
ABSTRACT 

AL-SAKAJI, KHALED MOHAMMAD SAID RAFIQ. Composite Ultra-High Performance 

Concrete Decked Beams Subjected to Heavy Podium Loading. (Under the direction of Dr. Gregory 

Lucier). 

 

 

Ultra-high-performance concrete (UHPC) is a game-changing material that enables the 

development of structural systems with enhanced strength, greater durability, and longer service 

life, offering a robust alternative to conventional concrete and steel solutions. This study extends 

the application of UHPC to heavily loaded podium structures, proposing an innovative long-span 

decked-beam system. The system utilizes a precast, prestressed UHPC beam made composite with 

a precast conventional concrete deck slab through a cast UHPC joint. The final decked beam is 

shipped as a single unit from the precast manufacturing facility featuring a flat surface that 

accommodates the UHPC beam camber within the variable-thickness UHPC joint. This approach 

enables efficiently carrying relatively high loads over relatively long spans without excessive beam 

depths or high deflections.  The UHPC beam can be heavily prestressed for flexure while offering 

high shear capacity with a thin web.  The system significantly reduces construction complexity at 

the jobsite by replacing more than 100 traditional precast elements (columns, beams, and slabs) 

with only 13 composite decked beams to cover the same podium area in an example design. 

This thesis presents a complete study of the proposed system, including experimental tests 

on a 70 ft. long specimen. First, development of the decked beam concept, cross-section, and 

construction sequence is discussed, along with challenges encountered and solutions implemented. 

Then, two decked beams were designed in accordance with PCI-UHPC recommendations 

(Precast/Prestressed Concrete Institute, 2020) for flexure, shear, and interface shear, and produced 

at separate precast concrete plants. An extensive full -scale experimental testing program was 

conducted on one specimen as part of this thesis, including four-point and three-point flexural 



tests, vertical shear tests to failure at both ends, and consideration of large openings through the 

web to accommodate utilities. In all tests, the beam demonstrated exceptional performance, 

exceeding the expected nominal design capacities. 
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1 Introduction  

1.1 Background 

Accelerated growth in many urban and suburban districts often incorporates a variety of 

mid-rise structures that are commonly three to nine stories tall, or 30 to 75 ft. tall, assuming a 

typical floor-to-floor height of around 10-12 ft. This type of structure can sometimes include 

residential uses on the upper floors with some retail and offices spaces at the street level, 

representing multi-residential and mixed-use applications. Common applications of mid-rise 

structures are apartments, condominiums, senior housing, affordable housing, and mixed-use 

commercial-residential projects of 75 ft. height or less. Projects framed with dimensional lumber 

are usually limited to four or five stories maximum, depending on specifics of the design (IBC, 

2024). One feature common to many mid-rise structures is the structural concrete podium. 

Incorporating a structural concrete podium as the lower level or levels of a mid-rise 

structure can increase the height of the building.  Critically, where wood framing is used for the 

upper floors, the lower concrete podium levels can be configured to not count towards the 

maximum allowed 4 or 5 stories of wood framing (5 stories requires extra fire protection).  Thus, 

whether the concrete podium level(s) are below grade or above grade, they can support four or five 

stories of residential space above, with additional commercial and/or parking areas confined within 

the podium structure. Common podiums are created from site-cast or precast concrete and must 

support heavy loads from the structure above.  

An example residential building constructed in this fashion is considered with a width of 

70 ft. and a length of 170 ft. As illustrated in Figure 1-1, precast or cast-in-place (CIP) foundation 

walls along the perimeter of the podium support the precast concrete framing system. With 

traditional precast elements, the 70 ft. width is divided into two 35-foot spans by a column line 
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with inverted tee (IT) beams running the full length of the structure. Reinforced beams (RBs) and 

hollow-core slabs (HCS) span up to 35 ft. to support loads applied between the IT beams and the 

foundation walls. The total depth of the traditional precast concrete podium floor system is around 

39 in., including a 3 in. cast-in-place composite topping.  

 

 

Figure 1-1: Traditional Precast Podium, Plan View (above) and Two Cross-Sections. 

Ultra-high-performance concrete (UHPC) is an advanced class of cementitious material 

distinguished by its exceptional mechanical and durability properties. It is typically a finely-

packed, fiber-reinforced concrete that incorporates small particle sizes, optimized aggregate 

gradation, and very low water-to-cementitious (w/c) material ratios, often below 0.25 w/c. UHPC 
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mixtures commonly include steel fibers at volumetric ratios of 2% or more to improve tensile 

strength (PCI-UHPC, 2022). 

Compared with conventional concrete, ultra-high-performance concrete (UHPC) offers 

significantly greater compressive strength, enhanced post-cracking tensile capacity, and markedly 

reduced permeability to liquids and chlorides. These advanced properties contribute to exceptional 

long-term durability, increased resistance to environmental degradation, and the potential to reduce 

or even eliminate the need for mild steel internal reinforcement, particularly shear reinforcement, 

in many applications. UHPC's superior mechanical behavior supports the design of thinner, lighter, 

and more efficient structural elements, while also enabling higher levels of prestressing (Ross et 

al., 2024). 

UHPC originated from research efforts in the 1960s aimed at enhancing the performance 

characteristics of conventional concrete. UHPC has progressed from an emerging innovation to a 

proven material with practical applications in the construction industry, and particularly in precast 

systems. The first major structure in North America to use UHPC was a pedestrian bridge in 1997 

in Quebec, Canada Blais (1999), and to-date, UHPC has been mainly used for bridges, 

infrastructure repairs, bridge overlays, façades, and architectural elements. More recently, large-

scale implementation of non-proprietary UHPC mixtures was successfully demonstrated in 

multiple precast concrete plants through the PCI-UHPC Research Project, showcasing its viability 

for commercial use (PCI-TR-9-22, 2023). Effective non-proprietary mixtures and design methods 

will  make UHPC much more competitive in demanding applications such as high-rise buildings 

and long-span structures, where structural performance, durability, and cost are critical. 

The growing use of UHPC is supported by evolving design standards and guidelines. In 

2022, the Precast/Prestressed Concrete Institute (PCI) released design guidelines for implementing 
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UHPC in long-span, precast, pre-tensioned elements, applicable to both building and bridge 

structures. These recommendations have been detailed in an extensive research report by Tadros 

et al., led by e.Construct, with research sponsored by PCI. Additionally, the Federal Highway 

Administration (FHWA) developed the AASHTO Guide Specifications for Structural Design with 

Ultra-High-Performance Concrete March 2024, a document which will further support the safe 

and efficient integration of UHPC in future infrastructure. 

1.2 Project Overview 

The increasing need for mid-rise structures presents both opportunities and challenges for 

engineers to deliver high performance while maintaining safety and efficiency. By optimizing the 

podium structural system, we can enhance the overall building optimization and efficiency. One 

of the main projects that drives the idea of using ultra-high-performance concrete (UHPC) in 

commercial structures is the Steel District office development in Sioux Falls, South Dakota, which 

is recognized as the first project of its kind in North America. In this project, Gage Brothers 

Concrete Products, Inc., one of the supporters of the current research, used UHPC beams as key 

structural framing elements in a nine-story mixed-use precast concrete building. The utilization of 

69-foot-long UHPC box beams enabled the elimination of interior columns, thereby improving 

spatial efficiency, enhancing open sightlines, increasing rentable area, and allowing for greater 

flexibility in future adaptive reuse (PCI Ascent, 2023). Gate Precast Company, one of the 

supporters of this research has prior experience implementing UHPC in commercial structures by 

producing UHPC facades. 

The demonstrated efficiency and exceptional performance of UHPC in the Steel District 

project in Sioux Falls has demonstrated new possibilities for innovative structural systems. 

Inspired by this success, a concept was developed to replace the traditional podium structure 
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system with a simplified and highly efficient two-part composite cross-section. This new system 

is designed to address and overcome common challenges associated with conventional precast 

podium construction.  

The idea of developing a composite UHPC decked beam for podium structures was 

selected for a Precast/Prestressed Concrete Institute (PCI) Daniel P. Jenny Research Fellowship in 

2023. The Fellowship was applied to the author of this thesis and his advisor to support a research 

project entitled ñComposite Ultra-High Performance Concrete Decked Beams Subjected to Heavy 

Podium Loadingò (henceforth referred to as the PCI Jenny Project) which is documented in this 

thesis. The aim of the research program was to develop a UHPC decked beam system that satisfies 

structural requirements and can be readily fabricated while delivering a flat finished floor without 

topping, introducing a unique innovation for the podium structures. 

This thesis discusses the design development and final design of two decked beams of 

different cross-section, using the latest available guidelines.  In addition,  shop tickets and 

production detailing, fabrication and casting, and structural testing are all presented. The 

experimental results are compared with the design expectations to verify that the proposed system, 

and the guidelines used to design it, are both accurate and conservative. 

1.3 Conceptual Designs 

The conceptual building considered as the basis of this research is a residential structure 

consisting of one podium level that supports a three story wood structure, as shown in Figure 1-2. 

The building is 70 ft. wide and 170 ft. long, as was shown in Figure 1-1. The building assumed to 

have dimensional lumber framing on top of the precast concrete podium.  An 8 ft. corridor at the 

mid-width of the building runs the length of the building, establishing a series of 31 ft. wide 
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residential apartments on each side of the building.  The space below the podium is used for 

parking. 

Some traditional podium structures are made from precast concrete elements that support 

all the loads coming from the above floors. For the assumed building dimensions, more than 100 

precast elements, including inverted tee (IT) beams, hollow-core slabs (HCS), reinforced 

rectangular beams (RBs), and precast columns, are required to establish sufficient system for 

podium to carry the applied load. The large number of precast elements require different 

formworks, tools, facilities, transportation and fabrication methods, and wet casting of a topping 

slab on site, all of which increase the time of production, increase the complexity of the system, 

limit  the layout of parking spaces, and reduce the flexibility for future floorplan reconfigurations. 

 

Figure 1-2: Building Elevation ï Traditional System 

Therefore, if we could replace the entire podium structure with only one type of element, 

the decked beam, that spans the whole 70 ft. width of the building, a significant reduction in 
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construction time and complexity would be achieved. Additionally, using long span decked beams 

will eliminate a column line, thus freeing up space to optimize the parking layout.  

When designing long-span structures with reinforced concrete, the conventional approach 

often involves deep beams with substantial reinforcement. However, this solution can lead to 

significant deflections, complex reinforcement detailing, and increased labor demands. To mitigate 

deflections in particular, longitudinal prestressing is typically introduced, which helps reduce both 

the depth of the beam and the total amount of required reinforcement. However, smaller cross-

sections subjected to high prestressing are traditionally vulnerable to excessive camber (upward 

deflection due to prestressing) that can develop at early ages, posing serviceability and 

construction challenges.  In general, prestressed beams can span long distances efficiently. 

Prestressed concrete double tee (DT) systems are a common solution for long-span podium 

structures due to their structural efficiency and wide availability. However, one of the major 

drawbacks of heavily prestressed DTs is the camber that develops after prestress release, which 

curves the top surface of the beam and makes it difficult to achieve a flat floor once installed. To 

address this camber, a cast-in-place concrete topping slab is typically applied in the field to level 

the surface. This method increases construction complexity, including casting concrete in a less 

controlled environment, increases the amount of labor required, and extends the project schedule. 

To address the limitations associated with traditional podium systems, and leveraging the 

exceptional mechanical properties of ultra-high-performance concrete (UHPC), a PCI Jenny 

Fellowship submitted by the author of this thesis and his advisors proposed an innovative concept 

to replace the traditional podium structure system with a simplified and highly efficient two-part 

composite cross-section.  The section utilized prestressed ultra-high-performance concrete 

(UHPC) beams with a conventional precast concrete deck slabs, shown in Figure 1-3. This system 
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eliminates the need for cast-in-place topping by utilizing flat precast slabs made composite with 

the beam after the prestressing has been released and the camber has developed. The variable-

thickness connection between the slab and the beam is engineered to allow the section to perform 

in a composite manner while providing a flat finished surface. 

 

Figure 1-3: Proposed Composite UHPC Decked Beam. 

To establish a robust composite action between the precast deck and the prestressed UHPC 

beam, pockets through the slab above each stem of a tub beam were originally envisioned.  With 

the slab shimmed in a flat position, these pockets would be filled with UHPC in a secondary casting 

operation, filling the gap created by the beam camber and forming a strong shear connection, as 

shown in Figure 1-4. All secondary casting is envisioned to be completed at the precast concrete 

production facility, so the composite beam will be delivered as a single piece to the jobsite.  The 

originally proposed decked beam had a 12 ft. wide conventional concrete precast deck placed 

connected to the top of a 30 in. tub section using UHPC connection, however, many other 

variations on this concept would be possible. 
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Figure 1-4: Originally Envisioned Pocket Connections (cross-section, left; plan, right). 

The integration of slab and beam results in a 70-foot-long by 12-foot-wide decked beam 

that can be installed on-site as a single unit. To ensure a continuous and level surface across the 

entire system, the precast deck width can be reduced to 11.5 ft. with transverse slab reinforcement 

extended 6 in. from each edge, allowing a simple field-cast UHPC connection between adjacent 

deck panels to complete a full  and flat continuous floor system, as shown in Figure 1-5. 

 

 

Figure 1-5: Deck to Deck Connection Detail (Site-cast Pour Strip). 
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The proposed decked beam system represents a fully precast structural solution capable of 

supporting significant transfer loads across a 70-foot span, all while delivering a flat surface with 

minimal on-site casting. As illustrated in Figure 1-6, this decked UHPC beam system can replace 

over 100 traditional precast elements with just 13 larger units, reducing overall weight, complexity, 

variability, and resulting in an estimated 25% reduction in first costs in some markets (according 

to precast producers and professional engineers supporting the PCI Jenny Fellowship). The system 

streamlines construction, minimizes on-site labor, reduces the number of trucks required for 

shipping, enables a faster construction schedule, and improves quality through controlled 

fabrication. Overall, it delivers a faster, more cost-effective, and column-free solution that 

outperforms conventional podium systems. 

