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ABSTRACT 

Steel pipe piles are a promising alternative to traditional H-piles and drilled shafts for ALDOT bridge 

substructures because they can achieve high force and moment capacity and enable more efficient 

construction. However, current guidance on steel pipe pile–to–reinforced concrete bent cap connections is 

limited, and practices among state DOTs vary widely in embedment length, connection detailing, and 

assumed fixity. This project was undertaken to develop and evaluate practical, code-compliant connection 

details that can support consistent design assumptions and potential standardization. An extensive survey 

of state DOTs regarding their steel pipe pile use and pipe pile–to–bent cap connection detailing practices 

was first conducted. Based on the survey results, an experimental program was designed to quantify the 

lateral-load behavior of large-diameter steel pipe pile–to–bent cap connections representative of common 

DOT practices. Five full-scale connection configurations were tested under repeated lateral loading with 

three rebar-based systems (headed, hooked, and straight bars) utilizing shallow embedment of 1 ft, and 

two mechanical anchorage systems (headed stud and annular ring) utilizing deeper embedments of 2–3 ft. 

For the rebar-based configurations, concrete plug depth was governed by reinforcement 

development/anchorage demands, while the mechanical anchorage configurations were evaluated with 

reduced plug depths. All configurations sustained the maximum applied loads without failure; all tests were 

terminated due to equipment limits rather than specimen capacity. The mechanical anchorage systems 

exhibited higher stiffness than the shallow rebar systems by about 2 times. The rebar-based systems 

exceeded their calculated nominal flexural strengths by at least 1.8 times. Embedment lengths on the order 

of one-third of the pile diameter provided a reasonable moment transfer, indicating that idealized “pinned” 

assumptions may not be applicable for hollow pipe piles. This report provides comparative experimental 

data and an implementation appendix (Appendix C) that supports selection and detailing of steel pipe pile–

to–bent cap connections for ALDOT bridges. The findings further establish a foundation for future research 

to refine and optimize the design methodology of favorable connection configurations and further extend 

the methodology to pile-cap connections. 

.  
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Chapter 1  

INTRODUCTION 

1.1       BACKGROUND 

One of the most prevalent bridge configurations employed in the United States involves multi-span bridges 

featuring precast, prestressed concrete girders and pile bents. These pile bents comprise a cast-in-place, 

reinforced concrete (RC) bent cap, along with either RC drilled shafts or driven steel HP piles, as depicted 

in Figure 1-1(a) and Figure 1-1(b), respectively. Despite the extensive use of these pile types in bridge 

construction, they suffer from certain limitations in terms of construction practices and cost-effectiveness. 

To overcome these challenges, alternative members such as steel pipe piles have emerged as a viable 

solution. With their potential to deliver superior force and moment capacities, large-diameter steel pipe piles 

(Figure 1.1(c)) offer a promising alternative to the existing options.  

     

  

Figure 1-1 (a) RC drilled shaft Steel (Brown et al., 2010); (b) HP piles (Voyiadjis et al., 2016); (c) 

Large diameter steel piles (Brown et al., 2015) 

Large pipe piles with diameters ranging from 3 to 4 ft. hold significant potential as a viable alternative to 

existing piers in various scenarios. Steel pipe piles are extensively utilized in bridge construction due to 

their numerous advantages. These advantages include: i) Enhanced vertical bearing strength and lateral 

load resistance, enabling the possibility of accommodating larger bridge superstructures, ii) Elimination of 

the need for battered members or inclined braces, iii) Offering a practical and cost-effective solution for 

reaching the bearing strata when deep beneath soft soil, iv) Suitable for deployment in areas with hard 

ground or lacking distinct bearing layers, v) Demonstrating excellent environmental performance by 
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requiring minimal earth removal, vi) Facilitating accelerated bridge construction compared to alternative 

options, vii) Availability in various lengths, diameters, and thicknesses, enabling customization to suit 

specific bridge requirements in an economical manner, viii) Easy production of longer piles through welding 

joint connections, and ix) Lightweight and high toughness, facilitating easy handling and transportation. 

