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INTRODUCTION 

Previous Research at UNH 

 During the summer of 2006, the University of New Hampshire (UNH) 
conducted a feasibility study to evaluate the performance of a full depth (8.50 inch) 
bridge deck replacement system.  The study evaluated the system component 
performances individually as well as their contribution to the replacement system as a 
whole. 
 

 
Figure 1:  Typical full depth bridge deck panel 

 
The bridge deck replacement system utilized pre-cast, pre-stressed, post-

tensioned deck panels with a tongue and groove transverse joint configuration as 
shown in Figure 1.  The panels were 8.50 inches deep, 96 inches long with widths 
varying from 39 inches for a tongue panel and 36-¾ inches for a groove panel.  The 
panels were pre-stressed in the transverse direction to traffic.  Pre-stressing of the 
panels was achieved through the use of 5/8th inch diameter post tensioning bars in 2 
layers of 3 bars each (6 bars/panel total).  Leveling screws were cast into the panels to 
aid in placement and leveling. 

The system utilized a thyxotropic epoxy sealant within the transverse joint to 
facilitate a more rapid construction sequence than that of the typical shear key utilized 
in current bridge deck replacement systems.  The thyxotropic epoxy was evaluated for 
its ability to be placed to the required thickness without sagging or sloughing off of the 
vertical surfaces of the transverse joint. 

The deck panels were post-tensioned together with 1 inch diameter threaded 
steel bars parallel to the direction of traffic.  The post tensioning system utilized was 
Dywidag System International’s (DSI) THREADBAR® system.  The system was evaluated 
for its ability to work in concert with the other deck replacement system components 
as well as its ability to achieve the required compressive forces within the decking. 

A closed cellular adhesive backed foam was utilized to fabricate the grout dam 
to form the haunch.  The closed cellular foam’s ability to adhere to the steel girders of 
a bridge, its rapid manner of installation, and its ability to survive the haunch casting, 
was evaluated. 
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The replacement system components were then installed on two steel girders, 
and their performance was noted.  With the deck replacement system now fully 
constructed, a simple bending test was performed to evaluate the overall system 
performance when subjected to service loads.  A static load was applied to the 
midspan of one deck panel approximately 6 inches away from the transverse joint.  As 
static loading was carried out, the deflections of the individual panels were recorded 
using analog dial gauges placed at pre-determined locations along the transverse joint 
of the panels (Briggs, 2007).  The panels were cyclically loaded three times with the 
deflection readings recorded at the end of each cycle.  Following the third cycle, the 
panels were then loaded to the ultimate capacity of the system, defined as the 
ultimate loading capacity of the loading apparatus or significant failure in the panels 
(Salzer, 2008). 

After testing of the first set of tongue and groove panels was completed, the 
second set of panels were rotated 180o and tested as a butt joint for the transverse 
joint configuration.  The same installation procedures were followed for the second 
test, and the panels were then subjected to the cyclic and ultimate loadings that the 
first set of panels were subjected to. 

The feasibility study determined that the THREADBAR® post-tensioning system 
was able to achieve the required compressive forces, and the system components 
provide by DSI were easily installed (Salzer, 2008).  However, cracking and spalling was 
observed during the post-tensioning operation.  This was a result of misalignment and 
insufficient tolerance in the tongue and groove joint.  The cracking was a result of 
excessive stress in the top and bottom (butt areas) of the tongue and groove joint, 
inducing tension in the groove panel, cracking the concrete (Salzer, 2008).  The spalling 
indicated a lack of sufficient tolerances in the fabrication and alignment of the panels.  
The incorrect fabrication and alignment tolerances were compounded during post-
tensioning, creating a location of extreme stress, resulting in the observed spalling 
(Salzer, 2008). 

The thyxotropic epoxy utilized in the transverse joint was applied successfully 
and performed well.  The epoxy was a special mix for this application, with a high 
compressive strength, low modulus and six hour pot life.  Placement proved to be 
quicker, easier, and more successful with a gloved hand as opposed to trowels and 
hand tools (Salzer, 2008)  

The feasibility study determined that the differential deflection between 
adjacent panels for the tongue and groove transverse joint configuration was much 
less than that of the butt joint configuration.  This was a result of the concrete-on-
concrete shear transfer mechanism in the tongue and groove and the low modulus of 
the epoxy in the butt joint (Salzer, 2008). However, the tongue and groove joint was 
very difficult to fabricate, form, and construct due to the tight tolerances required 
(Salzer, 2008). 
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Research Goals and Activities 

 This research project stems from the recommendations determined in the 
feasibility study done previously at UNH.  As stated above, the bridge deck 
replacement system was found to be a viable solution to the need for new and 
innovative construction techniques.  However, before the system is utilized in actual 
replacement projects, study and development of particular components of the overall 
system needs further evaluation. 
 This research focuses on the development and testing of the transverse joint 
for the bridge deck replacement system.  It was shown during the feasibility testing 
that a transverse joint configuration that provides an increased shear transfer 
mechanism through concrete-on-concrete bearing provides less differential 
displacement between adjoining panels than a configuration that is lacking this shear 
transfer mechanism (Salzer, 2008).  However, the transverse joint configuration must 
also provide the appropriate design and construction tolerances to prevent excessive 
stresses resulting in damage to the deck panels during the post tensioning operation as 
was observed in the tongue and groove test panels.  The joint configuration must also 
consider the time and effort required to fabricate and install the panels. 
 This research develops and suggests four varying transverse joint 
configurations to be fabricated and tested.  The fabrication efforts were critiqued for 
each configuration.  Test specimens for each configuration were cast and assembled 

according to the procedures noted in Testing section.  The materials utilized within the 

transverse joint of each configuration will be revisited and critiqued according to their 
ease of installation and overall performance.  The post-tensioning operation was also 
revaluated to develop post-tensioning protocols that should be followed to ensure 
that the required compressive forces can be achieved within the panels and will not 
damage the panels during assembly. 

A direct shear test was developed to induce shear forces through the 
transverse joint of the assembled test specimens.  Each test specimen was subjected 
to static load tests and its performance was quantified based upon ultimate capacity 
and failure modes. 

Upon completion of the testing, the joint configuration that demonstrated the 
best overall performance, based upon shear testing results as well as ease of 
fabrication and installation, was suggested for use in further testing, fatigue loadings, 
of the bridge deck replacement systems. 

 
RAPID BRIDGE DECK REPLACEMENT TECHNIQUE 

 
 UNH has been developing rapid construction techniques and procedures over 
the past decade.  The rapid construction technique developments rely heavily on the 
use of pre-cast concrete structural elements, greatly improving the quality of the 
finished product and significantly reducing the time required to replace a bridge deck 
utilizing cast-in-place methods. 
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Replacement Technique 

The following section describes the deck replacement procedure used for the 
removal of an existing bridge deck.  Figure 2 depicts the model bridge that will be used 
in the description of the replacement procedure.  For simplicity, the model bridge is 
comprised of three steel stringers, a mildly reinforced cast-in-place deck, and an 
asphalt wearing surface.  The proceeding figures depict the replacement deck panels 
with a tongue and groove transverse joint configuration. 
 

 

 
 

Figure 2:  Model bridge for deck replacement procedure 

Remove Existing Deck 

The existing deck must be removed prior to the placement of any new deck 
panels.  The deck may be removed by jack hammering away sections of the deck above 
the girders and burning off the existing shear studs welded to the girders.  An 
alternative method includes cutting longitudinally along the top sides of the flange of 
the steel stringers with a band saw freeing the shear studs connecting the stringers to 
the deck.  At selected transverse locations, cross cutting the deck allows for large 
sections of the decking to be removed at one time with the aid of a crane.  The 
selected transverse location varies from bridge to bridge, with girder spacing and span 
lengths both affecting the composite action between the bridge deck and stringers.  
Great care must be taken in determining the capacity of the bridge with large sections 
of decking removed and the presence of construction loads not typically experienced 
by the non-composite superstructure. 

Ideally, replacement of the decking begins at one end of the bridge and 
progresses to the opposite end.  Sections of removed decking are withdrawn to the 
opposite end of construction as the replacement deck panels arrive from the end of 
progression.  This linear system of deck removal and replacement prevents either 
phase of construction from impeding the progress of the other.  Figure 3 shows the 
model bridge with a section of decking removed. 
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Figure 3:  Model bridge with section of deck removed 

 

Place Grout Dam 

 Once a section of decking has been removed, the top flange of the girders 
should be cleared of any debris or corrosion exposed after the deck removal.  The 
haunch is then formed with the placement of the grout dam.  The haunch is a 
cementitious grout and fills the void space between the top flange of the steel girders 
and the bottom of the pre-cast replacement panels.  To facilitate the rapid 
construction of the deck replacement system, an adhesive-backed, closed cellular 
foam material is used for the grout dam.  The foam is cut into 1.5 inch wide strips and 
adhered to the perimeter of the top flange of the steel girders.  Since the haunch must 
be placed prior to the bridge being re-opened to traffic, the grout dam should only be 
placed in the areas that will be covered by the newly installed panels.  Figure 4 shows 
the model bridge with the grout dam in place. 
 

 
Figure 4:  Model bridge with grout dam installed 

 

Install First Panel 

 Due to their location, the end deck panels vary slightly from the other panels in 
the replacement system.  Since the end panels will only abut one other deck panel, 
one face of the panel will be a butt end and the other will have a corrugated face to 
interlock with the proceeding panel of the system.  Figure 5 depicts an end panel. 
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Figure 5:  End panel 

 
 Once the grout dam has been installed, placement of the deck panels can 
begin.  An end panel is brought in and set in place.  Each panel is fabricated with 
leveling screws that rest on the top flange of the steel beams and are turned 
accordingly to level the panel.  At this point in time, the panels cannot support traffic 
loads.  Figure 6 shows the model bridge with two end panels (1-A, 1-B) set and leveled 
in place.  Panels 1-A and 1-B are cast with shear stud pockets.  These pockets provide 
access to the tops of the steel beams.  Through these pockets, shear studs are welded 
to the top flanges of the steel stringers, which aids in the composite action between 
the stringers and the bridge deck. 
 

 
Figure 6:  Model bridge with end panels set and leveled 

Insert Post-Tensioning Equipment 
 

The post-tensioning bars and bearing plates are now ready to be installed.  The 
THREADBAR® post-tensioning system being utilized in this model is a proprietary 
product of Dywidag Systems International, Inc. (DSI).  THREADBAR® utilizes 150 ksi 
ultimate strength, hot-rolled threaded steel bars with various mechanical components.  
The threaded bars have deformations acting as threads that allow for nuts and 
couplers to be added to them to allow for multiple bars to be attached and stressed 
together. 

With the post-tensioning bars cut to the required length and installed, the 
bearing plates and nuts are placed.  The end panels of the deck system are cast with 
recesses in the faces to allow for bearing plates to be placed within them.  Figure 7 
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shows an end view of the model bridge with the post-tensioning equipment installed 
in the end panels. 

 

 
Figure 7:  End view of model bridge with installed post-tensioning equipment 

 

Stress First Panel 
 
 For simplicity, assume the only one end panel can be installed during this first 
night’s work shift.  The panels are now ready to be post-tensioned to induce stress in 
them in the longitudinal direction of the bridge.  If multiple panels are able to be 
placed, the panels must be post-tensioned after all panels have been placed for the 
night. 
 

Install Shear Studs, Cast Haunch 

 The shear studs are welded to the top flanges of the bridge girders through the 
openings provided by the shear stud pockets.  The installation procedure for the shear 
studs is typically determined by the contractor, but studs are most likely installed 
utilizing stud guns or field welds. 

With the shear studs installed, the haunch is now ready to be cast.  The grout 
used for the haunch is placed through the shear stud pockets cast in the panels.  The 
grouted haunch and shear studs provide the panel-to-girder connection required to 
achieve composite action by the segmental deck panels.   The grout dam and deck 
panels provide the formwork for the haunch.  Once the haunch has cured, the panels 
are now able to fully support traffic loads.  The grout dams can either be removed or 
left in place as desired. 
 