 

Figure 1-6: UHPC Decked Beam Floor Framing Plan 

The initial proposal for this thesis assumed two options for the precast slab and prestressed 

UHPC beam, illustrated in Figure 1-7. A 5 in. thick solid slab was envisioned along with a 2 in. 

thick UHPC slab supported by regular 6 in. deep ribs. Two versions of a 30 in. deep UHPC tub 

section were envisioned that had different advantages and disadvantages in forming, as shown in 

Figure 1-8. 
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Figure 1-7: Conventional Precast Deck/Slab Options 

 

Figure 1-8: Originally Envisioned UHPC 30 in. Tub Beam Options 

After several meetings and discussions at the start of this project with the researchers, 

engineers, and producers supporting the work, a decision was made for the research to fix the slab 

as a solid precast concrete option, 5.5 in. thick for fire resisting purposes.  A similar decision was 

made to set the depth of the prestressed UHPC beam a 2 ft.ï10 in., but to optimize the beam cross-

section to accommodate production constraints, such as the availability of certain shapes of 

formwork.  Two precast concrete producers agreed to manufacture one large specimen each for 

the researcher: Gage Brothers of Sioux Falls, SC preferred I-beam options, while Gate Precast of 
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Jacksonville, FL preferred tub beam options.  Early concepts for an I-beam and a tub beam that 

factored in some practical production constraints are shown in Figure 1-9. 

 

Figure 1-9: Early Options for a Production-Friendly I-Beam (left) and Tub Beam (right). 

Relevant properties of these two preliminary cross-section designs are listed in Table 1-1. 

Table 1-1: Engineering Properties of Two Preliminary Cross-Section Options. 

I-Beam Property Tub Beam 

34ò Total Depth 34ò 

28ò Total Width 48.25ò 

4ò Web Width 6ò total 

426ò Cross-Sectional Area 528ò 

60,222 in
4

 Moment of Inertia 71,413 in
4

 
443 lb./ft. Beam Weight 550 lb./ft. 
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Early preliminary research meetings with engineers and producers revealed that a large 

full -depth web opening would be useful for running utilities.  In the example building being 

considered for the research, the most logical place for this opening was at the midspan between 

the heavy point loads on either side of the central hallway, where shear forces are minimal. The 

strategic placement of this opening, shown in Figure 1-10, ensured the moment capacity remained 

intact while providing flexibility for routing fire protection, plumbing, electrical, and HVAC ducts 

without having to increase the podium clear height. Web openings of 1 ft. tall by at least 5 ft. long 

were considered in I-beam and tub beam final designs.  

 

Figure 1-10: UHPC Beam Side View. 

 

A final preliminary consideration for the research involved the envisioned 12-foot deck width.  

Experimentally testing such a wide beam was not practical in laboratory, particularly as the 

available overhead cranes were limited to lifting an 80,000 lbs. member. To address this limitation, 

a detailed analysis was conducted to determine an optimal deck width that maintained similar 

structural performance to the 12ô wide deck while being practical to handle and test in the 

laboratory. As shown in Table 1-2 for the preliminary I-beam cross-section, reducing the deck 

width to 6 ft. resulted in a moment capacity reduction of less than 4%, while decreasing the total 

weight of the decked beam by approximately 30%. This makes the system more manageable within 

typical handling and transportation limits, significantly easing the logistical burden without 

compromising performance.  
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Table 1-2: Flexural Capacity and Weight of Composite Section by Width. 

Deck Width 

(ft) 
ʬMn(k-ft) Total Weight (kips) Cross-Section Sketch 

12 4,718 95 

 

8 4,685 76 
 

6 4,560 66 
 

5 4,450 61 
 

4 4,330 57 

 

3 4,147 52 

 
 

The process of taking the composite UHPC decked beam concept from these preliminary 

stages to the final experimental designs is covered by this thesis, along with production of the 

specimens, experiments, and results.  The final I-beam concept developed by this thesis (with a 

6ft. wide conventional concrete deck for experimentation) is shown in Figure 1-11.  All aspects of 

the design, fabrication, testing, and analysis of this cross-section are covered in this thesis.  

  

                                 (a)        (b) 

Figure 1-11: Final UHPC Decked I-Beam: (a) Midspan Section; (b) Actual Section in the Lab 
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In addition, this thesis covers the design and fabrication of a tub-beam option.  Experimental 

testing of this beam will be covered elsewhere to limit the scope of this thesis. 

    

Figure 1-12: Final Tub Beam Design  

 

1.4 Thesis Outline 

This thesis presents a comprehensive investigation into the design, fabrication, and 

structural testing of a long-span composite decked UHPC beam subjected to heavy podium 

loading. It encompasses all stages from conceptual design through fabrication, experimental 

testing, and analysis of results. The structure and content of the thesis are organized as follows: 

¶ Chapter 2: Reviews the relevant literature. 

¶ Chapter 3: Develops two designs (I-beam and tub) from the conceptual stage presented 

in Chapter 1, including the engineering design and creation of drawings. 

¶ Chapter 4: Implements the designs in two precast concrete factories, including 

documentation of the fabrication process for each beam. 

¶ Chapter 5: Comprehensively tests the I-beam in the laboratory. 

¶ Chapter 6: Presents and discusses the experimental findings. 

¶ Chapter 7: Summarizes the outcomes, highlights key conclusions, and provides 

recommendations.  
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2 Literature Review 

2.1 Podium Structure 

The growing demand for mid-rise, mixed-use developments has driven the adoption of 

innovative construction strategies that balance cost, speed, and structural performance. One widely 

used approach is podium construction, a hybrid system where several stories of light-frame 

construction, commonly wood or cold-formed steel, are built atop a robust podium structure made 

of reinforced concrete or another non-combustible material. This approach allows designers to 

take advantage of the efficiency and economy of light-frame systems for upper-level uses such as 

residential or office spaces, while benefiting from the strength, durability, and inherent fire 

resistance of concrete for the ground floors, which typically house retail, commercial, or parking 

functions. 

A key element of podium construction is the transfer slab, the horizontal assembly that 

separates and connects the two distinct construction types. This slab serves a dual purpose: it 

structurally transfers gravity and lateral loads from the superstructure above to the podium 

columns, walls, and foundation, while also acting as a critical fire-resistant barrier. According to 

Section 510.2 of the 2024 International Building Code (IBC), this "horizontal building separation 

assembly" must provide a minimum three-hour fire-resistance rating, underscoring its importance 

in both safety and structural performance. 

Above the podium, buildings can accommodate multiple Group A occupancy uses, each 

with fewer than 300 occupants, or occupancies classified as Groups B, M, R, or S. The podium 

levels themselves, including horizontal assemblies and spaces below, must be constructed as Type 

IA. This configuration permits the upper structure to rise up to five stories above the podium, 

providing flexibility for mixed-use programming while maintaining safety and code compliance. 
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2.2 Material s Specifications 

The UHPC materials used in this study comprise proprietary mixes developed by each 

precast plant, each containing 2% high-strength steel fibers by volume. Both mixes were developed 

in accordance with the methods in the PCI-UHPC project report (2022) using materials readily 

available to each precaster.  The mixes satisfy the flow requirements of the PCI-UHPC 

Implementation Guide, in accordance with ASTM C1856 (ASTM International, 2017), which 

standardizes UHPC material testing. Prestressing strands conform to ASTM A416/A416M, while 

conventional reinforcement follows ASTM A615/A615M.  

2.3 Decked Beam System 

Traditional precast decked beam systems are widely used in bridge construction but remain 

uncommon in buildings, particularly when producing decked beams that are shipped as a single 

unit from precast plants. These systems typically rely on shear connectors, such as rebars, threaded 

rods, or studs, embedded in shear pockets and filled with grout or concrete. While effective, they 

require strict embedment depths, making fabrication complex and demanding stringent quality 

control.  

Graybeal (2014) developed UHPC-based deck-to-girder connections to simplify 

production and accelerate construction, using V-shaped shear keys with lap-spliced rebars and 

welded shear studs, while field-cast UHPC ensured robust bonding without overlays. A variant 

with wide troughs and grouting holes accommodates shear studs or U-bars, minimizing installation 

conflicts. Building on this, Haber et al. (2017) investigated UHPC as a grout with shear lugs or 

vertical dowels in push-off tests, demonstrating effective force transfer, enhanced anchorage, 

increased shear resistance, and ductile behavior. 
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Guo et al. (2022) and Sun et al. (2023) highlight UHPCôs ability to enhance shear 

performance in precast and composite systems. Guo et al. showed that post-cast UHPC 

connections improved bearing capacity (20%) and shear stiffness (16%) with proper stud 

configuration, while Sun et al. demonstrated UHPCôs superior crack control and ductile shear 

behavior in full-scale pi-beams. XFEM simulations captured ultimate loads, though existing codes 

underestimated shear strength.  

Collectively, these studies highlight UHPCôs effectiveness in advancing structural 

performance, providing practical design guidance for connectors and beams, while also 

demonstrating its potential to deliver durable, efficient, and constructible connections that address 

limitations of conventional systems. 

2.4 Flexural Design 

UHPC exhibits distinctive flexural behavior, with ultimate limit states governing member 

capacity and service limit states controlling prestressed member design to prevent cracking. Unlike 

conventional concrete, service stresses cannot be directly compared to the standard modulus of 

rupture from three-point bending tests. Due to strain-hardening, UHPCôs ultimate moment often 

exceeds 1.2 times the first-crack moment, emphasizing the need to accurately determine first-crack 

stress during flexural testing, Gowripalan and Gilbert (2000). 

Strain compatibility and force equilibrium are widely accepted for determining UHPC 

moment capacity, assuming plane sections remain plane. Unlike conventional concrete, UHPCôs 

tensile contribution is included, allowing some unreinforced sections to omit minimum flexural 

reinforcement. Most guidelines adopt linear or bilinear compression stress distributions rather than 

Whitneyôs rectangular stress block (Mattock et al., 1961), with an ultimate compressive strain of 

0.003 at the extreme fiber. Flexural design of prestressed concrete members considers two loading 
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levels: service limit states, using load factors of 1.0, and strength limit states, applying code-

specified load factors and combinations.  

Figure 2-1 illustrates the assumed stressïstrain profiles for conventional concrete and 

UHPC in a rectangular section, assuming elastic behavior in compression, as reported by Kurt 

(2021), Graybeal (2008), and Sim et al. (2020).  It is noted that for uncracked flexural members, 

typical in prestressed concrete at service limit states, standard code-based design procedures 

remain applicable to UHPC. 

 

Figure 2-1: Strain and Stress Distribution of Rectangular RC Section in Bending (Atilla 2021). 

Gowripalan and Gilbert (2000) proposed a trilinear stress-strain model for UHPC in 

compression and tension, with compressive stress limited to 0.85 fcǋ and ultimate compressive 

strain of 0.0035, and tensile stress also trilinear but substantially lower. The modulus of elasticity 

is assumed to be equal in tension and compression (E = 6,500 ksi). Using this tri-linear tensile 

constitutive model, as shown in Figure 2-2, they developed a flexural design procedure for 

prestressed concrete sections, in which the tensile force in UHPC varies over a range of strains and 

contributes different levels of flexural resistance depending on the applied moment. 
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Figure 2-2: Design Stress-Strain Relationship in Tension (Gowripalan & Gilbert, 2000) 

Graybeal (2008) investigated the flexural behavior of prestressed UHPC I-girders and proposed a 

constitutive stress-strain relationship in tension and compression, shown in  

Figure 2-3, derived from both experimental measurements and analyses. The model, 

considered conservative relative to experimental flexural strengths, limits the ultimate 

compressive stress and strain to 0.85 fcǋ and 0.0035, respectively, and the ultimate tensile stress 

and strain to 1.50 ksi and 0.007. Graybeal emphasized that adequate flexural reinforcement is 

required to control crack widths and spacing, and noted that the calculated nominal capacity using 

this procedure yields only marginally higher flexural strength compared to standard US code-based 

designs. 

 

Figure 2-3: Simplified Uniaxial Stress-Strain Behavior for I-girder Design (Graybeal, 2008). 
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International design codes for UHPC (fib 2011; AFGC 2013; KCI 2012; JSCE 2006) 

commonly adopt conservative bilinear stress-strain models with ultimate compressive strains of 

0.003ï0.004, incorporate strain hardening in tension, and include the resultant tensile force in 

flexural resistance calculations. These codes regulate fiber and rebar contributions, limit brittle 

fiber pullout, and use strain compatibility to ensure sufficient curvature-ductility and flexural 

capacity, with first-cracking and ultimate tensile strains defined according to each standard. 

Sim et al. (2020) provided comprehensive flexural design recommendations for UHPC 

members, addressing both reinforced and unreinforced sections and emphasizing conservative 

treatment of fiber contributions. Their service limit state procedure aligns with applicable U.S. 

codes and is based on PCI-UHPC materials, making it directly relevant to this research. The 

proposed tensile constitutive model, Figure 2-4, was derived through inverse analysis of minimum 

PCI-UHPC properties, assuming an elastic modulus of 6,500 ksi. 

 

Figure 2-4: Idealized Tensile Stress-Strain Diagram (PCI-UHPC 2022) 
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The stressïstrain relationship used in this research follows the PCI-UHPC proposed curve 

is shown in Figure 2-5. For a PCI-UHPC-compliant concrete, the parameters 0.85 fcǋ, 0.375 ftu, 

and Ec are replaced with 14.79 ksi, 0.75 ksi, and 6,500 ksi, respectively, in accordance with the 

PCI-UHPC recommended stress-strain model. 

 

Figure 2-5: Proposed Stress-Strain Diagram for Construction of Continuous Moment-

Curvature Relationship (PCI-UHPC version 2.1, 2022). 

For the ultimate limit state, similar to Canadian guidelines, nominal flexural capacity can 

be obtained either by developing the full moment-curvature diagram using the constitutive model 

or by applying strain compatibility and force equilibrium with a rectangular compression block 

based on conservative code-based geometry. Sim et al. (2020) found that fiber contribution to 

ultimate flexural strength in long-span prestressed members is negligible, corroborating Graybeal 

(2008), indicating that despite UHPCôs higher potential flexural capacity, conservative 

calculations produce nominal strengths comparable to conventional concrete. 
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El-Helou et al. (2022) studied rational flexural design framework for UHPC beams, 

accounting for their distinct behavior compared to conventional reinforced concrete. The 

framework, validated through displacement-controlled testing of an 18.9 m pretensioned UHPC 

bridge girder and supported by literature data, incorporates material-level stress-strain properties 

in both compression and tension, including cracking, localization, and ultimate strains. The 

analysis shows that maximum moment capacity occurs either at crack localization or compression 

crushing, depending on the governing strain, and that post-localization behavior, dominated by a 

single crack and potential reinforcement rupture, should not be used in design. El-Helou et al. 

