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Abstract
The Interstate Highway System plays a vital role in our economic development by providing a continuous corridor for transporting goods and services.  Currently, there is a need for repair and expansion of the existing highways, which include all bridges along its path.  Because of the high demand for the highway system, repair and expansion must occur rapidly and efficiently.  In recent years, precast bridge deck systems have become an efficient way to reduce construction time during repair.  
This thesis presents the experimental research of the behavior of the U-Bar joint detail used in precast bridge deck systems.  This detail consists of staggered reinforcement extending beyond the precast deck portion into the joint.  Six specimens utilizing the U-Bar detail were constructed and tested.  Three specimens were tested in flexure to simulate the forces applied in a longitudinal deck joint, while three specimens were tested in pure tension to simulate the forces experienced in a transverse deck joint located over an interior pier.  A tight 180° bend at 3db was desired in order to minimize the thickness of the deck.  To achieve this tight bend, deformed wire reinforcement was chosen for the U-Bar detail due to the favorable material properties of deformed wire reinforcement.  The purpose of the testing was to determine if the joint details could generate a precast deck system that could emulate the monolithic cast-in-place deck systems already in use.  For monolithic behavior in a precast deck system, the joints must be able transfer shear, tension and moments.  

In this research, the joint overlap length was the most dominant variable, and should not be less than 152.4 mm (6”).  The precast bridge deck joint should consist of high strength concrete with f’c of at least 68.9 MPa (10 ksi).  The longitudinal reinforcement spacing should be no greater than 152.4 mm (6”).    
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Chapter 1 
Introduction
Introduction


While serving in World War II, the future President Dwight D. Eisenhower recognized a need for an improved transportation system to travel across the continental United States.  During his eight-year term in office, President Eisenhower advocated and authorized The National Interstate and Defense Highways Act of 1956, which led to the construction of our Interstate Highway System.  The Interstate Highway System plays a vital role in our economic development by providing a continuous corridor for transporting goods and services.  Since the introduction of the Interstate Highway System more than 50 years have passed, which exceeds the service life of 50 years for the majority of the bridges still in use.  

The initial need for a better transportation system was met, but, today, a new need arises for immediate repair and expansion.  Because our country is highly dependent upon the interstate for daily transportation, we must conduct the repair and expansion with minimum traffic delay.  Researchers must now find time-efficient ways to renovate and replace the bridges while maintaining its structural integrity for future use.


In the past, the cast-in-place method has been utilized when constructing the bridge deck.  This required a significant amount of time due to forming, laying out the reinforcement, and casting and curing the concrete.  By replacing the cast-in-place method with another method, the delay of regular traffic flow can be decreased considerably.  
New methods, such as the prestressed precast decked bulb tee (DBT) girders and precast deck panels, have been introduced and utilized in the reconstruction of outdated bridges.  To enable a more widespread use of these methods, a set of guidelines for the joint details needs to be implemented.

This thesis presents the procedure and results from experimental tests of the U-Bar joint detail used in precast bridge deck joints.  The U-Bar details discussed in this thesis were selected based on the best performance results of prior testing of similar joint details where the deck thickness and joint widths were minimized for rapid construction purposes (Lewis 2009).  The concrete strength, spacing of the reinforcement, and joint overlap length were the variables tested in this experimental investigation.             
Joint Details 

In Table 7.2 of ACI 318-08, the minimum bend diameter for a #5 bar is six times the diameter of the reinforcement, 6db (ACI 318-08).  In the U-Bar detail, the bend was deformed 180 degrees at the center length of the bar.  For this research, the ACI minimum bend diameter was tightened from 6db to 3db.  The ACI minimums were set for a couple of reasons: (1) to assume that there was sufficient ductility in the reinforcement to resist breakage and (2) to prevent the possibility of crushing the concrete within the bend of the reinforcement.  Deformed wire reinforcement, in accordance with ACI 318-08 3.5.3.5, was used in this experiment due to its advantageous ductility.  The specimens were observed during testing for any crushing within the reinforcement.  

One advantage of a tighter bend results in a decrease of the deck thickness.  Although the tightly bent U-Bar decreased the deck thickness, minimum cover provisions were still enforced with the top cover at 50.8 mm (2”) and the bottom cover at 25.4 mm (1”).  When the U-Bar is set vertically in the joint, it provides a layer of reinforcement on the top and bottom of the deck.  The U-Bars are staggered at the joint to ease the placement of joining the decks at the construction site.

Another goal in this experiment was to decrease the joint width.  By using a bearing surface within the joint, a width reduction can be accomplished.  The interior of the bend serves as the bearing surface in the U-Bar detail.  The bearing surface reduces the development length and allows for a smaller joint width when yielding the reinforcement.  When yielding of the reinforcement occurs, the joint emulates a monolithic behavior similar to that of a cast-in-place deck system.

In a precast bridge deck system, two joint directions were considered: (1) the longitudinal joint representative of the joint parallel to the direction of traffic and (2) the transverse joint representative of the joint perpendicular to the direction of traffic.  Figure 1 depicts the two directions mentioned and the orientation of the specimens tested in this experiment.
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Figure 1.  Orientation of Joints and Corresponding Test Specimens

Chapter 2 

Experimental Program
Specimen Design


Two joint directions, the longitudinal and transverse joints, in a continuous bridge span system were considered.  From prior research (Lewis 2009), the specimens were designed based on the bridge examples 9.8 and 9.9 found in the PCI Bridge Design Manual (PCI 2003).     


In the longitudinal joint, heavy live loads produce large positive and some negative moments between the girders.  The flexural test specimens were designed based on the moments experienced in the longitudinal joint.  A typical bridge cross-section with four BT-72 girders, as seen in Figure 2, was used to design the flexural test specimens. 
 
The negative moment would occur in the transverse joint above an interior support of a continuously spanned bridge.  Due to the large negative moment experienced in the transverse joint, the deck in a composite deck-girder section would experience large tensile forces.  As a conservative approach, the deck was assumed to resist all the tension forces if it does, in fact, act compositely with the girder.  Figure 3 shows a typical bridge longitudinal section used in the design of the tension test specimens.
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Figure 2. Bridge Cross-Section
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Figure 3.  Bridge Longitudinal Section


The deck thicknesses for each joint detail were designed for worst-case scenario.  The deck thicknesses used in the longitudinal joint direction and transverse joint direction were 158.8 mm (6.25”) and 184.2 mm (7.25”), respectively.  The specimens were designed to represent the thinnest deck thickness possible to obtain while still complying with cover limits of 50.8 mm (2”) from the top surface and 25.4 mm (1”) from the bottom surface.  The reinforcement consisted of deformed wire reinforcement with a yield stress, fy, of 520 MPa (75 ksi).  When using U-Bar as the primary joint reinforcement, the primary reinforcement provides continuity by having equal spacing between the top and bottom layers on all specimens.  In the longitudinal joint test specimen, the top and bottom layers of transverse rebar in a precast deck system were the U-Bars at an equivalent size of a #5 rebar with db of 15.9 mm (0.625”).  In the transverse joint test specimens, the top and bottom layers of transverse rebar in a precast deck system consisted of #4 and #5 rebar, respectively.  The top layer was spaced at 304.8 mm (12”) and the bottom layer was spaced at 152.4 mm (6”).  The bottom layer served as the primary flexural reinforcement in the deck; therefore, it needed to be larger in diameter than the top layer.

