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ABSTRACT 13 

The Florida Slab Beam (FSB) has been developed by the Florida Department of Transportation 14 

(FDOT) to be used for short-span bridges (less than about 19.8 m [65 ft.] long). The FSB system 15 

consists of shallow precast, prestressed concrete inverted-tee beams that are placed adjacent to 16 

each other and then involve reinforcement and concrete being placed in the inner joints and deck 17 

all in one single cast. Ultra-high-performance concrete (UHPC) is becoming more widely used in 18 

bridge construction applications due to its remarkable structural performance. Many departments 19 

of transportation have tested and deployed the use of UHPC in bridges around the US. Most of 20 

these applications have been to connect precast members (e.g. slabs to beams and slabs, adjacent 21 

beams, caps to columns, etc.). A modified FSB design is desired to eliminate the cast-in-place 22 

(CIP) deck and allow for UHPC to be used in the joint region, which will allow for accelerated 23 
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construction and decrease the impact of construction on traffic. Different joint details and cross-24 

section geometries were analyzed and experimentally evaluated to determine feasible joint details 25 

with UHPC for slab beam bridges used in accelerated construction. Results from numerical 26 

modeling, strength, and fatigue experimental testing of the transverse joint performance of four 27 

different UHPC joints in two different depth slab beam bridges are presented. The straight-side 28 

and shear-key UHPC joint details were found to behave similar to or better than the current FSB 29 

joint detail.  30 

CE Database Keywords: 31 

Ultra-high performance concrete, accelerated bridge construction, prefabricated elements and 32 

systems, non-linear finite element analysis, slab beam bridge 33 

INTRODUCTION 34 

There are over 600,000 bridges in the US with about 40 percent of them at least 50 years old and 35 

about nine percent of them being structurally deficient (American Society of Civil Engineers 36 

(ASCE), 2017). In Florida, the majority of the structurally deficient or functionally obsolete 37 

bridges are short-span bridges, including slab beam systems with deficient load transfer capacity 38 

due to strength decay in their joints; approximately 90 percent of these bridges are less than 18 m 39 

(60 ft.) long (Nolan, Freeman, Kelley, & Rossini, 2018). There has been a need to develop 40 

solutions for rapidly replacing, repairing or retrofitting these structures while minimizing the 41 

impact to traffic during construction. Accelerated bridge construction (ABC) techniques, 42 

specifically prefabricated bridge elements and systems (PBES), can provide such a solution. Slab 43 

beam superstructures, one type of prefabricated element, can be used with ultra-high performance 44 

concrete (UHPC) to create a resilient superstructure system that can offer accelerated construction 45 

with enhanced serviceability performance. The development of a joint detail for such a slab beam 46 
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system that enhances load transfer capacity through numerical modeling and experimental testing 47 

of joints in flexure is summarized in this paper. 48 

Slab Beam Superstructures 49 

Slab beams have been used in bridge superstructure construction since prestressing began in the 50 

United States in the 1950s. Slab beam superstructures are characterized by having shallow depth, 51 

prestressed, precast concrete, and are placed side-by-side with a concrete joint cast in between 52 

them. Due to their shallow depths, the beam section is typically suitable for bridge spans less than 53 

22.9 m (75 ft.) in length. Texas (Texas Department of Transportation (TxDOT), 2018), Minnesota 54 

(Federal Highway Administration (FHWA), 2015), Virginia (Menkulasi, Mercer, Wollmann, & 55 

Cousins, 2012), and Florida departments of transportation have used different slab beam 56 

configurations with different longitudinal joint and transverse tie mechanisms to ensure 57 

appropriate load transfer between adjacent members. The Florida Department of Transportation 58 

(FDOT) bridge inventory has developed six iterations of slab beam bridges that have been built 59 

since the 1950s (Nolan et al., 2018). The first of these slab beam bridges was the prestressed 60 

rectangular slab unit, shown in Fig. 1 (a). This system did not have a cast-in-place (CIP) concrete 61 

deck and was connected through a longitudinal, 254 mm (10 in.) wide, concrete closure pour. The 62 

width of the joint was dependent on the required development length of the transverse steel 63 

projecting in the closure pour. In 1958, the system was modified to enhance its capacity by adding 64 

a 102-mm (4-in.) CIP reinforced concrete deck that was cast with the joint as shown in Fig. 1 (b). 65 

The joint was modified by extending the bottom concrete ledges such that forming underneath the 66 

superstructure was not required and transverse post-tensioned tie bars in sleeves were used as the 67 

transverse joint reinforcement. Later in the 1950s, a lighter version of the slab unit called Sonovoid 68 

(voided slab) began to be used, shown in Fig. 1 (c). Sonovoids have a reduced weight due to 69 
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cylindrical voids running along the length of the beam and an asphalt layer in place of the 102-mm 70 

(4-in.) thick CIP deck; the asphalt overlay was used to accommodate differential camber between 71 

adjacent beams. The overall joint geometry was decreased to small shear keys filled with grout. 72 

The same transverse post-tensioned tie bar detail was used to provide for the force transfer between 73 

adjacent beams. These cross-sections developed by FDOT regional offices were used for the next 74 

few decades. The next major development in the FDOT slab beam systems was the Prestressed 75 

Slab Unit (PSU), shown in Fig. 1 (d), which first appeared in 2008 and was standardized in 2009. 76 

The PSU was simpler to construct in the field as it eliminated the need for transverse tie bars. The 77 

load transfer between adjacent members relied on a grouted shear key and a 153-mm (6-in.) thick 78 

CIP reinforced concrete deck that acted in composite action with the slab beams.  79 

There have been some issues observed with existing slab beam systems in Florida (FDOT, 2013; 80 

Nolan et al., 2018) shown in Fig. 1 (a) – (d). The transverse capacity of the joint has decayed 81 

rapidly during service loading in some deployed bridges, indicated by longitudinal cracking at the 82 

joints along the length of the beams. This behavior would suggest that the slab beam superstructure 83 

system is not behaving as a composite unit, but rather load is being primarily carried by the beam 84 

on which it is directly applied.  85 

Poor performance of these systems led FDOT to the development of an alternate system in 2005, 86 

the Florida Slab Beam (FSB), shown in Fig. 1 (e). The FSB was developed for use on low volume, 87 

short-span bridges (less than about 19.8 m [65 ft.] long). It consists of shallow precast, prestressed 88 

concrete inverted-tee beams that are placed side by side, allowing the bottom lip to serve as a 89 

bottom form for the CIP joint and deck. A steel reinforcement cage is placed in the joint region 90 

with an additional steel reinforcement mat for the top deck. A monolithic concrete joint and slab 91 

are cast after all the reinforcement is placed.  92 
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The section shares some characteristics with the Precast Composite Slab Span System (PCSSS) 93 

developed by Minnesota in 2005 (Bell, French, & Shield, 2006; French et al., 2011; Smith, 94 

