were grouted 

using UHPC and tested under both thermal and cyclic loads. 
The thermal load was created by pumping steam through the 
top flanges of the box beams to create temperature gradients, 
while the cyclic load was applied as concentrated load on 
each box beam. The results showed that the reinforced UHPC 
shear key performed well under both thermal and cyclic 
loading, with no cracks or debonding failure occurring.16 
The testing was conducted in a laboratory environment and 
involved only two box beams; therefore, field tests to inves-
tigate the long-term performance of reinforced UHPC shear 
key for an in-service bridge under environmental conditions 
are still needed.

Research significance

The long-term behavior of adjacent precast, prestressed con-
crete box-beam bridges with grouted shear keys has not yet 
been investigated. Furthermore, the behavior of two adjacent 
box beams with a reinforced UHPC connection under thermal 
load was studied in a laboratory environment only; therefore, 
a comprehensive study on adjacent precast, prestressed con-
crete box-beam bridges using the UHPC shear key connection 
is still needed. The results from this paper will provide infor-
mation on the field behavior of the adjacent box-beam bridges 
with the UHPC connections. These results could also assist 
in understanding the behavior of the reinforced UHPC shear 
keys under thermal load.

Bridge description

The bridge was constructed on Sollars Road in Fayette Coun-
ty, Ohio, near the town of Washington Court House. Seven 
adjacent box beams were placed side by side and connected 
using partial-depth UHPC shear keys with transverse shear 
reinforcement. The bridge was a 61 ft (19 m) long, 28 ft 
(8.5 m) wide simple span (Fig. 1). The standard Ohio De-
partment of Transportation cross section (B21-48) was used, 
with the exception of the shear key, which was modified to be 
consistent with the shear key used in the laboratory tests. The 
shear key was widened and used transverse steel reinforcement 
extending from both sides of the beams to create a lap splice 
staggered at 4 in. (100 mm) spacing (Fig. 1). The bridge used 
33 in. (840 mm) long diaphragms only at the ends of the box 
beams. No transverse tie rods, post-tensioning, or composite 
deck were used in the bridge. The shear keys were covered 
with plywood before casting with the exception of larger open-
ings at the quarter points along the joints. UHPC—which was 
prepared using two mixers—was placed in the shear key joints. 
The mixture consisted of premixture, steel fibers, and liquids. 
The premixture typically consisted of portland cement, silica 
fume, ground quartz, and quartz sand. The UHPC included 
steel fibers at a proportion of 2% by volume. Five days after 
casting, the plywood forms were removed from the shear keys.

Instrumentation and data collection

The bridge was instrumented in different locations to inves-
tigate its behavior in both hot and cold weather. The first 
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Figure 1. Bridge description. Note: Unless otherwise noted, all dimensions are in millimeters. 1 in. = 25.4 mm; 1 ft = 0.305 m.

Top view

Bridge cross section

Beam cross section
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three beams, numbered 1, 2, and 3 from left to right (Fig. 1), 
were instrumented using 15 vibrating-wire strain gauges. At 
midspan, each beam was instrumented with two strain gauges 
embedded in the top flange in the longitudinal and transverse 
directions and one gauge embedded in the bottom flange in 
the longitudinal direction. At the quarter span, each beam 
was instrumented with two gauges: one embedded in the top 
flange and the other in the bottom flange in the longitudinal 
direction only.

Twelve vibrating-wire strain gauges were used to measure 
the strain in 12 dowel bars. Beams 1, 2, and 3 contained the 
instrumented dowel bars on the right side of the cross section, 
while beams 2, 3, and 4 had instrumented dowel bars installed 
on the left side of the cross section at mid- and quarter spans. 
For each dowel on the right side of the beam’s cross section, 
one strain gauge was installed on the portion of the dowel that 
was embedded in the beam. For each dowel on the left side 
of the beam’s cross section, one gauge was installed on the 
portion of the dowel that was embedded in the key.

The three shear keys between beams 1 and 4 were also instru-
mented with vibrating-wire strain gauges. Six strain gauges 

were installed in the transverse direction at the mid- and 
quarter spans, while four strain gauges were installed in the 
longitudinal direction. Shear keys 1 and 3 were instrumented 
in the longitudinal direction using one strain gauge at the 
quarter span and one strain gauge at midspan.