Grout Post-Tensioning Bars and Ducts 

 With the end panels now fully installed, and the haunch and shear studs 
grouted, the post-tensioning bars are grouted solid to protect them from corrosion 
and provide dowel-bar action within the deck to increase the overall stiffness of the 
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replacement system.  Bar grouting can be done with a high-flow, cementitious 
grouting material and pumping system.  Alternative to the cementitious based grout 
material, a methyl methacrylate (MMA) compound may be injected into the post-
tensioning ductwork. 

Post-tensioning bar grouting is best accomplished with a vacuum, pressure 
injection system.  A vacuum is applied to the ductwork in order to evacuate air within 
the ducts.  With the air vacant from the ductwork, the grout material is then pressure 
injected into the post-tensioning ductwork via the grout access ports.  The vacuum, 
pressure injection method insures that there are no gaps or cavities in the grouted 
ductwork that would allow for bar corrosion to take place. 
 

Place Temporary Decking 

 While the placement of deck panels is occurring, the next section of existing 
decking can be removed concurrently.  The use of temporary decking may be installed 
to span gaps between the newly installed panels and the decking being removed in 
order to re-open the bridge to traffic during the day.  However, caution must be used 
and an extensive investigation must be done prior to allowing such temporary decking 
to be implemented.  As discussed earlier, the possibility of a reduction in the bridge’s 
load carrying capacity may occur with the loss of composite action between the beams 
and decking during deck replacement.  Figure 8 shows the model bridge with 
temporary steel decking spanning a construction gap. 
 

 
Figure 8:  Temporary steel decking spanning construction gap 

 

Remove Temporary Decking, Place Grout Dam 

 As the second night of work begins, the temporary steel decking may be 
removed to re-expose the construction gap between the previously placed 
replacement deck panels and the decking in the process of being removed.  Work 
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should continue on the demolition side of decking and replacement will resume with 
the placement of the next section of grout dam.  Again, the grout dam is applied to the 
perimeter of the top flange of the beams where new panels are placed during this 
work shift.  Figure 9 shows the previously installed panels and the next section of 
newly installed grout dam. 
 

 
Figure 9:  Newly installed grout dam 

 

Place Second Panel 

 Once the grout dam has been installed, the second section of deck paneling is 
ready to be placed.  The new sections of panels are brought in and placed 
approximately one foot from the previously installed panels. 

Install Post-Tensioning Equipment 

 The post-tensioning bars, couplers, and bearing plates are inserted into the 
second set of deck panels.  The couplers splice the bar ends of the installed panels to 
the post-tensioning bars of the panels currently being installed.  Post-tensioning bar 
lengths will vary dependent on the number of panels being installed.  According to DSI, 
bar lengths of up to 60 feet are available upon request.  Whenever possible, single bar 
lengths should be used when passing through multiple panels. 

Apply Panel Adhesive 

 A structural adhesive is applied to each face of the transverse joint to ensure 
that it is adequately sealed and any deviations in the joint configuration are corrected.  
The structural adhesive, Sikadur® 31, Segmental Bridge Adhesive (SBA), that was used 
is a proprietary product developed by the Sika Corporation.  The SBA is specifically 
developed for pre-cast, segmental bridge construction techniques.  The SBA aids in the 
alignment of pre-cast elements as well as creates a durable, water-tight seal between 
elements.  
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 Application of the SBA is typically done with a gloved hand.  It is applied to each 
face of abutting panels so that there is an approximately 3/16 inch thick layer of 
material on each face.  The SBA is thyxotropic in nature, which aids in the application 
of the material to the vertical faces of the panels.  The SBA has a pot life of 
approximately two hours, making it ideal to be mixed in small batches and applied to 
the faces of the deck panels as they are placed on the bridge girders.  Figure 10 shows 
a close-up of two opposing panel faces with the SBA applied.  Also visible in this figure 
are the post tensioning bars and mechanical couplers used to splice bar ends together.  
The SBA is depicted as yellow in the figure, but actually has a gray color to match the 
pre-cast elements. 
 

 
Figure 10:  Close-up of transverse joint with post tensioning equipment and SBA 

Snug Panels, Cure SBA 

 After placing the SBA, the panels are now ready to be brought together.  Bring 
adjoining panels together so that they are snug tight.  This must be done within the 
pot life of the SBA.  During the snug tightening operation, the SBA is allowed to flow 
within the transverse joint and fill any gaps or deviations within the joint that is 
present due to the fabrication and construction tolerances.  Any excess SBA is 
squeezed out the top, bottom, and sides of the panels and is easily removed prior to 
setting.  The SBA is allowed to cure prior to fully stressing the panels.  Figure 11 shows 
a close-up of the transverse joint of adjoining snug tight panels. 
 

 
Figure 11:  Close-up of snug tight panels 
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Stress Second Panel 

 Once the SBA has cured, the second panel is post-tensioned.  Post-tensioning 
should start from the center of the deck panels and progress outward toward the 
panel ends to reduce the possibility for eccentricities during the post tensioning 
operations.  For efficiency, multiple stressing jacks may be utilized during this 
procedure. 

Install Shear Studs, Cast Haunch 

 `  

Figure 12:  Two installed sections of decking 

Grout Post-Tensioning Bars and Ducts 

With the shear studs and haunch cast, the post-tensioning bars and ducts are 
ready to be grouted.  Section 2.1.7 (Robert, 2009) describes the details and procedures 
pertinent to this step. 

Replacement Summary 

 This construction sequence is followed methodically until all sections of the 
bridge deck have been replaced.  The process is a very organized, timely, stepwise 
procedure that ensures a successful deck replacement.  Figure 13 depicts the model 
bridge with the deck replacement completed. 
 

 
Figure 13:  Completed model bridge 
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TRANSVERSE JOINT CONFIGURATION AND PANEL 

DEVELOPEMENT 

Transverse Joint Configuration Development 

 As a result of the feasibility study conducted previously at UNH, it was 
determined that a more shear redundant transverse joint configuration was necessary 
to increase and make more durable the shear transfer mechanism between adjacent 
panels.  The ideal joint configuration would have the constructability of a butt joint 
with the increased shear transfer mechanism provided in the tongue and groove joint 
tested previously (Salzer, 2008).  As a result, the following joint configurations 
described below were developed.  Preliminary evaluation determined the 
configurations worthy of further investigation, development and testing.  They have 
been developed to maintain ease and speed of construction to provide sufficient shear 
transfer between adjacent panels, over a range of fabrication costs. 

 
Figure 14:  Butt joint configuration 

Butt Joint 

 The butt joint configuration, depicted in Figure 14, is the simplest and easiest 
configuration for fabricators to manufacture and construction crews to install.  It is 
comprised of the abutting vertical faces of adjacent pre-cast deck panels.  However, 
the butt joint does not provide any shear transfer redundancy, concrete-on-concrete 
bearing, due to the lack of protrusions and undulations within the configuration. 
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Figure 15:  Shear key joint configuration 

Shear Key 

 The shear key joint configuration, depicted in Figure 15, is the only female-
female transverse joint configuration investigated in this research project.  The shear 
key configuration is the current standard transverse joint configuration used by the 
NHDOT for bridge deck replacement panels.  The shear key is more difficult to 
construct than the butt joint configuration.  However, due to the symmetric nature of 
the joint configuration, only one transverse joint form is required to fabricate adjacent 
deck panel faces. 

Due to the female-female nature of this configuration, there is an obvious lack 
of concrete-on-concrete bearing for the shear transfer mechanism.  The shear transfer 
for a shear key lies within the post tensioning and the keyway filler material.  The filler 
material is high performance grout placed in the void formed in adjacent panels.  The 
combination of the joint configuration and grout filler material facilitates the concrete-
on-concrete bearing action for shear transfer to occur between adjacent panels.  The 
requirement of grouting the shear key is time consuming.  The time to perform the 
extra steps required in preparing the key grout, placing the grout and waiting for the 
grout to cure sufficiently is a major drawback to this configuration when it is compared 
to the installation procedures of the other joint configurations. 
 

 
Figure 16:  Angular corrugated joint configuration 

Angular Corrugated 

The angular corrugated transverse joint configuration, depicted in Figure 16, is 
a male-female joint that provides the concrete-on-concrete bearing shear transfer 
mechanism not present in the butt joint or shear key configurations.  The angular 
corrugated joint configuration requires more skill, effort and precision during 
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fabrication of the form than required for the butt joint or shear key.  Fabrication 
tolerances are critical to ensure that the adjacent panel’s angular corrugations align 
correctly when installed in the field. The higher required precision also increases the 
risk of difficulties arising due to panels warping during curing. 

The multiple protrusions and undulations create a joint that is two times more 
redundant than that of a typical tongue and groove type configuration, since there are 
twice as many tongues and grooves present.  Along with the concrete-on-concrete 
bearing, the angular corrugated configuration also utilizes a structural adhesive within 
the joint and post tensioning to aid in the shear transfer mechanism. 
 

 
Figure 17:  Round corrugated joint configuration 

Round Corrugated 

 The round corrugated transverse joint configuration, depicted in Figure 17, is 
another male-female joint type.  The multiple protrusions and undulations provide an 
increased concrete-on-concrete bearing surface, facilitating the shear transfer 
mechanism between adjacent panels.  Although the round corrugated configuration 
provides the greatest concrete-on-concrete bearing between adjacent panels, it is by 
far the most difficult to fabricate and install.  Fabrication tolerances must be strictly 
followed to ensure the correct alignment of abutting panels in the field.  With the 
correct fabrication tolerances met, the round corrugations aid in panel alignment 
through a self-centering action as the panel corrugations are allowed to slip over each 
other and into their correct position.  This self-centering feature reduces stress 
concentrations induced during assembly of the deck panels. 

Along with concrete-on-concrete bearing, the shear transfer mechanism 
between panels is supplemented by a structural adhesive within the joint as well as 
post tensioning reinforcement.   

Shear Areas 

 Each transverse joint configuration provides a different amount of shear area 
through the depth of the panel.  The shear area is defined as the provided depth of 
panel resisting shearing forces resulting in differential panel displacement.  Shearing 
forces result from the deck panels being subjected to moving vehicular loads.  As a 
vehicle progresses transversely across a deck panel and crosses onto the next panel, 
the deflection of the loaded panel presses down on the adjacent panel, generating 
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shearing forces through the depth of the transverse joint.  These shearing forces are 
resisted via the joint configuration, joint filler or structural adhesive and post 
tensioning bars.  The shear areas are reported in inches per unit length of the joint. 

Shear Area of a Butt Joint 

 Due to the lack of concrete-on-concrete bearing area for the butt joint 
configuration, there is no effective shear area providing shear resistance.  As a 
vehicular load traverses from one panel to the next, the panels are able to deflect 
separately from each other, with only the post-tensioning and adhesive transferring 
the shear loading.  Figure 18 depicts the resultant panel deflection from the left hand 
panel exposed to such a shearing load. 
 

 
Figure 18:  Butt joint shear area 

Shear area provided by butt joint configuration = 0.00 inches 

Shear Area of a Shear Key 

 Due to the lack of concrete-on-concrete bearing area for the shear key 
configuration, the effective shear area lies solely in the grouted keyway.  Due to the 
symmetry of the shear key configuration, the same shear area is utilized in both 
directions of vehicular traffic.  The shear area is highlighted by the dashed line located 
in the shear keyway in Figure 19.  The resultant panel deflection is a result from the 
left hand panel being exposed to such a shearing load. 
 