1.2       RESEARCH OBJECTIVES AND TASKS 

The main objectives of this research study is to examine the feasibility of utilizing steel pipe pile bridges as 

an alternative to the current pile bents in Alabama. Additionally, the study aims to experimentally evaluate 

robust connection details and design methodologies for various steel pipe pile to bent cap connections for 

generic Alabama Department of Transportation (ALDOT) bridges, ensuring compliance with the current 

LRFD specifications and relevant ALDOT construction practices. The research findings will emphasize the 

advantages of steel pipe piles and serve as preliminary work for future studies, potentially leading to their 

adoption by ALDOT. The adoption of steel pipe piles has the potential to offer an efficient and effective 

substructure construction method for bridges of various sizes, resulting in reduced construction costs and 

improved utilization of taxpayer resources. The tasks involved in achieving these primary objectives include:  

i. Conducting a comparative design study to assess the benefits of steel pipe piles over existing piles,  

ii.  Investigating the current state of practice regarding steel pipe and bent cap connections among 

state DOTs,  

iii. Experimentally evaluating the behavior and capacity of potential connections and evaluating design 

methodologies,  

iv. Proposing the necessary anchorages for the connection between steel pipe piles and reinforced 

concrete bent caps, as well as establishing design methodologies for the tested connections. 

To meet these objectives, five full scale tests were performed on a variety of pipe-pile to bent cap 

connections were built and tested in the Advanced Structural Engineering Laboratory (ASEL) at Auburn 

University.  

1.3       RESEARCH SCOPE 

The scope of work to accomplish the research objective includes collecting and reviewing previous 

studies on steel pipe pile to bent cap connections, as well as obtaining other state DOT approaches 

to designing and detailing these connections. Based on the literature findings, a comparative study 

against steel pipe piles and existing alternatives was conducted to highlight the potential 

advantages. Lastly, experimental studies were conducted for load testing different connection 

details to evaluate several alternative approaches for connecting pipe piles to bent caps, and 

developing design methodologies for the calculation of strength of proposed connections based on 

the design code provisions. 
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1.4       ORGANIZATION OF THE REPORT 

• Chapter 2: Literature Review and DOT Survey – Reviews steel pipe pile–to–bent cap (and 

foundation) connection configurations, summarizes prior research and available strength-

calculation approaches, and documents key parameters affecting connection behavior. This 

chapter also presents the state DOT survey, focusing on typical details, drawings, embedment 

lengths, and design assumptions used for steel pipe pile applications. 

• Chapter 3: Experimental Program Design – Provides experimental investigation details in terms 

of test setup and specimen designs to evaluate the structural behavior of five steel pile-to-bent cap 

connection configurations.  

• Chapter 4: Specimen Construction and Details – Details the construction drawings of test 

specimens, outlining specimen details and intended purpose within the research. 

• Chapter 5: Experimental Setup and Instrumentation – Presents the experimental testing 

program, including the testing procedures and execution details. 

• Chapter 6: Experimental Results and Discussions – Provides a comparative analysis of results 

to assess the impact of different steel-pipe pile to bent cap connection configurations. 

• Chapter 7: Summary, Conclusions, and Recommendations – Concludes the report by 

presenting a comprehensive discussion on the connection details between steel pipe piles and bent 

caps. Additionally, the chapter offers recommendations for future research aiming to optimize steel 

pipe pile connections for improved structural performance and implementation.  
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Chapter 2  

LITERATURE REVIEW 

2.1       BACKGROUND 

This chapter provides an overview of the research programs conducted on the connection between 

steel pipe piles and bent caps/foundations. The review begins by examining the use of concrete-filled steel 

tubes (CFST) embedded within reinforced concrete bent caps/foundations. It then explores various types 

of anchorage methods utilized in these connections, along with the corresponding strength calculation 

methodologies 

2.2       PILE BENTS 

Similar to many other states, ALDOT commonly employs drilled shafts and H-piles as the primary 

pile types for bridge construction. These piles serve as bearing elements for deep foundations and extend 

into the bridge cap to function as piers. They are typically used to support structures with significant axial 

and lateral loads. However, discussions with ALDOT engineers have revealed that the department is 

exploring alternatives to RC drilled shafts and HP-piers due to a range of issues, which will be detailed in 

the respective sections below. 