Seven KM-100B strain gauges were installed in strain-gauge 
brackets that had been epoxied to the bottom of the seven 
beams. The strain gauges were placed in the longitudinal 
direction at midspan to measure the strain from thermal load-
ing. A steel frame was also installed underneath the bridge at 
midspan to hold the linear variable differential transformers 
(LVDTs) during the test. Two strain gauges were also epoxied 
to a frame in the vertical direction on two columns to measure 
the strain in the frame from temperature. Three thermocouples 
were used: one thermocouple on the left column of the frame, 
one thermocouple on the right column of the frame, and one 
on the bottom of beam 4. Seven LVDTs were attached to 
the frame using brackets. The frame was used as a reference 
surface. Five LVDTs and three thermocouples were added 
to the instrumentations during the winter period. Joints 4, 5, 
and 6 were instrumented with three LVDTs at midspan. Two 
brackets were used to install the LVDTs across the joint in the 
transverse direction at midspan. Two LVDTs were installed 
at both ends of beam 7 to monitor the beam movement due 
to temperature changes. One thermocouple was installed on 
beam 1 and another on beam 7 to monitor the temperature 
on both sides of the bridge. One thermocouple was installed 
on the bottom of beam 3 to monitor the temperature at the 
bottom. The bridge construction, instrumentation, and testing 
is discussed in Steinberg et al.17

Data were collected from August 8 to 16, 2014, after the bridge had 
been opened to traffic. The data acquisition was zeroed before truck 
testing, and the environmental monitoring occurred after truck testing 
was completed. This period was used to investigate the behavior of the 
bridge due to hot weather. As a result, initial readings may not have 
been zero at the start of the environmental monitoring. Data were also 
collected during the period from January 7 to 10, 2015, to monitor the 
behavior of the bridge during the winter. This was the coldest period 
during the winter monitoring. The strain data are for the period moni-
tored and do not correspond to the total strain in the member because 
preexisting strains from self-weight and prestressing are not accounted 
for in the data. Furthermore, all strain readings were corrected for tem-
perature according to the strain gauge manufacturer’s specifications.

Results

Longitudinal behavior of the beams

Figure 2 shows the longitudinal strains and temperatures 
for the top and bottom flanges at midspan of beam 1 for the 
monitoring period from August 8 to 16, 2014. The results for 
beams 2 and 3 at midspan and for all three beams at quarter 
span were similar and, therefore, are not shown. The top of 
the beam had larger strains and temperatures compared with 
the bottom of the beam. The strains in the top flange are in-
versely related to the temperatures: a decrease in temperature 

Figure 2. Beam 1 longitudinal strains/temperatures at midspan 
over time. Note: °F = 1.8(°C) + 32.

August 8 to 16

January 7 to 10
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caused an increase in strain, and an increase in temperature 
caused a decrease in strain. The bottom of the beam exhibited 
a longer time lag between temperature and strain response 
than the top. The bottom flange strains may also have been 
influenced by the top flange behavior due to the larger magni-
tude strains observed on the top. Figure 2 shows that the same 
spike is present in the strain measurements from all of the 
other beams on the same day. Although the source of the spike 
is unknown, it is not believed to be due to temperature effects. 
The maximum compressive strain in the top flange was about 
-42 με (negative strain indicates compression) when the tem-
perature increased to 39°C (100°F).

Figure 2 shows the longitudinal strains and temperatures in 
the top and bottom flange of beam 1 at midspan from  
January 7 to 10, 2015. Results obtained at the midspan for 
beams 2 and 3 and at the quarter span for all three beams 
were similar and, therefore, are not shown. As expected, the 
temperature was lower during this period. However, the peak 
high and low temperatures occurred in the top flange of the 
beam and there was a delay in the peak temperature for the 
top compared with the bottom. As previously observed, the 
strains are inversely related to the temperature: a decrease 
in temperature caused an increase in strain, and an increase 
in temperature caused a decrease in strain. There was not a 
significant delay between the peak temperatures and strains. 
The maximum tensile strain was about 24 με (positive strain 
indicates tension) in the top flange when the temperature 
decreased to -20°C (-4°F).