Shear Area of an Angular Corrugated Joint 

With the presence of concrete-on-concrete bearing area for the angular corrugated 
joint configuration, the effective shear area providing shear resistance is increased.  As 
a vehicular load traverses from one panel to the next, the panels bear on each other 
and the differential deflection is reduced.  Due to the asymmetric nature of the 
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angular corrugated joint, there are two shear planes present.  The shear area engaged 
in the shear transfer mechanism is dependent on the panel being loaded at a  
 

 
Figure 19:  Shear key joint shear area 

Shear area provided by shear key configuration = 4.61 inches 

given time.  When the joint is subjected to a vehicular load on the left hand panel, 
shear area plane 1 is engaged.  When the joint is subjected to a vehicular load on the 
right hand panel, shear area plane 2 is engaged.  Figure 20 and 21 depict the resultant 
panel deflections of the angular corrugated joint configuration.  The shear area is 
highlighted with the dashed line. 
  

 

 
Figure 20:  Angular corrugated joint shear area, plane 1 

Shear area provided by angular corrugated configuration = 4.13 inches 
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Figure 21:  Angular corrugated joint shear area, plane 2 

Shear area provided by angular corrugated configuration = 5.00 inches 

Shear Area of a Round Corrugated Joint 

 With the increased presence of concrete-on-concrete bearing area for the 
round corrugated joint configuration, the effective shear area providing shear 
resistance is even greater than that provided by the angular corrugated configuration.  
As a vehicular load traverses from one panel to the next, the bearing stresses are 
significantly reduced.  Due to the asymmetric nature of the round corrugated joint, 
there are two shear area planes present.  The shear area being engaged in the shear 
transfer mechanism is dependent on the panel being loaded at the given time.  When 
the joint is subjected to a vehicular load on the left hand panel, shear area plane 1 is 
engaged.  When the joint is subjected to a vehicular load on the right hand panel, 
shear area plane 2 is engaged.  Figure 22 and 23 depict the resultant panel deflections.  
The shear area is highlighted with the dashed line. 
 

 
Figure 22:  Round corrugated joint shear area, plane 1 

Shear area provided by round corrugated configuration, plane 1 = 6.92 inches 
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Figure 23:  Round corrugated joint shear area, plane 2 

Shear area provided by round corrugated configuration, plane 2 = 5.36 inches 

Summary of Shear Areas Provided by Transverse Joint Configuration 

 

 

Table 1:  Provided shear area summary table 

 

Test Panel Development and Design 

 The design of the test panels is controlled by two requirements.  First by the 
required compressive stresses that need to be induced within the transverse joint, and 
secondly the desire to only induce shear stresses along the transverse joint and 
eliminate the possibility of failing the test panels in flexure. 
 

Test Panel Development Based on Post-Tensioning Requirements 

 According to the AASHTO LRFD Bridge Design Manual section 9.7.5.3, a 250 psi 
minimum compressive stress must be induced into pre-cast concrete bridge deck 
panels.  Additionally, the NHDOT increases this minimum compressive stress 
requirement by 150 psi to aid in the resistance of negative moment regions over 

Plane 1 Plane 2

(in.) (in.)

Butt 0.00 0.00

Shear Key 4.61 4.61

Angular Corrugated 4.13 5.00

Round Corrugated 6.92 5.36

Shear Area

Configuration
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bridge supports in continuous spans.  The total 400 psi compressive stress that must 
be induced into the bridge deck panels is achieved through the use of two, 1 inch 
diameter THREADBAR® post-tensioning bars evenly spaced in a 4 foot long deck panel.  
Figure 24 depicts the post tensioning layout and test panel dimensions. 
 

 
Figure 24:  Post tensioning layout in test panels 

 

Test Panel Development Based on Shear Failure Control 

 The desire to only induce shear stresses along the transverse joint limits the 
width of each panel according to the aspect ratios set forth in the American Concrete 
Institute’s (ACI) Building Code Requirements for Structural Concrete, ACI 318. 
 Deep beams are designed and controlled by the shear stresses induced upon 
them by gravity loads and, therefore, are controlled by shear limits as opposed to 
flexural design constraints.  Deep beams are defined in section 10.7.1 of the ACI 318 
code as members loaded on one face and supported on the opposite face so that 
compression struts can develop between the loads and supports (ACI 318-05, 2005).  
Following section 10.7.1(a), the resulting panel dimensions are summarized in Table 2. 
 

 
Table 2:  Test specimen dimensions 

 

TEST SPECIMEN MATERIALS, FABRICATION AND ASSEMBLY 

Specimen Materials 
 

The materials used in this research are vital to the overall performance of the 
proposed bridge deck replacement system.  Test specimen materials must be 
representative of the materials specified for real-world application in order to 
maintain appropriate scalability and obtain accurate test results for use in 
specification. 

Specimen 1 Specimen 2 Assembled Specimen

in. in. in.

Depth 8.50 8.50 8.50

Width 16.00 16.00 32.00

Length 48.00 48.00 48.00
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Concrete 

The concrete specified for use in the test specimens is a self consolidating 
concrete (SCC).  SCC is commonly used in pre-cast concrete applications due to its ease 
of placement and consolidation of the mix, which occurs during the concrete 
placement.  The SCC needed a high early strength to allow for rapid form removal and 
panel handling and storage.  A low permeability is vital for bridge deck panels to 
reduce the impacts of water and chloride infiltration.  A high flowability is also desired 
to allow for consolidation around the congested deck panel post-tensioning ductwork 
and handling reinforcement.  The mix design for the SCC can be found in Appendix B.  
Table 3 summarizes the requested SCC mix properties. 
 

 

Table 3:  SCC material specifications 

The delivered concrete varied slightly from the specified mix requirements but 
was deemed acceptable for casting the test panels.  The fresh concrete was subjected 
to a spread test as well as an air content test.  The air content test was performed in 
accordance with ASTM C231-04.  The spread and air content values are listed in Table 
4. 
 

 

Table 4:  Deviated SCC material properties 

Twenty-three cylinders were cast in compliance with ASTM C192/C192M-02 in 
order to test the material properties of the hardened concrete.  The compressive 
strength of the SCC was tested in compliance with ASTM C39/C39M using the Forney 
hydraulic testing machine located in the civil teaching lab at UNH.  The compressive 
strength of the test cylinders has been included in Appendix B.  The ultimate 
compressive strength was determined to be 8,584 psi.  To determine the tensile 
capacity of the hardened concrete, a cylinder was subjected to the ASTM C496-96 
standard test method for splitting tensile strength.  The resulting tensile capacity was 
determined to be 603 psi. 

Three methods were used to determine the elastic modulus of the SCC.  Two of 
the methods utilize empirical equations designated in ACI-318.  These empirical 
equations have been accepted in determining the elastic modulus for normal weight, 
normally consolidated concrete.  However, with the use of SCC in the test panels, an 
experimental method of determining the elastic modulus was deemed necessary to 

Aggregate

Size

Air

Content Spread

28 Day

Strength Permeability

3/8" 6.0% 26 inches 5000 psi 3000 coulombs

SCC Material Specifications

Air

Content Spread

3.0% 23.5 inches
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compare the empirically determined values.  To accomplish this, one of the concrete 
cylinders was subjected to the ASTM 469 standard test method for determining the 
elastic modulus of the hardened SCC.  Table 5 lists the resulting values for each 
method.  As can be seen, the experimentally determined elastic modulus is much less 
than the empirically derived values. 
 

 

Table 5:  Elastic modulus values for SCC 

 The hardened SCC was also subjected to a permeability test to verify the 
permeability of the mix.  The NHDOT conducted the permeability test and determined 
that the permeability of the hardened SCC was 3,646 coulombs. 
 

Carbon Fiber Reinforced Polymer (CFRP) Reinforcing Grid 

The reinforcement used for the deck panel handling is a carbon fiber based 
reinforcing grid.  This CFRP reinforcing grid is the same NEFMAC CFRP reinforcement 
utilized in the Rollins Road Bridge deck located in Rollinsford, NH. 
 

 
Figure 25:  CFRP reinforcing grid 

 
Each NEFMAC grid, depicted in Figure 25, is 12 inches wide and 44 inches long 

and was placed 2 inches up from the bottom of the test panels to provide the 2 inch 
minimum cover on all sides of the panels.  The bar spacing in the grid pattern is 3.50 
inches x 11.50 inches on center.  Each grid element is ½ inch x ½ inch square.  The 
NEFMAC has a tensile strength, ffu of 190 ksi and an elastic modulus, Ef, of 10,400 ksi 
(Schmeckpeper, 1992). 

Elastic Modulus

ksi

ACI-318 8.5, 1 5,394

ACI-318 8.5, 2 5,281

ASTM C-469 4,265

Method
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Transverse Joint Material 

 The transverse joint material utilized in the test panels is dependent on the 
transverse joint configuration.  The shear key joint configuration utilized a cement 
based grout material while the remaining configurations utilized the SBA. 

Segmental Bridge Adhesive 

A segmental bridge adhesive (SBA) was used within the transverse joint of 
abutting deck panels for the butt, angular, and round corrugated joint configurations.  
The SBA used is a proprietary product developed by the Sika Corporation, Inc. and is 
known as Sikadur® 31, SBA.  Sikadur® 31 is a high-modulus two-component, moisture-
tolerant, solvent free, epoxy resin system (Sika Corporation, 2008).  Sikadur® 31 is a 
unique structural adhesive used for bonding hardened concrete to hardened concrete.  
It has been specifically designed for use in segmental bridge construction.  The Sika 
Corporation recommends that Sikadur® 31 be used for the structural bonding of post-
tensioned pre-cast concrete bridge deck segments, sealing joints between concrete 
segments and segment-by-segment erection procedures (Sika Corporation, 2008).  The 
material is supplied in three temperature ranges to provide for nearly year-round 
application in the northeast. 

Shear Key Filler Material 

The shear key joint configuration utilizes grout material in the void space 
formed by adjacent deck panels.  This void space is filled with a proprietary grouting 
material manufactured by the same Sika Corporation that provided the SBA used in 
the other joint configurations.  SikaGrout® 212 is a high performance, cement-based 
grout.  It contains a special blend of shrinkage-reducing and plasticizing/water-
reducing agents that compensate for shrinkage in both the plastic and hardened state 
(Sika Corporation, 2003). 

 
Post–Tensioning Equipment 

The post-tensioning system used in this research is a proprietary system 
developed in 1965 by Dywidag Systems International, Inc. (DSI) known as 
THREADBAR®.  The THREADBAR® system utilizes hot-rolled and proof-stressed alloy 
steel conforming to ASTM A722 CAN/CSA standards (Dywidag Systems International, 
2006).  The steel bars have a continuous rolled-in pattern of thread-like deformations 
along their entire length and allow anchorages and couplers to be threaded on at any 
point (Dywidag Systems International, 2006).   

The THREADBAR® components utilized in this research project are: 

 1 inch diameter x 60 inch, 150 ksi, hot rolled, threaded steel bars 

 5 inch x 5 inch x 1-1/4 inch bearing plates 
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 Semi-hemispherical, self-centering nuts 

 1-7/8 inch diameter, galvanized post tensioning ducts 

 Plastic grout ports, tubes and tube caps 

Figure 26 depicts the major components of the THREADBAR® system. 

 

 
Figure 26:  DSI’s THREADBAR® forming components 

Specimen Formwork 

The specimens used in this research were fabricated in the Structures High Bay 
in Kingsbury Hall at UNH during the fall of 2008.  Fabrication materials were selected 
and used based on their expected performance, availability, cost and familiarity to the 
fabricators. 
 

 
Figure 27:  Typical test specimen formwork 

Grout 
Port 

Grout Access 
Tube 

Post Tensioning 
Duct 

Bearing Plate 

Self-
Centering 
Nut 

Post Tensioning 
Bar 
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The construction of the test specimens used in this research strived to achieve 

the same level of precision and quality expected from a pre-cast concrete fabricator 
where full scale bridge deck panels are typically fabricated.  The formwork constructed 
provided the most efficient means of mass producing a large number of test 
specimens while maintaining performance requirements.  Figure 27 depicts the typical 
formwork created to fabricate the test specimens. 