2.2.1       DRIVEN H-PILES 

H-piles are a commonly utilized pile type in bridge construction, specifically designed for deep 

foundations. These piles are extensively employed as substructures for small to mid-size bridges 

constructed on soft soils. The typical approach involves utilizing cast-in-place reinforced concrete bent caps 

supported by driven steel HP shapes. Unlike other piling systems that face challenges in penetration, H-

piles can be driven deep into the ground to reach the necessary soil properties required for supporting 

buildings and bridges. 

ALDOT-funded previous research studies (Marshall et al., 2017) have shown that in such bridge 

configurations, a combination of simply supported precast, prestressed concrete girders and pile bents is 

adopted. These pile bents consist of a cast-in-place reinforced concrete bent cap and driven steel HP piles. 

Typically, the two outermost HP piles are inclined at a slope of 1.5:12 to provide lateral resistance against 

overturning moments induced by winds, waves, and other lateral loads, as illustrated in Figure 2-1. 

Moreover, additional bracing is necessary to ensure sufficient lateral stiffness and strength against these 

lateral loads.  
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Figure 2-1 Multi-span bridge with cast-in-place reinforced concrete bents supported on H-piles 

(Anderson et al., 2018) 

In cases where the bridge bent is positioned within a flow channel, additional measures are taken 

to protect H-piles. This involves either providing encasement for the H-piles or applying galvanization for 

section protection. The extension of HP piles into the bent cap by approximately 12 in. can disrupt the 

arrangement of bottom longitudinal reinforcement in the bent cap. Due to the relatively small size of H-piles, 

each HP pile system directly supports a single girder located directly above it. This member layout results 

in minimal transfer of shear force or bending moment into the bent cap, as the force is directly transmitted 

between the girders and corresponding H-piles. Consequently, smaller bent caps can be employed. 

Figure 2-2 showcases a representative ALDOT bridge bent with HP-piles. The bent cap measures 

38 ft. 6 in. in length and has a trapezoidal shape, with a smaller base of 2 ft. and a larger base of 3 ft. The 

bridge substructure comprises six girders positioned on top of six HP-piles of size 14 x 73. In cases where 

the clear height of the pile exceeds 14 ft., lateral bracing is provided using struts measuring 4 in. x 3 ½ in. 

When the bent is located within the flow channel, the steel piles are encased in concrete, extending 3 ft. 

above the mudline. Typically, the pile encasements extend at least 5 ft. below the projected ground 

elevation. 
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Figure 2-2 Typical multi-span bridge supported on H-piles on flow channel 

Despite the widespread use of H-piles in bridge construction, numerous issues have arisen based 

on field inspections, particularly concerning cracking and damage in the bent cap, specifically near the 

exterior battered piles. These observations have been supported by previous studies (Marshall et al., 2017). 

Consequently, the construction of bridges using such piles entails a laborious design process, a complex 

construction procedure, and ultimately results in long-term performance problems. 

2.2.2       DRILLED SHAFTS  

Reinforced concrete (RC) piles, commonly known as drilled shafts, are frequently employed to 

provide deep foundations capable of supporting substantial axial and lateral loads. This involves excavating 

cylindrical shafts into the ground, inserting reinforcement cages into the shafts, filling them with concrete, 

removing the permanent casing, and ultimately forming a reinforced concrete pile, as depicted in Figure 

2-3.  
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Figure 2-3 Construction process of drilled shaft; (a) Drilling and reinforcement casing; (b) 

Concrete pouring; (c) Removal of permanent casing [from Nucor Skyline Catalogue] 

RC drilled shafts are commonly utilized for longer spans or wider bridges due to their ability to 

withstand higher load demands associated with such structures. In the case of a multi-lane bridge featuring 

a 40 ft. long bent cap with six longitudinal girders, generally, only two large diameter drilled shafts are 

required. Unlike H-pile bridges, this beam and pier configuration necessitates designing the bent caps to 

accommodate high moment and shear forces resulting from having fewer piers than girders. As a result, 

the bent cap beams must be designed to withstand these forces, leading to the utilization of deeper bent 

caps, such as the 4 ft. 6 in. x 4 ft. bent cap illustrated in Figure 2-4. 