The reinforcement used in this experiment was non-coated.  According to the research conducted by Treece and Jirsa (1987), the bond strength of the bars and concrete was decreased and the crack widths in the concrete were increased by 50% when using epoxy-coated bars instead of non-coated bars.  However, the stiffness was not affected by using epoxy-coated bars.  If a state requires epoxy-coated bars for deck reinforcement, more tests should be conducted to observe the behavior of the precast bridge decks under positive and negative moments.

The joint overlap length was estimated based on the calculated development length of the U-Bar.  Equation (1), as specified in ACI 318-08 12.5.2, was used to determine the development length.  The development length was calculated as:    
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    (1)
where ldh is the development length for hooked bar in tension, ψe is the reinforcement coating modification factor,  fy is the specified yield strength of reinforcement, λ is the lightweight concrete modification factor, f’c is the specified concrete compressive strength, and db is the nominal diameter of bar.  Equation (1) is in U.S. Customary units.  Since the rebar was not coated and the concrete was not lightweight, ψe and λ were both set at 1.0.    A modification factor, found in section 12.5.3.a, of 0.7 was used since the side cover was greater than 63.5 mm (2.5”) and cover beyond the extension of the bar was greater than 50.8 mm (2”).  Two different concrete compressive strengths, f’c, were tested.  The development length at f’c of 48.3 MPa (7 ksi) was determined as 199.1 mm (7.8”) and at f’c of 68.9 MPa (10 ksi) was determined as 166.6 mm (6.6”).  Based on the development length calculations, the joint overlap length for three specimens was decided to be 152.4 mm (6”).  To determine the behavior of the specimen with a smaller joint overlap length, the fourth specimen was set at a joint overlap length of 101.6 mm (4”).

Gordon and May (2005) performed experimental research on loop bar joints in tension, but the joints did not include any lacer bars at the joint.  As a result, the test specimens experienced sudden brittle failure.  To avoid brittle failure, all test specimens in this research had two lacer bars in the joint, which provided confinement.  The lacer bars were located at the center of the bend.


The testing parameters, as discussed earlier, of the U-Bar joint detail are shown in Table 1.  Each specimen is labeled where the “W” represents deformed wire reinforcement, the “B” represents bending test, the “T” represents tension test, and the number represents the specimen number tested in chronological order.  WB-1 was the first specimen to be tested in flexure.  The testing parameters for WB-2, WB-3 and WB-4 were then specified based on testing results of WB-1.  Also, WT-1 was the first specimen to be tested in pure tension.  The testing parameters for WT-2, WT-3, and WT-4 were specified based on the testing results of WT-1.  


The details of the longitudinal joint test specimens are provided in Figures 4, 5, 6, and 7.  The details of the transverse joint test specimens are provided in Figures 8, 9, 10, and 11.  In each figure, the plan view and elevation profile are provided.  

Table 1.  Testing Parameters
	Specimen ID
	Concrete Strength
	Bar Spacing
	Joint Overlap Length

	
	(MPa)
	(ksi)
	(mm)
	(in)
	(mm)
	(in)

	WB-1
	WT-1
	68.9
	10.0
	114.3
	4.5
	152.4
	6.0

	WB-2
	WT-2
	48.3
	7.0
	114.3
	4.5
	152.4
	6.0

	WB-3
	WT-3
	68.9
	10.0
	114.3
	4.5
	101.6
	4.0

	WB-4
	WT-4
	68.9
	10.0
	152.4
	6.0
	152.4
	6.0
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Figure 4.  WB-1 Longitudinal Joint Specimen
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Figure 5.  WB-2 Longitudinal Joint Specimen
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Figure 6.  WB-3 Longitudinal Joint Specimen
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Figure 7.  WB-4 Longitudinal Joint Specimen
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Figure 8.  WT-1 Transverse Joint Specimen
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Figure 9.  WT-2 Transverse Joint Specimen
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Figure 10.  WT-3 Transverse Joint Specimen
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Figure 11.  WT-4 Transverse Joint Specimen

Experimental Set-Up
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The longitudinal joint specimens and transverse joint specimens were investigated using static loading.  The longitudinal joint specimens were tested in bending using a modified four-point bending test, which would provide a constant moment between the supports at the joint.  The specimen diagrams in Figures 4, 5, 6, and 7 are shown as if the loading would occur on top of the bridge deck, with the 50.8 mm (2”) wearing surface at the top of the deck.  For safety reasons, the specimen was tested virtually upside down, allowing the 50.8 mm (2”) wearing surface to be located at the bottom of the test specimen.  For the tests, the loading occurred outside the supports, causing an upward deflection in the middle of the test specimen.  The loading actuators in the test set-up represented the supporting girder locations on the bridge cross-section.  The supports in the test set-up represented the location of the live loads acting on the deck system at the longitudinal joint.  By essentially flipping the specimen, the cracks in the tension side of the specimen could be safely and easily observed.  Figure 12 shows a diagram of the flexural test set-up and Figure 13 shows the flexural test set-up at the testing facility.  

Figure 12.  Flexural Test Set-Up Diagram (Longitudinal Joint Test)
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Figure 13.  Flexural Test Set-Up Photo (Longitudinal Joint Test)

The tension test set-up for the transverse joint specimens was more difficult.  Threaded rods were welded to the ends of the U-Bar.  These threaded rods were used to connect the specimen to the support and loading beams.  First, the specimen was attached to the support beam at the top of the set-up.  Then, the specimen and support beam together were raised and clamped to the top of the load frame columns.  Afterwards, the loading beam was lifted and attached to the bottom of the specimen.  Lastly, the actuators were secured to the loading beam.  Figure 14 is a diagram of the tension test set-up and Figure 15 is a photo of the tension test set-up.  In order to prevent the beam from twisting during loading, two supports on either side of the beam were locked into the floor, as shown in Figure 16.
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Figure 14.  Tension Test Set-Up Diagram (Transverse Joint Test)
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Figure 15.  Tension Test Set-Up Photo (Transverse Joint Test)
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Figure 16.  Twist Restraints (Transverse Joint)
Instrumentation

Each specimen was instrumented with LVDT’s and strain gages in order to collect data for the bending and tension tests.  For safety, the testing was conducted in a displacement controlled environment using the MTS loading system.  The MTS system provided the loading information of the forces and displacements applied by the actuators.  For the flexural tests, LVDT’s were placed at midspan and each end of the specimen so that total deflection could be calculated.  Two more LVDT’s, one on the tension side and one on the compression side, were placed horizontally at the joint zone so that the curvature could be calculated.  Three LVDT’s were placed on the tension test specimen to measure the displacement at the joint and end of specimen.  Strain gages were used in both longitudinal and transverse joint tests.  