Longitudinal strain was also measured at the bottom of the 
beams using exterior strain gauges glued to the bottom surface 
of each beam for the testing period from August 8 to 16, 2014. 
The bottom strains were small and the strain increased when 
the temperature increased, as measured by the internal strain 
gauges near the bottom. However, the bottom surface strain 
gauges did not show any time lag between temperature peaks 
and strain peaks, as measured by the internal strain gauges.

Longitudinal strain was also measured at the bottom surface 
of the beams using exterior strain gauges mounted to the 
bottom of each beam for the period from January 7 to 10, 
2015. The bottom strains are small and the strain increases 
when the temperature decreases, as measured by the internal 
strain gauges near the bottom. However, the bottom surface 
strain gauges did not show any time lag between temperature 
peaks and strain peaks compared with the slight time lag for 
the internal strains.

Figure 3 shows the longitudinal strains measured on the 
exterior surface of the bottom flanges of beams 1, 2, 3, 5, 6, 
and 7 in the longitudinal direction at midspan for the period 
from August 8 to 16, 2014. The results show that the beams 
generally behaved in the same way. The exception is beam 3, 
which initially had the opposite behavior of the other beams 
but eventually showed the same behavior as the other beams. 
In addition, higher tensile strains were typically in the outer 
beams and higher compressive strains typically occurred in 

the beams toward the interior of the bridge. This is likely due 
to heating and cooling condition differences between the ex-
terior and interior beams. The maximum bottom compressive 
strain in the bottom flange was about -55 με in beam 5 when 
the temperature increased to 16°C (61°F).

Figure 3 shows the longitudinal strains on the bottom surface 
of beams 1 through 7 at midspan for the period from Janu-
ary 7 to 10, 2015. The beams had the same general behavior, 
and the exterior beams (beams 1 and 7) had higher tensile 
strains. The maximum bottom tensile strain was about 40 με 
in beam 7 when the temperature decreased to -21°C (-5.8°F).

Longitudinal behavior of the shear keys

Figure 4 provides the measured longitudinal shear key strains 
and temperatures in shear key 1 at midspan (between beams 
1 and 2) for the period from August 8 to 16, 2014. Shear key 
1 at quarter span and shear key 3 at mid- and quarter span 
showed similar behaviors and, therefore, were omitted. The 
shear key behavior in the longitudinal direction was similar 
to the beam behavior. As previously observed, the strains are 
inversely related to the temperatures: a decrease in tempera-

Figure 3. Exterior bottom longitudinal strains at midspan over 
time.

August 8 to 16

January 7 to 10
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ture caused an increase in strain, and an increase in tempera-
ture caused a decrease in strain. The maximum compressive 
strain in the shear key was about -27 με when the temperature 
increased to 34°C (93°F).

Figure 4 provides the measured longitudinal shear key strains 
and temperatures in shear key 1 (between beams 1 and 2) at 
midspan for the period from January 7 to 10, 2015. Again, the 
shear key 1 data at the quarter span and the shear key 3 data at 
mid- and quarter span showed similar behavior and, therefore, 
were omitted. The shear key behavior in the longitudinal direc-
tion was similar to the beam behavior. The strains are inversely 
related to the temperatures: a decrease in temperature caused 
an increase in strain, and an increase in temperature caused a 
decrease in strain. In addition, the recorded tensile strain during 
this time period was higher than the strains observed in the 
summer. The maximum measured tensile strain in the shear key 
was 50 με when the temperature decreased to -18°C (-0.5°F).

Transverse behavior of the beams

As in the longitudinal direction for the period from August 8 
to 16, 2014, the transverse strains in beams 1 to 3 are in-

versely related to the temperatures: a decrease in temperature 
caused an increase in strain, and an increase in temperature 
caused a decrease in strain. There was also a delay in the 
strain response from the change in temperatures. The max-
imum transverse compressive strain in the top flange was 
about -23 με when the temperature increased to 34°C (92°F).

The transverse strains in beams 1 through 3 for the period 
from January 7 to 10, 2015, are also inversely related to the 
temperatures: a decrease in temperature caused an increase 
in strain, and an increase in temperature caused a decrease in 
strain. There was also a delay in the strain response from the 
change in temperatures. The temperatures were lower during 
this time period, but the strains showed slightly higher mag-
nitudes compared with the summer data sets. The maximum 
transverse tensile strain was about 32 με when the temperature 
decreased to -17°C (1.4°F).