Eriksson, Shield, & French, 2008), shown in Fig. 1 (f), which was the first shallow inverted-T 95 

prestressed concrete system with straight web sides and bottom ledges that served as stay-in-place 96 

formwork. The main difference between the FSB and the PCSSS system is that the PCSSS has 97 

projecting rebar hooks that extend transversely through the joint creating a lapped splice, while the 98 

projecting rebar hooks in the FSB do not extend beyond the edge of the bottom lip. The detail in 99 

the FSB was intended to improve constructability by eliminating the potential of projecting rebars 100 

from adjacent members interfering with each other.  101 

 102 

Fig. 1: Slab beam system evolution in Florida: (a) prestressed rectangular slab unit (1955), (b) 103 

prestressed keyed slab unit (1958), (c) prestressed voided slab units – Sonovoid (1958), (d) 104 

prestressed slab unit – PSU (2008), (e) Florida Slab Beam – FSB (2015), based on (Goldsberry, 105 

2015), and (f) precast composite slab span system – PCSS (2005). 106 
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After the PCSSS development, MnDOT implemented the system in two pilot bridge projects with 107 

one of the bridges instrumented and monitored to investigate the in-service performance and 108 

possible reflective cracks on the CIP deck (Smith et al., 2008). It was found that cracking initiated 109 

in CIP deck regions immediately above the vertical sides of the beam webs over the ledged joints, 110 

and the researchers determined that these cracks resulted from restrained concrete shrinkage and 111 

environmental effects rather than traffic loads (French et al., 2011; Smith et al., 2008). Ten 112 

additional bridges were constructed between 2005 and 2011, giving a total of 12 bridges 113 

constructed in Minnesota with a version of the PCSSS system. Five of these bridges were inspected 114 

in 2011 to determine their performance (Halverson, French, & Shield, 2012). Halverson et al. 115 

(2012) found there to be extensive cracking and efflorescence located on the bottom of the 116 

superstructure near joints in the inspected bridges. An optimized inverted T-beam was later 117 

proposed by researchers from Virginia with revised web section that included tapered sides. This 118 

solution was shown to decrease stress concentrations that could occur in abrupt geometry changes 119 

in the slab beam web (Menkulasi et al., 2012; Menkulasi, Cousins, & Wollmann, 2018), but 120 

researchers still found that stresses from temperature and time effects were still significant 121 

(Menkulasi et al., 2018). 122 

Research Motivation, Objective, and Significance  123 

The research discussed in this paper had two primary motivations: (1) the poor performance of 124 

previously used slab beam systems for short-span bridges evidenced by reflective cracking along 125 

the joint line in in-service bridges and (2) the desire to create a short-span bridge solution for 126 

accelerated construction. The primary objective of the research discussed in this paper was to 127 

develop a cross section for short-span bridges (less than 22.9 m [75 ft.] in length) and a joint design 128 

utilizing UHPC with satisfactory strength and fatigue performance, which allows for accelerated 129 

https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29BE.1943-5592.0001561
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29BE.1943-5592.0001561


F. D. Chitty, C. J. Freeman, and D. B. Garber, “Joint Design Optimization for Accelerated Construction of Slab 

Beam Bridges,” Journal of Bridge Engineering, vol. 25, no. 7. p. 04020029-14, 2020 

7 

  Chitty, April 10, 2019 

construction of the superstructure. UHPC was selected as the joint material for this research as it 130 

has been previously used in accelerated bridge construction applications to connect other precast 131 

members (e.g. full-depth precast deck panels, adjacent box beams). The research discussed in this 132 

paper is significant as it addresses the future construction of short-span bridges, which make up 133 

the vast majority of structurally deficient and functionally obsolete bridges. 134 

Previously Investigated Joint Details with UHPC 135 

Ultra-High-Performance Concrete (UHPC) is becoming more widely used due to its high 136 

compressive and tensile strength, improved long-term durability, low permeability, and high 137 

flowability. Also, UHPC has been used for constructing prefabricated bridge elements and 138 

overlays, but its primary application to date has been for the joints between prefabricated elements 139 

(Russell & Graybeal, 2013). The high tensile strength of UHPC decreases the required joint size 140 

and improves the joint durability between prefabricated elements; UHPC has been shown to 141 

provide a stronger connection than the prefabricated members themselves (Graybeal, 2010).  142 

There have been several research efforts that have investigated UHPC joints between full-depth 143 

precast concrete deck panels (Aaleti & Sritharan, 2014; Graybeal, 2014b) and adjacent box beams 144 

(Yuan, Graybeal, & Zmetra, 2018). A study conducted by Aaleti and Sritharan (Aaleti & Sritharan, 145 

2014) determined the four most popular joint geometries used in panel-to-panel connections with 146 

different steel rebar configurations: lap spliced bars, headed bars, non-contact lap spliced bars, and 147 

hooked bars. A UHPC joint geometry with non-contact, lap spliced transverse rebar was later 148 

developed to connect adjacent box bridge superstructures (Yuan et al., 2018); the details of this 149 

joint were based on previously discussed joint geometries.  150 

Guidelines for UHPC field-cast joint construction were developed based on the extensive research 151 

conducted by the Federal Highway Administration (FHWA) (Graybeal, 2014a). These guidelines 152 
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were developed based on findings from the previously mentioned research on joint connections, 153 

additional reinforcement pull out and development testing (Yuan & Graybeal, 2014), and UHPC 154 

material testing (Haber, De la Varga, Graybeal, Nakashoji, & El-Helou, 2018). 155 

DEVELOPMENT OF UHPC JOINT GEOMETRY AND REINFORCEMENT DETAIL 156 

The design embedment lengths, cover, lap splice length, and spacing between non-contact lap 157 

spliced bars in UHPC were chosen as recommended by Graybeal (Graybeal, 2014a) as a starting 158 

point. The recommended and provided values for the #16 (#5) joint reinforcement (db = 15.9 mm 159 

[0.625 in.]) are shown in Table 1; the joint regions proposed for testing use #16 (#5) rebar as the 160 

primary joint reinforcement. These design recommendations are valid for a UHPC mix with 2-161 

percent (by volume) steel fiber reinforcement and a compressive strength of at least 96.46 MPa 162 

(14 ksi). This value allows for accelerated construction applications, as a typical UHPC mix can 163 

reach above 96.46 MPa (14 ksi) within the first few days after casting (Graybeal, 2006).  164 