(2022) also highlights that primary tensile reinforcement can enhance UHPC tensile strain capacity 

and that actual compression strains in structural members may exceed uniaxial test limits. 

Validation against 40 prestressed and non-prestressed beams demonstrated accurate prediction of 

flexural capacity, with predicted-to-experimental moment ratios averaging 0.96 and a 19.6% 

coefficient of variation, confirming the framework as a reliable tool for capacity-based design of 

UHPC flexural members. 

Fang et al. (2023) validated design approach for prestressed ultra-high-performance 

concrete (UHPC) beams, integrating both fiber contributions and size effects. A momentï

curvature analytical model was developed and confirmed through full-scale testing of a 

pretensioned UHPC girder, revealing that failure is governed by a single localized crack followed 

by prestressing steel rupture, with significant reduction in flexural resistance once fiber bridging 

is lost. Parametric analyses showed that peak moments occur near steel yielding, fiber contribution 

is substantial in lightly reinforced beams but decreases with higher reinforcement, and a clear size 

effect reduces flexural strength in deeper beams, which can be mitigated by increasing 

reinforcement. The proposed design method accurately predicts flexural capacities across 20 
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experimental cases, with a mean experimental-to-predicted ratio of 1.05 and 8% standard 

deviation, providing a reliable framework for the safe and efficient design of prestressed UHPC 

members. 

Recently, Tian et al. (2025) investigated the failure modes and ductility of prestressed 

UHPC beams and developed a design methodology to encourage ductile behavior through gradual 

strain hardening. Using a validated three-dimensional finite-element model, the authors simulated 

seven experimental beams and performed 27 parametric analyses to assess the influence of factors 

such as the steel rebar-to-prestressing strand ratio, steel post-yield hardening, pretensioned strand 

stress, UHPC tensile behavior, and web-to-flange geometry. Two primary failure modes were 

observed: rapid failure following crack localization, characterized by limited ductility and minimal 

warning, and ductile failure following gradual strain hardening, culminating in UHPC crushing. 

The study found that ductility can be enhanced by increasing longitudinal mild steel, reducing 

UHPC tensile strength, improving steel post-yield hardening, and optimizing section geometry. A 

reinforcement design criterion based on the ratio of steel post-yield capacity to fiber-bridging 

capacity (ɤ) was proposed, with ɤ Ó 1 ensuring ductile failure. The methodology accurately 

predicted flexural strength, with a mean predicted-to-numerical ratio of 0.97 and a standard 

deviation of 0.10, providing a robust framework for designing prestressed UHPC members with 

improved safety and ductility.  

2.5 Vertical Shear Design 

Vertical shear resistance is a key design consideration for UHPC flexural members, such 

as beams, due to the materialôs high compressive and tensile strengths, 2% steel fiber content, and 

fiber-enabled ductility.  These factors combine to offer substantial shear capacity, often without 

the need for conventional mild steel stirrups, enabling more efficient precast, prestressed concrete 
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production by reducing labor, simplifying quality-control, and allowing for a reduced web width. 

Extensive studies on UHPC members with and without discrete mild steel shear reinforcement 

have produced multiple design procedures, along with material-specific observations and detailing 

recommendations. 

Graybeal (2006) investigated the shear performance of full-scale AASHTO Type II 

prestressed UHPC I-girders without mild steel shear reinforcement, using material with average 

compressive and first-cracking tensile strengths of 28 ksi and 1.3 ksi. Three girders with varying 

shear span-to-depth ratios (a/d) were tested, with a/d = 2.5 commonly used in international 

practice. Specimen 24S (a/d = 2.5) failed at a shear stress of 2.6 ksi, exhibiting typical diagonal 

tension shear, while specimen 14S, with no support overhang, experienced a combination of 

diagonal tension shear and strand slip at 2.3 ksi. The limited support overhang in 14S likely caused 

premature failure. Notably, the 0.5 in. prestressing strands in UHPC achieved a development 

length of only about 37 in., roughly half that required for conventional concrete, demonstrating 

UHPCôs superior bond performance. 

Baby et al. (2010) performed nine shear tests on 3 m (9.8 ft) long UHPC I-beams with 

varying reinforcement configurations, including prestressed strands, mild longitudinal bars, 

vertical stirrups, and specimens without shear reinforcement. The beams had cube compressive 

strengths of 28ï30 ksi and fiber contents of 2ï2.5% by volume. The AFGC (2002) design model, 

which evaluates shear resistance from concrete, steel, and fibers separately, was examined. The 

study confirmed that stirrups do not obstruct fiber action when properly detailed; instead, they act 

concurrently with fibers, enhancing post-peak ductility and limiting service-level cracking. All 

specimens achieved ultimate shear stresses above 3 ksi, with some exceeding 4 ksi. 
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Crane (2010) carried out full-scale testing of three I-shaped UHPC girders to investigate 

composite action between UHPC and conventional concrete decks, evaluate fiber contribution to 

shear resistance, and assess design methods for predicting ultimate shear capacity. The girders 

were 32 in. deep with a 3.9 in. web, constructed using a proprietary UHPC mix with compressive 

strength of about 28 ksi and tensile strength between 1.2ï1.7 ksi. A total of six shear tests (1-1a, 

1-2, 2-1, 2-2, 3-1, 3-2) were performed under varying interface and reinforcement conditions. 

Test results showed that four specimens (1-1a, 2-1, 3-1, 3-2) failed in flexural compression 

due to web crushing, Figure 2-6 (a) shows shear test 3-1 failure. While two (1-2, 2-2) failed in 

diagonal tension shear, shown in Figure 2-6 (b). All failures occurred at shear stresses exceeding 

3 ksi, with Test 1-1a reaching 4.53 ksi. Interface preparation was critical: beams with smooth deck-

to-girder interfaces experienced premature slippage and reduced stiffness compared to those with 

fluted interfaces. Stirrups provided only limited benefit in preventing slip, emphasizing the 

importance of reliable composite action between deck and girder. 

  

(a)   (b) 

Figure 2-6: Crane (2010) Shear Test Failures (a) Flexural Compression Failure of Crane Test 3-1 

(b) Diagonal Tension Shear Failure of Crane Test 1-2. 



   

 

27 

 

 

To evaluate theoretical prediction methods, Crane applied the AASHTO (2010) Simplified 

Modified Compression Field Theory (S-MCFT), incorporating a fiber contribution term (Vf), 

equation 6-17 in Crane (2010), as shown in Figure 2-7. This addition was adapted from AFGC 

(2002) recommendations, with fiber tensile resistance (frr) taken as 1 ksi based on Graybeal 

(2005). The modified expression, equation 6-13 in Crane (2010), accounted for shear carried by 

concrete (Vc), shear reinforcement (Vs), prestressing (Vp), and fibers (Vf), with effective shear 

depth assumed as 0.8h. Crane argued that the minimum reinforcement condition for S-MCFT was 

met by the 2% fiber volume, even in the absence of discrete stirrups. 

 

Figure 2-7: Equations Reproduced from Crane (2010) 

 

Comparison of theoretical and experimental results showed that the modified S-MCFT provided 

conservative predictions, yet closely captured observed behavior, particularly crack angles. Table 

6-5 in Crane (2010) is also represented in the Kurt (2021) thesis and is presented below in Table 

2-1. The findings confirmed that UHPC fibers can provide effective shear reinforcement, though 

interface detailing remains critical to ensure composite action. Craneôs work highlighted both the 

potential and the limitations of applying conventional shear design models to UHPC members, 

stressing the need for refined provisions in codes to address web crushing and interface slip. 
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Table 2-1: Shear Capacities using S-MCFT with UPHC Modification (Crane 2010, Atilla 2021). 

 

 

Foster et al. (2017) proposed a rational shear strength model for Steel Fiber Reinforced 

Concrete (SFRC) beams by extending the Modified Compression Field Theory (MCFT) and the 

Simplified MCFT (Vecchio and Collins 1986; Bentz et al. 2006) to account for fiber contribution. 

A key innovation was the use of an inverse analysis to relate post-cracking residual tensile strength 

to crack width from standard prism bending tests (ASTM C1609). Unlike earlier approaches where 

residual tensile strength was treated as a constant, this model captures its variation with crack 

opening, providing a more realistic representation of fiber reinforcement in shear transfer. The 

framework was validated against 184 SFRC specimens with and without stirrups, confirming its 

robustness and eliminating the need for direct tension testing, which is rarely used in design 

practice. Building on this work, Foster et al. (2017) further refined the model through evaluation 

of 81 shear tests (52 SFRC and 29 UHPC beams). They introduced a fiber contribution term with 

a reduction factor of 0.8 to account for orientation and dispersion variability and proposed updated 

equations for residual tensile strength, mid-depth longitudinal strain, and crack angle. 

Collectively, these studies demonstrated the excellent shear performance of UHPC 

members with fibers, typically achieving average shear stresses of 2ï4 ksi without requiring 
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stirrups. Although stirrups may enhance capacity, they were found unnecessary and could 

complicate fabrication. The proposed design approach integrates seamlessly with existing 

AASHTO procedures: longitudinal strain and crack angle are first determined, followed by crack 

width estimation, from which the fiber residual tensile strength is derived. The nominal shear 

resistance is then calculated, capturing the true contribution of fibers under varying crack widths 

and providing a rational framework for UHPC shear design. 

In this research, the PCI-UHPC model for vertical shear design was adopted. The primary 

design check for UHPC members is the shear strength limit state under factored loads, using the 

AASHTO General Procedure adapted for UHPC. This approach, based on the Modified 

Compression Field Theory (MCFT), is widely recognized in international codes and was 

extensively validated through project testing. Conservative parameters were selected to ensure 

both safety and alignment with established practice, providing a reliable framework consistent 

with global provisions. 

A central aspect of PCI-UHPC recommendations is accounting for fiber contribution to 

shear strength, similar to the methodology in the French Recommendations (AFNOR, 2016). A 

residual tensile strength of Ὢὶὶ = 0.75 ksi is proposed, supported by testing, international guidance, 

and inverse analysis of PCI-UHPC compliant concrete. For members without stirrups, shear 

resistance is primarily provided by the pasteïfiber matrix, with possible contributions from sloped 

or draped prestressing. Although stirrups are generally discouraged due to potential disruption of 

fiber flow, their localized use may be permitted at member ends with exceptionally high shear 

demands. These recommendations apply specifically to steel fiberïreinforced UHPC mixtures 

meeting or exceeding the minimum material and fiber requirements outlined in PCI-UHPC 2022 

report, enabling rapid adoption in practice while ensuring optimized structural performance. 
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In 2023, the Federal Highway Administration (FHWA) published FHWA-HRT-23-077: 

Structural Design with Ultra-High Performance Concrete, adopting a shear model based on the 

Modified Compression Field Theory (MCFT) with modifications for UHPC behavior. This model, 

initially developed by El-Helo and Graybeal (2022), was later incorporated into the AASHTO 

Guide Specifications for Structural Design with Ultra-High Performance Concrete (2024). The 

FHWA defines UHPC as a strain-hardening material in tension with minimum compressive and 

cracking strengths of 17.4 ksi and 0.75 ksi, respectively. A key property, the localization tensile 

strength (ft,loc), represents the tensile stress at which stress decreases continuously with increasing 

strain and must meet or exceed the cracking strength, with the associated localization strain 

(Ůt,loc). 

Table 11 in the FHWA Workshop Manual presents the provisions for the shear strength 

limit state for both conventional concrete and UHPC sections, providing a clear comparative 

reference between the two materials. By highlighting differences in design requirements, this table 

assists bridge owners and designers in applying appropriate safety and performance measures. 

Together, the FHWA workshop manual and the AASHTO Guide Specifications standardize 

UHPC design practices, supporting safe and effective use of UHPC in new bridge construction, 

replacements, and preservation projects, while aligning with current engineering standards and 

international best practices. 

Tarawneh et al. (2025-a) developed a simplified and reliable shear strength model for 

ultrahigh-performance concrete (UHPC) beams based on statistical correlations from a database 

of 198 specimens covering diverse cross-sections, prestressing levels, shear reinforcement ratios, 

and material properties. The study identified localization tensile strength and prestressing stress as 

the most influential factors on shear capacity, with beam height showing a stronger correlation 
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than effective depth. A reliability-calibrated model (Vn = 1.3(ft,loc + 0.18fôc) bwd + Vs, with d = 

0.8h) and a prediction equation for ft,loc were proposed, yielding an average experimental-to-

predicted ratio of 1.29 and a coefficient of variation of 25.8%, indicating consistent and balanced 

conservatism. Tarawneh (2025-a) proposed localization tensile strength, ft,loc  equation as follows: 

ft,loc=0.279+0.035fôc+3.4Vf (lf/df) 

Comparisons with existing models, including FHWA, PCI-UHPC, CSA, and AFGC 

procedures, demonstrated that the proposed model achieved performance comparable to FHWA 

but with greater simplicity, outperforming other methods in accuracy, reliability, and practicality 

for UHPC shear design. Also, the results confirm that PCI-UHPC showed a high conservatism, 

where (Vexp/Vpred.) of more than 2.0 in 30 specimens due to fixing the UHPC tensile stress at 

5.2 MPa (0.75 ksi).  

In a separate article, Tarawneh et al. (2025-b) evaluated the performance of five ultra high-

performance concrete (UHPC) shear design models, FHWA-HRT-23-077 (2023),PCI-UHPC 

report (2021), French Standard NF-P-18-710 (2016), Canadian Standards A23.3-04 (2004), CSA, 

and Modified Eurocode2/German DAfStb (2023), using a database of 198 beams with varied 

prestressing, shear reinforcement, fiber content, and geometrical and material properties. The study 

highlighted differences in how models account for steel fiber contributions, shear reinforcement, 

and the angle of the diagonal compression strut, with the FHWA method incorporating 

experimentally determined localization strength and strain (ft,loc, Ůt,loc). Statistical analysis 

demonstrated that the FHWA procedure provided the most accurate and consistent predictions 

across variable ranges, with an average experimental-to-predicted shear strength ratio of 1.19 with 

low scatter, while the PCI-UHPC method exhibited the highest conservatism (average ratio 1.58) 

due to limiting residual UHPC tensile strength. Other models (AFGC, CSA, DAfStb) showed 
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varying degrees of conservatism and lower accuracy, particularly at high transverse reinforcement 

ratios, indicating that FHWA provides a reliable and practical approach for UHPC shear design. 