Transverse behavior of the shear keys

Figure 5 shows the transverse strains and temperature in shear 
key 1 (between beams 1 and 2) at the quarter span for the 
period from August 8 to 16, 2014. The data for the other shear 
keys, at the mid- and quarter spans, showed similar behavior 
but with slightly lower magnitude strain; therefore, this addi-
tional data is not provided. Like the longitudinal beam behav-
ior and transverse beam behavior, the strains decreased when 
the temperature increased and increased when the temperature 
decreased. The results show that the strains in the shear keys 
were low due to the small temperature changes. The maximum 
transverse compressive strain in the shear key was about -34 με 
when the temperature increased to 34°C (92°F).

Figure 5 shows the transverse strains and temperatures in 
shear key 1 (between beams 1 and 2) at the quarter span 
for the period from January 7 to 10, 2015. The data for 
the other shear keys at the mid- and quarter spans showed 
similar behavior but with slightly lower magnitude strain; 
therefore, these data are not provided. Like the longitudinal 
beam behavior and transverse beam behavior, the strains 
decreased when the temperature increased and increased 
when the temperature decreased. The results show that the 
strains in the shear keys were low due to the small tempera-
ture changes but higher than during the summer periods of 
monitoring. The maximum transverse tensile strain in the 
shear key was about 48 µε when the temperature decreased 
to -18°C (-0.4°F).

Dowel bar behavior

The strain of the dowel bars embedded in beams 1 through 3 
at midspan increased when the temperature decreased, which 
is similar to the transverse beam behavior for the period 
from August 8 to 16, 2014. A slight delay occurred between 
temperature peaks and the strains. The largest measured com-
pressive strain was about -24 με and occurred in the dowel bar 
embedded in beam 1 (not shown) at the quarter span when the 
temperature increased to 36°C (97°F).

Figure 4. Shear key 1 longitudinal strains/temperatures at 
midspan over time. Note: °F = 1.8(°C) + 32.

August 8 to 16

January 7 to 10
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The behavior of the dowel bars embedded in beams 1 through 
3 at midspan for the period from January 7 to 10, 2015, 
was the same behavior as for the transverse beams, where 
the strain increased when the temperature decreased and 
decreased when the temperature increased. A slight delay 
occurred between temperature peaks and the strains. The max-
imum tensile strain in the dowel bar was about 42 με when the 
temperature decreased to -19°C (-2.5°F).

Low strains were observed in the dowel bars embedded in 
shear keys 1 through 3 for the period from August 8 to 16, 
2014, and a large time lag was noticed between the strain and 
temperature peaks. The strain increased when the temperature 
was increasing, but then the strains began to decrease with 
further increase in temperature. The largest measured com-
pressive strain was about -12 με and occurred in the dowel bar 
embedded in shear key 3 at the quarter span (not shown) when 
the temperature increased to 24°C (75°F).

The results also showed low strains and a large time lag 
between the strain and temperature peaks for the dowel bars 
embedded in shear keys 1 through 3 for the period from Janu-
ary 7 to 10, 2015. The strain decreased when the temperature 

was decreasing, but then the strains began to increase with 
further decrease in temperature. The maximum tensile strain 
in the dowel bar was about 21 με and occurred in the dowel 
bar embedded in shear key 2 at the quarter span (not shown) 
when the temperature decreased to -17°C (1.4°F).

Deflection, longitudinal movement,  
and transverse joint movement

Deflection at the bottom of each beam, measured by LVDTs 
from January 7 to 10, 2015, was investigated. The LVDTs 
were mounted to a frame that was supported on steel plates 
and placed beneath the bridge. The data were difficult to inter-
pret because the frame could have moved before data retrieval 
or the LVDTs could have moved within the brackets holding 
them to the frame due to a combination of moisture and low 
temperatures. In addition, the temperature from the top and 
bottom and throughout the depth of the beam can be different.