The formwork for each specimen contained the same three basic elements, form 
bodies, form side rails and post-tensioning formwork.  The form bodies and post 
tensioning formwork were identical for all four joint configurations.  The form side rails 
were the only formwork elements that differed from configuration to configuration. 

Form bodies 

 A form body is shown in Figure 28.  A form body is comprised of five elements, 
a base, runners, spines, specimen dividers and end caps.  Each form body element is 
constructed of ¾ inch marine grade, birch plywood. 
 

 
Figure 28:  Typical test specimen form body 

 
The form base is comprised of one 48 inch x 96 inch sheet of plywood. The 

form base had two coats of polyurethane applied to improve the surface finish of the 
test specimens as well as aid in specimen removal from the forms. 

Two form runners were present in each form body.  The form runners created 
the rear vertical faces for the test specimens.  The form runners were 8.50 inch x 96 
inch elements with two coats of polyurethane applied to the exterior faces. 

Form Spines 

Form Base 

Form Runners 

Specimen Dividers 
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Four form spines separated the two form runners.  The form spines were 
located at 16, 32, 64 and 80 inches along the length of the form base.  The spines 
provided additional stiffness to the form bodies to ensure the rear vertical faces of the 
test specimens remained vertical during casting.  The form spines were 8.50 inches tall 
and varied in length depending upon which edge configuration they accompanied. 

The specimen dividers were 8.50 inch x 16 inch elements and created two 48 
inch x 16 inch bays along each side of a form body.  Two coats of polyurethane were 
applied to both faces of the specimen dividers. 

The end caps were 9.25 inch x 49.5 inch elements that sealed the ends of each 
form body. 

All elements of the form bodies were connected by #6, 2.50 inch drywall 
screws.  Form runners were screwed from the bottom side of the form base 8 inches 
on center.  All screw holes were pre-drilled to eliminate the possibility of splitting and 
aid in element alignment.  The interior edges of the form bodies were then sealed with 
silicone caulking to ensure no loss of concrete would occur through the formwork 
seams. 

Form Side Rails 

The form side rails varied in fabrication based upon which joint configuration 
they formed.  There were however, many similarities in their overall design.  Each side 
rail contained a side rail backer board, a 9.25 inch x 96 inch element, as well as an 8.50 
inch x 96 inch form board element.  The rail backer and form boards were constructed 
from the same ¾ inch marine grade birch plywood that was utilized in the form bodies.  
The varying geometric configurations were then fabricated upon the form board. 

Butt Joint Side Rail 

The butt joint side rails were the least complex side rails to fabricate.  The side 
rails were comprised of only a side rail backer board and a form board described 
above. 

Shear Key Side Rail 

The shear key side rail contained the side rail backer board as well as the form 
board.  In order to form the keyway in which the grout filler material can transfer 
shear between adjacent panels, a void must be created in the concrete.  This was 
accomplished in the shear key through the use of large chamfer strips created from 
the ¾ inch marine grade birch plywood as well as ¼ inch luan plywood to create 1 inch 
and 2 inch nominal dimensions for the large chamfer strips.  Figure 29 shows a 
completed shear key form side rail. 
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Figure 29:  Shear key form side rail 

 

Angular Corrugated Form Side Rail 

The angular corrugated form side rails were fabricated solely from ¾ inch 

marine grade beech plywood elements.  These elements include the form side rail 

backer board and form board present in all side rail forms, as well as chamfer strips 
that created the protrusions and undulations present in the angular corrugated  

 
                      Figure 30:  Angular corrugated to form 
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configuration.  Two coats of polyurethane were applied to the side rail to aid in  
release and improve panel surface finish.  Figure 30 shows a form side rail for a tongue 
corrugation.  

Round Corrugated Form Side Rail 
 

The round corrugated form side rail is the most complex side rail to fabricate.  
It utilizes the side rail backer board and form board to support the actual form that 
creates the sinusoidal joint configuration.  In order to create the sinusoidal shape, a 
rubber form was fabricated in the lab at UNH.   

The rubber form has to be created in multiple steps.  First, a rubber form 
trough was fabricated to create the rubber side rails.  The form trough was created by 
building a 2 inch deep box around a 40 inch x 96 inch sheet of 2.67 inch x 7/8 inch 
Phase-2 PVC corrugated panel.  The corrugated panel is a proprietary extruded sheet 
provided by the H&F Manufacturing Corp.  The 2.67 inch x 7/8 inch Phase-2 panel is a 
sinusoidal corrugated sheet extruded from PVC.  The sinusoidal shape has a 2.67 inch 
wavelength and a 7/8 inch amplitude.  Next, the troughs were created by separating 
the Phase-2 panel into different segments creating a tongue and groove panel form.  
To attach the rubber form to the rail backer and form board, ¼ inch x 6 inch carriage 
bolts were cast into the rubber.  Figure 31 shows the form trough. 
 
 

 
Figure 31:  Round corrugated rubber form trough 

 
The rubber was then prepared to fill the bays created in the rubber form 

trough.  The rubber used was a proprietary product of the Polytek Development 
Corporation called Poly 75-65 RTV Liquid Rubber.  Poly 75 is a two-part polyurethane 
rubber that is commonly used in ornamental pre-cast concrete applications.  Equal 
parts of component A and B were weighed and mechanically mixed together.  The 
rubber was then poured into the rubber form trough bays and allowed to cure.  A 
curing tent was installed over the rubber form trough and space heaters were used to 
raise the tent temperature to 77o F.  The rubber molds were allowed to cure for 
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approximately 96 hours before they were removed from the rubber form trough.  
Figure 32 depicts the rubber form trough in the curing tent. 
 

 
Figure 32:  Curing tent for rubber form trough 

 
Once the rubber form rails were removed from the rubber form trough, they 

were attached to the side rail backers and form boards by the hardware cast into the 
rubber forms.  Figure 33 shows a completed round corrugated form side rail. 
 

 
Figure 33:  Round corrugated form side rail 

Post-Tensioning Formwork 

The post-tensioning formwork provides the necessary voids and access points 
in the panels to allow for the post tensioning bars to penetrate the panels.  All of the 
post-tensioning formwork is a proprietary system of the DSI Corp. and is specified 
based on the post-tensioning bar diameter. 
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Figure 34:  THREADBAR® formwork 

Post-Tensioning Ducts 

The post-tensioning ducts are comprised of 1-7/8 inch diameter corrugated 
galvanized metal tubing.  The total duct length, including the grout access port is 16 
inches. 

Grout Access Ports and Tubes 

The grout access ports allow for the injection of grout material into the 
ductwork to aid in the protection of the post-tensioning bars from corrosive material.  
The grout access ports are plastic sleeves that fit inside the galvanized post-tensioning 
ductwork.  Attached to the grout access ports are the grout access tubes.  These tubes 
provide access to the embedded ducts.  To protect the access tubes from being 
clogged with concrete during panel casting, tube caps are threaded into the open ends 
of the tubes. 

Once the ducts and access ports were assembled, a heat shrink tape was 
wrapped around the grout access port.  This was done to ensure a tight seal so no 
concrete could infiltrate the assembled ductwork during casting. 

To attach the post-tensioning ducts to the form bodies and form side rails, rigid 
polystyrene foam plugs were cored to fit inside the diameter of the ductwork.  The 
plugs were then attached to the form bodies and form side rails with carriage bolts.  
The duct assemblies were then slid onto the plugs located on the form bodies while 
the form side rails were aligned and slid into place.  Once aligned, the form side rails 
were then secured to the form bodies with 2.5 inch, #6 drywall screws 8 inches center-
to-center spacing. 
 

Duct 

Grout Port 

Grout Access Tube 

Grout Tube Cap 
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Figure 35:  Complete panel formwork 

Test Specimen Assembly 

The general assembly procedure was similar for all of the joint configuration 
types.  Treatment of the transverse joint differs between the shear key and the other 
configurations in the extra steps required to prepare the shear key for placement of 
the key grout. 

Panel Alignment and Post-Tensioning Equipment Installation 

Two individual panels are brought into location next to each other 
approximately 6 inches apart.  A post-tensioning bar was then passed through the 
post-tensioning ductwork of the first panel and continued into the mirrored duct of 
the abutting panel.  A bearing plate and nut were installed on the opposite ends of the 
bar protruding out of the panels. 

Transverse Joint Preparation 

With the post-tensioning equipment installed, the transverse joint was ready 
for assembly.  The transverse joint assembly was a multi step process for each 
configuration. 

Butt, Angular and Round Configurations 

The SBA was used in the transverse joint in the butt, angular, and round 
configurations.  Prior to applying the SBA, the test panels and SBA were pre-
conditioned following the procedures outlined in the technical data sheet provided by 
DSI.  The test panels were then cleared of any dirt, grease, oil, and form release 
products.  The panels’ surfaces should be roughened with a wire brush or similar 
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mechanical method.  It was highly recommended that the concrete be a minimum of 
three to four weeks old.  Next, condition both parts A and B of the SBA to the 
appropriate temperature for the application temperature range to yield an 
appropriate pot life.  Once conditioned, thoroughly mix part A and B separately to 
ensure a uniform consistency of each product.  Mix two parts A with one part B by 
weight and mechanically mix until a uniform color consistency is achieved. 

The SBA should be applied to each face that will be adhered together.  This is 
best achieved with a gloved hand.  A 3/16 inch thick layer of SBA is recommended on 
each face.  Bring the panels into contact with each other within the SBA’s pot life.  
Squeeze the panels together via the post tensioning bar bearing plate and nut 
assemblies to expel excess SBA from the joint.  Ensure the self-centering nuts are snug 
tight. 
 

 
Figure 36:  SBA application 

Shear Key Configuration 

The shear key transverse joint was filled with a cementitious grout instead of 
the SBA.  The test panels and key grout were conditioned according to DSI 
recommendations in the technical data sheets for the SikaGrout® 212 material.  The 
test panels were cleared of any dirt, grease, oil or form release products and the key 
surfaces were roughened with a wire brush or similar mechanical method. 

A spray adhesive was applied to the bottom edge of each abutting panel.  The 
backer rod material was then applied to the adhered surfaces.  The backer rod 
material was ½ inch diameter foam 48 inches in length.  The panels were then 
squeezed closer together via the post-tensioning bearing plate and nut assembly until 
the backer rod material was compressed to about half of its original diameter.  To form 
the ends of the shear keys, epoxy putty was applied to the ends of each panel along 
the edge of the shear key.  An 8 inch x 10 inch section of plexi-glass was compressed 
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into the epoxy putty to seal the ends of the test panels.  The shear key was then 
formed, as seen in Figure 37, and ready to receive the grouting material. 
 

 
Figure 37:  Shear key formed by adjoining panels 

 
The key grout was then ready to be mixed and placed.  The appropriate 

amount of water was added to achieve the desired consistency of the grout material.  
The grout and water was thoroughly mixed by hand until a uniform consistency was 
achieved.  The freshly mixed grout was then placed within 15 minutes of adding the 
water.  Once the grout achieved final set, the plexi-glass and epoxy putty were 
removed. 

Stress Post-Tensioning Bars 

Once the transverse joint material was cured, the post-tensioning bars could 
then be stressed.  As described in section 3.3.1 (Robert, 2009), a total of 400 psi must 
be achieved in the deck elements.  This was achieved by the transfer of stress 
developed in the post-tensioning bars during the post tensioning procedures into the 
deck panels.  A total load of 81.6 kips was induced into the post-tensioning bar to 
achieve the required stress levels in the deck panels. 

The stressing apparatus utilized by the THREADBAR® post-tensioning system is 
shown in Figure 38.  The stressing apparatus was comprised of the hydraulic pump, 
remote pendant switch, hydraulic pressure valves, pressure gauge, hydraulic fluid 
lines, stressing jack and ratchet handle, pull rod and pull rod coupler and jack nut. 