Table 1. Design values for UHPC connections (based on (Graybeal, 2014a)) 165 

Parameter Formula Value Provided 

Embedment Length 𝑙𝑑 = 8𝑑𝑏 8 ∗ 15.9 mm = 127.2 mm 127.2 mm or 161.9 mm 

Cover ≥ 3𝑑𝑏 3 ∗ 15.9 mm = 47.7 mm 47.6 mm 

Lap splice length 𝑙𝑠 = 0.75𝑙𝑑 0.75 ∗ 127.2" = 95.4 mm 101.6 mm or 133.3 mm 

Max. clear spacing 𝑙𝑠  95.2 mm 60.3 mm 

Note: ld = embedment length; ls = lap splice length; 1 in. = 25.4 mm 166 

Two categories of joint geometries were developed for investigation in this project: (1) straight 167 

joint sides with no shear key and (2) traditional shear key shape. The width of the joints with 168 

straight sides and no shear key was based on the required embedment length and splice length of 169 

the joint reinforcement. As UHPC allows for a shorter embedment and development lengths, only 170 

a 153-mm (6-in.) wide joint was required, resulting in two joint geometries called FDOT 1 (F1) 171 
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and FDOT 2 (F2), as shown in Fig. 2 (a) and (b). A bottom lip was still provided in these joints to 172 

allow for the joint to be constructed without bottom forming of the joint. Two different thickness 173 

bottom lips were provided: a 102-mm (4-in.) lip with reinforcement extending into it in joint F1, 174 

and a 51-mm (2-in.) lip without reinforcement extending into the lip in joint F2, shown in Fig. 2 175 

(a) and (b), respectively. The thinner bottom lip dimension allowed for the joint reinforcement to 176 

be moved further down in the section but did not allow for reinforcement to be extended into the 177 

lip.  178 

One traditional shear key detail was chosen to allow for a larger embedment length of the joint 179 

reinforcement while keeping a similar joint area. This detail was based on a previously 180 

recommended detail for the connection between adjacent box beams (Graybeal, 2014a; Yuan et 181 

al., 2018), and it is called Alternate 1 (A1) as shown in Fig. 2 (c). The splice length of the joint 182 

reinforcement was the same as joint F1 and F2 previously described. The depth of the joint 183 

reinforcement in joint A1 (162 mm [6.4 in.]) was larger than that of joint F1 (158 mm [6.2 in.]). A 184 

second shear key detail, shown in Fig. 2 (d) and called Alternate 2 (A2), was developed to: (1) 185 

lower the height of the joint reinforcement, (2) increase the splice length of the reinforcement, and 186 

(3) strengthen the top flange portion of the joint.  187 
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 188 

Fig. 2: Details for joint: (a) FDOT 1 (F1), (b) FDOT 2 (F2), (c) Alternate 1 (A1), and (d) 189 

Alternate 2 (A2). (units: mm, 1 mm = 0.0394 in) 190 

The performance of the proposed UHPC joint specimens was compared to the performance of a 191 

control specimen, called FSB, which had a joint designed using the original FSB construction 192 

detail (FDOT, 2016b). This detail requires #16 (#5) hooked joint reinforcement with a bend 193 

diameter of 64 mm (2.5 in.) extending 127 mm (5 in.) from the precast beams with a height 194 

measured from the base of the member of 165 mm (6.5 in.), as shown in Fig. 1 (e). The 195 

reinforcement installed in the field includes hooped bars in the joint, longitudinal joint 196 
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reinforcement along the length of the beam, and deck reinforcement all of which are #16 (#5) bars. 197 

The joint and CIP deck are then cast at the same time.  198 

These joint details were evaluated through the following numerical and experimental 199 

investigations using 305-mm (12-in.) and 457-mm (18-in.) deep specimens with reinforcement 200 

details similar to those recommended by  the original FSB construction guidance (FDOT, 2016b). 201 

NUMERICAL INVESTIGATION 202 

Finite element analysis (FEA) was first used to determine the failure mechanism of the proposed 203 

joint geometries.  FEA served to initially evaluate the performance of the joints and to determine 204 

the geometry of the specimens (length, width, and depth) to ensure a flexural failure mechanism 205 

with expected failure loads within the testing frame capabilities.  206 

Numerical Methods 207 

The response of all the laboratory specimens were first estimated using a commercial non-linear 208 

FEA package named ATENA® specially designed for modeling reinforced concrete elements in 209 

the elastic, post-cracking, and ultimate capacity ranges. The software uses the Fracture-Plastic 210 

Constitutive Model: tensile (fracturing) and compressive (plastic) behavior (V. Cervenka, Jendele, 211 

& Cervenka, 2016), which is suitable to simulate concrete cracking, crushing under high 212 

confinement, and crack closure due to crushing in other material directions. 213 

Specimen Geometry 214 

Numerical models were developed for eight joint geometries to be tested in two groups: (1) 457-215 

mm (18-in.) deep beams (Control FSB, F1, F2, and A1), and (2) 305-mm (12-in.) deep beams (F1, 216 

F2, A1, and A2), as shown in Fig. 3. These joint specimens consisted of two beams with the same 217 

joint geometry placed side by side and loaded to study the transverse flexural capacity of the joints. 218 

There are three main slab-beam depths in the current FSB Specifications (FDOT, 2016b). The 219 
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control FSB specimen was designed using a 305-mm (12-in.) deep standard FSB section with a 220 

1,520-mm (60-in.) wide (FSB 12x60) and a 152-mm (6-in.) deep CIP deck, giving an overall 221 

thickness of 457 mm (18 in.). The smallest and largest slab beam depths in the current FSB 222 

Specification (305 mm and 457 mm [12 in. and 18 in.]) were chosen for the investigation of the 223 

other UHPC joint specimens without CIP decks.  224 

 225 

Fig. 3: Specimen details for analytical and experimental program. (units: mm, 1 mm =0.0394 in) 226 

The FSB control served as a comparison for the 457-mm (18-in.) deep UHPC joint specimens. 227 

The overall thickness of the section is designated as the first number in the specimen name (e.g., 228 

12F1 is a 12-inch thick specimen with joint F1). 229 

Ten total 15-mm (0.6-in.) diameter prestressing strands were located parallel to the joint in the 230 

beam section. Four strands were spread out across the top of the section, four strands at the bottom 231 

of the section and two strands in the outside of the section 51 mm (2 in.) above the bottom row of 232 

strands, as shown in Fig. 3. 233 

FSB:

F1:

F2:

A1:

305 precast section
305

A2:

457

152 CIP deck

457 mm (18-inch) deep 305 mm (12-inch) deep
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Meshing and Material Models 234 

The mesh of all the models were generated automatically using the default mesh size (102 mm [4 235 

in.]) per element with a tetrahedra geometry. The material properties used for modeling the 236 

concrete, UHPC, and steel reinforcement in the sections are summarized in Table 2. The FSB 237 

section and conventional joint concretes were modeled using a conventional concrete model 238 

(CC3DNonLinCementitious2) with the described ultimate and compressive tensile stresses. The 239 

UHPC was also modeled using CC3DNonLinCementitious2, but with an increased compressive 240 

strength (f’c), tensile strength (ft), modulus of elasticity (E) and fracture energy (GF), as shown in 241 

Table 2. The CC3DNonLinCementitious2 material consists of two constitutive models for fracture 242 

(tension) and plastic (compression) behaviors combined through a simultaneous algorithm solution 243 