By placing strain gages on the reinforcement within the joint, the direct strain readings from the gages would reveal whether or not the bars in the joint yielded.  If, in fact, the bars yielded in the joint, then the flexural stresses caused by the loading were transferred throughout the joint providing monolithic behavior in the precast bridge deck system.  The strain gage configuration was determined based on the results of WB-1 and WT-1.  To effectively reduce time without compromising results regarding the strain gages, the number of gages was reduced from thirty gages used in WB-1 and WT-1 down to eleven gages in all six other specimens.  As discussed before, the development length at f’c of 48.3 MPa (7.0 ksi) was 199.1 mm (7.8”) and at f’c of 68.9 MPa (10.0 ksi) was 166.6 mm (6.6”).  The gages were placed in accordance to these corresponding development lengths.  Gages were placed on either side of the expected development length location so that the location of the yielding in the bar could hopefully be identified.  In WB-1 and WT-1, the gages were placed on both the tension and compression sides of the U-Bar.  After the reduction of the number of gages, the gages were placed only on the tension side of the U-Bar.  For WB-3 and WT-3, the specimens with a 101.6 mm (4”) joint overlap length, gages were placed at 101.6 mm (4”), 152.4 mm (6”), and 203.2 mm (8”) away from the bend of the U-Bar.  For WB-2, WT-2 , WB-4 and WT-4, the specimens with a 152.4 mm (6”) joint overlap length, gages were placed at 152.4 mm (6”), 203.2 mm (8”), and 254 mm (10”) away from the bend of the U-Bar.  The strain gage configurations for each joint overlap length are shown in Figures 17 and 18.
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Figure 17.  Strain Gage Configuration for WB-3 and WT-3
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Figure 18.  Strain Gage Configuration for WB-2, WT-2, WB-4, and WT-4


The strain gage diagrams have notations indicating the U-Bar identifier and the location on the bar.  The U-Bars are represented by “UB” and the lacer bars are indicated by “LB.”  The distance from the outside of the bend of the U-Bar to the first gage and spacing between gages are shown at the bottom of the diagram.  For example, in Figure 17, the first gage located closest to the bend of the U-Bar #2 is 101.6 mm away from the bend of that particular U-Bar.  The other two distances on UB-2  are measured from center-to-center of each gage.  All distances are in millimeters.  A gage was placed on one lacer bar at 25.4 mm (1”) from the bearing surface of the head and a second gage was placed at the midpoint of the lacer bar.  The strain gage configuration of the lacer bar is shown below in Figure 19.
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Figure 19.  Strain Gage Configuration for the Lacer Bar

Chapter 3

Specimen Construction

Specimen Construction


Once the design for all the specimens was finalized, the forms were constructed.  For the forms of the longitudinal joint specimens, the sides were constructed using lumber with a 50.8 mm (2”) nominal thickness.  The bottom of the form was made of 9.5 mm (0.375”) thick plywood.  The forms were constructed so that the interior dimensions of the form matched the dimensions of the specimen details.  To accelerate the casting time, a form was built for each specimen for a total of six forms.  The forms for the transverse joint specimens were constructed similar to the forms for the longitudinal joint specimens.  However, holes had to be drilled in the ends so that the threaded rods could extend beyond the end of the test specimens.

After the forms were constructed, the strain gages and wires were attached to eighteen U-Bars and six headed lacer bars coinciding with the specified strain gage locations discussed previously.  Then, the forms were marked carefully for proper placement of the U-bars, #4 and #5 transverse bars, and #4 headed lacer bars.  In the flexural test specimens, 50.8 mm (2”) reinforcement chairs were used to provide the specified distance from the bottom of the specimen.  For the tension test specimens, 25.4 mm (1”) reinforcement chairs were used to provide the specified distance from the bottom of specimen.  Steel plates were cut at a height of 3db of 47.6 mm (1.875”) and a width that would span across the width of all U-Bars at the end of each specimen.  These thin steel plates were welded at the end of the U-bars and used to keep a continuous separation of the U-Bar throughout the specimen.  The reinforcement bars were tied together and prepared for shipment.


During transport to Ross Prestressed Concrete, Inc., some of the reinforcement bars shifted.  Once the forms were set in place at Ross, all reinforcement bars were adjusted and measured once again before the casting took place.  Also, lift hooks were placed and tied into the rebar cage prior to pouring.  The strain gage wires were carefully pulled to one side and collected in a plastic bag to reduce the risk of breaking a wire from the gage while pouring.  During the pouring, concrete vibrators were used to evenly distribute concrete among the reinforcement in the form.  To prevent damage to the strain gages in the joint, the joint zone was clearly marked for no vibration.  As the concrete was being poured, 101.6 mm x 203.2 mm (4” x 8”) concrete cylinders were cast as well. Once all specimens were poured, they were covered with burlap and a tarp, then soaked with water during the curing process.  WB-1 and WT-1 were cast on July 24, 2008.  The remainder of the longitudinal joint specimens, WB-2, WB-3 and WB-4, were cast on September 16, 2009, and the remainder of the transverse joint specimens, WT-2, WT-3 and Wt-4, were cast on November 11, 2009.  The casting process that took place at Ross is shown in Figure 20.   