2.6 Connection between Deck and Beam (Horizontal Shear (Interface) Design) 

The shear interface in composite concrete members refers to the contact plane between two 

layers of concrete, either cast at different times (e.g., precast element with a cast-in-place topping) 

or of different material types (e.g., normal strength concrete and UHPC). Interface shear resistance 

is the maximum shear stress that can be transferred across this plane without causing relative slip 

or separation between the layers. In design practice, the interface shear resistance is critical for 

ensuring composite action between the layers, allowing the two concretes to behave as a single 

structural unit. This is especially important for deckïgirder systems, which require embedding 

shear-bent rebar or rods into discrete or continuous shear pockets in the precast concrete deck 

panels. To ensure the full connection, these pockets are filled with grout or concrete. 

Considering the scope of this research, which encompasses all cases of non-monolithic 

UHPC connections, the literature review on shear interface behavior of UHPC is organized into 

seven categories: (1) theory and hypotheses, (2) code provisions, (3) monolithic UHPC, (4) 

interface shear resistance between hardened UHPC and fresh conventional concrete (UHPC-CC) 

(5) interface shear resistance between hardened conventional concrete and fresh UHPC (CC-

UHPC), and (6) interface shear resistance between hardened and fresh UHPC (UHPC-UHPC). 

2.6.1 Theory and Hypothesis 

Interface shear design has traditionally relied on the ñshear friction theoryò developed by 

Birkeland and Birkeland (1966), which assumes that shear resistance depends on friction 

mobilized along the interface, whose topography, such as a cold joint between non-monolithic 
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materials or a crack in a monolithic material, generates friction under applied shear stress. 

Mobilization requires the joint or crack to open, straining the steel crossing the interface and 

creating a normal ñclamping pressureò (Figure 2-8b) or via external loads (Figure 2-8a), while 

roughened surfaces are idealized as inclined ñsaw teeth,ò with resistance equal to the clamping 

force multiplied by the friction coefficient (ɛ = tan ʬ); however, the model does not account for 

cohesion between concrete layers. 

 

Figure 2-8: Shear Friction Hypothesis (Birkeland and Birkeland 1966) 

In 1972, Mattock and Hawkins extended the shear transfer model by introducing the effect 

of cohesion for initially cracked specimens. From push-off tests on concretes up to 4.0 ksi, they 

proposed the horizontal shear strength equation, as shown below, with parameters c = 0.20 ksi and 

ɛ = 0.8, and limited the interface shear strength to 0.2 fǋc. Later experimental studies on concretes 

up to 6.0 ksi justified increasing this limit to 0.3 fǋc. 

 

Achieving composite action in deck-to-girder systems, traditionally complex due to the 

need for precise shear connector embedment, is increasingly simplified by the exceptional 
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properties of UHPC; however, its higher tensile and compressive strengths, along with differences 

in the roughness of cracks formed within UHPC, necessitate reassessing the friction factor, 

intercept value, and limits of clamping pressure for such interfaces. 

Since 1972, numerous studies have refined the values of the cohesion coefficient (c) and 

friction coefficient (ɛ) for various surface and reinforcement conditions. Most standard codes have 

adopted the basic form of the shear-friction equation, which remains widely used due to its 

simplicity. The American Concrete Institute (ACI 318ï19) and AASHTO LRFD Bridge Design 

Specifications, 9th Edition (hereafter AASHTO LRFD BDS) are the primary provisions for 

structural design of concrete members in the United States, providing design recommendations for 

interface shear capacity of conventional concrete members.  

According to ACI 318ï19, the interface shear capacity (Vn) is calculated by multiplying 

the clamping force, determined as the area of reinforcement (Asv) times its yield stress (fy), by a 

friction factor (ɛ), as shown in equation 22.9.4.2 in ACI 318-19 below: 

 

The friction coefficient varies depending on the scenario, and upper limits based on 

interface area, concrete compressive strength, and reinforcement yield strength are provided to 

avoid unsafe designs. However, these limits can be overly conservative for UHPC in monolithic 

scenarios due to its post-cracking tensile resistance and high tensile strength, which contribute 

additional clamping pressure. 
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2.6.2 Code Provision 

AASHTO LRFD BDS provides a similar design equation but includes an additional 

cohesion coefficient (c) to represent nonfriction-based resistance at the interface, as illustrated in 

equation 5.7.4.3-3 in AASHTO 9th Edition below: 

 

Here, the cohesion coefficient is multiplied by the interface area (Acv) to calculate 

supplemental resistance, while ñPcò accounts for permanent clamping forces. The values of c and 

ɛ vary depending on interface geometry and construction, and restrictions apply to ensure accurate 

predictions of interface shear capacity. 

The codes and standards that address UHPC interface shear include the French standard 

NF-P-18-710-UHPC, which allows Eurocode 2 concrete interface equations to predict CCïUHPC 

shear resistance, the AASHTO LRFD Guide Specifications for Structural Design with UHPC 

(LRFDUHP-1), which treats UHPCïCC interface shear the same as conventional concrete layers, 

and the PCI-UHPC implementation report, which adopts AASHTO LRFD provisions for 

interfaces involving CC layers.  

New AASHTO guidelines for UHPC design, Guide Specifications for Structural Design 

with UHPC 1st Edition (LRFDUHP-1), implement the most recent researches and PCI-UHPC 

recommendation including the fluted surface geometry proposed by PCI-UHPC as shown in 

Figure 2-9. 
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Figure 2-9: Proposed UHPC Top Face Minimum Fluted Surface Dimensions (PCI-UHPC 2022). 

According to the 1st edition of AASHTO UHPC guideline, the provided nominal shear 

resistance of monolithically cast UHPC interfaces, equation 7.4.3-1 shown below, is based on the 

model developed by Muzenski, Haber, and Graybeal (2022), which extends the traditional shear-

friction equation by incorporating an additional clamping force from the tensile resistance of 

UHPC. 

       

While the nominal shear resistance for other cases is the same as the previous AASHTO 

equation. It is noticeable that the cohesion and friction factors have been updated to nine cases 

according to the current literature, as shown in Table 2-2. 
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Table 2-2: Summary of All Cases Cohesion and Friction Factors (AASHTO-UHPC 1st Edition) 

Case 

Cohesion 

factor, c 

(ksi) 

Friction 

Factor, 

ɛ 

Upper 

Bound, K 

(ksi) 

Research Source 

1- For UHPC placed monolithically 

1.4 1.0 4.5 

Muzenski et al. 

(2022 & 2023) & 

Crane (2010) 

2- For UHPC placed against a clean UHPC 

surface, free of laitance, with surface cast 

to have 0.50-in.-amplitude keys (UHPC-

UHPC) 

0.5 1.0 1.8 
PCI-UHPC 2021 

& Crane (2010) 

3- For UHPC placed against a clean UHPC 

surface, free of laitance, with surface cast 

to have 0.25-in.-deep by 0.25-in.-wide 

formed flutes (UHPC-UHPC) 

0.24 1.0 1.2 Crane (2010) 

4- For UHPC placed against a clean UHPC 

surface, free of laitance, but not cast to 

have flutes or keys 

0.025 0.6 0.8 

Crane (2010) & 

Muzenski et al. 

(2023) 

5- For UHPC placed against a clean 

conventional concrete substrate surface, 

free of laitance, with surface intentionally 

roughened to an amplitude of 0.25 in. 

0.24 1.0 1.8 

Abo El-Khier and 

Morcous (2021) & 

Muzenski et al. 

(2023) 

6- For UHPC placed against a clean 

conventional concrete substrate surface, 

free of laitance, but not intentionally 

roughened 

0.075 0.6 0.8 

Abo El-Khier and 

Morcous (2019-a) 

& Muzenski et al. 

(2023) 

7- For conventional concrete placed against 

a clean UHPC substrate surface, free of 

laitance, with surface cast to have 0.25-

in.-deep by 0.25-in.-wide formed flutes 

0.24 1.0 1.8 Crane (2010) 

8- For conventional concrete placed against 

a clean UHPC substrate surface, free of 

laitance, but not cast to have keys or 

formed flutes 

0.025 0.6 0.8 

Crane (2010) & 

Muzenski et al. 

(2023) 

9- For UHPC anchored to as-rolled 

structural steel by headed studs or by 

reinforcing bars, where all steel in 

contact with UHPC is clean and free of 

paint 

0.025 0.7 0.8 Wang et al. (2019) 
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2.6.3 Monolithic UHPC 

Limited research has investigated the monolithic behavior of UHPC. Crane (2010) was 

among the first to study interface shear behavior with reinforcement ratios up to 0.005, while 

Maroliya (2012) tested inverted L-shaped UHPC specimens under direct loading on the interface 

plane between the flange and web. Jang et al. (2017) and Feng et al. (2022) examined interface 

shear resistance using push-off tests without reinforcement, and Abo El-Khier and Morcous (2019-

a) tested single- and double-shear push-off specimens with varying reinforcement levels. All 

studies consistently reported cohesion and friction factors substantially higher than those specified 

in current code provisions, confirming that the interface shear strength of UHPC far exceeds that 

of conventional concrete. 

Muzenski et al. (2023) study monolithic UHPC, and the results confirmed that the tensile 

resistance of UHPC with 2ï4% steel microfibers can be added to the clamping pressure, and the 

previously proposed model by Muzenski et al. (2022) reliably predicts shear capacity. Their 

experimental work (2022, 2023) showed that transverse interface reinforcement may not always 

yield at peak shear. Yielding depends on the relative strains: if the UHPC localization strain is 

greater than or equal to the reinforcement yield strain, the reinforcement can yield before 

localization; however, if the localization strain is lower, localization occurs first and the clamping 

contribution of reinforcement is limited.  

 

2.6.4 Wet CC on Hardened UHPC (UHPC-CC) 

Limited research has investigated the interface shear behavior of conventional concrete 

cast on existing UHPC. Banta (2005) studied lightweight concrete using single-shear push-off tests 

with four surface preparations: deformed, chipped, fluted, and smooth, while Crane (2010) 
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performed similar tests with conventional concrete on burlap-roughened, fluted, and smooth 

surfaces. Smooth surfaces were tested with varying reinforcement ratios to provide clamping 

stresses of 0ï0.26 ksi in Bantaôs tests and 0ï0.45 ksi in Craneôs tests, creating cohesion and friction 

factors of 0.14 ksi and 1.05, respectively. Crane (2010) also reported that surface preparation 

significantly affects interface shear strength: burlap roughening increased cold joint strength by 

127% without reinforcement, fluting increased it by 228%, and applying 0.30 ksi clamping stress 

further enhanced the fluted joint by 120%. In PCI-UHPC figure 8.3-3, which is presented in Figure 

2-10, shows the test results from Banta (2005) and Crane (2010). 

 

Figure 2-10: Relation between Interface Shear Stress and Clamping Stress of a Smooth Surface 

UHPC-CC (PCI-UHPC figure 8.3-3) 

Composite beam testing, designed to replicate a UHPC girder with a concrete deck, has 

also been used to evaluate interface shear behavior. However, calculating shear stress demand at 

the interface, especially for UHPC, remains debated, making comparisons with push-off tests more 

challenging. While limited research has evaluated the interface shear between full-scale UHPC 

beams and cast-in-place conventional concrete (CC) toppings, Crane (2010) tested six I-beams 
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topped with CC. The beams, 32.4ò deep with varying top flange widths, included three specimens 

with smooth interfaces (clamping stresses of 0, 0.062, and 0.250 ksi) and three with ıò-fluted 

interfaces (same clamping stresses), provided by transverse reinforcement spaced at 12 or 24 in. 

Relative displacement between the beam top and deck was monitored during flexural tests, and 

interface shear strength was determined from changes in either the initial slope of shear-relative 

displacement or the load-deflection curve. No composite action occurred for smooth interfaces 

without reinforcement. Using equation 5.7.4.3-3 in AASHTO 9th Edition with a clamping stress of 

0.062 ksi, cohesion factor of 0.075 ksi, and friction factor of 0.6 overestimated the shear strength 

of smooth-interface beams but underestimated the strength of fluted-interface beams, with or 

without reinforcement, due to the high resistance provided by forced shearing of the fluted ñteeth.ò 

These results confirm that providing a fluted surface is crucial for superior interface shear 

resistance. 

Feng et al. (2022) conducted single-side shear tests to investigate UHPCïCC interface 

shear resistance with varying interface surface textures and CC compressive strengths. Specimens 

either failed at the interface plane or within the CC itself, and results showed that interface surface 

roughness has a significant effect on shear resistance. 

 

2.6.5 Wet UHPC on Hardened CC (CC-UHPC) 

Most research has focused on UHPC cast on hardened CC, using single-shear push-off 

tests and, in some cases, double-shear push-off tests, generally showing that existing code 

provisions for CC-to-CC interfaces are adequate or conservative. 

Slant shear testing (ASTM C882/C882M) has been widely used to evaluate CCïUHPC 

interfaces (Harris (2011), Rangaraju (2013), Tayeh (2012), Carbonell (2012), and Aaleti (2017)), 
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with interface planes inclined around 60°. Various interface textures, including as-cast, 

sandblasted, brushed, grooved, exposed aggregate, and shear-keyed surfaces, were tested, showing 

that interface shear resistance increases with roughness and concrete strength. Compressive 

strengths ranged from 35.9ï56.8 MPa for CC and 80.6ï170.3 MPa for UHPC, with most 

specimens failing in the weaker concrete rather than the interface or UHPC.  

L-shaped single-shear push-off tests by Jang (2017) and Abo El-Khier et al. (2019-a) on 

300 × 640 × 150 mm specimens with five CC surface treatments, smooth, water jet, and 10, 20, 

and 30 mm grooves, demonstrated that shear resistance improves with increasing groove depth 

and surface roughness, while interface reinforcement further enhances capacity, though 

nonlinearly due to cohesion effects. Overall, prior research confirms that CCïUHPC interface 

shear resistance is governed primarily by surface texture, substrate and UHPC compressive 

strengths, and reinforcement, with roughening or deep grooving identified as essential for 

maximizing performance. 