(J. Cervenka & Papanikolaou, 2008). The crack initiation in the fracture model is computed using 244 

the Rankine failure criterion, which is described by a pyramid region formed by three stress planes 245 

in a stress space, or Rankine failure surface. A crack is formed when a maximum principal tensile 246 

stress (in any of the main three stress directions delimitated by the failure surface at any finite 247 

element) exceeds the tensile strength (ft) of concrete (J. Cervenka & Papanikolaou, 2008). The 248 

crack opening is then determined by the crack band size and the fracture strain as suggested by 249 

Hordijk (Hordijk, 1991).  250 

Table 2: Summary of concrete and steel material models used 251 

Material Base Material Prototype 
fy 

(MPa) 

f’c 

(MPa) 

ft 

(MPa) 

E 

(GPa) 

GF 

(kN/m) 

Beams* CC3DNonLinCementitious2 -- 58.6 3.8 30.0 0.080 

Conventional 

Joint 
CC3DNonLinCementitious2 -- 27.6 2.2 30.0 0.050 

UHPC Joint CC3DNonLinCementitious2 -- 126.2 5.5 42.7 0.125 

Steel 

Reinforcement 
CCReinforcement 413.7 -- -- 199.9 -- 
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Note: fy = yielding strength; f’c = concrete compressive strength at 28 days; ft = concrete tensile 252 

strength at 28 days; E = modulus of elasticity; *same material for all beams: Control FSB and 253 

specimens with modified joint geometry; 1 ksi = 6.9 MPa; 1 kip = 4.4 kN; 1 in. = 0.025 m. 254 

All the steel rebar in the models were specified as typical Grade 60 reinforcement without steel 255 

hardening. The longitudinal prestressing strands were modeled as inactive strands (without active 256 

prestressing force) as the models were used to assess the transverse behavior of the section and the 257 

joint strength. 258 

The interface was modeled as a perfect bond between the UHPC and precast section, which was 259 

assumed because previous testing has shown that UHPC has a good bond to conventional concrete 260 

with proper aggregate exposure finish with at least 6-mm (0.25-in.) amplitude. Hence, the need for 261 

proper surface preparation for bond in joint specimens (Graybeal, 2014a).  262 

Transverse Joint Capacity 263 

The transverse joint capacity between two adjacent members was investigated through these 264 

numerical analyses using a similar joint testing protocol conducted by Graybeal (Graybeal, 2010). 265 

The boundary conditions, loading condition, and overall specimen geometry (for 1,422-mm [56-266 

in.] long specimens) are shown in Fig. 4 (a) and (b). Two beam segments with a short length (1,422 267 

mm and 2,845 mm [56 in. and 112 in.]) were placed side by side with a UHPC joint connecting 268 

them (or CIP deck and joint for the FSB control specimen). The supports were located toward the 269 

outside of the beams running parallel to the joint; note that this is perpendicular to the orientation 270 

of the bearings in a bridge in the field as this test measures the transverse response at bridge mid-271 

span between two beams. The load was then placed on the center edge of the joint region (aligning 272 

the outer wheel patch border to the joint boundary line) to test both the shear transfer and flexure 273 

capacity of the joint. The load is applied through a load plate the size of an HS-20 wheel patch 274 
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(508 mm by 254 mm [20 in. by 10 in.]), as shown in Fig. 4 (b) based on the AASHTO LRFD 275 

Bridge Design Specifications (American Association of State Highway and Transportation 276 

Officials) (AASHTO, 2014) oriented in the direction of traffic parallel to the joint. Joints were 277 

tested using these support and load conditions for specimens with 1,422-mm and 2,845-mm (56-278 

in. and 112-in.) lengths to determine the ultimate strength of the joint, joint ductility through the 279 

load-deflection response (based on deformation after non-linear stage), and failure mechanism 280 

determined by the crack pattern at failure. A sample crack pattern and load-deflection response are 281 

shown in Fig. 4 (c) and (d). The 2,845-mm (112-in.) long specimens appeared to be experiencing 282 

closer to a punching shear failure than a flexure failure of the joint. The 1,422-mm (56-in.) long 283 

specimens were all experiencing a clear flexure failure within the capacity of the available load 284 

frame used in the experimental investigation. A flexure failure was desired for this testing, so the 285 

1,422-mm (56-in.) length was chosen for the construction of the experimental specimens.  286 
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 287 

Fig. 4: Transverse capacity evaluation: (a) applied load relative to joint and supports, (b) top 288 

view of wheel patch location, (c) 18F1 top and bottom expected cracking pattern before failure 289 

(others similar), and (d) 18F1 estimated load-deflection response (others similar). (length units: 290 

mm, 1 mm = 0.0394 in) 291 

The principal stress that developed in the joints under different load conditions was also 292 

investigated through the FEA. The maximum principal stress for the four joint shapes in the 305-293 

mm (12-in.) deep specimens are shown in Fig. 5. There was a concentrated stress that developed 294 

at service loading at the bottom of the UHPC joint immediately above the bottom ledge. This 295 

concentrated stress was due to a perfect bond being assumed between the top of the ledge and the 296 
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UHPC joint. As a result, the top of the ledge was not specified as an exposed aggregate finish for 297 

the beams constructed for the experimental investigation. Additionally, cracking and concentrated 298 

stresses were observed in the top lip of joint A1, shown in Fig. 5 (b). Joint A2 was developed using 299 

FEA to modify the joint to decrease these stress concentrations in the top lip of the joint. The FEA 300 

results were validated through the experimental investigation. 301 

 302 

Fig. 5: Maximum principal stress at the load point in 305-mm (12-inch) deep specimens from 303 

FEA at (a) service load of 35.6 kN (8 kips) and (b) ultimate load (load dependent on joint type) 304 

with cracking in the plane shown in black (1 MPa = 0.15 ksi) 305 
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EXPERIMENTAL INVESTIGATION 307 

Specimen Design and Material Properties 308 

Sixteen (16) prestressed slab-beam sections, 1,422-mm (56-in.) long by 1,524-mm (60-in.) wide, 309 

were built by a local precaster to construct the joint systems using two beams each, shown in Fig. 310 

2. Six of these beams were 457-mm (18-in.) deep (18F1, 18F2, and 18A1 pairs). The other 10 were 311 

precast at 305-mm (12-in.) deep (12F1, 12F2, 12A1, 12A2, and FSB pairs). The FSB section was 312 

precast at 305-mm (12-in.) deep and then a 152-mm (6-in.) deep CIP deck was cast on top with 313 

the joint giving the overall tested section a depth of 457 mm (18 in.). The thicknesses for all the 314 

specimens were summarized in Fig. 3. The reinforcement details for each modified joint beam was 315 

based on the original FSB design (FDOT, 2016b). Two joint tests were conducted for each pair of 316 

precast beams, designated by the last number in the specimen name (e.g., 18F2-1 is the first test 317 

on the 18F2 set of specimens).  318 

The precast concrete mix specified for all the beam specimens was FDOT Concrete Class VI with 319 

a minimum compressive strength at 28 days of 58.6 MPa (8,500 psi) and maximum water/cement 320 

ratio of 0.37 kg/kg (lb/lb). The required concrete mix for the CIP deck in the original FSB joint 321 

was FDOT Class II (bridge deck) with a minimum compressive strength at 28 days of 31 MPa 322 