The U-Bar detail provides plenty of room for easy placement in the field.  Also, the space between the top and bottom layers are already set due to the bend in the U-Bar.  This pre-set spacing between top and bottom bars reduces errors made in the construction process and allows tying all rebars together a simpler task.
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 (a) Reinforcement Prior to Pouring
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 (b) Transport to Ross Prestressed Concrete, Inc.
Figure 20. Specimen Construction
Figure 20 Continued
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(c) Placing lift hooks
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(d) Thin Steel Plate and Rebar Chair

Figure 20 Continued
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(e) Notation of No Vibrating in Joint Zone
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(f) Pouring
Figure 20 Continued 
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(g) Vibrating Freshly Poured Concrete
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(h) Finishing the Casting Process

Chapter 4
Constituent Testing

Concrete Testing


As stated previously, the longitudinal joint specimens, WB-2, WB-3, and WB-4, were cast on September 16, 2009.  When these three specimens were cast, fifteen cylinders were also cast.  In order to get accurate concrete compressive strengths, three cylinders were cast for each specimen to be tested on the day of the actual flexural test conducted in the lab.  Three cylinders were cast for a 7-day reading and also a 28-day reading.  The transverse joint specimens, WT-2, WT-3, and WT-4, were cast on November 3, 2009.  Fifteen cylinders were cast for the transverse joint specimens as well.  In compliance with ASTM C 31, Figure 21 shows the rodding process of the concrete cylinders (ASTM C31, 2009).
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Figure 21.  Rodding Concrete Layers in Cylinders

All cylinder tests complied with the ASTM C 39 standards when tested to determine the compressive concrete strength (ASTM C 39, 2005).  The cylinders were loaded as specified in the standards and within the limit of 0.25±0.05 MPa/s (35±7 psi/s).  The cylinder’s compressive forces were recorded at failure.  Due to a machine malfunction, some cylinders were not able to be tested at the 7-day benchmark, as denoted by “n/a” in Table 2.  Once another machine was found, the testing of the cylinders resumed.  Some variation in the accuracy of cylinders may have occurred.  The compressive strength test results are recorded in Tables 2 and 3. 
Table 2.  Compressive Strength Test Results (Flexure)
	
	Cylinder
	7-Day Test
	Day of Test
	28-Day Test

	
	ID
	(psi)
	(MPa)
	(psi)
	(MPa)
	(psi)
	(MPa)

	WB-1
	1
	8710
	60.05
	n/a
	n/a
	10350
	71.36

	
	2
	9753
	67.24
	n/a
	n/a
	11651
	80.33

	
	3
	9820
	67.71
	n/a
	n/a
	11575
	79.81

	
	Average
	9428
	65.00
	n/a
	n/a
	11192
	77.17

	WB-2
	1
	8323
	57.39
	9359
	64.53
	10743
	74.07

	
	2
	8780
	60.54
	9308
	64.18
	10504
	72.42

	
	3
	8989
	61.98
	9103
	62.76
	11220
	77.36

	
	Average
	8697
	59.97
	9257
	63.82
	10822
	74.62

	WB-3
	1
	n/a
	n/a
	10544
	72.70
	10743
	74.07

	
	2
	n/a
	n/a
	10385
	71.60
	10464
	72.15

	
	3
	n/a
	n/a
	10180
	70.19
	10265
	70.77

	
	Average
	n/a
	n/a
	10370
	71.50
	10491
	72.33

	WB-4
	1
	n/a
	n/a
	9759
	67.29
	10743
	74.07

	
	2
	n/a
	n/a
	11711
	80.74
	10464
	72.15

	
	3
	n/a
	n/a
	10097
	69.62
	10265
	70.77

	
	Average
	n/a
	n/a
	10522
	72.55
	10491
	72.33


Table 3.  Compressive Strength Test Results (Tension)
	
	Cylinder
	7-Day Test
	Day of Test
	28-Day Test

	
	ID
	(psi)
	(MPa)
	(psi)
	(MPa)
	(psi)
	(MPa)

	WT-1
	1
	8710
	60.05
	n/a
	n/a
	10350
	71.36

	
	2
	9753
	67.24
	n/a
	n/a
	11651
	80.33

	
	3
	9820
	67.71
	n/a
	n/a
	11575
	79.81

	
	Average
	9428
	65.00
	n/a
	n/a
	11192
	77.17

	WT-2
	1
	7600
	52.40
	7600
	52.40
	9231
	63.65

	
	2
	7958
	54.87
	7958
	54.87
	9111
	62.82

	
	3
	7600
	52.40
	7600
	52.40
	8992
	62.00

	
	Average
	7719
	53.22
	7719
	53.22
	9111
	62.82

	WT-3
	1
	9072
	62.55
	9629
	66.39
	10743
	74.07

	
	2
	9390
	64.74
	9231
	63.65
	10265
	70.77

	
	3
	9231
	63.65
	9629
	66.39
	10743
	74.07

	
	Average
	9231
	63.65
	9496
	65.47
	10584
	72.97

	WT-4
	1
	9072
	62.55
	9589
	66.11
	10743
	74.07

	
	2
	9390
	64.74
	9152
	63.10
	10265
	70.77

	
	3
	9231
	63.65
	9987
	68.86
	10743
	74.07

	
	Average
	9231
	63.65
	9576
	66.02
	10584
	72.97


Chapter 5

Results and Discussion

Flexural Capacity


The four longitudinal joint specimens, WB-1, WB-2, WB-3, and WB-4, were tested in flexure.  As stated before, the “W” represents deformed wire reinforcement, the “B” represents bending test, and the number identifies the specimen tested in chronological order.

From prior research conducted by Lewis (2009), the service level moments were calculated for WB-1 based on the AASHTO service limit states.  WB-1, as well as WB-2 and WB-3, had a width of 381.0 mm (15”), therefore the service moments would be the same for WB-1, WB-2 and WB-3.  However, the width of WB-4 was 508.0 mm (20”), so the service moments increased.  For WB-4, the service moments were inceased by the width ratio of 1.33.  The results of these moment calculations are presented in Table 4.
Table 4.  Service Moments

	M+
	M-

	WB-1, WB-2, WB-3
	WB-4
	WB-1, WB-2, WB-3
	WB-4

	(kN-m)
	(kip-ft)
	(kN-m)
	(kip-ft)
	(kN-m)
	(kip-ft)
	(kN-m)
	(kip-ft)

	13.7
	10.1
	18.2
	13.4
	11.3
	8.3
	15.0
	11.0



In order to observe the behavior of each specimen, Moment versus Deflection and Moment versus Curvature curves were compiled in Figures 22 and 23, respectively.  The deflection readings orginated from the LVDT’s placed at the center location and end locations on the tension side of the specimen.  Since padding was secured between the specimen and the supports, the LVDT’s could have given an inaccurate value for the total deflection.  To improve the accuracy of the data, the deflection readings of the LVDT’s at both ends of the specimen were averaged together.  The averaged end deflections and the middle deflection were combined for the total deflection of each specimen.  The curvature values were derived based on the data produced by the horizontally placed LVDT’s across the joint zone on the tension and compression side of the specimen.  The moment capacities were derived from the forces applied by the MTS actuators. 

As the loading increased toward ultimate capacity, the deflection LVDT’s were removed in order to prevent damage.  By removing these LVDT’s, the data was not completely representative of the behavior of the specimen.  The moment versus deflection curves should reach a peak and then taper off to ultimate failure.  This tapering effect was evident in WB-1 and WB-4.  However, the deflection readings were not available at ultimate for WB-2 and WB-3.  These trends can be viewed in Figure 22.