  

Figure 2-4 RC Drilled shaft use in SR-3 over Cedar Creek in Morgan County, AL  
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While considered structurally robust and well-established, one of the significant drawbacks of RC 

drilled shafts lies in their laborious and expensive construction process. This can be attributed to the 

challenges encountered during drilling, installation, and casting operations. 

2.2.3       LARGE DIAMETER STEEL PIPE PILES 

Steel pipe piles offer numerous advantages, including their large vertical bearing and bending 

strength, excellent environmental performance, ability to be customized for each structure, ease of joining 

with other structures, and convenient handling. These piles come in various dimensions, production 

methods, strengths, and applications, which are summarized below. 

2.2.3.1       Types of Steel Pipe Piles 

Various types of steel pipes are manufactured by steel companies, including electric resistance 

welded (ERW) pipes, spiral welded pipes, rolled and welded pipes, and micropiles. The product catalog of 

Nucor Pipes, one of the largest steel producers in the US, provides information on the available geometries 

of steel pipes, which are presented in Table 2-1. The lengths and geometries of the pipes can be customized 

to suit specific applications and uses. 

 

Table 2-1 Dimension of different types of pipes 

Types of pipes Diameter (in.) Thickness (in.) Length(ft.) 

ERW 23/8-24 0.179- 5/8 Up to 80 

Spiral welded 16-120 0.188-1 Up to 130 

Rolled and Welded 24-204 0.25-21/4 Up to 120 

Micropile 7-16 0.472-0.5 - 

 

Among the listed pipe piles, all except for spirally welded ones are straight. For straight pipes, the 

manufacturing process involves rolling up and welding steel plates, which requires larger plates. This 

process generally increases manufacturing difficulties, and the sizes of straight pipes do not vary 

significantly. In contrast, spiral welded steel pipe piles are preferred over other types because they 

experience less stress on the seam, enabling them to withstand greater pressure. Spiral welding also offers 

advantages such as crush resistance and better control over diameter tolerance. The direction of rolling the 
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skelp is neither perpendicular nor parallel to the longitudinal axis of the pipe, enhancing its crack resistance. 

Additionally, spirally welded pipes are more flexible and customizable, allowing for larger diameters and 

longer lengths compared to other types of pipe piles. 

2.2.3.2       Manufacturing Process of Spiral Welded Pipe 

The production process of steel pipes offers flexibility in manufacturing a wide range of pipe 

diameters and wall thicknesses. This flexibility is essential due to the diverse applications of steel pipes in 

both structural and non-structural construction projects. Manufacturers can tailor the production to meet the 

specific requirements of different construction works. 

Steel pipes are manufactured using steel coils and a helical double submerged arc weld (DSAW) 

process. The manufacturing process involves several steps, as depicted in Figure 2-5. The process begins 

with a steel coil placed on a horizontal uncoiler mandrel and fed into a straightener. The strip is then passed 

through a flattener to remove the coil set. As the coil moves through the straightener, the leading and trailing 

edges of the strip are trimmed in preparation for butt welding. Carbide teeth are used to trim the edges of 

the coil for welding. The strip enters a three-roll apparatus consisting of lead, buttress, and mandrel roll 

sets, where it starts to take on a spiral shape, eventually forming a pipe. The welding system performs the 

welding process, starting from the inside diameter and continuing to the outside diameter using a 

submerged arc welding technique. After welding, the pipe undergoes visual testing by Quality Control (QC), 

and if necessary, Ultrasonic (UT) testing is conducted to ensure the absence of defects in the weld. Finally, 

the pipes are cut to the desired length using a cut-off machine, and specific end properties such as bevel 

or square cuts can be produced for easier splicing on-site. 
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Figure 2-5 Manufacturing process of spiral weld pipe; (a) Uncoiling; (b) Flattening; (c) Joining of 

the coil ends; (d) Edge milling; (e) Pipe spiraling; (f) Pipe welding; (g) QC; and (h) Pipe cut-off 