Figure 6 shows the midspan deflections and temperatures 
measured on the bottom surface of beam 7. Downward 
deflections are positive, and upward deflections are negative. 
In general, the results show that the beam moved downward 
when the temperature decreased and upward when the tem-
perature increased. In addition, there was a time lag between 
the temperature and the bridge deflection. This general trend 
was also observed in the data for the other beams. However, 
the data for beam 6 showed little change, which may have 
been due to the LVDT reaching its limit or not functioning 
properly. The maximum positive deflection (downward) was 
0.108 in. (2.75 mm) when the temperature decreased to -19°C 
(-2.5°F), while the maximum negative deflection (upward) 
was 0.2 in. (5 mm) when the temperature increased to -9°C 
(16°F). Overall the deflections were small.

Figure 7 shows the longitudinal movements at the ends of 
beam 7 relative to the abutments. The ends of each beam 
contain 2 in. (50 mm) diameter holes with a 1 in. (25 mm) 
diameter dowel. The dowels were the height of the beams plus 

Figure 5. Shear key 1 transverse strains/temperatures at quar-
ter span over time. Note: °F = 1.8(°C) + 32.

August 8 to 16

January 7 to 10

Figure 6. Deflections and bottom surface temperatures over 
time for beam 7 at midspan. Note: 1 in. = 25.4 mm; °F = 1.8(°C) 
+ 32.
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12 in. (265 mm) into the abutments. The dowels at the rear 
abutment were grouted to create a fixed-support condition. 
The dowel holes at the forward abutment were filled with joint 
sealer to create an expansion-joint support condition. The 
results show that when the temperature decreased, both ends 
had approximately the same small movements. A positive 
movement in the figures means that the beam expanded, and a 
negative movement means it contracted. The beam expanded 
when the temperature increased and contracted when tem-
perature decreased. The beam end at the forward abutment 
(right) had slightly more movement due to the joint sealer 
used in the grouting of the dowel hole.

The joint movement in the transverse direction at the bottom 
of joints 4, 5, and 6 were measured using LVDTs. Unfor-
tunately, the LVDT readings on joint 6 were unreliable and 
were, therefore, omitted. However, the data from joints 4 and 
5 were similar and consistent (Fig. 8). In addition, the LVDTs 
were mounted directly onto the beams, so the data were easier 
to interpret. Small movements were observed, but the trend 
shows that the joint closed when the temperature decreased 
and opened when the temperature increased. There was also 
a delay in the joint movement response compared with the 

temperature readings. The joint movement may be related to 
the higher coefficient of thermal expansion of the UHPC com-
pared with that of the concrete used in the beams. The joint 
closing may be related to the higher contraction of the UHPC 
compared with the concrete due to the higher coefficient of 
thermal expansion or to the high resistance to this contraction 
at the interface when the temperature decreases or increases.

Discussion

Comparison between thermal  
and static truck load behaviors

The maximum longitudinal tensile strain at the exterior bot-
tom of beam 7 at midspan was about 40 με during the winter 
period. However, the maximum exterior bottom tensile strain 
was 109 με on beam 7 when the bridge was loaded with two 
trucks at midspan with a total weight of 109.5 kip (487.1 kN). 
The results showed that the tensile strain from loading was 
twice as large as the value from temperature.

The maximum positive deflection (downward) was 0.11 in. 
(2.8 mm) and the maximum negative deflection (upward) was 
0.2 in. (5 mm) from temperature. However, the maximum 
deflection of the bridge due to the static truck load was found 
to be on beam 7 and was 0.48 in. (12 mm) when the bridge 
was loaded with two trucks at midspan with a total weight of 
109.5 kip (487.1 kN).18 The deflection from the temperature 
was lower than the deflection from the static truck load.

The highest tensile strains from all strain gauges were ob-
served when the temperature decreased. This means that the 
bridge components exhibited high tensile strains when the 
temperature difference between top and bottom was negative. 
The negative temperature difference could be created if the top 
was colder than the bottom and can be observed in both cold 
and hot weather. For the data collected in January, the tem-
perature difference was higher than the temperature difference 
measured in August. The maximum transverse tensile strain in 

Figure 7. Beam 7 longitudinal movement and bottom surface 
temperatures over time. Note: 1 in. = 25.4 mm; °F = 1.8(°C) + 32.

At the rear abutment (left)

At the forward abutment (right)

Figure 8. Joint movement across joints 4 and 5 over time. 
Note: 1 in. = 25.4 mm.
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the shear keys was observed on January 8 at 12:00 p.m. There-
fore, the data from this specific period will be discussed.