Backer Rod 

Epoxy Putty 
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Figure 38:  DSI’s post tensioning stressing equipment 

 
After connecting the stressing jack to the hydraulic pump via the hydraulic fluid 

lines, the system was then bled for proper operation.  The stressing piston of the jack 
was extended ½ inch outward.  The pull rod and pull rod coupler were then thread 
onto the end of the bar to be stressed.  The jack was then slid onto the pull rod until 
the socket end of the jack engaged the self centering nut.  The jack nut was then 
thread onto the end of the pull rod coupler until it engaged the extended stressing jack 
piston.  The pump valves were then placed in the appropriate positions for stressing. 

After verifying that all stressing equipment had been accurately installed, the 
jack calibration sheet was used to locate the required pressure gauge reading for the 
desired bar load.  To achieve the desired 81.6 kips in the post tensioning bar, a 
pressure gauge reading of 3,950 psi was required.  Using the remote pendant switch, 
the bar was stressed until the appropriate pressure reading was achieved.  Tightening 
of the self-centering nut was performed during the stressing operation using the 
ratchet handle located on the jack.  Once the desired stress level had been achieved, 
the pump valves were switched to the appropriate locations to release the system 
pressure.  The jack piston was backed into its fully retracted position and the jack 
anchor was removed.  The jack was then slid off of the pull rod and the pull rod and 
pull rod coupler were un-threaded from the stressed bar. 
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TESTING 

Development of Applied Loading 

The test panels were subjected to the service loadings, that they would be 

required to resist, if used as bridge deck panels.  The design service load is specified by 

the AASHTO Standard Specification for Highway Bridges, 17th Edition - 2002.  In 
accordance with section 3.6.1.2, minimum loading, an HS-20 vehicle load was specified 
for the design of bridge decking.  Therefore, the test specimens were also subjected to 
the same HS-20 vehicle loading. 

Section 3.6.1.2 defines an HS-20 vehicular load as a tractor trailer truck with a 
gross weight of 36 tons.  A maximum axle load for the HS-20 vehicle is 16 tons.  To 
determine a wheel load, the axle load was halved, 8 tons or 16 kips. 

Applied Loading Schedule 

 Table 6 describes the applied loading schedule for testing each joint 
configuration.  The 16 kip service load, which is half of the axle load used by AASHTO 
(representing the load of a single wheel), was cyclically applied, with each multiple of 
the service load applied twice. The 25 kip Tandem Load, as described in section 
3.6.1.2.3 (AASHTO, 2002), would not have provided as many increments of increased 
loading as desired prior to ultimate failure, thus the 16 kip wheel load was used. 
 

 

1 0 - 16

2 0 - 16

3 0 - 32

4 0 - 32

5 0 - 48

6 0 - 48

7 0 - 64

8 0 - 64

9 0 - 80

10 0 - 80

11 0 - 96

12 0 - 96

13 0 - 112

14 0 - 112

15 0 - 128

16 0 - 128

17 0 - Ult. Ult.

5 x Service

6 x Service

7 x Service

8 x Service

Load

kipsCycle #

Service

2 x Service

3 x Service

4 x Service
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Table 6:  Applied loading schedule  

Ultimate Applied Load 

 The ultimate load applied to a test specimen was defined as the loading at 
which the panel has been deemed failed.  Failure of a test panel was defined as the 
point at which the panel will no longer take increased loadings, significant cracking has 
occurred, or the test specimen has completely separated into at least two pieces.  If 
the panel has failed prior to achieving a full load cycle, testing for that assembly was 
complete. 

Specimen Test Protocol 

 For each transverse joint configuration, two specimens were tested.  For the 
first set of specimens, each configuration was tested fully post-tensioned to determine 
the configuration’s ultimate capacities as well as their ability to transfer shear.  The 
failure modes for each assembly were observed and noted. 
 The second set of specimens tested each joint configuration without post-
tensioning.  The post-tensioning bars were removed, and the panels were then loaded.  
The configuration capacities and failure modes were observed and noted. 

Testing Apparatus 

The general shear test layout is derived from the provisions set forth in ACI 318 
that induce shear stresses within deep beams.  Section 10.7.1(b) locates the applied 
load on the deck panel test assembly so that the desired shear stresses are developed 
without the possibility of flexural failure.  The test setup is depicted in Figure 39.  

 

 
Figure 39:  Shear test layout 
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The testing apparatus used to replicate the shear test for this research is 
comprised of the multiple components described in the following sections. 
 

 
Figure 40:  Loading frame 

Loading Frame 

The loading frame, depicted in Figure 40, utilized in this research project was 
the same loading frame utilized in the bridge deck replacement system feasibility 
study.  The load frame was comprised of two supporting legs made of multiple, 
stiffened wide flange sections.  The two legs were connected by a header beam, also 
comprised of a wide flange section with web stiffeners. 
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Hydraulic Pump 

 
Figure 41:  Hydraulic pump 

 
The hydraulic pump used to operate the hydraulic loading piston was an 

Enerpac ZE-3 Series pump with a manual control valve.  In-line pressure gauges were 
used to monitor the system pressure for the feed and return lines.  The hydraulic 
pump and accessories have a 10,000 psi maximum working pressure rating.  The pump 
is powered by a 1.00 horsepower electric motor, seen in Figure 41. 
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Hydraulic Loading Piston 

 
Figure 42:  Hydraulic loading piston 

 
The loads applied to the test specimens were achieved with the hydraulic 

loading piston attached to the header beam of the load frame, seen in Figure 42.  The 
piston is a double acting hydraulic cylinder manufactured by Ram-Pac International, 
Inc.  The cylinder model is the RC-150-DA-6 and has a 150 ton loading capacity, a 6 inch 
stroke and a 4.50 inch rod diameter (Ram-Pac International, Inc., 2003).  At capacity, 
the working pressure is approximately 7,800 psi. 

Load Application Components 

To transfer the load from the hydraulic piston to the test panels, multiple 
components were utilized.  The hydraulic piston transferred the load through the load 
cell, onto the circular seat and finally to the loading block.  A neoprene rubber pad was 
placed between the loading block and the surface of the test panels to help distribute 
a uniform load over the rough concrete surface of the deck panels. 

The load cell was placed within a bag to prevent it from being damaged during 
loading if the panels were to fail into two separate halves.  The load cell is described in 
detail in the following paragraphs. 

The circular seat is a 6 inch diameter, steel plate.  The plate is comprised of a 
concave based and convex top half.  These two separate halves work in unison to 
ensure a vertical load application. 
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The loading block is a 10 inch x 10 inch x 2 inch steel plate.  The loading block 
transfers the vertical load from the hydraulic piston to the face of the transverse joint.  
The load application apparatus is shown in Figure 43. 
 

 
Figure 43:  Load application components 

Specimen Supports 

The support mechanisms utilized to test the panels were comprised of two 
roller assemblies.  Each roller assembly was made of a 2 inch diameter rod welded to a 
1 inch x 4 inch plate.  The roller assemblies were then welded to support legs that are 
rolled W sections with web stiffeners located throughout their length.  The individual 
roller assemblies were then welded together to create a rigid support mechanism.  The 
specimen supports are shown in Figure 44. 
 

Circular 
Seat 

Loading 
Block 

Rubber Pad 



44 
 

 
Figure 44:  Roller support 

Data Acquisition 

Applied load and specimen deflection values needed to be collected 
continuously throughout the testing procedure.  Data acquisition was achieved with 
two separate systems during testing.  In order to collect applied load values, a load cell 
was utilized.  To collect specimen deflection values, a digital image correlation system 
was utilized. 

Applied Load Data Acquisition 

To quantify and record the loads applied to the test specimens, the applied 
loads are transferred from the loading piston through a load cell and to the loading 
points on the test specimens.  The load cell utilized was manufactured by Transducer 
Techniques, Inc.  The load cell was the CLC-300K series.  It is fully bridged and has a 
300 kip working capacity.  The load cell requires a 10 Volt DC excitation voltage and 
provides a 2 mV/V rated output (Transducer Techniques, 2009).  Figure 45 depicts the 
load cell utilized during testing. 
 The load cell was connected to a National Instruments SCXI-1001 chassis.  The 
SCXI-1001 chassis supplies power to and contains control circuitry for the SCXI series 
modules used in concert with the load cell (National Instruments, 2005).  The modules 
used in concert with the load cell are the SCXI-1314T and the SCXI-1520.  The load cell 
utilizes a 9-pin “D” series connector that provides a Transducer Electoric Data Sheet  
(TEDS) (Transducer Techniques, 2009).  The “D” series connector was then plugged 
into the SCXI-1314T module via an RJ-50 10-pin/10-conductor modular plug.  The SCXI-
1314T is a universal full or half bridge terminal block used for connection to hardware 
with TEDS smart sensors (National Instruments, 2005).  The SCXI-1314T was then 
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Figure 45:  Load cell 

 
connected to the SCXI-1520 module.  The SCXI-1520 module is an eight-channel 
module for interfacing to Wheatstone-bridge based sensors, such as the CLC series 
fully bridged load cell utilized in this research (National Instruments, 2005).  The 
National Instruments chassis and accessory modules used to interface with the load 
cell comprise the data acquisition (DAQ) system utilized to collect the voltage 
outputted by the load cell.  Once the load cell was successfully connected to the DAQ, 
the voltage excitations were converted from voltage outputs to actual load values.  
This was done through the use of LabView 8.5.  LabView 8.5 is a software program that 
translates the outputted voltages into their corresponding loads.  Figure 46 depicts the 
DAQ system and corresponding load output reading as converted by LabView from the 
load cell. 
 

Specimen Deflection Data Acquisition 

The deflection of each panel in the test specimens were recorded as the loads were 
applied.  Dial gauges have typically been used in past research phases of this project.  
While the values provided by the dial gauges are very accurate, data collecting was 
fairly labor intensive due to the number of dial gauges needed and the number of 
readings required for each gauge.  Also, with the close proximity of the load to the 
joint face, a dial gauge does not easily fit in the space provided.  As the applied loads 
climb in magnitude, it is increasingly unsafe to approach the loading piston in 
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Figure 46:  Applied load data acquisition and computer 

 
order to obtain a dial gauge recording.  Finally, if and when ultimate failure of the test 
specimens occur, damage may be done to dial gauges as the panels break away from 
their supports resulting in increased costs of replacing dial gauges for each test.  
Therefore, a new method of recording deflection values needed to be investigated and 
utilized for this research.  Linear varying differential transformers (LVDT’s) were 
considered for replacement of the dial gauges.  The LVDT’s would have been hooked 
into the DAQ, eliminating the need for manually recording deflection values, but, like 
dial gauges, the LVDT’s require direct contact with the panels.  Similar to the dial 
gauges, the LVDT’s are susceptible to permanent damage during ultimate failure of the 
test specimens. 

The need for non-contact deflection measurement techniques was required for 
this testing.  The solution to this non-contact measurement system is digital image 
correlation technologies.  Digital image correlation (DIC) refers to an optical method of 
measuring the displacement of pixels throughout a series of digital images.  The use of 
Correlated Solutions, Inc. dual-camera DIC system provided the non-contact deflection 
measurements obtained in this research.  The dual-camera system captures a series of 
digital images throughout testing and compares the images to the reference image to 
deduct the deflection measurements for the test specimens. 

Prior to testing the panels, the surface of the test specimens must be prepared 
with a speckle pattern in order for the DIC system to compare the pixel movement of 
the images throughout testing.  Figure 47 depicts a test specimen with the required 
speckle pattern applied.  This speckle pattern was created by spattering spray paint 
onto the panels. 
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Figure 47:  Typical speckle pattern applied for use with DIC system 

 
With the dual-camera system setup, as seen in Figure 48, and calibrated, image 

capturing may begin.  An initial image is taken and set as the reference image.  This 
reference image depicts the test setup with no load applied.  As testing progresses, 
images are captured at each desired loading.  When testing was completed, the DIC is 
conducted using Vic3D software.  The images are compared to the reference image 
and the displacements are calculated and exported into an Excel file format for further 
manipulation. 