Recently, Abo El-Khier (2023) conducted experimental and analytical studies to develop 

friction and cohesion factors for shear friction theory in UHPC cast on hardened CC. Fifteen L-

shaped push-off tests with varying reinforcement ratios and surface textures, along with slant shear 

tests, were performed and supplemented with results from previous studies. A friction factor of 1.0 

(as in current codes) and a cohesion factor of 3.45 MPa (0.5 ksi) for roughened CC surfaces were 

proposed, the latter being significantly higher than existing CC code values. Predictions using 

these factors were compared with provisions from ACI 318-19, AASHTO LRFD (2020), Eurocode 

2 (2004), CSA A23.3-14, and NF-P-18-710-UHPC (2016). Results confirmed that increasing 

interface reinforcement ratio substantially enhanced shear resistance and ductility, while UHPC 

compressive strength and fiber presence had little influence. Overall, the findings support the 
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applicability of the shear friction model for CCïUHPC interfaces, while highlighting that current 

code provisions remain overly conservative. 

2.6.6 Wet UHPC on hardened UHPC (UHPC-UHPC) 

Jang et al. (2017) evaluated interface shear resistance between UHPC cast on hardened 

UHPC and on conventional concrete, testing five surface preparations, water jet roughened, 0.4-

in., 0.8-in., 1.2-in. fluted, and smooth, without reinforcement; surface texture significantly affected 

shear strength, with differences between water jet and smooth surfaces attributed to improved 

cohesion and the very high resistance of the 0.8-in. and 1.2-in. fluted samples resulting from forced 

shearing of individual teeth. Jang et al. (2017), Li et al. (2019), and Crane (2010) tested UHPC-to-

UHPC interfaces using single-shear push-off tests with minimal or no interface reinforcement, 

showing that current code provisions may be applicable to UHPC-to-UHPC interfaces. 

Muzenski et al. (2023) evaluated interface shear behavior of non-monolithic UHPC-to-

UHPC specimens, with test results showing that friction factors can remain the same as those 

specified for conventional concrete in AASHTO LRFD, regardless of intentional surface 

roughening. However, literature and experimental observations show that cohesion coefficients 

align with values for smooth conventional concrete surfaces, as UHPC surfaces, whether 

roughened or not, tend to behave like smooth conditions due to their micro-texture after using 

form-liners. Muzenski (2023) proposal is summarized in Table 2-3. 
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Table 2-3: Summary interface shear design equation parameters (Muzenski, 2023).  
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3 Design and Detailing of Two Beams 

3.1 Applied Loads 

The hypothetical structure considered by this research is a three-story wood-framed 

building supported by a concrete podium, as shown in Figure 3-1. The podium supports the loads 

coming from bearing walls on each side of the corridor, which are considered as line loads running 

the full length of the building. The podium also supports the area loads created by residential 

occupancy on the 1st floor, considered as distributed loads. This building layout assumes wood 

framing arranged with three primary spans of 31 ft., 8 ft., and 31ft., as shown in Figure 3-2.  

Bearing walls inside the apartments could complicate the actual loading in reality, but would only 

act to reduce demand on the podium beams, so the most severe case for podium design was 

considered. 

 

Figure 3-1: Building Elevation ï Proposed System 
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The applied loads were considered as three types: Dead Load, Live Load, and Snow Load. 

All loads were calculated following all requirements and recommendations stated by ñMinimum 

Design Loads and Associated Criteria for Buildings and Other Structuresò by the American 

Society of Civil Engineering, known as ASCE/SEI 7-22. 

       

Figure 3-2: Assumed Wood Framing System 

Dead loads consisted of the own-weight of the structure combined with all superimposed 

dead loads, such as floor finishes, ceilings, mechanical-electrical-plumbing (MEP) services and 

ducts, partitions, etc. Dead load can be calculated using the actual item weights or can be assumed 

using Chapter 3 and Chapter C3 in ASCE/SEI 7-22 to get a good approximation for all expected 

dead loads. The dead load breakdown for the wood structure is: 

1. Wood structure self-weight (SW) = 15 psf 

2. Super-imposed dead load (partitions, finishes, & services) (SDL) = 20 psf 

Č Total Dead Area Load (DL) = 15 + 20 = 35 psf 
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Live loads depend on the occupancy and usage of each floor. The proposed building has 

four types of occupancy: residential, corridor, parking, and roof. The values of these loads can be 

found in Table 4.3-1 ASCE/SEI 7-22. Snow load calculated for the roof according to Chapter 7 in 

ASCE/SEI 7-22. Each load's detailed calculation is shown in Table 3-1. 

Table 3-1: Corridor Stud Wall Load Calculation. 

Loads Description 
Area 
Load 
(psf) 

Tributary Width 
No of 
Stories 

Line Load 
(klf) 

Total Line 
Loads (klf) 

Left 
Span 
(ft) 

Right 
Span 
(ft) 

Total 
Width 
(ft²/ft)  

Total 
Dead 
Load 

Members 
Own-weight 

35 8 31 19.5 3 2.0475 2.0 

Live 
Load 

Residential 40  - 31 15.5 2 1.24 

2.4 Corridor 100 8 -  4 2 0.8 

Roof 20 8 31 19.5 1 0.39 

Snow 
Load 

Roof 30 8 31 19.5 1 0.585 0.6 

 

Therefore, the loading configuration for the 70 ft. decked beam is presented in Figure 3-3 

without including the self-weight of the beam. 

 

Figure 3-3: Expected Podium Loading along the Width of the Building (excluding self-weight). 
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Based on the initially designed section for the self-weight calculation, the ultimate shear 

and moment were determined as 178.6 kips and 4,236.6 kip-ft, respectively, after reviewing all 

strength design load combinations in Section 2.3.1 of ASCE/SEI 7-22. The controlling load 

combination was 1.2DL + 1.6LL + 0.3SL (combination '2a'). The beam and loading conditions 

were then analyzed using SAP2000, as shown in Figure 3-4. 

 

Figure 3-4: SAP2000 Analysis of Maximum Ultimate Load Combination. 
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3.2 Details of the Cross-Sections 

The concept behind the precast decked beam system is to deliver large beams with flat 

surfaces to the site, increasing options for configuring spaces and reducing the on-site effort 

required to erect a podium.  In the precast plant, a prestressed UHPC beam is produced and then 

de-tensioned as usual.  The beam is then set on a flat surface and its bottom flange shimmed so 

that it will not deflect downward under the weight of the deck.  A precast deck is then placed on 

shims sitting on the top flange of the cambered beam, or a deck is formed and wet-cast on top of 

the beam to have a level surface.  In the case of a precast deck, the connection between the deck 

and the beam is filled with UHPC in a secondary casting process. Consequently, the decked beam 

consists of two or three primary components: the concrete deck (wet-cast or precast), the 

prestressed UHPC beam, and the UHPC connection that links the precast deck to the beam. A 

detailed description of each element is provided in this section. 

 

3.2.1 Determination of Section Geometry 

To achieve the primary purpose of the podium structure, the composite UHPC decked 

beam system needed to be both structurally robust, and capable of accommodating a deck with flat 

top surface, and light enough to handle and transport.  Determining the optimal shape and geometry 

of an I-shaped beam section and a tub-shaped section required several iterations, ultimately 

resulting in a flat deck supported by a highly prestressed girder. 

3.2.2 UHPC Beam 

The UHPC beam geometry was controlled by load demands, fabrication practices, 

availability of formwork at the precast concrete producers, weight limits, and handling constraints. 

To facilitate production of test specimens, one precast producer proposed modifying a standard I-
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shaped section to have a thinner web, while another suggested a foam-formed tub section. The 

overall specimen weight was limited to 75 kips, approximately 85% of the combined capacity of 

the two 20-ton cranes at the Constructed Facilities Lab.  In addition, specimens of 75 kips or less 

could be transported more economically than heavier options.  Transportation from producers in 

South Dakota and Florida to the laboratory in North Carolina represented a significant constraint 

given costs and shipping restrictions. After several iterations, both sections were finalized at 2 ft.ï

10 in. deep, having a wide bottom flange with thirty fully stressed 0.6-in. strands. Each precast 

provider worked with the research team to ensure the proposed cross-sections were compatible 

with their plant equipment and production capabilities. The cross-sections and main dimensions 

for the UHPC beams are presented in Figure 3-5. 

           

   

     (a)      (b) 

Figure 3-5: UHPC Beam Designed and Casted Sections: (a) Gage Brothers (b) Gate Precast. 
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Both final sections were configured with thirty strands in the bottom flange and four in the 

top flange. The strands used are low-relaxation strands that have an ultimate tensile strength (Fpu) 

of 270 ksi and a nominal diameter of 0.6 in. The pull force of 43.9 kips applied to each strand 

achieves 75% Fpu. The strand distribution on each section is shown in Figure 3-6. 

                                         
Gage Brothers I-Beam Section                         Gate Precast Tub Section 

Figure 3-6: Strand Distributions on Both Sections. 

3.2.3 Conventional Concrete Deck 

Due to fire performance requirements for the podium structure, conventional reinforced 

concrete was used for the deck instead of UHPC.  Prestressing in the deck was avoided in this 

research to minimize production cost and reduce design complexity in prototype specimens. 

Determining the conventional deck geometry required specifying the concrete strength, type (wet-

cast or precast), slab configuration (solid or ribbed), and the intended podium use. For this 

research, a solid reinforced normal weight concrete slab was selected with a thickness of 5.5 in for 

fire-resistance requirements.  Keeping the deck to a minimum viable thickness helped to keep 

specimen weight under control for handling and transportation.  In addition, testing the minimum 

thickness was conservative from the perspective of validating fabrication methods and structural 

performance.  According to IBC 2024 section 510.2, podiums must be considered separate 
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buildings with a structure above, necessitating the deck to provide a minimum 3-hour fire rating. 

Table 722.2.2.1 of IBC 2024 and Table 1 of PCI Designerôs Notebook DN-31 specify a minimum 

slab thickness of approximately 5.7 in. for fire-resistance rating for conventional carbonate 

concrete. 

The deck width is intended to be up to 12-ft wide in a real structure.  The tested deck width 

was selected to balance flexural capacity and specimen weight. A comparative study of different 

widths, as shown in Table 3-2, showed that a 6-ft wide deck provided sufficient nominal flexural 

capacity over the required ultimate moment while minimizing specimen weight, making it the most 

efficient choice for the initial design.  While the actual deck is 70 ft long, 12 ft wide, and 5.5 in. 

thick, the tested specimen maintained the same dimensions except for width, which was reduced 

to 6 ft. to meet weight and handling limits without compromising section capacity. 

Width (ft) ◖Mn (k-ft) Total Weight for a 70ô Length (kips) Geometry 

12 4,605 95 

 

8 4,548 76 

6 4,392 66 

5 4,306 62 

4 4,182 57 

3 4,098 52 

 

Table 3-2: Flexural Capacity and Weight of Composite Section by Width 
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3.2.4 As Designed UHPC Decked Beam Section 

After defining the UHPC beam section for each precaster, the most effective conventional 

deck configuration was determined to be a precast slab 5.5 inches in thickness and 6 feet in width, 

placed on top of the UHPC beam with the connection cast using UHPC. The final cross-section 

for each design specimen is shown in Figure 3-7. 

 

(a) 

 

(b) 

Figure 3-7: UHPC Decked Beam Designed Sections: (a) Gage Brothers (b) Gate Precast. 
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3.3 Deck Design 

The I-beam section produced by Gage Brothers employed a precast deck for the decked 

beam, whereas the tub girder section produced by Gate Precast opted for a wet-cast deck on top of 

the UHPC beam. The properties of each deck are summarized in Table 3-3. 

Table 3-3: Deck Material Properties Summary. 

Property 
Gage Brothers Precast Deck 

for I-shaped Section 

Gate Precast Wet Cast Deck 

for Tub Section 

Unit Weight, ɔc (psf) 150 

Release Strength, fôci (psi) 4,500 N/A 

Concrete Strength, fôc (psi) 10,000 8,500 

Modulus of Elasticity, Ec (psi) 5,000 4,688 

 

The proposed decked beam system consists of 12 ft. wide decks connected on site with a 1 

ft. pour strip, which may be filled with UHPC or conventional concrete as finalized by future 

studies. For analysis in this program, the 5.5 in. thick deck was treated as a continuous 12 ft. span 

in its transverse direction. Under this assumption, the system has been designed and verified for 

flexure, shear, and deflection of the deck, assuming a conservative concrete compressive strength 

of fôc = 7 ksi, lower than the strength achieved by the actual specimens. 

The flexural capacity was calculated for the typical residential areas, excluding the corridor 

zone, which required special consideration. Design followed the conventional Whitney rectangular 

stress block method, following the PCI 8th Edition Handbook Section 5.2.1 and ACI 318-19 

Section 22.3, assuming a maximum concrete compression strain of 0.003, strain compatibility for 

a plane section remaining plane, and an assumed peak concrete stress of 0.85 fôc. 
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Considering the applied loads, the ultimate transverse bending moment Mu in the deck is 

approximately 33 k-in. To resist this moment, #6 bars spaced 2 ft. apart were placed between the 

precast deck blockouts (holes for engaging with the secondary UHPC deck-beam connection).  

The transverse reinforcement was provided in two mats at the top and bottom of the deck. Using 

a strength reduction factor of 0.9 for tension-controlled sections, the nominal flexural capacity is 

about 36 k-in, confirming adequacy of the reinforcement.  

Shear in the deck was also checked for the residential areas assuming the same 12 ft. 

continuous transverse span, resulting in a maximum ultimate shear of approximately 1.6 kips. The 

vertical shear capacity of the deck was verified following PCI 8th Edition Handbook Section 5.3.1 

and its equation 5-22 shown below: 

ὠ ς‗Ὢὧ ὦὨ 

Using the shear reduction factor, ʬ = 0.75, the above equation gave a factored shear 

capacity, ʬVn = 4.7 kips.  The value of ʬVn/2 = 2.35 kips is more than Vu = 1.6 kips, so the 

selected combination of deck thickness and concrete strength is adequate (adding discrete shear 

reinforcement within the deck thickness would be impractical). 

In the tub girder specimen, the wet cast deck was fabricated at the same overall width as 

the top of the tub girder.  Thus, the deck in the test specimen is fully supported and not subjected 

to any shear force or bending moments in its transverse direction.  In a real structure, a wet cast 

deck would project beyond the edges of the tub girder in a fashion similar to the precast deck of 

the I-section, and the design for transverse moment and shear would be similar to that shown 

above.  For the test specimen, only minimum reinforcement required for shrinkage and temperature 

was considered in the transverse direction, following the PCI 8th Edition Handbook requirement 
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Section 5.2.1.5 and ACI 318-19 Section 7.6.1.1. The minimum area of flexural reinforcement 

equation is as follows: 

ὃȟ πȢππρψ ὃὫ 

Using a 5.5 in. thick by one-foot wide unit strip will result in: 

ὃȟ πȢππρψzρςzυȢυ πȢρρψψ ὭὲȾὪὸ  

The reinforcement is thus selected as #3 bars spaced at 6 in. on center, providing: 

ὃ πȢρρzρςὭὲȾφὭὲπȢςς ὭὲȾὪὸ ὃȟ  

According to ACI 318-19 Table 7.3.1.1, the minimum thickness for a solid non-prestressed 

one-way slab with a 12 ft. span and both ends continuous is L/28, which is about 5.2 in.  