(4,500 psi) and maximum water/cement ratio of 0.44 kg/kg (lb/lb). The UHPC mix used for the 323 

joint connections was specified to be Ductal® JS1000, which is a proprietary UHPC mixture 324 

commonly used for field-cast closure pours for prefabricated bridge element connections. The 325 

UHPC mix ingredients, dosages, and mixing procedure were all provided by the manufacturer.  326 

The specified and assumed concrete compression strength for the precast section and joint material 327 

are shown in Fig. 3. 328 
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Table 3: Material properties for experimental specimens 329 

Specimen 

Section f’c (MPa) Joint f’c (MPa) 
Thickness of 

section (mm) 

Joint 

Preparation 
Specified Measured Specified Measured 

FSB-1 58.6 85.5 27.6 44.8 457.2* Sandblasted1 

FSB-2 58.6 87.6 27.6 9.7 457.2* Sandblasted1 

18A1-1 58.6 77.9 144.8 164.1 457.2 Sandblasted1,2 

18A1-2 58.6 75.8 144.8 160.6 457.2 Sandblasted1,3 

18F1-1 58.6 82.0 144.8 169.6 457.2 Sandblasted1,2 

18F1-2 58.6 80.7 144.8 165.5 457.2 Sandblasted1,3 

18F2-1 58.6 82.0 144.8 175.8 457.2 Sandblasted1,2 

18F2-2 58.6 84.1 144.8 171.7 457.2 Sandblasted1,3 

12A1-1 58.6 86.2 144.8 160.0 304.8 Sandblasted1,2 

12A1-2 58.6 95.1 144.8 178.6 304.8 Sandblasted1,3 

12F1-1 58.6 85.5 144.8 160.0 304.8 Sandblasted1,2 

12F1-2 58.6 86.2 144.8 187.5 304.8 Sandblasted1,3 

12F2-1 58.6 81.4 144.8 164.8 304.8 Sandblasted1,2 

12F2-2 58.6 86.2 144.8 168.9 304.8 Sandblasted1,3 

12A2-1 58.6 77.2 144.8 166.9 304.8 Paste Retarder3,4 

12A2-2 58.6 84.1 144.8 175.8 304.8 Paste Retarder3,4 

Note: f’c = concrete compressive strength at 28 days; *thickness of section includes 152.4 mm 330 

CIP deck; 1sandblasting resulted in an exposed aggregate finish with less than 1.6 mm 331 

roughness; 2joint UHPC was mixed with improper admixtures; 3joint UHPC was mixed with 332 

proper admixtures; 4Use of paste retarder resulted in an exposed aggregate finish with 3.2 mm 333 

roughness; 1 in. = 25.4 mm; 1 ksi = 6.9 MPa. 334 

 335 
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The precast beam fabrication, beam delivery to the FDOT Structures Research Center (SRC), 336 

UHPC joint casting, and FSB deck fabrication are shown in Fig. 6. Three sizes of Grade 60 mild 337 

steel reinforcement were used to build all the precast specimens: #10 (#3), #13 (#4), and #16 (#5) 338 

reinforcement.  Ten fully bonded, pre-tensioned, 15-mm (0.6-in.) diameter Grade 270 strands were 339 

used in the precast sections with a small amount of prestressing (103.4 MPa [50 ksi]), as shown in 340 

Fig. 3. The strands were needed to support the mild reinforcement in the beam section, but likely 341 

did not play a role in the transverse capacity of the joint strength. 342 

 343 

Fig. 6: Construction of joint specimens: (a) precast specimen concrete pour, (b) delivery of slab-344 

beam specimens to FDOT SRC, (c) casting of field-cast UHPC, and (d) FSB deck casting. 345 

Test Setup and Loading Protocol 346 

The supports and testing frame used for the experimental program are shown in Fig. 7. The test 347 

setup consisted of two main supports parallel to the joint and holding the specimens in a simply-348 

supported configuration with a vertical clearance of 1,118 mm (44 in.) from the ground to the 349 
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bottom of the specimen; this allowed to monitor displacements and cracks underneath the joint for 350 

ease. Each support was grouted to the strong floor to ensure levelness and avoid undesired 351 

movement or rotations. The simply-supported specimens were loaded by a hydraulic jack with a 352 

2,046.2-kN (460 kip) static and fatigue capacity and a variable stroke length of 254 mm (10 in.). 353 

The load application point was a steel plate with a 508-mm by 254-mm (20-in. by 10-in.) surface 354 

area and 51-mm (2-in.) thickness with a bottom neoprene bearing pad of the same size. The load 355 

area is similar to the wheel patch of an AASHTO HS-20 truck (AASHTO, 2014).  356 

 357 

Fig. 7. Testing frame layout: (a) supports elevation and specimen layout and (b) supports plan 358 

layout (actuator centerline parallel to longitudinal joint). (units: mm, 1 mm = 0.0394 in) 359 

Specimens were tested to determine their ultimate strength and fatigue performance. Strength 360 

testing consisted of the application of a monotonic load at an approximate rate of 0.9 kN/s (0.2 361 

kips/s). Loading was typically applied in 44.5-kN (10-kip) increments until 65 percent of the 362 

expected ultimate capacity. The specimen being tested was inspected for cracks, cracks marked, 363 

and pictures taken in between each load step until 65 percent was reached. The specimen was then 364 

gradually loaded until failure.  365 
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Two joint tests were performed on each pair of beams as both beam sides were built with the 366 

specified joint geometry. After the first test was performed, the connected specimens were cut on 367 

one side of the joint region (if the beams did not break apart during test). Then, the beams were 368 

rotated so that the unaffected joints were aligned, the joint was cast, and a second test performed. 369 

All the specimens were evaluated in the strength test twice, except for 12F1, 12A1, and 12A2. 370 

These three specimens were tested once for strength alone and once for fatigue and strength.  371 

The loading protocol for fatigue testing was designed to assess the fatigue performance of the joint 372 

on a low-volume, 4-lane urban collector bridge over a 100-year service life, to see if this fatigue 373 

loading would lead to cracking, debonding between the UHPC and precast system, or other 374 

degradation of the joint performance. This first stage of fatigue loading consisted of 1.1 million 375 

cycles of load between 8.9 kN and 56.2 kN (2 kip and 12.64 kip) at 2 Hz. The upper limit value 376 

was obtained using a single HS-20-wheel load amplified to include a dynamic load allowance of 377 