 
RESULTS 

Ultimate Capacity 
 The ultimate capacity of each transverse joint configuration is summarized in 
Table 7. 
 

 

Table 7:  Ultimate capacity 

 At first glance, the results for the non-tensioned ultimate capacities are not 
what would have been expected in regards to the substantially larger ultimate capacity 
of the butt joint configuration.  After a thorough investigation of the failed test panels, 
it was determined that the location of the NEFMAC reinforcing grid played a fairly 
significant role in the increased capacity of the butt joint over the other configurations. 

Post-Tensioned Non-Tensioned

Butt 111.6 101.0

Shear Key 96.1 30.2

Angular Corrugated 127.8 56.5

Round Corrugated 140.5 77.9

Ultimate Capacity

(kips)

Configuartion
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 For all of the varying joint configurations, the NEFMAC reinforcing grids were 
originally located within the deck panel formwork so as to provide the required 2 inch 
minimum cover from the exterior edges of the panels.  In some instances, during 
concrete placement, the NEFMAC reinforcing grids were dislodged from their installed 
locations, resulting in varying cover thickness from the sides of the deck panels.  This 
relocation of the reinforcing grids did not become apparent until after the non-
tensioned deck panels were tested and the failure modes evaluated.  During the visual 
inspection of the failed test panels, the exposed NEFMAC reinforcing grid locations 
were noted, and the results are listed in Table 8. 
 

 

Table 8:  NEFMAC grid distance from transverse joint face 

 During casting, in both the angular and round corrugated joint configurations, 
the reinforcing grids had been pushed away from the transverse joint face towards the 
rear exterior edge of the deck panels.  The butt joint configuration reinforcing grids 
were subjected to the exact opposite scenario, they were displaced during casting 
towards the transverse joint face. 

With the lack of concrete-on-concrete bearing in the butt joint that is present 
in the corrugated configurations, the increased ultimate capacity for the butt joint is 
counterintuitive to what the trend would have been for predicting the ultimate 
capacity of each configuration. Due to the close proximity of the NEFMAC grid to the 
face of the transverse joint in the butt joint configuration, it acted as additional shear 
reinforcement within the deck panels that was not present in the corrugated 
configurations.  This increased shear resistance provided by the NEFMAC reinforcing 
grid resulted in the significant increase in the ultimate capacity for the butt joint 
configuration. 

Butt Joint Configuration Failure Mode 

 The failure modes for the post-tensioned and non post-tensioned butt joint 
configurations are described in detail and in the following figures. 

Post-Tensioned Failure Mode 

 The failure mode for the post-tensioned butt joint configuration was comprised 
of major cracking through the depth of the section and across the transverse joint.  
Figure 48 depicts the failure mode for the post-tensioned butt joint. 

NEFMAC Location

(in.)

Butt 0.875

Shear Key -

Angular Corrugated 3.625

Round Corrugated 4.750

Configuartion
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 Shear cracks along both duct locations in the loaded panel appeared at 
approximately 70 kips.  The first crack appeared in the top surface of the deck panel 
above the post-tensioning duct and continued to propagate at a 45o angle towards the 
bottom edge of the panel as the loading and number of cycles increased. 
 When the test panels were no longer able to withstand an increase in load, the 
loading was removed and further testing stopped.  The panels were removed from the 
testing rig and a visual inspection of the specimens began.  During the visual 
inspection, cracking was seen in the bottom side of the deck panels.  The largest 
amount of shear cracking on the bottom surface of the deck panel was observed 
directly underneath the area of loading.  These observed cracks outlined the projected 
image of the loading block, typical to the projection seen in a punching shear test.  The 
shear cracks then progressed outward from the loaded panel, across the transverse 
joint and into the adjacent deck panel. 

As the inspection moved to the top surface of the test specimens, similar 
cracking patterns were observed.  Again, the presence of shear cracks concentrated 
around the area where the loading was directly applied was noted.  Similar shear 
cracks observed on the bottom surface of the deck panels were seen propagating from 
the loaded panel, across the transverse joint and into the adjacent panel’s top surface. 
 The crack locations observed in both the top and bottom surfaces of the test 
panels indicate that the section was cracked and failed through the entire depth of the 
panels.  The shear cracks propagating through the loaded deck panel were typical to 
the shear cracks expected in a punching shear type test as a concrete plug is being 
forced through the sample.  However, the cracks propagating radially from the applied 
loading area and crossing the transverse joint into the adjacent deck panel indicate 
that shear transfer was present within the butt joint configuration even without a 
concrete-on-concrete bearing mechanism.  This shear transfer was a result of the SBA 
structural adhesive and post-tensioning forces working in concert to keep the two deck 
panels together and functioning as one monolithic deck section. 
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Figure 48:  Post-tensioned butt joint failure 

 

Non-Tensioned Failure Mode 

 The failure mode for the non-tensioned butt joint configuration was drastically 
different than the failure mode for the post-tensioned butt joint test panels.  The two 
adhered deck panels completely separated and failed through the depth of the 
transverse joint.  Figure 49 depicts the failure mode for the non post-tensioned butt 
joint. 
 The failure plane of the test specimen began in the top surface of the loaded 
deck panel directly underneath the front edge of the applied load.  At approximately 
45 kips, spiral cracks in the corners of the loading block area on the top surface of the 
deck panels were noted.  As the load was increased, these spiral cracks began to 
progress from the corners of the loading block parallel with the transverse joint 
downward into the deck panels following approximately a 45o angle towards the 
vertical face of the butt joint.  With such large shear cracks present, the failure plane 
proceeded down the vertical face of the joint, through the post-tensioning ducts to the 
bottom of the panel. 
 At the conclusion of testing, a thorough visual inspection was conducted on the 
failed specimens.  Looking at the vertical portion of the butt joint, large sections of 
delaminated SBA from the joint face were observed.  These large sections of 
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delaminated SBA were found on both faces of the butt joint.  In some instances, 
sections of the SBA were able to be peeled from the surface of the failed deck panels.  
The ability to peel sections of SBA from the failed deck panel surfaces meant that a 
lack of sufficient bond between the hardened concrete segments and the SBA 
occurred.  This lack of bond was a result of poor surface preparation of the deck panels 
prior to application of the SBA. 

The close proximity of the NEFMAC grid to the interior face of the transverse 
joint was also observed during the visual inspection.  This close proximity of the 
NEFMAC grid to the transverse joint resulted in the NEFMAC grid acting as shear 
reinforcement increasing the shear strength of the panel.  The increased shear 
strength increased the ultimate capacity of the butt joint configuration. 
 

 
Figure 49:  Non-tensioned butt joint failure 

 

Shear Key Joint Configuration Failure Mode 

 The failure modes for the post-tensioned and non-post-tensioned shear key 
joint configurations are described in detail and in the following figures. 
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Post-Tensioned Failure Mode 

 The failure mode for the post-tensioned shear key configuration was drastically 
different than the failure mode observed in the other post-tensioned joint 
configurations.  Typically, severe cracking through the depth of the section and across 
the transverse joint was observed. The shear key panels not only experienced severe 
cracking through the depth of the section and across the transverse joint, it saw 
complete failure through the width of the panels.  Figure 50 depicts the failure mode 
for the post-tensioned shear key. 
 As the applied load reached approximately 30 kips, the keyway grout began to 
debond from the deck panels.  With the keyway separating from the deck panels, as 
the applied load was increased the downward deflection of the loaded panel began to 
significantly increase.  The panel deflection was resisted by the keyway as well as the 
post-tensioning force acting to keep the two panels together.  The combined action of 
the post-tensioning and the wedge shape of the keyway applied a compressive force 
on the adjacent deck panel which induced tensile forces into the deck panel at the 
vertex of the shear key configuration.  As the applied load was increased, the tensile 
forces at the keyway vertex also increased until a severe crack was formed.  This crack 
ran from the vertex of the shear key configuration through the width of the test 
specimen along the post-tensioning duct to the exterior face of the deck panel. 
 As the applied load reached the shear key’s ultimate capacity of 56 kips, the 
crack running through the width of the panel had opened up to nearly 1 inch.  The test 
was stopped and the deck panels were then removed from the test rig and the visual 
inspection procedure began.  The keyway was found to be cracked into three large 
portions by two cracks travelling through the transverse joint.  Large sections of 
concrete were able to be removed from the deck panels due to the massive shear 
cracking that had travelled through the width of the panel. 

With large concrete sections removed from the deck panels, one of the post-
tensioning bars had been completely de-stressed and was removed from the panels. 
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Figure 50:  Post-tensioned shear key failure 

 

Non-Tensioned Failure Mode 

 The failure mode for the non-post-tensioned shear key was a result of the bond 
strength between the keyway grout and the deck panels being exceeded resulting in 
the debonding of the keyway from the loaded deck panel.  Figure 51 depicts the failure 
mode for the non-post-tensioned shear key. 
 No shear cracking was observed during the test prior to the shear key panels 
failing at the maximum capacity of 30 kips.  The keyway received minimal damage 
during testing and remained bonded to the non-loaded deck panel, but de-bonded 
from the loaded shear key panel.  A shear failure was observed in the very top portion 
of the loaded shear key panel starting from the applied load area and travelling 
parallel to the transverse joint. 
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Figure 51:  Non-tensioned shear key failure 

 

Angular Corrugated Joint Configuration Failure Mode 

 The failure modes for the post-tensioned and non-post-tensioned angular 
corrugated joint configurations are described in detail and in the following figures. 
 

Post-Tensioned Failure Mode 

 The failure mode for the post-tensioned angular corrugated joint configuration 
was comprised of major cracking through the depth of the section and across the 
transverse joint.  Figure 52 depicts the failure mode for the post-tensioned angular 
corrugated configuration. 
 Shear cracks at both duct locations in the loaded panel appeared at 
approximately 78 kips.  The cracks propagated outward from the loaded area in the 
top surface of the loaded panel towards the post-tensioning ducts and continued at a 
45o angle towards the bottom edge of the panel as the loading and number of cycles 
increased. 
 When the test panels were no longer able to resist an increased load, the test 
was deemed complete.  The panels were removed from the testing rig and a visual 
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inspection of the specimens begun.  Severe cracking was found on the bottom side of 
the deck panels outlining a projected image of the loading block, typical to the 
projection of cracks seen in a punching shear test.  These cracks progressed radially 
across the transverse joint and into the adjacent deck panel. 

As the inspection moved to the top surface of the test specimens, a similar 
cracking pattern was observed to the bottom surface cracking.  The presence of shear 
cracks concentrated around the area where the loading was directly applied was 
noted.  Similar shear cracks observed on the bottom surface of the deck panels were 
seen propagating from the loaded panel, across the transverse joint and into the 
adjacent panel’s top surface. 
 The observed cracking in both the top and bottom surfaces of the test panels 
indicates that the section has been cracked and failed through the entire depth of the 
deck panels.  The shear cracks propagating through the loaded deck panel are typical 
to the shear cracks expected in a punching shear type test as a concrete wedge was 
being forced through the sample.  However, the cracks propagating out radially from 
the applied loading area and crossing the transverse joint into the adjacent deck panel 
indicate that shear transfer was present within the angular corrugated joint 
configuration.  This shear transfer was accomplished through the concrete-on-
concrete bearing mechanism provided by the corrugations, the SBA and post-
tensioning forces working in concert to keep the two separate deck panels together 
and functioning as one monolithic deck section.  The presence of the angular 
corrugations led to the increased ultimate capacity for the transverse joint 
configuration. 
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Figure 52:  Post-tensioned angular corrugated failure 

 

Non-Tensioned Failure Mode 
 The failure mode for the non-post-tensioned angular corrugated joint 
configuration was comprised of a shear failure through the depth of the deck panel 
along the transverse joint face resulting in total separation of the deck panels.  Figure 
53 depicts the failure mode for the non-post-tensioned angular corrugated 
configuration. 
 The failure plane of the test specimen began in the top surface of the loaded 
deck panel directly underneath the front edge of the applied load.  At approximately 
38 kips, spiral cracking in the corners of the loading block were noted on the top 
surface of the deck panels.  As the load was increased, these spiral cracks began to 
progress from the corners of the loading block running parallel with the transverse 
joint.  With such a large shear crack now present, the failure plane proceeded down 
through the section of deck panel until the test assembly was severed into two 
separate deck panels. 