The longitudinal interior strains in the top and bottom flanges 
of beams 1 through 3 due to the temperature from this period 
were compared with the longitudinal interior strains due the 
static truck load at mid- and quarter spans (Table 1). The 
results from the temperature show that the beam exhibited 
tensile strain when the temperature decreased in both the top 
and bottom flanges. However, the results from the static truck 
load, when the bridge was loaded with two trucks back to 
back with a total weight of 109.5 kip (487.1 kN), show that 
the top flange exhibited compressive strain while the bottom 
flange exhibited tensile strain at both mid- and quarter spans. 
The strain in the bottom flange due to static truck load was 
higher than the values due to temperature. The strains due to 
truck load exclude temperature effects.

The longitudinal strains due to temperature were compared 
with the longitudinal strains due to static truck load in shear 
keys 1 and 3 (Table 2). The maximum compressive strain 
was observed when the bridge was loaded with two trucks 
back to back.19 The results show that the shear keys exhibited 
compressive strain due to static truck load. However, tensile 
strain due to temperature load was observed in the shear key. 
A comparison of the results from Table 1 with the result from 
Table 2 shows that the longitudinal tensile strains in the shear 
keys due to temperature load were higher than the longitudi-
nal tensile strain in the top flange of the beams, though the 
temperature was the same.

The transverse strain due to temperature in the top flange of 
beams 1 through 3 at midspan was compared with the strain 
due to static truck load (Table 3). The maximum transverse 
tensile strain was observed when the bridge was loaded 
with two trucks at midspan with total weight of 109.5 kip 

(487.1 kN). The results show that the bridge exhibited tensile 
strain at the top of each beam in the transverse direction. The 
transverse tensile strain from temperature was slightly higher 
than the strain from static truck load.

The transverse strain due to temperature in shear keys 1 
through 3 at mid- and quarter span was compared with the 

Table 3. Transverse strain in the top flange of beams 
1 through 3 at midspan due to temperature and static 
truck load

Type of load
Strain, µε

Beam 1 Beam 2 Beam 3

Temperature load at 
12:00 p.m. on January 8

31 27 31

Two trucks at midspan 28 12 11

Table 1. Longitudinal strain in the top and bottom flange of beams 1 through 3 at mid- and quarter span due to 
temperature and static truck load

Type of load Location
Strain gauge  

location

Strain, µε

Beam 1 Beam 2 Beam 3

Temperature load at 
12:00 p.m. on January 8

Midspan
Top 23 23 22

Bottom 12 7 7

Quarter span
Top 22 26 n.d.

Bottom 16 n.d. n.d.

Two trucks back to 
back on left lane 

Midspan
Top -79* -53* -64*

Bottom 77 73 53

Quarter span
Top -52* -31* n.d.

Bottom 49 n.d. n.d.

Note: n.d. = no data because the gauges were disconnected due to data acquisition capacity.
*Negative strain indicates compression.

Table 2. Longitudinal strain in shear keys 1 and 3  
at mid- and quarter span due to temperature and 
static truck load

Type of load Location
Strain, µε

Shear key 1 Shear key 3

Temperature 
load  
at 12:00 p.m. 
on January 8

Midspan 50 46

Quarter 
span

50 39

Two trucks 
back to back 
on left lane 

Midspan -64* -65*

Quarter 
span

-35* -46*

* Negative strain indicates compression.
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strain due to static truck load (Table 4). The maximum trans-
verse tensile strain was observed when the bridge was loaded 
with two trucks back to back with a total weight of 109.5 kip 
(487.1 kN).19 The results show that the shear keys exhibited 
tensile strain from both the temperature and static truck load 
in the transverse direction. The transverse tensile strains from 
temperature were higher than the strains from static truck load.

The axial strains due to temperature in the dowel bar for the 
part embedded in the beam and the part embedded in the 
shear keys at mid- and quarter spans were compared with the 
axial strains due to static truck load (Tables 5 and 6). The 
maximum axial strain from the truck load was observed when 
the bridge was loaded with two trucks back to back with a 
total weight of 109.5 kip (487.1 kN).19 The results show that 
the dowel exhibited tensile strain from both the temperature 
and static truck load. The axial tensile strains from tempera-

ture were higher than the strains from static truck load for 
the part embedded in the beams and slightly higher for the 
part embedded in the shear keys. The temperature had more 
influence on the transverse behavior relative to static load than 
on the longitudinal behavior. It also had more influence away 
from the support.