Additionally, for a cantilevered one-way slab with a 3 ft. span, consistent with the I-beam specimen 

before the flange edges are connected, the limit is L/10, which is approximately 3.6 in. In both 

cases, the adopted 5.5 in. deck thickness satisfies the criteria, so no further deflection checks of 

the deck in the transverse direction are required. 
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3.4 Decked-Beam Flexural Design 

The decked-beam system has been designed for flexural capacity using the PCI-UHPC 

report Appendix E. The UHPC beam material properties and assumptions used in this design are 

shown in Table 3-4. 

Table 3-4: UHPC Mix ture Material Properties 

at Transfer 

(Initial) 

Compressive strength, fôci, ksi 10 

Concrete tensile stress limit, fti, ksi 0.75 

Modulus of elasticity of concrete, Eci, ksi 5,000 

at Service (Final) 

Compressive strength, fôc, ksi 17.4 

First-peak (first crack) flexural strength, ffc, ksi 1.5 

Peak (ultimate) flexural strength, fp, ksi 2 

Ratio of Peak (ultimate) flexural strength, fp, to First-

peak (first crack) flexural strength, ffc 
1.33 

Concrete tensile stress limit, ft, ksi 0.75 

Modulus of elasticity of concrete, Ec, ksi 6,500 

Unit Weight, ɔc, kcf 0.156 

Maximum Tensile Strain, t 0.005 

 

3.4.1 Service Limit State 

While the main concern of the flexure design is the ultimate flexural capacity, stress limits 

were evaluated for the UHPC beam at transfer to ensure the UHPC will not crack after releasing 

the strands, before long-term creep and shrinkage effects have time to develop. The transfer 

stresses were checked at critical sections and the beam ends using the UHPCïPCI report equations, 

as shown below: 
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The top strands were provided to reduce tensile stresses and control camber. For the I-beam 

specimen, the maximum top stress was close to zero ksi, well within the allowable tension limit of 

0.75 ksi.  The maximum bottom compression stress was 5.7 ksi, below the limit of 0.65 fôc = 6.5 

ksi. Thus, both stress limits satisfied the criteria. The decked beam design for the tub beam was 

designed in a similar way to the I-beam, and will not be studied in this thesis in detail 

3.4.2 Strength Limit State 

The decked beam is designed for flexure as one composite element, assuming the deck and 

beam remain rigidly connected under loading. Flexural strength of large precast prestressed 

members is primarily governed by lower strands in tension and the top flange in compression.  In 

our case, the conventional deck acts as the top flange after the section is made composite.  At the 

same time, UHPC fiber tensile capacity below the neutral axis is typically neglected when code-

minimum prestressing is present. The flexural capacity has been verified using the PCI-UHPC 

report design guidelines that were verified through hand calculation, layered sectional analysis 

using an Excel Sheet, and by a commercial software ñEriksson Beamò. 

In each case (I-beam and tub girder), the UHPC beam was analyzed using a strain-

compatibility approach, based on the idealized stressïstrain relationships shown in Figure 4.6.3-4 

of the PCI-UHPC report, as reproduced below in Figure 3-8. The PCI-UHPC tensile stressïstrain 

response is modeled as bilinear, with a slope (modulus of elasticity) of 6,500 ksi. The curve reaches 

a peak tensile stress of 0.75 ksi, which is sustained up to a strain of 0.005, after which the stress is 

assumed to drop to zero. In compression, the stressïstrain relationship is taken as linear up to 0.85 

fǋc, corresponding to 14.79 ksi at a strain of 0.0023 with the same slope of 6,500 ksi. At the ultimate 

compressive strain of 0.003, the stress distribution may alternatively be represented by the 

conventional Whitney equivalent rectangular block used in standard concrete design.   
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The strength reduction factor (ʬ) per ACI 318 was applied, with ʬ=0.9 for tension-

controlled sections. Fiber contributions were neglected in all analyses except in the layered 

sectional analysis, where the actual stressïstrain curve was used, including tension effects. 

Additionally, top strands were neglected in the hand calculations for simplicity. For the 

conventional concrete deck, compatibility was enforced using the Whitney stress block model, 

under the fundamental assumption that the plane sections remains plane.  This assumption requires 

no slip between the deck and the beam, as will be discussed later. 

 

Figure 3-8: UHPC Stress-Strain Diagram. 

To calculate the average stress in the prestressing steel, the power formula shown in Eq. 

4.6.2-4 and Eq. 6.1-1 of the PCI-UHPC document were used, as reproduced below, as well as an 

upper limit on the strand strain of 3.5% per ASTM A416: 
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The maximum bending moment capacity of the section is obtained by establishing 

equilibrium between strand tension and compression in the concrete deck, and, in some cases, part 

of the UHPC haunch/connection. The compression strain at the extreme fiber (top of the deck) is 

limited to 0.003, with the concrete represented by a Whitney stress block of 0.85 fôc. This 

assumption puts all of the UHPC section under tension at the nominal flexural section capacity. 

 

The layered sectional analysis followed the same assumptions as the hand calculations, 

with the key difference being that the cross-section was discretized into 0.25 in. thick rectangular 

layers, each assigned the average section width at its location, while also incorporating the effect 

of the top strands. The exact shape of the divided section, considering all layers used in the layered 

sectional analysis, is shown in Figure 3-9. 

 

Figure 3-9: Exact Layers used in Layered Section Analysis. 
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Additionally, Eriksson Beam, a commercial software commonly used for the design and 

analysis of precast concrete elements, was utilized to analyze the composite section. For this study, 

the software was adapted to model UHPC beams in place of conventional concrete by simply 

scaling up the traditional inputs for UHPC (fôc, elastic modulus, rupture strength, etc.). 

The flexural capacity was evaluated for the I-beam specimen at the midspan, where a large 

central opening exists and a 2-in. thick UHPC connection was provided between the beamôs top 

flange and the bottom of the deck, resulting in a total section depth of 41.5 in. at midspan. The 

analysis considered a 6-ft. deck width and 7 ksi deck concrete strengths, as summarized in Table 

3-5. The strength reduction factor (ʬ) was taken as 0.90 in accordance with the PCI-UHPC Report 

(Table 4.6.3-1) for prestressed concrete sections with fibers and tension-controlled behavior, 

consistent with ACI 318-19 requirements for building design. Detailed results from hand 

calculations, layered sectional analysis, and Eriksson Beam are provided in Appendix D. 

Table 3-5: I-shaped Section Decked Beam Flexural Capacity 

Reduced Nominal Flexural Capacity, ʬ Mn (k-ft) 

Hand Calculation Layered Section Eriksson Beam 

4,591.4 4,660 4,686 
 

All analyses confirmed that the decked beam section exhibits a tension-controlled failure 

mode, with concrete crushing after large deflections and bottom fiber strains reaching 

approximately 0.02, about 10 times the tension-control limit. In every case, the reduced nominal 

moment capacity exceeded the applied ultimate moment of 4,237 kip-ft by at least 8%, even when 

considering a 7 ksi deck and neglecting contributions of fiber in the UHPC beam or the 

contributions of the top strands. The haunch thickness at midspan used in design calculations was 

considered as 2 in. only, which is the minimum selected for initial prototype specimens.  
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The same calculations were applied to the tub girder specimen to design the final section 

and then to check the capacity of that section after casting using the as-measured material 

properties (which exceeded the design values). The original tub girder design provided a reduced 

nominal flexural capacity of 4,920 kip-ft.   
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3.5 Vertical Shear Design 

In UHPC flexural members, vertical shear capacity is a key design consideration. The 

materialôs dense matrix, high compressive strength, and inclusion of about 2% high-strength steel 

fibers provide both tensile resistance and ductility, resulting in high shear strength. The high 

performance material combined with prestressing often eliminates the need for mild steel stirrups, 

which simplifies fabrication, reduces quality control demands, and allows narrower webs for more 

efficient precast, prestressed sections. 

Both UHPC beams were designed to conform to the PCI-UHPC designation, implementing 

the recommendations in the PCI-UHPC report Appendix E for vertical shear, following B-Region 

design. These guidelines allow the elimination of traditional shear reinforcement, since discrete 

mild steel bars have been shown in some UHPC tests to obstruct fiber flow, creating weak planes. 

Eliminating stirrups not only simplifies fabrication, but also enables a reduced web thickness 

(cover over bars not required if the bars donôt exist) while still achieving adequate shear capacity. 

For example, the I-beam section used a 4-in. thick web, while the tub beam section required two 

3-in. thick webs. 

Modified Compression Field Theory (MCFT) remains a recognized method worldwide for 

analyzing and designing one-way shear in prestressed concrete members.  This mechanics-based 

approach accounts for the effects of prestressing on the shear capacity.  Shear strength design for 

the UHPC members in shear follows PCI-UHPC recommendations to adapt the methods of the 

AASHTO Bridge Design Specifications (AASHTO). The general AASHTO procedure, based on 

MCFT, has gained broad acceptance and is recommended for UHPC with the addition of a fiber 

contribution term. This term follows the same format as the classic stirrup contribution term, but 
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replaces ñAv·fyò with ñbv·dv·frrò, where ñfrrò is taken as 0.75 ksi for UHPC that meets the PCI-

UHPC material classification requirements. 

The vertical shear capacity of the tested specimens was evaluated using both the PCI-

UHPC approach and the separate Federal Highway Administration Structural Design with UHPC 

guide document (FHWA-HRT-23-077). In UHPC members, shear resistance is primarily provided 

by the steel fibers, with additional contribution in some cases from the vertical component of 

prestressing strands.  As strands were not harped in the members considered by this research, there 

was no vertical component of prestressing in the beams designed for this thesis. 

According to PCI-UHPC, the nominal shear capacity is determined using Equation 7.3.2-

1. In contrast, FHWA specifies that the capacity be taken as the lesser of Equations 1.7.3.3-1 and 

1.7.3.3-2. The second equation (1.7.3.3-2) ensures that crushing of the web concrete does not occur 

before yielding of stirrups. This check is omitted in PCI-UHPC since stirrups are not typically used 

in UHPC shear design. 

PCI-UHPC: 

 

FHWA: 

 

As noted earlier, the primary distinction between the standard AASHTO procedure for 

shear design and UHPC-specific methods lies in the additional shear contribution provided by 

the fibers. This modification accounts for the enhanced tensile capacity and crack-bridging 
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behaviors inherent to the UHPC material. Fiber contribution is incorporated explicitly in the 

relevant shear design equations, as summarized below for each design approach: 

PCI-UHPC: 

 

FHWA: 

 

One of the key differences between the two approaches lies in how the effective shear depth 

(dv) is defined for composite sections (beams with field-cast decks). In the PCI-UHPC method, 

the effective depth is taken as the distance between the resultant compression and tension forces 

that generate flexural equilibrium. In contrast, the FHWA approach defines the effective depth as 

the distance from the top of the UHPC section to the centroid of the prestressing strands, as 

illustrated in Figure 3-10. 

  

(a)   (b) 

Figure 3-10: Definition of Effective Depth for Shear Calculations (a) PCI-UHPC (b) FHWA. 

Additional differences between the two methods include the treatment of the fiber 

contribution term, the diagonal compression strut angle (ɗ), and the use of material properties such 

as localized tensile strength (ft,loc). In some cases, the FHWA method requires an iterative solution 

to converge on accurate values for (ɗ) and fiber stress, where Table A2.2-1 in ñFHWA-HRT-23-
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077ò or Table B1.2-1 in ñAASHTO Guide Specifications for Structural Design with Ultra-High 

Performance Concrete ï 1st Edition, March 2024ò can be used as a conservative, simplified 

approaches to avoid detailed iterations. In contrast, PCI-UHPC uses conservative assumptions that 

enable a direct, non-iterative calculation. For this study, PCI-UHPC was adopted as the reference 

method for shear capacity checks, with FHWA calculation results used for further verification. 

Prestressing affects vertical shear capacity in two ways: the main is the clamping force 

(Apsfpo) and the second is the contribution in resisting the shear by the inclination of the 

prestressing strands (Vp). These effects are shown clearly in the following equations when 

calculating the longitudinal strain (s) and the crack angle (ɗ) that affect the fiber contribution (Vcf) 

in the previous equation. 

  

  

The tension-tie resistance model, shown in Figure 3-11, is applied near the supports. It 

accounts for strand transfer and development lengths and uses the appropriate strand stress values. 

The governing equations are given in the next page: 

PCI-UHPC: 
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Figure 3-11: Free-body Diagram for the Resistance Model for Conventional Concrete 

(AASHTO LRFD 2020, Figure C5.7.3.5-1) 

Using the PCI-UHPC procedures, the vertical shear capacity of the I-beam specimen was 

evaluated at two locations. The first critical section is located at a distance equal to the shear 

effective depth ñdvò from the support. The second section corresponds to the point of load 

application. It is noted that no stirrups were provided at any location along the beam, except for 

one #7 bar on each side of the opening and one #7 bar at each end for bursting. The applied ultimate 

shear force, ultimate bending moment, and corresponding shear capacity at each section are 

summarized in Table 3-6. 

Table 3-6: Vertical Shear Demands and Capacities for the Decked I-Beam Section. 

Loading Condition Near Ends Near Point Loads 

Factored Shear, Vu (kips) 175 94 

Factored Moment, Mu (ft-k) 520 4,100 

Nominal Shear Capacity, űVn (kips) 195 140 

Demand to Capacity Ratio, D/C = Vu / űVn 0.90 0.67 
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The calculations indicate that the section capacity exceeds the applied shear force by at 

least 10%. Since the I-beam and tub girder UHPC sections share the same full section depth, 

number and location of prestressing strands, and UHPC material specifications, the shear 

verification performed for the I-shaped beam can be extended to the tub girder. As the tub girder 

has a larger total web thickness (6 in.) compared to the 4 in. web thickness of the I-shaped section, 

both beams were designed for the same loading conditions, and both beams have similar self 

weights, we can confidently assume the shear capacity of the tub section is adequate.  Detailed 

vertical shear analysis was completed, but is not presented for the tub girder, as the tub beam girder 

specimen will not be experimentally tested as part of this thesis. 