At the conclusion of testing, a thorough visual inspection was conducted on the 
failed specimens.  The tongues of the non-loaded deck panel were sheared from their 
respective panel.  They were found to be still adhered within the groove portions of 
the adjacent loaded deck panel.  This failure mode reflects a similar predicted failure 
pattern defined as plane 2 described in section 3.2.3 (Robert, 2009). 
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Small portions of delaminated SBA were observed within the transverse joint 
face.  These delaminated sections were a result of poor surface preparation of the 
deck panel transverse joint prior to SBA application. 

Also discovered during the visual inspection was the larger than expected 
distance of the NEFMAC reinforcing grid from the transverse joint face.  This large 
distance forced all of the shear stresses induced by the applied loading into the deck 
panel concrete and none into the reinforcing grid resulting in the decreased ultimate 
capacity of the angular corrugated configuration in comparison with the butt joint. 
 

 
Figure 53:  Non-tensioned angular corrugated failure 

 

Round Corrugated Joint Configuration Failure Mode 

 The failure modes for the post-tensioned and non-tensioned round corrugated 
joint configurations are described in detail and in the following figures. 
 

Applied 
load 

Delaminated 
SBA 

NEFMAC 
pullout 

Delaminated SBA 

Plane 
2 

Groove 
panel 

Tongues from 
adjacent 
panel 

Plane 2 

Tongue 
panel 

Groove 
panel 

Tongue 
panel 

Plane 2 



58 
 

Post-Tensioned Failure Mode 

 The failure mode for the post-tensioned round corrugated joint configuration 
was comprised of major cracking through the depth of the section and across the 
transverse joint.  Figure 54 depicts the failure mode for the post-tensioned round 
corrugated configuration. 
 Shear cracks at both duct locations in the loaded panel appeared at 
approximately 76 kips.  The crack first appeared in the top surface of the deck panel 
and continued to propagate at a 45o angle towards the bottom edge of the panel as 
the loading and number of cycles increased. 
 When the test panels were no longer able to withstand an increase in load, the 
test was deemed complete.  The panels were removed from the testing rig and a visual 
inspection of the specimens began.  During the visual inspection, severe cracking was 
seen in the bottom side of the deck panels.  A large amount of shear cracking was 
observed on the bottom surface of the deck panel directly underneath the load 
application area.  These observed cracks outlined the projected image of the loading 
block, typical to the projection seen in a punching shear test.  The shear cracks then 
progressed outward from the loaded panel, across the transverse joint and into the 
adjacent deck panel. 

As the inspection moved to the top surface of the test specimens, similar 
cracking patterns were observed.  Again, the presence of shear cracks concentrated 
around the area where the loading was directly applied was noted.  Similar to the 
shear cracks observed on the bottom surface of the deck panels, shear cracks were 
seen propagating from the loaded panel, across the transverse joint and into the 
adjacent panel’s top surface. 
 The observed cracking in both the top and bottom surfaces of the test panels 
indicated that the section had been cracked and failed through the entire depth of the 
panels.  The shear cracks propagating through the loaded deck panel were typical to 
the shear cracks expected in a punching shear type test as a concrete wedge was being 
forced through the sample.  The cracks propagating out longitudinally from the applied 
loading area and crossing the transverse joint into the adjacent deck panel indicated 
that shear transfer was present within the round corrugated joint configuration.  This 
shear transfer was a result of the concrete-on-concrete bearing mechanism provided 
by the corrugations, SBA structural adhesive and post-tensioning forces working in 
concert to keep the two separate deck panels together and functioning as one 
monolithic deck section.  The largest shear area provided by the round corrugations 
led to the highest achieved ultimate capacity of all the joint configurations. 
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Figure 54:  Post-tensioned round corrugated failure 

 

Non-Tensioned Failure Mode 

 The failure mode for the non-post-tensioned round corrugated joint 
configuration was comprised of a shear failure through the depth of the deck panel 
along the transverse joint face resulting in total separation of the deck panels.  Figure 
55 depicts the failure mode for the non-post-tensioned round corrugated 
configuration. 
 The failure plane of the test specimen begins in the top surface of the loaded 
deck panel directly underneath the front edge of the applied load.  At approximately 
46 kips, spiral cracking in the corners of the loading block were noted on the top 
surface of the deck panels.  As the load was increased, these spiral cracks began to 
progress from the corners of the loading block running parallel with the transverse 
joint.  With such a large shear crack now present, the failure plane proceeded down 
through the section of deck panel until the test assembly was severed into two 
separate panels. 

At the conclusion of testing, a thorough visual inspection was conducted on the 
failed specimens.  The tongues of the non-loaded deck panel were sheared from their 
respective panel.  They were still adhered within the groove portions of the adjacent 
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loaded deck panel.  This failure mode reflects a similar predicted failure pattern within 
plane 2 as suggested in section 3.2.4 (Robert, 2009). 

No delaminated SBA was found within the transverse joint face, suggesting 
sufficient surface prep prior to application was achieved. 

Also discovered during the visual inspection was the larger than expected 
distance of the NEFMAC reinforcing grid from the transverse joint face.  This large 
distance forced all of the shear stresses induced by the applied loading into the deck 
panel concrete and none into the reinforcing grid resulting in the decreased ultimate 
capacity of the round corrugated configuration in comparison with the butt joint. 

 

 
Figure 55:  Non-tensioned round corrugated failure 
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CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

 The following sections highlight the major findings of this research in regards to 
the post-tensioning system, the transverse joint material and the varying transverse 
joint configurations. 
 

Conclusions for the Post-Tensioning System 

 The post-tensioning system components provided by DSI all proved successful 
in performing their respective roles in the system 

 The post-tensioning bars, bearing plates and self-centering anchor nuts were 
successful in transferring the post-tensioning forces into the deck panels 

 The post-tensioning formwork provided the required access points within the 
deck panels 

 The jacking equipment proved successful in its ability to quickly and safely 
induce the required stress levels in the post-tensioning bars to achieve the 
required compressive stress in the deck panels 

Conclusions for the Transverse Joint Material, Sikadur® 31, SBA 

 Proved an effective alternative to cementitious grout 

 Volumetric proportioning allows for quick and easy material preparation 

 Adequately thyxotropic, did not sag or slough off vertical faces 

 Easily applied with a gloved hand 

 Cured SBA yielded a uniform bearing surface within the transverse joint 
providing an even stress distribution from the post-tensioning operation 
verified by the absence of cracking and spalling of the test panels when 
compared to the damage done to the feasibility test panels during prior post-
tensioning operations carried out on un-cured SBA 

 Conclusions for the Transverse Joint Material, SikaGrout® 212 

 Proved successful in filling the keyway formed between adjacent deck panels 

 The extra steps required in sealing the ends of the panels were time consuming 

 Some leakage of the grout material is inherent 

 Proper surface preparation of the deck panels is critical 

 Bond strength between the deck panels and keyway proved to be a significant 
factor in the ultimate capacity for the shear key configuration 
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Conclusions for the Transverse Joint Configurations 

 Each transverse joint configuration developed, fabricated, assembled and 
tested in this research was critiqued to determine the advantages and disadvantages 
each configuration type offers.  The critique results have been summarized in Table 9 
followed by the explanation of results for each portion of the critique. 
 

 

Table 9:  Transverse joint configuration critique summary 

Shear Area 

 The shear areas provided for each transverse joint configuration have 
previously been highlighted in detail in section 3.2 (Robert, 2009).  It was shows that 
the amount of shear area provided by the varying joint configurations is as follows: 

Round Corrugated > Angular Corrugated > Shear Key > Butt 
 

Tolerance Requirements 

 Due to the lack of corrugations or voids cast in the butt joint configuration, the 
required tolerances for it are minimal to none.  As long as typical pre-cast concrete 
tolerances are maintained, vertical panel edges and post-tensioning duct alignment 
are easily obtainable. 
 The shear key joint configuration only requires a slightly higher tolerance than 
a butt joint to ensure that the void formed in adjacent panels is correctly aligned.  
Since the shear key joint configuration is currently the industry standard for deck 
panels, pre-casters are familiar with the required tolerance levels for quality shear key 
deck panels. 
 The angular corrugated and round corrugated joint configurations require 
extremely tight tolerances to ensure adjacent panels are correctly aligned with each 
other.  Without such high tolerance requirements, cracking and spalling of the deck 
panels may occur if miscast male-female corrugations are force-fit together producing 
locations with extreme stress.  With the increased concrete-on-concrete bearing 
surfaces in the corrugated configurations, if the tight tolerances are not imposed and 
met, the likelihood of panel misalignment or lack of fit is significantly increased.  
Misaligned panels or panels incorrectly fitted together may result in their rejection for 
use, and add increased time in the production phase resulting in costly delays to a deck 

Tolerance Difficulty of Ease of Load Failure

Configuration Plane 1 Plane 2 Requirements Fabrication Assembly Capacity Mode

Butt None None Minimal Minimum Simple Good Cracked

Shear Key Good Good Typical Typical Difficult Fair Destroyed

Angular Corrugated Fair Great Tight Difficult Moderate Great Cracked

Round Corrugated Excellent Excellent Tight Extreme Moderate Excellent Cracked

Shear Area
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replacement project.  Match-casting techniques may be used at the fabricator’s 
discretion. 
 

Difficulty of Fabrication 

 As a result of the minimal tolerance requirements, the butt joint was the 
simplest and easiest configuration to fabricate. 
 With the increased tolerance requirements for the shear key joint, the difficulty 
of fabrication was increased.  However, due to the symmetric design of the 
configuration and familiarity of shear key deck panel fabrication, the level of 
fabrication difficulty was relatively low and typical for pre-casters. 
 The angular corrugated joint configuration was considered difficult to fabricate 
due to its tight tolerance requirements.  Due to the male-female connection type of 
the configuration, the two transverse panel edges differ in their geometric makeups.  
Great care must be taken by the pre-casters during form assembly to ensure that the 
correct transverse edge forms are utilized during panel fabrication as the edge 
configurations are not interchangeable.  However, the use of angular geometric shapes 
does allow for typical construction methods and materials to be implemented by pre-
casters for the angular corrugated joint. 
 The round corrugated joint configuration was by far the most difficult to 
fabricate.  In addition to the tight tolerances imposed on this configuration, the lack of 
angular geometry does not allow for typical construction methods and materials to be 
utilized by pre-casters.  Highly trained laborers or custom forms are required to 
generate such high precision forms.  Similar to the angular corrugated configuration, 
the asymmetric nature of the round corrugated configuration requires the use of two 
different edge forms during the fabrication of a single panel.  Increased attention to 
detail was required to ensure the correct form assemblies are in place prior to casting 
the round corrugated transverse joint configuration deck panels. 

Ease of Assembly 

 With the lack of corrugations, the placement of SBA to the transverse joint for a 
butt joint was the simplest of all the configurations.  As well as aiding in SBA 
application, the lack of corrugations also allowed for easier panel alignment resulting 
in a more rapid assembly. 
 The shear key configuration was the most difficult of all the configurations to 
assemble.  The extra steps required in adhering the backer rod material, sealing the 
keyway ends and placing the grout resulted in a fairly labor intensive, slow assembly 
procedure. 
 Both the angular and round corrugated joint configurations have been listed as 
moderately difficult to assemble.  Extra care must be taken during the application of 
the SBA material to ensure that an adequate thickness of material covers all edges of 
the corrugations to ensure there are no gaps or voids present within the transverse 
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joint.  Panel alignment was aided by the lubrication effect of the SBA and the self-
centering nature of the corrugations. 
 