Comparison of the measured strains 
with the allowable limits

The main objective of shear keys is to transfer the load be-
tween adjacent beams in the transverse direction. To obtain 
adequate load transfer, shear key tensile strength, interface 
bond strength, and beam transverse tensile strength should be 
sufficient to resist the applied load that develops due to truck 
or thermal loads. The preexisting strains due to self-weight, 
prestressing, and previous environmental effects, cannot be 

Table 6. Strain in the dowel bar embedded shear keys 1 through 3 at mid- and quarter span due to temperature 
and static truck load

Type of load Location
Strain, µε

Dowel bar 1 Dowel bar 2 Dowel bar 3

Temperature load  
at 12:00 p.m. on January 8

Midspan 5 9 3

Quarter span 3 21 3

Two trucks back to back  
on left lane 

Midspan 9 8 15

Quarter span 7 3 12

Table 4. Transverse strain in the shear keys 1 through 3 at mid- and quarter span due to temperature and static 
truck load

Type of load Location
Strain, µε

Shear key 1 Shear key 2 Shear key 3

Temperature load  
at 12:00 p.m. on January 8

Midspan 17 31 19

Quarter span 48 30 17

Two trucks back to back  
on left lane 

Midspan 10 6 11

Quarter span 7 4 13

Table 5. Strain in the dowel bar embedded in right side of the cross section of beams 1 through 3 at mid-  
and quarter span due to temperature and static truck load

Type of load Location
Strain, µε

Dowel bar 1 Dowel bar 2 Dowel bar 3

Temperature load  
at 12:00 p.m. on January 8

Midspan 29 36 40

Quarter span 26 n/a n/a

Two trucks back to back  
on left lane 

Midspan 23 20 13

Quarter span 18 n/a n/a

Note: n/a = not applicable because the gauges were disconnected due to data acquisition capacity.
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accounted for in a comparison because the gauges were not 
continuously monitored over the entire project history. The 
compressive strength of the concrete used in the box beams 
was 11 ksi (76 MPa), while the compressive strength of the 
UHPC was 22.0 ksi (152 MPa); both strengths were deter-
mined from cylinder tests. The modulus of elasticity of the 
box beam was calculated using the typical equation from 
ACI’s Building Code Requirements for Structural Concrete 
(ACI 318-14) and Commentary (ACI 318R-14)20 and found 
to be 5987.8 ksi (41,286 MPa). For UHPC, the modulus of 
elasticity was calculated using the equation from Russell 
and Graybeal21 and found to be 7267.7 ksi (50,111 MPa). 
The modulus of elasticity of the steel was assumed to be 
29,000 ksi (200,000 MPa).

The maximum transverse tensile strain at the center of the top 
flange was 31 με in beam 1, which is equivalent to 0.186 ksi 
(1.28 MPa). The maximum transverse tensile strain in the 
UHPC was 48 με in shear key 1 at the quarter span, which is 
equivalent to 0.35 ksi (2.4 MPa). The maximum tensile strain 
in the dowel bar was 40 με, which is equivalent to 1.2 ksi 
(8.3 MPa). The allowable tensile strength for the precast 
concrete beam was found to be 0.788 ksi (5.43 MPa) using 
the typical equation from ACI 318-14. The allowable tensile 
strength of UHPC was found to be 0.989 ksi (6.82 MPa).19 
The interface bond strength between the precast concrete and 
UHPC at the exposed aggregate surface under a pull-off bond 
test at 14 days was found to be 0.553 ksi (3.81 MPa).22 The 
steel tensile strength was assumed to be 60 ksi (414 MPa).

The results show that the applied stresses due to temperature 
and truck load caused no failure in the transverse direction 
of the precast concrete beams, in the UHPC shear keys, at 
the interface between the two materials, or in the steel. The re-
sults show that the new shear key configuration had adequate 
capacity to resist both static and thermal loads.