3.6 Shear Interface Design 

The shear interface between beam and deck is a critical aspect of the decked beam system.  

This interface was designed in accordance with the recommendations outlined in Section E.7.4 of 

the PCI-UHPC report, Appendix D. Flutes in the top flanges of the UHPC beams were selected 

because the mechanical interlock they provide between the UHPC beam and the cast UHPC 

connection is more significant than the cohesion developed at the same interface. Guidelines 

recommend a minimum flute depth of ½ in. and a minimum flute length of 1.5 times the depth. 

For both specimens, flutes with a depth, h, of ½ in. and a minimum length of 5 in. were used. The 

PCI-UHPC report also recommends that the maximum flute length be the lesser of 10 times the 

depth, h, or 6 in., and that the flute edge maintain a constant projection of h/2. 

In practice, the I-beam specimen used a maximum flute length of 6.5 in. (equivalent to 13 

times the depth), while the tub beam specimen used a maximum flute length of 6 in. (12 times the 

depth). In both cases, the projection was taken as ñhò rather than ñh/2ò. These deviations from the 

PCI-UHPC recommendations, which are consistent with French guidelines, were made 
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intentionally for research purposes. The flute dimensions for both specimens are shown in Figure 

3-12. 

   

                     (a)    (b) 

Figure 3-12: Flutes Dimension (a) I-beam Specimen and (b) Tub Girder Specimen. 

The shear interface capacity equation was originally developed for connections between 

conventional concrete (CC) and normal concrete. It is also applicable to connections between CC 

and UHPC, since the interface strength is governed by the weaker concrete, fôc. The AASHTO 

equation (5.7.4.3-3), which is the same equation that was presented in the PCI-UHPC report as Eq. 

E.7.4.3-3, is considered conservative and has been widely used and accepted by designers for many 

years. The PCI-UHPC equation below accounts for the contribution of the weaker concrete, the 

size of the connection, the amount of shear interface reinforcement, and any compression force 

acting perpendicular to the shear plane. The governing design equation is as follows: 

                    

Where Vni shall be limited to the following: 
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For the I-shaped specimen, the top width of the UHPC section (bvi) is 28 in., and the 

specimen has a minimum effective depth of 34.75 in. According to Table 8.6-1 of the PCI-UHPC 

report, for UHPC placed against a UHPC fluted surface, the cohesion factor (c) is 0.5 and the 

friction factor (ɛ) is 1.4. Two U-shaped stirrups were provided in each deck blockout, spaced at 

24 in. on center. 

Based on these parameters, the calculated nominal shear interface capacity (Vni) is 220 

kips/ft (168 kips/ft from cohesion and 52 kips/ft from reinforcement), while the maximum ultimate 

applied shear demand, accounting for the effective depth and strength reduction factor, Vui/◖, is 

82 kips/ft. Therefore, the available interface shear capacity exceeds the demand by more than a 

factor of three, satisfying PCI-UHPC recommendations. 

For the tub girder specimen, the deck of the tub beam was designed in a similar way to the 

I-beam, but using smaller pockets.  This design will not be presented in detail in this thesis as the 

tub girder will not be tested as part of this thesis.  

The deck blockouts in the I-beam were designed with inclined bearing surfaces to form a 

tight, interlocking key that ensures full composite connection under loading conditions, as 

illustrated in Figure 3-13. The design approach assumed full composite action for the decked I-

beam specimen. To enhance confinement, the slab edges surrounding the blockouts were 

reinforced in both directions. The maximum applied ultimate shear force was ὠό=178.6kips. 

Considering an average blockout perimeter of 7 ft and a deck concrete compressive strength of 10 

ksi, the average nominal bearing strength without considering any reinforcement was calculated 
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as ‰ὠὲ=227kips. This value was obtained in accordance with Section 5.5.1 of the PCI Design 

Handbook, 8th Edition, using the following equation: 

 

 

Figure 3-13: Interface Shear ï Deck Bearing Surface. 
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3.7 Detailing Design 

Details of the decked beam specimens, such as lifting, handling, and end region bursting 

are covered in the following sections.  

3.7.1 Lifting and Handling of the Deck 

One of the main concerns with using a precast conventionally reinforced concrete deck 

instead of a prestressed precast deck or wet cast deck was handling the 70-ft-long slender precast 

slab during assembly.  Concerns were magnified by the large blockout openings distributed along 

the slab length. Several options for handling were evaluated, and the selected scheme underwent 

detailed analysis to confirm the rigging plans were controllable and feasible. The adopted method 

uses two spreader beams with 16 simultaneous lifting points, as shown in Figure 3-14. 

 

 

Figure 3-14: Lifting the Precast Concrete Deck. 
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The key concept of the deck rigging plan was to maintain lifting cables as equal in length 

as possible to minimize tensile stresses in the deck. An equivalent static multiplier was applied to 

the lifting forces to account for stripping and dynamic effects, as specified in the PCI Design 

Handbook, 8th Edition, Table 8.3.1. A factor of 1.4 was used for lifting calculations, corresponding 

to the condition of a flat deck with false joints or reveals, cast on a smooth form with a release 

agent. 

The precast deck was analyzed for handling in SAP2000 using both frame and shell 

element models for the 6-ft-wide section planned. A concrete strength of 7 ksi was assumed for 

the lifting analysis. All critical locations along the deck, particularly at the edges of the openings, 

were evaluated and confirmed to remain within allowable stress limits. 

Flexural tensile stresses were limited to the modulus of rupture of the concrete divided by 

a safety factor of 1.5, in accordance with Eq. 8-1 of the PCI Design Handbook, 8th Edition. Using 

this criterion, the allowable stress was approximately 350 psi, while the maximum calculated 

stress, occurring near an opening in combination with the 1.4 dynamic load multiplier, was about 

280 psi.  As such, handling stresses remained well below the allowable tensile stress limit. 

Shear loads between openings and along the deck were evaluated in accordance with ACI 

318-14, Section 22.5.5.1. The analysis indicated a reduced nominal shear capacity (ʬVn) of 12.1 

kips, compared to a maximum applied shear force (Vu) of 2.7 kips, including the dynamic 

multiplier. This result provides a safe margin against shear failure of more than five times, 

confirming that no shear reinforcement was required at any location in the deck. 

The above calculations represent the results for the I-beam specimen. The deck lifting 

design was also checked for tub girder in a similar fashion.  In addition, the tub girder was 
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ultimately produced with a wet-cast deck due to production constraints, eliminating the need for 

deck lifting and handling for this specimen.  

3.7.2 UHPC Beam Lifting 

The lifting design of the beam conservatively implemented conventional concrete 

recommendations in the PCI Precast and Prestressed Concrete Handbook (8th Edition, section 

8.3.5.2). Triple 0.5 in. diameter strand lifting loops, standard for bridge girders, were used in pairs 

at each end of each specimen. Each decked beam weighed approximately 70 kips when assembled 

with its deck.  Each lifter had a rated capacity of 10 kips per loop with a multiplier of 2.2 for triple 

loops, giving each pair of lifters 44 kips of capacity (one pair at each end of each beam). Hooks 

and shackles were used to attach to the strand lifters in the plant and in the laboratory, and lifting 

loops were kept free of contaminants and rust. 

Since UHPC is self-consolidating, the pull-out capacity of vertically inserted wet-set loops 

can be reduced by air bubbles around the strand. To account for this, two triple loops were placed 

at each end of the form prior to casting, with a total capacity of 88 kips, about 25% above the beam 

weight. 

The minimum required embedment length per strand loop leg is 24 in., but the UHPC 

beams included over 30 in. embedded, including at least 24 in. in the beam plus 5.5 in. in the deck 

connection. This conservative design meets the PCI 8th Edition recommendations without 

counting on the portion of the lifter embedded within the connection thickness. 

Initial designs positioned lifting loops at least 10 ft. from each end of the beams to avoid 

influencing future shear test zones. For the I-beam specimen, loops were moved closer to the edges 

due to handling constraints in the plant (large forklifts lifting from the ends had limited fork 

lengths). Thus, the first loop location at a given end changed to 2 ft. from the end of beam, with 
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the second loop at each end located 4 ft. from each beam end. For the tub girder specimen, each 

end has one triple strand loop per stem, all loops located 10 ft. from the beam ends. 

Lifting calculations for both beams, including inclined cable scenarios, were designed and 

verified using the ñGirder Stability Analysis v1.1 (2022)ò Excel workbook by the 

Precast/Prestressed Concrete Institute, which evaluates stability for typical transport and erection 

conditions of bridge girders. Figure 3-15 shows a safe lifting design for lifting using vertical and 

inclined cables. 

 

 

Figure 3-15: UHPC Beam Lifting with Vertical and Inclined Cables Using PCI Spreadsheet. 

3.7.3 UHPC Beam End Region Design 

1) Bursting Reinforcement (Splitting Resistance) 

End region cracking in the web is a common concern in highly pretensioned concrete 

members with large bottom flanges, high prestressing, and thin webs. Thus, bursting forces were 

a consideration for the test specimens, and they were resisted following PCI-UHPC Appendix D 

Section E.9.3.3.1, by placing vertical reinforcement near the beam ends. In precast UHPC 

members, steel fibers contribute significantly to resisting end cracking, and may be supplemented 

with the vertical bars. PCI-UHPC recommends a maximum bursting reinforcement stress of 20 

ksi, presumably to limit potential crack widths. This stress is assumed uniformly distributed over 
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a length of h/4 from the beam end. The bursting force, Pr, is calculated using the PCI-UHPC 

prescribed equation E.9.3.3.1-1: 

    

     

Figure 3-16: Concrete and Steel Stresses Assumed to Resist Bursting Forces. 

In PCI-UHPC, the strand transfer length ñltò is taken as 20 strand diameters. The bursting 

force must be resisted jointly by the vertical reinforcement and the steel fibers, as illustrated in 

Figure 3-16. This interaction is represented by the following equation: 

 

For the specimens, the bursting force was limited to 4% of the initial prestress force 

immediately after release, Ppi, given Pr = 59.2 kips. The required steel area to resist this force 

corresponds to 4 #7 bars (Grade 60), providing a bursting resistance of 60.75 kips. For research 

purposes, however, a single #7 bar was used, assuming an allowable steel stress of 60 ksi instead 

of 20 ksi and a proportional reduction of the 4% Ppi limit .  
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For the UHPC I-beam, a single #7 bar was used at each end while for the tub beam, two #7 

bars were used at each end (one per web) within the end diaphragm to accommodate the larger 

section width and the distance between webs. This configuration was judged suitable to control 

bursting forces adequately, especially for research purposes.  

2) Confinement Reinforcement 

Although the fibers in PCI-UHPC enhance tensile strength and ductility, allowing for 

potential elimination of confinement reinforcement, the current AASHTO provisions remain 

reasonable and cost-effective. Therefore, these provisions are recommended for PCI-UHPC 

products. Specifically, within 1.5d, where ñdò is the distance from the extreme compression fiber 

to the prestressing strands centroid, from the beam ends, confinement reinforcement for 

prestressing steel in the bottom flange should consist of No. 3 bars spaced no more than 6 in. and 

enclosing the strands. 

For the UHPC I-beam, the effective depth "d" is 30 in., requiring the confinement 

reinforcement in the bottom flange to extend about 3 ft.ï9 in. from each beam end. For research 

purposes, this length was limited to "d", which is 2 ft.ï6 in. In the tub girder, "d" is 31 in., and 

confinement reinforcement was extended approximately 3 ft.ï3 in. at each end, falling between 

"d" and 1.5"d", since four strands in the third layer from the bottom were not enclosed by the 

confinement reinforcement. 
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3.8 The Proposed UHPC I -Beam vs. a Conventional Precast Section 

The adopted UHPC I-beam section was intentionally designed with conservative 

parameters to validate the system's feasibility throughout the design, fabrication, and testing 

stages. This approach ensured reliable performance and constructability during initial evaluation. 

However, significant potential exists for further optimization by developing less conservative 

UHPC cross-sections in future iterations. Nonetheless, a direct comparison between the UHPC 

section and a conventional concrete section is essential to demonstrate the advantages of the 

proposed UHPC system.  As such, a conventional prestressed concrete section was designed, only 

for the sake of comparison. 

Developing a conventional prestressed concrete section that closely matches the capacity 

of the proposed UHPC section required several major modifications to the geometry to achieve 

comparable load-carrying capacity. First, the web thickness of the conventional section was 

increased from 4 in. to 6 in. to accommodate the transverse reinforcement (stirrups) necessary for 

shear strength. Second, the conventional concrete beam was assumed to utilize high-strength 

conventional concrete, with a 28-day compressive strength of 8.5 ksi and a release strength of 6 

ksi, representing practical upper limits for high quality conventional concrete. 

Starting with the strand pattern used in the UHPC I-section, and to satisfy stress 

requirements due to flexure at transfer, service, and ultimate, four prestressing strands at the 

bottom of the section had to be shifted to the top, increasing the number of top strands from 4 to 8 

in the conventional section. Additionally, four more strands in the bottom flange had to be 

debonded at each end over a 15 ft length to control tension stress in the top flange of the 

conventional concrete section at release. These adjustments produce a conventional concrete 
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section of similar geometry (but with a wider web) that operates near its service and ultimate limit 

states. 

In contrast, the selected UHPC I-beam section can be further optimized to a configuration 

6 in. shallower than the conservatively selected design by a simple modification to strand pattern 

ï removing two strands from the top layer. This change would result in a total of 32 strands in the 

optimized section (instead of 34 in the tested section) while maintaining adequate strength under 

both service and factored load conditions. 

The commercial analysis software Eriksson Beam was utilized to perform a rapid 

comparison between an optimized conventional concrete section and the optimized UHPC section 

(both of which were designed to carry the assumed podium loads in the example building 

considered in this research). Both models consider full 12 ft. width decks to accurately evaluate 

the behavior of the complete structural system and to identify the most efficient configuration. The 

finalized geometries of the two sections are presented in Figure 3-17, while a summary of their 

key structural properties is provided in Table 3-7.  
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(a) 

 

 

(b) 

Figure 3-17: Cross-Sections of (a) Optimized Conventional Concrete Decked Beam (b) 

Optimized UHPC Decked Beam. 
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Table 3-7: Comparison of an Optimized Conventional Section vs. an Optimized UHPC Section. 