The curvature LDVT’s were also removed as the loading increased to ultimate capacity.  As the cracks propagated and the crack widths increased, the LVDT on the top of the specimen was removed because the measuring device had streched to its capacity.  The LVDT located on the bottom of the specimen was removed when the concrete began to spall due to high compressive stresses.  The moment versus curvature curves should also taper off toward ultimate.  The data for WB-1 and WB-2 displayed this tapering effect, but the top and bottom LVDT’s were removed before adequate data could be recorded for WB-3 and WB-4.  These trends are displayed in Figure 23.
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Figure 22.  Moment versus Deflection
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Figure 23.  Moment versus Curvature

From Figures 22 and 23, the behavior of each specimen can be observed with respect to one another.  Since ACI 318-08 does not provide a specific method for calculating the moment capacity allowing the staggered U-Bar detail at the joint, two continuously reinforced beam sections were analyzed using two different steel reinforcement patterns:  (1) a cross-section with As=800 mm2 (1.24 in2) representing the side of the longitudinal joint specimen with 2 U-Bars and (2) a cross-section with As=1200 mm2 (1.86 in2) representing the other side of the longitudinal joint specimen with 3 U-Bars.  The cross-sections used in these calculations are displayed in Figures 24 and 25.  In order to observe the behavior of each test specimen in comparison to the continuously reinforced cross-sections, the Moment versus Deflection curves and Moment versus Curvature curves of each specimen were plotted along with the continuously reinforced calculated curves in Figures 26 and 27, respectively.  The curves relating to the continuously reinforced cross-sections were plotted using an analysis software entitled Response 2000. 
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 (a) WB-1, WB-2, and WB-3
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(b) WB-4
Figure 24.  Cross-Sections, As=800 mm2 (1.24 in2) 
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 (a) WB-1, WB-2, and WB-3 
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(b) WB-4 

Figure 25.  Cross-Sections, As=1200 mm2 (1.86 in2)
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 (a) WB-1
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(b) WB-2

Figure 26.  Measured and Calculated Moment versus Deflection

Figure 26 Continued
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(c) WB-3
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(d) WB-4
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 (a) WB-1
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(b) WB-2

Figure 27.  Measured and Calculated Moment versus Curvature

Figure 27 Continued
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 (c) WB-3
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(d) WB-4

Since the U-Bars were staggered in our test specimens, the moment capacities, curvatures, and deflections differed from a continuously reinforced section.  The joint was a combination of two U-Bars, As=800 mm2 (1.24 in2), and three U-Bars, As=1200 mm2 (1.86 in2).  When looking at both reinforcement scenarios, ideally the measured moment versus deflection and the moment versus curvature curves would fall in between the two continuously reinforced calculated curves.  The previous statement holds true for some of the test specimens.  The results of the flexural tests are shown in Tables 5 and 6.  The cracking moment, in U.S. Customary units, was based on the modulus of rupture, fr, equal to 7.5 times the square root of f’c.  The lower bound of fr is 6 times the square root of f’c, which may have provided more accurate calculations for the cracking moment.  For WB-2, f’c was set at 48.3 MPa (7.0 ksi), while the others were set at 68.9 MPa (10.0 ksi).  The yield stress of the reinforcement used in the calculations was 520 MPa (75 ksi).  
Table 5.  Flexural Test Results - Moments
	Spec. ID
	Mcr
	Mn

	
	(kN-m)
	(kN-m)

	
	Meas.
	Calc.
	Ratio
	Meas.
	Calculated
	Ratio

	
	
	
	
	
	2 Bars
	3 Bars
	2 Bars
	3 Bars

	WB-1
	8.00
	8.32
	0.96
	42.10
	37.26
	48.81
	1.13
	0.86

	WB-2
	3.25
	6.96
	0.47
	39.74
	33.80
	43.66
	1.18
	0.91

	WB-3
	6.31
	8.32
	0.76
	34.57
	37.26
	48.81
	0.93
	0.71

	WB-4
	9.16
	11.09
	0.83
	39.44
	39.62
	54.30
	1.00
	0.73


Table 6.  Flexural Test Results – Curvatures and Deflections

	Spec. ID
	Φn
	Deflection

	
	(x10-5 rad/mm)
	(mm)

	
	Meas.
	Calculated
	Ratio
	Meas.
	Calculated
	Ratio

	
	
	2 Bars
	3 Bars
	2 Bars
	3 Bars
	
	2 Bars
	3 Bars
	2 Bars
	3 Bars

	WB-1
	29.01
	23.46
	21.33
	1.24
	1.36
	59.65
	5.39
	6.94
	11.07
	8.60

	WB-2
	21.67
	20.97
	19.38
	1.03
	1.12
	42.05
	5.59
	7.07
	7.52
	5.95

	WB-3
	57.45
	23.46
	21.33
	2.45
	2.69
	39.49
	5.39
	6.94
	7.33
	5.69

	WB-4
	26.41
	23.46
	23.07
	1.13
	1.14
	45.37
	4.34
	5.87
	10.45
	7.73



From Table 5 and 6, WB-1, WB-2 and WB-4 produced adequate capacities in comparison to a continuously reinforced beam with As=800 mm2 (1.24 in2). WB-3 did not produce adequate moment capacity.  WB-3 had the reduced joint overlap length of 101.6mm (4”).  All four U-Bar detailed specimens were extremely flexible in comparison to continuously reinforced sections.  In terms of capacity performance when compared to continuously reinforced sections, the specimens ranked from best to worst as: (1) WB-2; (2) WB-1; (3) WB-4; (4) WB-3.      

Flexural Specimen Behavior


  According to the data, each specimen cracked at the following:  WB-1 cracked at approximately 8.0 kN-m (5.9 kip-ft); WB-2 cracked at 3.3 kN-m (2.4 kip-ft); WB-3 cracked at 6.3 kN-m (4.7 kip-ft); and WB-4 cracked at 9.2 kN-m (6.8 kip-ft). Early in the loading, transverse cracks appeared during the flexural tests.  As expected, the transverse cracks occurred in the tension side of the specimen, recognizing tensile flexural stresses and redistribution of stresses between the concrete and steel.  As the loading slowly increased, longitudinal cracks began to form inside the joint zone.  These longitudinal cracks correspond to the transverse reinforcement within a bridge deck.  The longitudinal cracks in the joint did not appear until the following: 10.3 kN-m (7.6 kip-ft) for WB-2; 27.0 kN-m (19.9 kip-ft) for WB-3; and 24.4 kN-m (18.0 kip-ft) for WB-4.  After the longitudinal cracks formed, the cracks continued to propagate deeper in the longitudinal and transverse directions until diagonal cracks appeared over the joint zone, becoming flexure-shear cracks.  Each specimen displayed the same flexure-shear crack patterns on the heavier-reinforced side of the joint.  These diagonal cracks appeared near the failure point of each specimen.  WB-3 produced more yield lines than any of the other specimens, along with the widest crack width in the center of the joint at failure.  Also, as the specimen neared ultimate failure, the concrete on the compression side began to crush and fall to the ground.  The cracks at failure can be seen in Figure 28.  The numbers written on the specimens represent the forces that were applied when the cracks occurred.  As discussed earlier, this longitudinal reinforcement in the flexural test specimen represents the transverse reinforcement in the bridge deck.
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 (a) WB-2
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(b) WB-3