33 percent. This dynamic load allowance should have been 15 percent for fatigue limit states, but 378 

the results with the 33 percent dynamic load allowance are conservative.  379 

The second stage of fatigue loading was used to evaluate the effect of cycling from below to above 380 

the cracking load on crack and damage growth, debonding of joint reinforcement, and overall 381 

degradation of the system performance. The fatigue load range was selected based on the static 382 

test results. The lower fatigue load was selected approximately 10 percent less than the cracking 383 

load measured from the static tests. The load range was selected such that the stress range in the 384 

joint reinforcement was 137.9 MPa (20 ksi), a stress range recommended by Helgason et al. 385 

(Helgason, Hanson, Somes, Corley, & Hognestad, 1976) to avoid fatigue of the reinforcement 386 

itself since this was not the purpose of this fatigue testing. The stress range was determined based 387 

on strain measurements in the joint reinforcement during the static testing. Using this stress range, 388 
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a load range of 84.5 kN to 133.4 kN (19 kip to 30 kip) was selected for these specimens. The 389 

scheduling of the laboratory testing allowed for a total of 2 million cycles for all the fatigue stages 390 

for each specimen, so 900,000 cycles at this post-cracking load range were applied to each of the 391 

three specimens tested in fatigue.  392 

The ultimate strength of the specimens after the fatigue loading were then determined through a 393 

static loading protocol similar to that described earlier. This post-fatigue static testing was 394 

performed to see if fatigue testing had any negative influence on the ultimate strength of the joint. 395 

Instrumentation 396 

Four types of sensors were used to measure the response of the joint specimens: unidirectional 397 

concrete surface strain gauges oriented perpendicular to the joint, unidirectional rebar strain gauges 398 

installed on each joint rebar, linear crack opening transducers across the bottom joint between 399 

beams, and laser displacement transducers to measure the vertical deflections at different locations 400 

of the specimen. The laser displacement transducers were placed at three locations along the joint 401 

on the top of the specimen. The hydraulic jack had a built-in load cell capable of measuring the 402 

load being applied to the joint sample.  403 

EXPERIMENTAL RESULTS AND DISCUSSION 404 

A summary of the measured flexural strengths found through the experimental testing is shown in 405 

Fig. 8 alongside the estimated flexural strength from FEA and stress block calculations per 406 

AASHTO § 5.6.3.2.3 (AASHTO, 2014). Results from the first and second test on each joint are 407 

shown with a different shading used to highlight when the second test was performed after fatigue 408 

testing of a joint. The load versus deflection response for all of the experimental specimens are 409 

shown in Fig. 9 (a) for the 457-mm (18-in.) specimens and Fig. 9 (b) for the 305-mm (12-in.) 410 
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specimens. The load-deflection curve for the FSB specimen is also shown as a comparison point 411 

for the 457-mm (18-in.) deep UHPC joints.  412 

 413 

Fig. 8: Ultimate flexural strength comparison. (1 kN-m = 0.738 k-ft) 414 
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 415 

Fig. 9: Load versus deflection responses with maximum loads for (a) 457-mm (18-inch) deep and 416 

(b) 305-mm (12-inch) deep specimens; *Monolithic response after fatigue testing completed 417 

Performance of Numerical Modeling 418 

There was an overall good agreement between the numerical results and the experimental results 419 

other than for the FSB specimens, see Fig. 8. The predicted ultimate flexural strength in the 457-420 

mm (18-in.) specimens was in good agreement with the experimental response (less than 10 421 
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percent difference): 18F1 with 372 kN-m (3,293 k-in) predicted versus 371.5 kN-m (3,288 k-in) 422 

average from tests, 18F2 with 420.5 kN-m (3,722 k-in) versus 431 kN-m (3,815 k-in) average from 423 

tests, and 18A1 with 337.6 kN-m (2,988 k-in) versus 373 kN-m (3,301 k-in) average from tests. 424 

There was also good agreement of the predicted and tested experimental ultimate flexural strength 425 

for the 305-mm (12-inch) specimens:  12A1 with 122.5 kN-m (1,084 k-in) versus 159.6 kN-m 426 

(1,413 k-in) average from tests, 12F1 with 171 kN-m (1,514 k-in) versus 169.9 kN-m (1,504 k-in) 427 

average from tests, 12F2 with 228.2 kN-m (2,020 k-in) versus 245.1 kN-m (2,169 k-in) average 428 

from tests, and 12A2 with 260.2 kN-m (2,303 k-in) versus 237.6 kN-m (2,103 k-in) average from 429 

tests. There was a significant difference between the estimated and measured response for the FSB 430 

specimens, due to a different failure mechanism occurring in the tested FSB specimens than 431 

predicted by the FEA. The FEA results for the FSB specimens were used as the comparison point 432 

for the developed UHPC joints due to the overall good agreement between the FEA and 433 

experimental results for the other specimens. An estimated strength was also determined using the 434 

rectangular stress block approach for calculating nominal flexural strength; this estimated strength 435 

was less than the measured strength for all test specimens other than the FSB specimens. 436 

Performance of Current FSB Joint Detail 437 

Both FSB control specimen tests failed due to a development failure of the joint reinforcement 438 

before yielding of the joint reinforcement occurred, as shown in Fig. 10 (a). The specimens had 439 

the same slope as the FEA model estimate until a crack developed at the location of one hook, 440 

which was the beginning of the development failure. The specimens then continued to maintain 441 

load as the specimen continued to deflect resulting from the hook pulling out of the joint. The 442 

original FSB design guidelines (FDOT, 2016a) specify #16 (#5) joint reinforcement with a 90-443 

degree hook and typical 64-mm (2.5-in.) bend diameter, as shown in Fig. 10 (b). The hooked joint 444 
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reinforcement from adjacent beams is spliced together with hoop bars and straight bars extending 445 

the length of the joint placed between the hook and the hoop. This detail was designed to ensure 446 

proper force transfer between adjacent beams. The actual bend diameter of this joint reinforcement 447 

was larger than specified, as shown in Fig. 10 (c). This larger bend diameter resulted in the joint 448 

reinforcement not being able to develop, which led to a lower transverse flexural capacity than 449 

expected. The larger bend diameter resulted in the constructed hook having lower bearing stresses 450 

in the bend region and less length for stresses on the back of the tail of the hook to prevent the tail 451 

from kicking out; both of these factors would have contributed to the development failure of the 452 

hook. Additionally, the longitudinal reinforcement, placed inside the bend radius of the joint 453 

reinforcement to improve the splice behavior, bent during testing making it less effective at aiding 454 

with the splice connection. Additional joint reinforcement was added to the joint for FSB-2 to 455 

improve the splice behavior, but a much lower concrete strength was received for this joint than 456 

was specified, which further contributed to a lower failure load. 457 
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 458 