Load Capacity 

 The load capacity of each transverse joint configuration has been highlighted in 
Table 7.  The ultimate capacity of the varying joint configurations was as follows: 

Failure Mode 

 The failure modes for the varying joint configurations were highlighted in detail 
throughout section 6.2 (Robert, 2009). 
 The failure mode for the post-tensioned butt, angular and round corrugated 
joint configuration deck panels encompassed severe shear cracking through the depth 
of the section and across the transverse joint.  The post-tensioned shear key failure 
mode resulted in a completely destroyed deck panel. 
 The failure mode for the non-tensioned configurations was complete failure.  
All of the configurations were separated into the individual deck panels that comprised 
the test assembly.  In the butt, angular, and round corrugated joint configurations, the 
failures resembled predicted failure planes laid out for the respective configuration in 
section 3.2 (Robert, 2009).  The shear key joint failure was a result of the keyway grout 
material de-bonding from the deck panels. 

Recommendations 

 The following sections describe the recommendations put forth based on the 
results of this research in regard to the post-tensioning procedure, transverse joint 
filler material and the transverse joint configuration. 
 

Post-Tensioning Procedure 

 The post-tensioning system proved to be a success.  Determining when to post-
tension pre-cast concrete deck elements was found to be a crucial development for 
the overall system performance.  It is strongly recommended that post-tensioning 
operations do not proceed until the SBA used in the transverse joint has fully set.  By 
implementing the snug-tightening procedure and expelling excess SBA from the 
transverse joint, a uniform bearing surface is formed.  The excess SBA is allowed to 
leave the transverse joint and reduce the risk of inducing excessive stresses into the 
joint and possibly causing cracking or spalling of the deck panels.  Once set, the 
uniform bearing surface provided by the SBA allows for even stress distributions across 
the face of the transverse joint, allowing for the post-tensioning compressive forces 
induced to act uniformly across the section. 
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Transverse Joint Material 

 The Sikadur® 31, SBA product performed exceptionally well and is deemed a 
critical component of the rapid bridge deck replacement system. 

Transverse Joint Configuration 

 Based on the results of this research, it is recommended that the round 
corrugated transverse joint configuration be considered for further development and 
testing.  This configuration, in concert with the SBA provided the highest ultimate 
capacity and most rapid and efficient manner of installation. 

Differential Deflection Considerations 

 The use of DIC technologies for deflection data acquisition is extremely 
promising.  The convenience, speed and precision of the cameras exponentially 
decreases the labor intensity and reader error inherently present when utilizing 
multiple analog dial gauges to acquire deflection data.  The possibility of syncing the 
load cell outputs with the DIC greatly reduces the effort required to post-process test 
results when comparing deflection values with given loads. 
 However, the conversion from the global coordinate system of the DIC to the 
local coordinate system of the test specimens has not yet been experimentally verified 
for this particular application.  Because of this, proven deflection values were not 
obtained and therefore not included in this research. 
 
  



66 
 

WORKS CITED 
 
AASHTO. (2008). Bridging the Gap - Restoring and Rebuilding the Nation's Bridges. 

AASHTO. 
AASHTO. (2002). AASHTO Standard Specification for Highway Bridges, 17th Edition. 

AASHTO. 
ACI 318-05. (2005). Building Code Requirements for Structural Concrete and 

Commentary. Farmington Hills, MI. 
American Highway Users Alliance. (2004). Unclogging America's Arteries, Effective 

Relief for Highway Bottlenecks, 1999-2004. Washington D.C.: American 
Highway Users Alliance. 

ASCE. (2009). 2009 Report Card for America's Infrastructure. ASCE. 
ASTM A 722/ A 722M – 05. (2005). Standard Specification for Uncoated High-Strength 

Steel. West Conshohocken: ASTM International West Conshohocken: ASTM 
International. 

ASTM C 39/C 32M – 02. (2002). Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens, West Conshohocken: ASTM International. 

ASTM C 192/C 192M – 02. (2002). Standard Practice for Making and Curing Concrete 
Specimens in the Laboratory. West Conshohocken: ASTM International. 

ASTM C 231 – 04. (2004). Standard Test Method for Air Content of Freshly Mixed 
Concrete by the Pressure Method. West Conshohocken: ASTM International. 

ASTM C 469 – 02, (2002). Standard Test Method for Static Modulus of Elasticity and 
Poission’s Ratio of Concrete in Compression. West Conshohocken: ASTM 
International. 

ASTM C 496 – 04, (2004). Standard Test Method for Splitting Tensile Strength of 
Cylindrical Concrete Specimens. West Conshohocken: ASTM International. 

Bowman, M., Yost, J., Steffen, R., & Goodspeed, C. (2003). Diagnostic Testing and In-
Service Performance Monitoring of a CFRP Reinforced HPC Bridge Deck. Second 
New York City Bridge Conference - Recent Developments in Bridge Engineering 
(pp. 361-371). New York, NY: Bridge Engineering Association. 

Briggs, R. J. (2007). Structural Modeling of Full Depth Concrete Deck Panels.  
Dywidag Systems International. (2006, April). DSI America. Retrieved February 18, 

2009, from DSI America Downloads: 
http://www.dsiamerica.com/uploads/media/DSI-
USA_Bonded_Post_Tensioning_Systems_us.pdf 

FHWA. (2008, December 22). Highway History. Retrieved April 6, 2009, from Federal 
Highway Administration: http://www.fhwa.dot.gov/infrastructure/history.cfm 

National Instruments. (2005). SCXI Chassis User Manual. Austin: National Instruments. 
National Instruments. (2005). SCXI-1314T Front-Mounting TEDS Terminal Block for NI 

SCXI-1520. Austin: National Instruments. 
National Instruments. (2005). SCXI-1520 User Manual. Austin: National Instruments. 
NCHRP. (2003). Prefabricated Bridge Elements and Systems to Limit Traffic Disruption 

During Construction. Washington D.C.: NCHRP. 



67 
 

NHASCE. (2006). 2006 Report Card for New Hampshire's Infrastructure. NHASCE. 
NHDOT Bureau of Bridge Design. (1999). Rollins Road Bridge Over B&M Railroad and 

Main Street Plans. 
NHDOT Bureau of Bridge Design. (2008). Bridge Inspection Report - Haverhill 099/145. 

NHDOT. 
NHDOT Bureau of Bridge Design. (2007). Bridge Inspection Report - Rollinsford 

091/085. NHDOT. 
PCI. (2005). All-Precast Substructure Accelerates Construction of Prestressed Concrete 

Bridge in New Hampshire. PCI Journal , 26-39. 
Ram-Pac International, Inc. (2003). Item # TC-150-DA6, Solid Model DA Heavy Duty 

Double-Acting Cylinders. Retrieved March 24, 2009, from RAM-PAC 
International, Inc. A Subsidiary of Hader Industries, Inc.: 
http://rampac.thomasnet.com/item/double-acting-hydraulic-cylinders/solid-
model-da-heavy-duty-double-acting-cylinders/rc-150-da-
6?&seo=110&plpver=10 

Salzer, D. L. (2008). Rapid Bridge Deck Replacement.  
Schmeckpeper, E. R. (1992). Performance of Concrete Beams and Slabs Reinforced with 

FRP Grids.  
Sika Corporation. (2008, July). Product Data Sheet - Sikadur 31, SBA. Retrieved 

February 17, 2009, from Sika Corporation, Inc. USA: 
http://www.sikaconstruction.com/tds-cpd-Sikadur31SBA-us.pdf 

Sika Corporation. (2006, February 10). Sikadur 31 SBA. Retrieved April 9, 2009, from 
Sika Corporation Case Studies By Product: 
http://www.sikaconstruction.com/construction-
casestudies_in_construction_product-Sikadur31SBA 

Sika Corporation. (2003, 6). SikaGrout 212 Product Data Sheet. Retrieved April 16, 
2009, from Sika Construction: http://www.sikaconstruction.com/tds-cpd-
SikaGrout212-us.pdf 

Sipple, J. D. (2008). Structural Modeling and Monitoring of the Rollins Road Bridge for 
Condition Assessment.  

Transducer Techniques. (2009). CLC Series Load Cell. Retrieved March 24, 2009, from 
Transducer Techniques: http://www.ttloadcells.com/CLC-Load-Cell.cfm 

Woodrow Wilson Bridge Project. (2001). The Woodrow Wilson Bridge Project. 
Retrieved April 9, 2009, from http://www.wilsonbridge.com/index.htm 

 
 
  



68 
 

APPENDIX A – PANEL DESIGN 
 

Post Tensioning Design 

 

Panel Properties 

      anel           

      anel            

                      anel         anel        2 

  Req d          

Post-Tensioning Bar Properties 

        Req d                      Req d        2           

        Req d             

                         

        Req d                    

    Bar          2 

      Bar          Req d             Bar           

 pu            

                Bar       pu             ACI 318-05 18.5.1(c) 

                               

 

According to the Jack Calibration Form provided by DSI in Appendix X, stress each bar 

to a dial gauge value of 3,950 psi to achieve the required compression stress in the 

transverse joint.   
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Panel Dimension Design 

 

ACI 318-05 Section 10.7.1(a) 

 n          anel 

 n          

 n        

Therefore, with 2, 16.00” specimens assembled 

 n         

               “OK” 

 

ACI 318-05 Section 10.7.1(b) 

        anel         

Location of concentrated load = 14.00” from support face 

               ”OK” 
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APPENDIX B – TRANSVERSE JOINT CONFIGURATION 
DIMENSIONS 

 
Butt Joint Configuration 
 

Typical Butt Joint Cross Section 

 
 
Shear Key Configuration 
 

Typical Shear Key Cross Section 

  

8.50"

16.00"

8.50"

16.00"

15.00"

4.00"

2.000"

2.000"

1.00"

2.00"
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Angular Corrugated Configuration 
 
 

Angular Corrugated Tongue Cross Section 

 
 
 

Angular Corrugated Groove Cross Section 

 
 
  

8.50"

16.00"

1.25"

1.25"

1.00"

1.00"

1.00"

0.75"

8.50"

16.00"

1.125"

0.75"

1.125"

1.25"

1.25"

0.75"
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Round Corrugated Configuration 
 
 

Round Corrugated Tongue Cross Section 

 
 
 

Round Corrugated Groove Cross Section 

 
 
  

8.50"

16.00"

0.875"

2.67"

R0.665" TYP.

R0.790" TYP.

8.50"

16.00"

0.875"

2.67"

R0.665"TYP.

R0.790" TYP.
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APPENDIX C – CONCRETE MATERIAL PROPERTIES 
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Splitting Tension Test 
 

According to ASTM C496-04: 

  
  

   
 

 

Cylinder # l 

(inches) 

d 

(inches) 

P 

(lbs) 

T 

(psi) 

1 3.875 4.00 14,860 591 

2 4.00 4.00 14,985 615 
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Elastic Modulus Determination of Test Panel SCC 
 

 c        
  

   
 

  
c           

According to ACI 318, 8.5.1: 

 c   c
      √  c 

 c        
  

   
       √         

             

For normal weight concrete, 

 c        √  c 

 c        √         

             

According to ASTM C-469: 
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APPENDIX D – DSI POST 
TENSIONING PRODUCT 
DATA SHEETS 
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APPENDIX E – TRANSVERSE JOINT MATERIAL PRODUCT 
DATA SHEETS 
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APPENDIX F – PROPRIETARY FORM MATERIAL PRODUCT 
DATA SHEETS 
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