Figure 28.  Flexural Cracks at Failure

Figure 28 Continued

[image: image40.jpg]



(c) WB-4
Flexural Crack Widths at Service Level Loading


Cracks are a concern for several reasons.  The appearance of cracks in a structure causes public concern, but deterioration of concrete and corrosion of reinforcement is a concern among engineers.  According to the Gergely-Lutz equation, the general acceptable limiting crack widths at the tensile surface of a beam are 0.40 mm (0.016”) for interior exposure and 0.33 mm (0.013”) for exterior exposure.  As discussed earlier in this chapter, the service level positive moment is 13.7 kN-m (10.1 kip-ft) and the service level negative moment were 11.3 kN-m (8.3 kip-ft).  Since the longitudinal joint in a bridge deck would primarily resist positive bending, the service level positive moment of 13.7 kN-m (10.1 kip-ft) was used for comparing crack widths.  For WB-1 conducted in prior research (Lewis 2009), a crack width ruler was used to obtain the crack widths.  At service level loading, the crack width for WB-1 was 0.26 mm (0.01”).  For specimens WB-2, WB-3, and WB-4, the crack widths were measured using a DEMEC strain gage meter, as seen in Figure 29.  Two reference points were glued to the side of the specimen and used to measure with the DEMEC instrument.  The crack widths were measured incrementally while the test was conducted, therefore the crack widths at the service level loading were interpolated values.  At service level loading, the crack width for WB-2 was too large to accurately measure.  The last crack width measurement of 2.19 mm (0.086”) was taken at 13.2 kN-m.  The other crack widths were as follows: 0.15 mm (0.006”) for WB-3 and 0.08 mm (0.003”) for WB-4.  Based on these measurements, WB-2 produced an uncomfortably high surface crack width.
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Figure 29.  DEMEC Strain Gage Measuring Device
Tensile Capacity


The four transverse joint specimens, WT-1, WT-2, WT-3, and WT-4, were tested in tension.  As stated before, the “W” represents deformed wire reinforcement, the “T” represents tension test, and the number identifies the specimen tested in chronological order.


The tensile capacity of the U-Bar specimen is calculated as the product of the lightly reinforced area of steel, As=800 mm2 (1.24 in2), and the U-Bar yield strength of 520 MPa (75 ksi).  The expected tensile capacity of the specimens is 413.7 kN (93 kips).  The service level was determined in prior research (Lewis 2009).  The results of the tests are tabulated below in Table 7.
Table 7.  Tensile Test Results

	Spec. ID
	Tensile Capacity
	Deflection

	
	(kN)
	(mm)

	
	Meas.
	Calculated
	Ratio
	Meas.

	
	
	Service 
	Ultimate
	Service
	Ultimate
	

	WT-1
	414.75
	287.00
	413.70
	1.45
	1.00
	11.34

	WT-2
	394.56
	287.00
	413.70
	1.37
	0.95
	10.43

	WT-3
	336.33
	287.00
	413.70
	1.17
	0.81
	7.50

	WT-4
	474.00
	287.00
	413.70
	1.65
	1.15
	8.88



Typically, the tensile capacity of a specimen under pure tension is attributed to the amount and strength of steel.  All four specimens exceeded the service level load.  However, only two of the specimens, WT-1 and WT-4, exceeded the calculated tensile capacity.  Since the amount of steel was not varied among the test specimens, the tensile capacity must also be attributed to the interaction between the concrete and steel as well as the steel arrangement.  

The tensile capacity of WT-2, which had a decrease in f’c from 68.9 MPa (10.0 ksi) to 48.3 MPa (7 ksi), was 4.6%  less than the expected capacity, and the tensile capacity of WT-3, which had a decrease in joint overlap length from 152.4 mm (6”) to 101.6 mm (4”), was 18.7% less than the expected capacity.  In the joint zone, the staggered U-Bars tied with two lacer bars creates a truss-like model.  This truss model can also be considered a strut-and-tie model where the compression in the concrete represents the strut and the tension in the reinforcement represents the tie.  See Figure 30 below for a depiction of the corresponding compression and tension forces present within the joint zone.  In Figure 30, the diagonal lines represent the compression forces carried by the concrete and the steel U-Bars in the vertical direction represent the tension forces.  
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Figure 30.  Compression and Tension Forces within the Joint

In theory, as a tension specimen is increasingly loaded, the tension reinforcement will eventually yield, causing a transfer from elastic to inelastic behavior at that particular location.  When this inelastic behavior occurs, the forces are transmitted to other elastic regions, until all of the areas become inelastic and eventually fail.  This theory holds true for the testing in this experiment.  When the concrete strength was lowered for WB-2, the confinement was affected earlier in the loading due to the transfer of stresses within the joint.  When the cracks occurred at a lower loading, the stresses were considerably disrupted, significantly affecting the shift of internal forces.  This process led to a greater yielding of the reinforcement.  In WB-3, the area of the joint zone was decreased, also causing the same type of disruption of the stresses and leading to failure.    

For the WT-4 test, some data could not be reviewed due to a malfunction with the MTS system.  When conducting a tension test using the MTS system, the load and displacement of the actuators are visible on the computer.  As a test specimen reaches failure, the load will begin to decrease while the displacement continues to increase.  During the WT-4 test, the actuators did not display this behavior.  The actuators would reach about 409.24 kN (92 kips); then the load and displacement would level off.  The specimen was unloaded and tested again, but the same leveling off behavior occurred again.  Assuming that the specimen had reached its capacity, the strain gages and LVDT’s were removed.  After contacting technical support and having MTS technicians come to the site, it was determined that the hydraulic fluid pressure had been turned down.  As a result, the MTS system was not able to perform at full operating capacity.  After the system was back in full operating mode, the tension test was completed.  The only data collected beyond 409.24 kN (92 kips) were the forces and displacements of the actuators.  