Conclusion

The long-term behavior of the first adjacent precast, pre-
stressed concrete box-beam bridge in the United States using 
reinforced UHPC shear keys was investigated under thermal 
load. The data from the environmental monitoring can only 
account for the behavior during the period being examined. 
Any preexisting strains, such as self-weight, prestressing, 
and previous environmental effects, cannot be accounted for 
because the strain gauges were not continuously monitored 
over the entire project history. However, the environmental 
monitoring still provided the following valuable results.

• August 8 to 16, 2014

 – The results show that both tension and compression 
strains were inversely related to the temperature 
changes for the top. As the top of the beam increased 
in temperature, it attempted to expand. The expansion 
was restrained and generated compressive strains. The 
opposite occurred as the beam cooled. The bottom of 

the beams exhibited small longitudinal strains from 
the temperature changes that were also smaller com-
pared with the top.

 – Higher tensile strains measured by bottom surface 
gauges were typically observed in the outer beams, and 
higher compressive strains were typically observed in 
the beams toward the interior of the bridge. This was 
likely due to heating and cooling condition differences.

 – The longitudinal strains in the shear key showed the 
same behavior as the top longitudinal behavior of 
the beam, which emphasized that high bond strength 
existed at the interface.

 – The top transverse beam behavior was the same as the 
top longitudinal beam behavior, though there was a 
slight delay from temperature peaks to strain peaks.

 – The transverse strains in the shear key were small 
compared with transverse strain data from January.

 – The strains for the dowel bars embedded in the shear 
keys show a longer delay between the temperature 
peaks and strain peaks.

• January 7 to 10, 2015

 – As expected, the temperatures were lower during this 
period. However, the peak high and low temperatures 
occurred in the top flange of the beam and there was 
a delay in the peak temperatures for the top compared 
with the bottom.

 – In general, based on the data, the behavior of the 
bridge was the same as during the August data peri-
od, other than the magnitude. The transverse results 
show higher tensile strains, as expected from the 
colder temperatures.

 – The transverse strains in the shear key and the axial 
strain in the dowel bars were higher than the strains 
shown in the August data.

 – The movements of the girders monitored during this 
period were small, and there was typically a delay 
between peak temperatures and peak movements. The 
beams moved downward with a decrease in tempera-
ture and upward with an increase in temperature.

 – The monitored beam expanded longitudinally during 
increasing temperatures and contracted during 
decreasing temperatures. For the joints monitored, 
the joints closed with a decrease in temperature and 
opened with an increase in temperature.

• The temperature had a greater effect on the behavior of 
the shear key than the static truck load. Furthermore, a 
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tensile strain was observed in the transverse direction 
from both static and thermal loads.

• No cracks were expected in the shear keys or in the beam 
because the measured strains, which were converted to 
stresses, were lower than the allowable tensile strengths.

• The strain from the temperature was unable to cause any 
type of failure in the box beam, UHPC, dowel bar, or at 
the interface.

• A minimum interface bond strength of 0.35 ksi 
(2.4 MPa) under temperature load based on the data 
analysis might be recommended to prevent interface 
bond failure when selecting grout material for adjacent 
box-beam bridges.

The authors recommend that shear keys be cast with UHPC at 
relatively lower temperatures so that any subsequent tempera-
ture change is likely to cause a temperature increase, thereby 
generating compressive strain at the joints.
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Abstract

Adjacent precast, prestressed concrete box-beam bridg-
es have been in service and have performed well for 
many years. However, reflective cracks in the overlays 
or in the composite deck due to longitudinal cracks 
in the shear keys have become a critical issue. These 
cracks were believed to develop due to thermal load 
and propagate due to live load or through a combina-
tion of the two. Little research has been done to study 
the early-age behavior of these bridges due to thermal 
loading, and none has been conducted to investigate 
the behavior of these bridges in the long term. The 
behavior of the first adjacent box-beam bridge in the 
United States containing ultra-high-performance con-
crete (UHPC) shear keys with transverse dowels was 
investigated under thermal load. Unfortunately, little to 
no research has been done to investigate the long-term 
behavior of field-cast UHPC connections. In this paper, 
the long-term performance of a bridge with reinforced 
UHPC shear keys was investigated for different periods 
during the first year after its construction. The results 
due to thermal loads were compared with the results 
from static truck loads. No cracks were expected in 
the shear keys from the field data. Furthermore, the 
reinforced UHPC shear keys had enough strength to 
resist thermal loads, which had the greatest effect on 
the performance.
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