Parameter 

Optimized Conventional 

Concrete Section 

(RC) 

Optimized Ultra High -

Performance Section 

(UHPC) 

Web Thickness: 6ò 4ò 

Opening Depth: 12ò 10ò (Max. due to geometry) 

Cross-Sectional Area: 1277 in² 1068 in² 

Total Weight: 90 kips 78 kips 

Beam Only Moment of Inertia: 69,183 in4 40,586 in4 

With Deck Moment of Inertia: 234,745 in4 146,536 in4 

Strands: 

Top: 8 @ 0.6ò; Bottom: 26 

@ 0.6ò (4 debonded for 15ô)

 
 

Top: 2 @ 0.6ò 

Bottom:30 @ 0.6ò 

 

 
 

Initial Concrete Strength, fôci: 6 ksi 10 ksi 

Initial Modulus, Eci: 4,463 ksi 5,000 ksi 

Concrete Strength, fôc: 8.5 ksi 17.4 ksi 

Modulus of Elasticity, Ec: 5,312 ksi 6,500 ksi 

Web Stirrups: 1#5 leg @ 3ò None Used 

Bursting Reinforcement: 2#7 1#7 

The design capacities of the decked beams along with the predicted camber, deflection and stress 

results are shown in Table 3-8.  The results show that a conventional prestressed concrete beam 

could be used with the composite decked beam system, but that beam will be deeper and heavier 

than a comparable UHPC section. 
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Table 3-8: Analysis & Design Results - Conventional Section vs. UHPC Section. 

Design Stage Optimized RC Optimized UHPC 

Factored 

Stage 

Flexure Reduced 

Moment Capacity, ◖Mn 
4,531 k-ft 4,198 k-ft 

Stirrups 1#5 leg @ 3ò Not used 

Shear Interface 

(for roughened surface) 

#5 Fully embedded closed 

stirrups @ 12ò o.c. 

2#5 legs Short 

embedment (6ò to 5ò) 

@ 12ò o.c. 

Bursting Reinforcement 2#7 legs 1#7 leg 

Service 

Stage 

Initial Stresses 3.58 (C) 5.32 (C) 

Final Stresses 1.06 ksi (T) 1.365 ksi (T) 

Deflection 3.23ò 4.32ò 

Camber (before deck) 1.01ò 2.64ò 
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4 Fabrication of Two Beams 

4.1 Overview 

The primary objective of the composite UHPC decked beam system is to create a robust 

precast structural system that can be installed on long spans with flat surfaces, minimal labor, and 

limited cast-in-place work. To gain acceptance of the composite decked beam system, it is essential 

to outline and document the precast fabrication process that was developed for these long, heavy 

specimens. Each of the two beam sections (I-beam and tub) has unique requirements that must be 

addressed, considering the precast producerôs specifications as well as the available equipment and 

resources. 

The I-shaped beams were produced by Gage Brothers in Sioux Falls, SC using a three-

stage precasting process. With this approach, the UHPC beam and the precast deck were cast 

separately, then joined compositely by placing the precast deck on top of the precast UHPC beam 

and casting a UHPC connection to make the pieces composite while encapsulating the camber and 

allowing a flat deck. In contrast, the tub girder beam produced by Gate Precast of Jacksonville, FL 

ended up following a two-stage process.  The precast deck originally designed for the tub girder 

was changed during production to a wet cast deck due to production constraints. First, the UHPC 

tub beam is cast, stripped, and placed on a flat surface with blocking along the span to prevent 

downward deflection. Then, deck formwork is placed around the previously cast UHPC beam, so 

that a wet cast conventional concrete deck may be cast directly on to the top flange.  The thickness 

of this deck is variable (thicker at the ends than the middle) to accommodate the beam camber 

while producing a flat top surface.  Flutes were formed at the top.  

The two specimens used different types of formwork to cast the UHPC beams and 

conventional deck, as will be shown in detail in the following sections. For the I-shaped beam, the 
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UHPC beam was cast by modifying the web thickness of an existing Minnesota DOT I-beam steel 

form.  Rigid insulation and plywood were applied to the inner surfaces of the formwork to reduce 

the web thickness of the available formwork, creating a shape that matched the desired UHPC I-

beam.  The steel form was part of an outdoor stressing system on a temperature-controlled steel 

casting bed. The precast conventional concrete deck used with the I-beam was constructed from 

formwork consisting of a steel bed with wooden edge forms and rigid foam blockouts. 

The UHPC tub girder formwork was created from large blocks of rigid polystyrene foam 

that were cut to shape by a Computer Numerical Control (CNC) machine to create the sides and 

tub of the desired section.  The blocks of foam were fixed in place and braced with lumber and 

steel against steel side forms.  Wooden bulkheads closed the ends of the system. The ordinary 

concrete deck ended up being wet-cast directly on the top flange of the UHPC beam, with plywood 

forming the edges and ends.  

 

4.2 Fabrication of the I -shaped Decked Beam 

The I-shaped decked beam was produced in early 2025 in Sioux Falls, SD at the production 

facility of Gage Brothers Precast.  The UHPC beam was cast on January 29, 2025. Due to plant 

scheduling, the deck was cast nearly one month later on February 26, 2025. One day after deck 

casting, the precast deck was lifted and positioned on top of the beam in preparation for the UHPC 

connection pour, which was completed on February 28, 2025. 

4.2.1 Details of UHPC I-Beam Formwork 

After extensive meetings, coordination, and design verification, the final detailed drawings 

of the decked beam were completed as provided in Appendix A. The final decked beam 

configuration is illustrated in Figure 4-1, with the beam designed to utilize modified Minnesota I-
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beam formwork. The precast deck consists of a 5.5 in. thick precast normal-weight concrete slab 

incorporating openings down its length (ñbucketsò) that were subsequently filled with UHPC to 

establish a composite connection between the beam and the deck.  Flutes in the top surface of the 

UHPC beam facilitate interface shear with the poured UHPC connection. 

 

 

Figure 4-1: Gage Brothers Decked Beam ï Final Design. 

The Minnesota I-beam formwork was modified by reducing the beam web and top flange 

thickness, both adjusted to 4 in. instead of the original 6 in., and thinning the web to 4 in, as 

illustrated in Figure 4-2 (a) and observed in the site conditions shown in Figure 4-2 (b).  Shop 

tickets for the beam and deck are provided in Appendix A. 
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             (a)                      (b) 

Figure 4-2: I-Beam Formwork Section (a) As designed (b) on Site. 

4.2.2 Fabrication of the UHPC I-Beam Section 

Preparation of the beam formwork began on the 28th of January 2025, one day before 

casting. Prior to that, a detailed bill of materials has been shared with the production team to 

prepare the required items and the UHPC mix volume, including all testing specimens and all 

expected losses. The bill of materials is found in detail in Appendix C.  

4.2.3 Beam Formwork Preparation 

Each component of the beam was carefully inspected, measured, and documented. The 

prestressed UHPC beam incorporates several embedded reinforcement elements, including 

prestressing strands, vertical reinforcement bars, confinement stirrups, ferrules, interface stirrups, 

and lifting loops. 

The first step in fabrication involved thoroughly preparing and cleaning the casting bed, 

followed by the application of a foam release agent to both the casting bed and the steel form. 
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Wooden bulkheads, accurately representing the beam section and dimensions, were then installed 

at each beam end above the casting bed. Subsequently, all prestressing strands were positioned 

according to the designated locations, ensuring proper alignment with the section and strand layout 

as specified in the shop drawings. The designed section and the corresponding view in the 

production bed are illustrated in Figure 4-3 (a) and (b), respectively.  

  

     (a)        (b) 

Figure 4-3: UHPC IïBeam Section with Strands (a) on the Shop Ticket (b) on the Site. 

The bottom flange confinement reinforcement was installed around the prestressing strands 

at each end, as shown in Figure 4-4. Closed stirrups were used in place of the two U-shaped stirrups 

originally proposed in the shop tickets. This modification does not affect the structural 

performance, and the use of closed stirrups is considered preferable. A total of six closed stirrups 

were placed at each end of the beam, spaced 6 in. apart and starting 3 in. from the beam ends. After 

tensioning, the bottom flange stirrups were secured to the strands at the specified locations along 

the casting bed. 
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              (a)    (b) 

Figure 4-4: UHPC I-Beam Bottom Flange Confinement Reinforcement (a) Proposed U-Shape in 

the Shop Tickets (b) Closed Stirrups Used on Site. 

The thirty bottom strands and four top strands of the beam were positioned and anchored 

to steel abutments at each end of the casting bed, with one end designated as the live end and the 

other as the dead end, as illustrated in Figure 4-5. 
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(a)                         (c) 

Figure 4-5: UHPC I-Beam Prestressing Bed (a) Dead End (b) Live End Top Strands (c) Live End 

Bottom Strands. 

The bed length exceeds 200 ft. with abutments positioned at each end. The beam was 

formed and cast near the dead end, as shown in Figure 4-6. Due to the considerable length of both 

the stressing bed and the beam, any sagging of the strand could potentially affect the precise 

positioning of the strands, particularly the bottom strands, which serve as the primary prestressing 

elements. To address this, chairs were employed to support the strands in their designated 

positions, as illustrated in Figure 4-7. 
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Figure 4-6: UHPC I-Beam Dead and Live Ends Location Along the Stressing Bed. 

 

Figure 4-7: UHPC I-Beam ï Bottom Strands Chairs. 
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The bursting reinforcement consists of two #7 bars, with one placed at each end of the 

beam.  In addition, a single #7 bar was placed on each side of the midspan opening. These bars 

were prepared and positioned as shown in Figure 4-8. The primary function of the bursting 

reinforcement is to resist the localized tensile stresses that develop in the end zones of prestressed 

members due to anchorage forces.  Edge-of-opening reinforcement was not strictly required by 

design, but was included to reinforce against any tendency for the opening to trigger longitudinal 

or inclined cracking in the web.  

      

                     (a)   (b)                              (C) 

Figure 4-8: UHPC I-Beam Bursting and Web Reinforcement (a) on Shop Ticket (b) at Site 

before Installing (c) at Site after Installing. 

The shear interface reinforcement comprises a total of 68 stirrups projecting out of the top 

flange of the beam.  Of these, 28 stirrups had an overall height of 9 in. and 40 stirrups had an 

overall height of 8 in., with all fabricated from #5 bars and spaced at 12 in. on center. The variation 

in height was specified to accommodate the expected effects of beam camber, with the UHPC 

connection between beam and deck being thicker at the ends by the amount of camber.  Longer 

interface bars near the ends and somewhat shorter near the midspan ensured adequate cover over 
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the bar ends at midspan while ensuring bars adequately embedded within the deck blockouts near 

the beam ends. These interface shear stirrups, illustrated in Figure 4-9, were provided to ensure 

shear transfer across the interface between the UHPC beam and the precast deck, thereby ensuring 

composite action.  Bars were entirely embedded in UHPC (hooks in the beam, legs in the 

connection), so development lengths were very short compared to those typical for standard 

concrete. 

During the early stages of production, it was observed in the plant that the placement of 

lifting loops specified in the drawings might be insufficient, particularly when considering the 

typical length of bent metal conduit used over the strands by the plant. To address this, the lifting 

loops were raised by 2 in., increasing their height from 18 in. to 20 in. over the top of the beam, 

with this relatively tall height included to accommodate the future thickness of the deck and UHPC 

connection.  Thus, the overall distance from the bottom of the beam to the top of the lifting loop 

increased from 52 in. to 54 in., as illustrated in Figure 4-10. Care was taken to ensure that the total 

embedment length of the lifting loops exceeded 24 in. for the UHPC beam, thereby satisfying the 

minimum PCI requirements for normal concrete using triple ½ in. lifting loops. It is noted that 

casting the UHPC connection further embeds the lifting loop in UHPC, but this additional length 

was not counted towards the minimum required 24 in. embedment. 
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(a) 

  

(b) 

Figure 4-9: UHPC I-Beam Shear Interface Stirrups (a) in the Shop Ticket (b) at the Site. 
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(a)   (b) 

Figure 4-10: UHPC I-Beam Lifting Loops Dimension above the Top of Beam (A) 18 in. 

Specified (B) 20 in. Installed.  

In addition, the lifting loops were modified in the plant from a straight configuration to a 

90-degree hook, as shown in Figure 4-11. This modification helped to keep the tails of the hooks 

away from regions of the web likely to develop diagonal cracks in the planned end region shear 

tests.  While avoiding unintended web reinforcement in the shear tests was a secondary 

consideration compared with safe handling, the adjustment to lifting hook tails ensured that both 

requirements were adequately satisfied. 
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(a)   (b) 

    

    (c) 

Figure 4-11: UHPC I-Beam Lifting Loops (a) in Shop Ticket (b) on Site Before Installing (c) on 

Site After Installing. 

The web opening at the midspan was prefabricated from rigid foam, with dimensions 

verified, as shown in Figure 4-12. It was then moved to the casting bed, positioned in the correct 

location, and securely tied down, as illustrated in Figure 4-13. 
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Figure 4-12: UHPC I-Beam Midspan Blockout Preparation and Dimension Check. 
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Figure 4-13: UHPC I-Beam Installed Midspan Blockout. 

Side form placement began with the first piece of the steel mold, the placement of which 

was carefully checked multiple times against a well-established base point to ensure accuracy 

before proceeding to install the remaining pieces of side form along the beam length, as shown in 

Figure 4-14. 

 

 

Figure 4-14: UHPC I-Beam Steel Side Forms. 
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During installation of the steel mold, the midspan opening blockout was tightly squeezed 

into place between the side forms, preventing movement, and thereby resisting any potential lateral 

or uplift forces during casting. This arrangement ensured that the exact location of the opening 

was maintained, as illustrated in Figure 4-15. 

 

Figure 4-15: UHPC I-Beam Midspan Blockout After Installing Steel Side Forms. 

To further secure the assembly, the side forms were tightened into position using both top 

and bottom ties, while the joints between the steel casting bed and the steel side forms were sealed. 

All voids and gaps were filled with silicone, and small polystyrene inserts were placed behind the 

strands at the bulkheads. These sealing techniques, shown in Figure 4-16, were implemented to 

prevent leakage or displacement during casting of the dense, highly flowable UHPC mix. 

 


































































































































































































































































































































































































































































