Once all the transverse joint tests were completed, Load versus Deflection curves were plotted.  The load represents the total applied force produced by the MTS actuators.  The LVDT, placed at the bottom of the specimen, recorded the total deflection of the specimen under the tensile loading.  As the loading increased beyond calculated tensile capacity, the concrete began to form large cracks and crumble at the joint zone.  To avoid damaging the deflection measuring device below the joint zone, the LVDT was removed as the loading caused this crumbling effect.  Figure 31 displays the load versus deflection curves of all four tension specimens prior to the removal of the LVDT’s.    
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Figure 31.  Load versus Deflection


A decrease in the  slope of the line indicates the yielding of the reinforcement.  Since the joint overlap length was reduced from 152.4 mm (6”) to 101.6 mm (4”) in WT-3, this specimen failed at almost 20% less than the expected failure at 413.7 kN (93 kips).  WT-1, WT-3, and WT-4 had similar slopes after cracking of the concrete, which signifies that the yielding of the reinforcement occurred in a similar manner.  Because the concrete strength was reduced for WT-2, this specimen produced a slope parallel to that of the other three specimens as the reinforcement yielded, but at a lower capacity.  


According to Figure 31, the behavior of all four specimens resulted in a yielding of the reinforcement without brittle failure.  All four specimens have transverse joint designs that are acceptable for handling the negative moments produced in the bridge deck. 

Tensile Specimen Behavior


For all specimens, the first cracks to develop occurred on the surface.   These cracks were in the transverse direction and were located outside the joint zone.  As tension loading increased, transverse cracks would continue to appear in various locations outside the joint zone.  For WT-2, the first transverse crack to develop at the joint occurred at approximately 124.6 kN (28 kips), which is about 30% of the tensile capacity.  For WT-3, the first transverse crack occurred at nearly 151.2 kN (34 kips), about 45% of the tensile capacity.  For WT-4, the first transverse crack to develop near the joint was at 240.2 kN (54 kips), about half of tensile capacity.  All initial transverse cracks occurred on the side of the specimen that had a 50.8 mm (2”) cover from the reinforcement to the surface of concrete.  As testing progressed, the cracks began to form throughout the thickness of the specimen.  


Longitudinal cracks began forming inside the joint zone at the following loads: 266.9 kN (60 kips) for WT-2, 195.7 kN (44 kips) for WT-3, and 311.4 kN (70 kips) for WT-4.  The longitudinal cracks formed above the longitudinal reinforcement in the specimen, which relates to the longitudinal reinforcement in the deck of precast bridge deck system.  


Diagonal cracks appeared in the joint, suggesting shear cracks, as the specimens approached capacity.  These diagonal cracks propagated toward the first transverse cracks that developed in the joint.  The concrete could be easily removed from the specimen where the diagonal and transverse cracks met.  The crack patterns at tensile failure for WT-2, WT-3, and WT-4 can be seen in Figure 32.  

The lacer bars provided confinement of concrete within the joint and served as restraints for the U-Bars.  The lacer bars allowed ductile failure in all four specimens.  An example of the deformation of the lacer bars can be seen in Figure 33.
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 (a) WT-2
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(b) WT-3

Figure 32.  Tensile Cracks at Failure

Figure 32 Continued
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(c) WT-4
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Figure 33.  Deformation of Lacer Bar
Tensile Crack Widths at Service Level Loading

As calculated in previous research (Lewis 2009), the tensile service load for the U-Bar detail was calculated based on example 9.6 of the PCI Bridge Design Manual (PCI 2003) and determined to be 287 kN (64.5 kips).  For the tension tests, the crack widths were measured using a crack comparator, as seen in Figure 34.  The results from this comparator are not as accurate as the strain gage meter used in the flexural tests.  Predicting the location of the cracking for the tension specimen led to the decision to not use the strain gage meter for measuring the crack widths in the tension tests.  However, the crack widths inside the joint zone were measured incrementally as they were measured for the flexural tests.  To determine the crack widths at service level loading, the values were interpolated as before.  For each specimen, the first transverse cracks that developed in the joint zone, as discussed before, were the ones measured throughout the tension tests for crack widths.  The crack widths for WT-2 and WT-4 at service level were 0.639 mm (0.025”) and 0.229 mm (0.009”), respectively.  For WT-3, the crack width at service level loading had exceeded the limits of the comparator of 1.524 mm (0.060”).  WT-3, having a joint overlap length of 101.6 mm (4”), created the largest crack width at service level loading.            
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Figure 34.  Crack Comparator Used to Measure Tension Crack Widths

Strain Gage Data


As discussed in Chapter 2, strain gages were added to the reinforcement to determine if the overlap length developed the yield strength of the reinforcement.  Several of the strain gages were destroyed during either transport or casting, so they were not able to be used for testing.  Also, significant noise appeared in some of the plots, so the data from those particular strain gages were dismissed as well.  None of the gages located at LB 1-1 functioned, so they were all dismissed. 


Theoretically, as the loading increases, the gages should reveal increasing strains in the reinforcement due to a change in length from the bearing surface in the joint.  For the longitudinal joint tests, most of the data proved this theory to be true and that all U-Bars yielded in the tension side. Due to cracking of the concrete over some of the gage locations, a few of the strain gage readings produced noisy data and were discarded.  The strain gages were placed near the approximate development length of the U-Bars.  Because of cracks occurring over some of the gages, no consistent data were present throughout all four specimens for verifying the development length; therefore, the required joint overlap length could not be verified.  However, the data were consistent in showing that the reinforcement developed large strains where diagonal cracks occurred.  For the longitudinal joint tests, Moment versus Strain curves for each gage location were plotted in Figure 35.  

For the transverse joint tests, the data provided by the strain gages were not as consistent in proving increasing strain in the reinforcement, but some of the data did prove that the strains increased as the loading increased.  Also, the strains were smaller at each gage located further from the bearing surface in the joint.  According to the strain data, only a couple of U-Bars in WT-2 and WT-4 yielded at failure and were located at the strain gage closest to the bend.  If one assumes that the missing data in WT-3 followed the yielding pattern set forth by the rest of the present data, the U-Bars in WT-3, with a decreased joint overlap length of 101.6 mm (4”), yielded before failure.  As in the longitudinal joint tests, the data from the transverse joint tests were consistent in showing that the reinforcement developed large strains where diagonal cracks occurred.  In Figure 36, the total applied Force versus Strain curves for each gage location were plotted for the transverse joint tests.
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 (a) Gage 2-1
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(b) Gage 2-2

Figure 35.  Moment versus Rebar Strain for Longitudinal Joint Tests

Figure 35 Continued
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(c) Gage 2-3
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(d) Gage 3-1

Figure 35 Continued
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(e) Gage 3-2
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(f) Gage 3-3

Figure 35 Continued
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(g) Gage 4-1
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(h) Gage 4-2

Figure 35 Continued
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(i) Gage 4-3
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(j) Gage LB 1-2
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 (a) Gage 2-1
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(b) Gage 2-2

Figure 36.  Force versus Rebar Strain for Transverse Joint Tests

Figure 36 Continued
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(c) Gage 2-3
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(d) Gage 3-1

Figure 36 Continued
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(e) Gage 3-2
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(f) Gage 3-3

Figure 36 Continued

[image: image65.emf]-50

0

50

100

150

200

250

300

350

400

450

-0.002 -0.001 0 0.001 0.002 0.003 0.004 0.005

Strain

Force (kN)

WT-4

WT-3


(g) Gage 4-1
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(h) Gage 4-2

Figure 36 Continued
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(i) Gage 4-3
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(j) Gage LB 1-2

Chapter 6

Conclusions


The purpose of the research presented in this paper was to continue testing various U-Bar joint details and compare the results to previous testing in order to identify the most influential variables.  Once the significance of the variations has been identified, the best performing U-Bar detail will be used in future research for developing the design guidelines and details for both the longitudinal and transverse joints in a precast bridge deck system.