Fig. 10: FSB joint performance: (a) load versus deflection response (b) specified joint detail 459 

with 64-mm bend diameter for hooks and (c) actual joint reinforcement with larger than 64-mm 460 

bend diameter for hooks. (length units: mm, 1 mm = 0.0394 in) 461 

These test results highlight the importance of having the proper bend diameter, reinforcement 462 

detail and joint concrete strength for satisfactory performance of the joint. Although the proper 463 

bend diameter was not achieved in the test specimens for this research, there are no issues reported 464 

right now in the field with already deployed FSB systems. This may be due to a combination of 465 
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the properly constructed detail exhibiting satisfactory behavior and the actual joint not 466 

experiencing the same level of load that was tested.   467 

Performance of Developed Joint Details 468 

When looking at the 457-mm (18-in.) deep specimens, the UHPC joints performed similar to or 469 

better than the predicted response for the FSB control specimen. The 18F2 joint had the highest 470 

capacity, with about a 10-percent higher capacity that the FSB control and other joints. This higher 471 

capacity was a result of an increased lever arm of the joint reinforcement, which translated to 472 

enhanced transverse flexural capacity. Though the increased lever arm came at the cost of 473 

constructability, as the 51-mm (2-in.) bottom lip with no reinforcement extending into it can be 474 

easily broken off during fabrication and shipping. The other 457-mm (18-in.) deep specimens 475 

(18F1 and 18A1) had similar capacities to the FSB control specimen as their lever arms only varied 476 

by about 10 mm (0.4 in.). The 18A1 joint had an increased ultimate deflection and deflection at 477 

ultimate load; 18A1 had the largest ultimate deflection and deflection at ultimate load of all the 478 

investigated UHPC joint details due to increased joint rebar embedment length. 479 

The 305-mm (12-in.) deep specimens were tested to compare the flexural performance of the joint 480 

in the thinnest standard slab beam section that is standardized by FDOT. Because the current 481 

standard is a 305-mm (12-in.) deep precast section with a 153-mm (6-in.) thick CIP deck, no 482 

control comparison was possible for the 305-mm (12-in.) deep members. The lever arm of the joint 483 

reinforcement had a more pronounced impact on the flexural strength of these members: 12F2 and 484 

12A2 had the largest lever arm for the joint reinforcement and had the highest strength. The 485 

available embedment and splice length impacted the ductility of the section: 12A2 had a larger 486 

splice length and an embedment length equal to or larger than the other joints and had the highest 487 

ductility. Finally, the ultimate strength of the joints was not negatively impacted by the applied 488 
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fatigue loading. 12A1, 12F1, and 12A2 all had similar ultimate strengths after fatigue loading (test 489 

2) compared to their strengths without fatigue loading first (test 1).  490 

There were two primary failure modes observed in the joint specimens: 491 

1. Failure due to lack of embedment or splice length: Three different types of development 492 

failures were observed in the joint reinforcement, shown in Fig. 11 (a), (b), and (c), due to 493 

a lack of embedment or splice length provided. In FSB-1 a failure occurred when crack 494 

developed at the location of the hook in the joint reinforcement, see Fig. 11 (a). The 495 

reinforcement in 18F1-1, 12F1-2, and 12F2-2 experienced a development failure of the 496 

joint reinforcement when there was some combination of a splitting crack developing at 497 

the location of the reinforcement and a cone developed around the joint reinforcement 498 

along the length of the joint. 12F1-2 had a splitting crack visible on the outside of the joint 499 

at the level of the joint reinforcement, see Fig. 11 (b). For 18F1-1 and 18F2-2, the UHPC 500 

remained bonded to some of the joint reinforcement, but a cone of UHPC around the 501 

reinforcement pulled away with some of the reinforcement from the joint causing a 502 

development failure, see Fig. 11 (c) and (d); this type of development failure typically 503 

occurs when there is sufficient bond between the reinforcement and concrete but 504 

insufficient embedment or splice length. Many of these development failures started with 505 

cracking along the interface between the precast section and UHPC joint. 506 
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 507 

Fig. 11: Failure mechanism observed during testing: (a) pullout of hooked reinforcement in 508 

FSB-1 (hooked joint reinforcement shown), (b) pullout of straight joint reinforcement caused by 509 

splitting crack in 12F1-1 (splitting crack shown after unloading), (c) pullout of straight joint 510 

reinforcement in 18F1-1 (bottom view shown), (d) pullout of straight joint reinforcement with 511 

conical failure in 12F2-2, and (e) crushing of concrete in top of section in 12A2-1. 512 

 513 

(a) (b)

(d) (e)

(c)
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2. Crushing of concrete at top of section: Crushing of concrete along the top of the joint 514 

and fracture of joint reinforcement was the predominant failure in the specimens with a 515 

diamond shaped joints (18A1, 12A1, and 12A2), similar to Fig. 11 (e). These specimens 516 

had a larger deflection at ultimate load and ultimate deflection, as highlighted in Fig. 9. 517 

Fracture of the joint reinforcement in these specimens was observed in these specimens 518 

when the load was removed, and they were removed from the test frame. 519 

There were constructability issues and early cracking observed in the specimens with 51-mm (2- 520 

in.) thick bottom lips (12F2 and 18F2). The precaster commented that it was difficult to cast this 521 

specimen at only a 1,422-mm (56-in.) length and it would be very difficult for them to cast a full-522 

length beam, as the lip can easily break off when the formwork is being removed. The bottom lip 523 

on one of the specimens (12F2) was damaged during shipping and placement of the beams; a repair 524 

was done on this specimen before casting of the UHPC joint. Additionally, cracking extended 525 

through the bottom lip in all these specimens, as shown in Fig. 11 (c).  526 

Interface Surface Finish and Bond to UHPC 527 

The experimental testing also revealed the importance of surface finish and the workability of 528 

UHPC to achieve sufficient bond between the precast concrete and UHPC in the joint. Past 529 

research has shown that an exposed aggregate finish with a 6.3-mm (0.25-in.) magnitude surface 530 

roughness provides good texture for adequate bond between the precast element and the fresh 531 

UHPC (Graybeal, 2014a). This finish is traditionally achieved by painting a paste retarder on 532 

formwork prior to casting and then using a pressure washer to remove the soft cement paste within 533 

24 hours of casting.  534 

Fourteen (14) of the 16 beams were cast at the same time. Heavy sandblasting was used for the 535 

specimens 305-mm and 457-mm (12-in. and 18-in.) deep with F1, F2, and A1 joints, to achieve 536 
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the specified 6.3-mm (0.25-in.) magnitude exposed aggregate finish that has been recommended 537 

by previous researchers (Graybeal, 2014a). The finish that was achieved for these specimens, 538 

shown in Fig. 12 (a), was less than 1.6 mm (0.0625 in.), not the specified 6.3-mm (0.25-in.) 539 

magnitude finish. Additionally, incorrect admixtures were initially sent with the UHPC that 540 

provided only a short working time and limited flowability of the UHPC for the first tests on these 541 

joint specimens. These two factors led to debonding between the precast section and UHPC joint 542 

in all these tests, as shown in Fig. 12 (b) and (c). The proper admixtures for sufficient working 543 

time and flowability were obtained for casting of the joints for all the second tests, but debonding 544 

still occurred in these tests, which was likely a result of having a smoother joint surface finish than 545 

specified. 546 

The recommended procedure for achieving the exposed aggregate finish was used for the last two 547 

specimens that were cast (12A2). A set-retarding admixture was painted on the side forms prior to 548 

casting. The forms were removed one day after casting, and the surface was pressure washed using 549 

constant 24.1 MPa (3,500 psi) water pressure at a controlled distance of application. A 3.2-mm 550 

(0.125-in.) magnitude exposed aggregate finish was achieved using the recommended procedure, 551 

shown in Fig. 12 (d). Although the finish was not the recommended 6.3-mm (0.25-in.) magnitude, 552 

it still offered improved bond compared to the sandblasted finish, as shown in Fig. 12 (e).  553 
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 554 

Fig. 12: Impact of joint surface finish on performance: (a) surface finish obtained using heavy 555 

sandblasting, (b) debonding during testing of 18A1-1 (occurred in majority of these specimens 556 

with sandblasted finish), (c) failure plane of 18A1-1 after specimen removed from test setup, (d) 557 

surface finish obtained using paste retarder on forms for 12A2-2, (e) failure of 12A2-2. 558 

Even though the precast joint surface finish did not seem to play a role in the ultimate capacity of 559 

the connection under monotonic load, it is thought to be a critical factor in the long-term service 560 

life of the joint. Insufficient bond may lead to early separation at the interface, which can expose 561 

the protruding steel to early pollution penetration like carbonation and/or chlorides in harsh marine 562 

environments. This can impact the transverse capacity and may lead to the slab beam 563 

superstructure no longer behaving as a solid unit.  564 

Fatigue Performance of Joint Specimens 565 

Fatigue testing was conducted on three of the 305-mm (12-in.) deep joint specimens: 12F1-2, 566 

12A1-2, and 12A2-2. The normalized absolute stiffness for all three fatigue specimens is shown 567 

(a) (b)

(d) (e)

(c)
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in Fig. 13 (a) through (c), respectively. The stiffness was calculated every thousandth cycle by 568 

dividing the difference between the upper and lower applied load by the corresponding difference 569 

between the upper and lower deflection. The normalized stiffness was found by dividing this 570 

calculated stiffness for every thousandth cycle by the stiffness of the first cycle, as described by 571 

Garber (Garber, Gallardo, Deschenes, & Bayrak, 2015). Cracking of these specimens or other 572 

degradation in overall behavior caused by fatigue loading would cause a change in the normalized 573 

stiffness. For 12A1-2 and 12A2-2, the change in normalized stiffness can be seen between the 574 

before and after cracking fatigue phases. 12F1-2 was accidentally cracked prior to fatigue loading 575 

generating two transverse cracks extending from the joint region to the precast section, seen at 576 

both joint end sides (at the level of joint reinforcement); this accidental crack pattern was similar 577 

to the pattern seen on 12A1-2 and 12A2-2 after concluding the after-cracking phase. Although the 578 

accidental load was not measured, the magnitude was larger than the specimen cracking load, 579 

thought to be between 178 and 222 kN (40 and 50 kips). The accidental load is the reason why 580 

there was no change in the normalized stiffness between the before and after cracking fatigue 581 

phases, and there was no further crack growth or decay of behavior during the cycle applications. 582 

Overall, there was no noticeable drop in the stiffness in any of the three joints that would indicate 583 

cracking in the joint during the before-cracking phase or decay in the joint strength capacity during 584 

the after-cracking phase.  585 
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 586 

Fig. 13: Normalized absolute stiffness every thousandth cycle of system for joints (a) 12F1-2, (b) 587 

12A1-2, and (c) 12A2-2. *Cracked specimen due to accidental load. 588 

Also, as previously mentioned, the ultimate strength of each joint was tested following the fatigue 589 

testing. The ultimate strengths were comparable for specimens tested with and without prior 590 

fatigue testing: the ultimate strength of 12F1-2 decreased by about four percent after fatigue 591 

testing, and the ultimate strength of 12A1-2 and 12A2-2 both increased by about 10 percent. These 592 
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measured ultimate strengths with and without fatigue testing have similar variability to the two 593 

tests conducted without fatigue testing (18A1, 18F1, 18F2, and 12F2), as shown in Fig. 8.  594 

CONCLUSIONS 595 

Several conclusions can be made based on the construction and experimental results of the joint 596 

tests: 597 

• The control FSB joint (FSB-1 and FSB-2) did not perform as expected due to a 598 

larger bend diameter (FSB-1) and due to the compressive strength of the deck 599 

concrete being much lower than specified (FSB-2). These issues caused 600 

development failure of the joint reinforcement prior to yield.  601 

• All 457-mm (18-in.) deep UHPC joints performed similar to or better than the 602 

predicted response of the FSB section using FEA (assuming no development failure 603 

occurred).  604 

• Joint 18A1 (with a shear key and increased embedment length of the joint 605 

reinforcement) had the largest deflection at ultimate load and largest ultimate 606 

deflection of the 457-mm (18-in.) deep joints with a comparable ultimate strength.  607 

• Joint 12A2 (with a shear key and increased embedment and splice length of the 608 

joint reinforcement) was the best performing joint of those tested. Although a 457-609 

mm (18-in.) version was not tested experimentally, the benefits of this joint over 610 

12A1 (with a shear key and shorter splice length of the joint reinforcement than 611 

12A2) will likely translate well to the 457-mm (18-in.) version. 612 

• A 51-mm (2-in.) thick bottom lip with no reinforcement extending into it presents 613 

challenges with constructability. A thicker bottom lip with reinforcement is 614 

recommended for similar slab beam members. 615 
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• Using heavy sandblasting on the precast beams with SCC resulted in an exposed 616 

aggregate finish of less than 1.6 mm (0.0625-in.). Using a paste retarding agent on 617 

similar beams provided a 3.2-mm (0.125-in.) magnitude exposed finish, which 618 

resulted in improved bond for the two specimens tested (12A2-1 and 12A2-2).    619 

• The pre-cracking fatigue loading stage did not cause cracking or show any signs of 620 

deterioration in performance for 12A1-2 and 12A2-2. The after-cracking fatigue 621 

loading stage did not cause degradation of the overall behavior for 12A1-2, 12A2-622 

2, and 12F1-2. Fatigue loading had little effect on the ultimate strength of joints 623 

12A1-2, 12A2-2 and 12F1-2. 624 

Based on the results of this testing, joint 12A2 (with a modified shear key shape and longer non-625 

contact lap splice) appears to have the best performance and constructability. Future testing is 626 

planned on full-scale beams to determine actual joint demands and behavior, provide a comparison 627 

with the demand on the tested small-scale specimens, and develop complete design 628 

recommendations. 629 

NOTATIONS 630 

db = diameter of joint reinforcement 631 

E = modulus of elasticity 632 

f’c = compressive strength of concrete 633 

ft = tensile strength of concrete 634 

fy = yield strength of steel reinforcement 635 

GF = fracture energy 636 

ld = required development or embedment length 637 

ls = required lap splice length 638 
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