The longitudinal and transverse joint specimens with a U-Bar joint detail were tested in flexure and tension to represent the behavior of a precast bridge deck system.  Based on the prior research testing results of WB-1 and WT-1, the variables of concrete strength, joint overlap length, and spacing between the U-Bar reinforcement have some notable effects on the behavior of the longitudinal and transverse joints.  A summary of the tested variables can be seen in Table 8.  Also, a results summary of the longitudinal and transverse joint tests can be seen in Tables 9 and 10, respectively.  
Table 8.  Summary of Tested Parameters

	Specimen          ID
	Testing                                                          Parameter
	Concrete Strength
	Bar Spacing
	Joint Overlap Length

	
	
	(MPa)
	(ksi)
	(mm)
	(in)
	(mm)
	(in)

	WB-1
	WT-1
	Original Test Specimen
	68.9
	10
	114.3
	4.5
	152.4
	6

	WB-2
	WT-2
	Decreased f'c
	48.3
	7
	114.3
	4.5
	152.4
	6

	WB-3
	WT-3
	Decreased Joint Overlap Length
	68.9
	10
	114.3
	4.5
	101.6
	4

	WB-4
	WT-4
	Increased Longitudinal Reinforcement Spacing
	68.9
	10
	152.4
	6
	152.4
	6


Table 9.  Summary of Longitudinal Joint Test Results
	Spec. ID
	Mn
	Φn
	Deflection

	
	(kN-m)
	(x10-5 rad/mm)
	(mm)

	
	Meas.
	Calculated
	Ratio
	Meas.
	Calculated
	Ratio
	Meas.
	Calculated
	Ratio

	
	
	2 Bars
	3 Bars
	2 Bars
	3 Bars
	
	2 Bars
	3 Bars
	2 Bars
	3 Bars
	
	2 Bars
	3 Bars
	2 Bars
	3 Bars

	WB-1
	42.10
	37.26
	48.81
	1.13
	0.86
	29.01
	23.46
	21.33
	1.24
	1.36
	59.65
	5.39
	6.94
	11.07
	8.60

	WB-2
	39.74
	33.80
	43.66
	1.18
	0.91
	21.67
	20.97
	19.38
	1.03
	1.12
	42.05
	5.59
	7.07
	7.52
	5.95

	WB-3
	34.57
	37.26
	48.81
	0.93
	0.71
	57.45
	23.46
	21.33
	2.45
	2.69
	39.49
	5.39
	6.94
	7.33
	5.69

	WB-4
	39.44
	39.62
	54.30
	1.00
	0.73
	26.41
	23.46
	23.07
	1.13
	1.14
	45.37
	4.34
	5.87
	10.45
	7.73


Table 10.  Summary of Transverse Joint Test Results

	Specimen ID
	Tensile Capacity
	Difference from Expected Capacity
	Crack Width at Service Load
	Tensile Strain at Joint Overlap Length

	
	(kN)
	(kips)
	
	(mm)
	

	WT-1
	414.75
	93.24
	0.26%
	0.20
	n/a

	WT-2
	394.56
	88.70
	-4.62%
	0.64
	Partially yielded

	WT-3
	336.33
	75.61
	-18.70%
	1.52
	Majority yielded

	WT-4
	474.00
	106.56
	14.58%
	0.23
	Partially yielded



By reducing the concrete strength, the crack widths are enlarged, but the flexural and tensile capacities are not affected by more than 6% and 5%, respectively.  By decreasing the joint overlap length, the crack widths are significantly enlarged, the flexural capacity is decreased by 17.8%, and the tensile capacity is decreased by 18.9%.  By increasing the spacing of the U-Bar reinforcement, the crack widths are roughly the same, the flexural capacity is reduced by 6.4%, and the tensile capacity is increased by 14.3%.  

The redistribution of the stresses within the joint is a concern.  In order to provide adequate ductility without significant loss of strength at ultimate, the joint overlap length should not be less than 152.4 mm (6”).  If a smaller joint width is desired, the strut-and-tie effects caused by this redistribution of stresses could be controlled by providing more confinement utilizing stirrups or a hoop at the joint.  Further investigation of strut-and-tie models should be conducted to achieve a smaller joint width.  


Unfortunately, the strain gages did not produce enough consistent data to verify the development length.  Transport and the casting process caused damage to several gages.  If a smaller scale model of the specimens could be constructed, some of the strain gage damage could be reduced.  Smaller scale specimens may give a better indication of the development length.  If epoxy-coated bars are required by code, further investigation should be conducted to determine the bond strength and development length of the U-Bars.

The #4 lacer bars provided restraint for the joint zone in tension.  The deformation of the lacer bars could be decreased by increasing the size of the bar.  One could investigate increasing the size of the lacer bar to decrease the deformation, resulting in a higher strength behavior.


For a reduced concrete strength, the crack widths of the longitudinal joint are a concern.  If a lower concrete strength is desired, more confining reinforcement, such as a hoop, could be used to tie the staggered U-Bars together.  This confinement at the joint could produce a higher capacity as well as limit the crack widths.


When increasing the longitudinal U-Bar spacing, the tensile capacity is increased and the crack widths are small at service loading, but the flexural capacity is compromised.  In a strut-and-tie model, the angle of the resultant forces within the joint affects the flexural behavior of the longitudinal joint.  As the spacing of the U-Bar reinforcement increases, the angle of the resultant forces decreases.  When the angle decreases, the path used to transfer stresses between the steel and concrete is increased, making it more difficult to transfer the stresses before failure.  If a wider spacing of the reinforcement is desired, another lacer bar, placed through the middle of the joint, could provide better capacity by minimizing the transfer area in the joint.

All four longitudinal joint test specimens produced excellent flexible behavior.  These U-Bar details could be considered for use in high seismic regions where flexibility is desired in design.      
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