[from Nucor Skyline Catalogue] 

2.2.3.3       Pipe Specifications 

Steel pipe piles are manufactured according to the pipe specifications expressed in Table 2-2 which 

provides guidance on manufacturing processes, dimensional requirements, and tolerances. Among all 

these ASTM 252 Grade 3 having a yield strength of 50 ksi is the most commonly used and readily available 

steel pipe.  Based on the product catalog of Nucor pipes, this specification especially covers steel pipe piles 

of average wall thickness. It applies to pipe piles in which the steel cylinder acts as a permanent load-

carrying member, or as a shell to form cast-in-place concrete piles. The piles should be made by the 

seamless, electric resistance welded, flash welded, or fusion welded process whereas, the seams of welded 

pipe piles should be longitudinal, helical-butt, or helical-lap. 
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Table 2-2 Steel Pipe Grades 

ASTM Yield Strength (ksi) Manufacturing process 

Spiralweld ERW Rolled and Welded 

A 139 Grade A 30 ✓ ✓ ✓ 

A 139 Grade B 35 ✓ ✓ ✓ 

A 139 Grade C 42 ✓ ✓ ✓ 

A 139 Grade D 46 ✓ ✓ ✓ 

A 139 Grade E 52 ✓ ✓ ✓ 

A 252 Grade 1 30 ✓ ✓ ✓ 

A 252 Grade 2 35 ✓ ✓ ✓ 

A 252 Grade 3 45 ✓ ✓ ✓ 

A 252 Grade 3 50 ✓ ✓ ✓ 

A 252 Grade 3 60-80 ✓ ✓ ✓ 

A 500 Grade B 42  ✓  

A 500 Grade C 50  ✓  

A 1085 50-70  ✓  

 

2.2.3.4       Application of Steel Pipes as Piles 

As discussed earlier, steel pipes possess mechanical and physical properties that make them 

highly versatile in construction. They provide strength, cost-effectiveness, and ease of installation. Due to 

the flexibility afforded by the production process and stringent quality control measures, steel pipe piles find 

applications across a wide range of construction projects. They are commonly utilized in foundation works 

for marine structures, civil structures, bridge footings, abutments, and even as casings for concrete piles. 

The following are some examples of the uses of steel pipe piles: 

• Bearing piles: Circular steel pile (Figure 2-6 (a)) offers several advantages over other types 

of driven piles, making them an efficient choice for load-bearing structures. The circular 

geometry of the pipe eliminates any weak axes, ensuring uniform load distribution. 

Additionally, the interior of the pile can be driven into the ground to remove obstructions, 

further enhancing their effectiveness. To further enhance the strength of these piles, they 

can be reinforced with concrete. 

• Drilled shaft casing: Steel piles can also serve as casings for drilled shafts, as depicted in 

Figure 2-6 (b). These casings encompass a reinforcement cage and concrete. By using 

casings, the flow of concrete is controlled, preventing the formation of voids within the 
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structure caused by soil or water intrusion. Furthermore, the casings help mitigate the 

deterioration of the shafts. 

• Combination walls: Large diameter steel pipes exhibit high bending strengths, making them 

ideal for constructing walls. A highly efficient system can be achieved by combining pipe 

piles and steel sheet piles, as shown in Figure 2-6 (c). In this system, the pipe piles bear 

the majority of the loads, while the steel sheet piles transfer the loads to the surrounding 

soil. This combination results in a robust and effective structural solution. 

• Structural sections: The geometry of steel pipes offers uniform bending strength in all 

directions, making it an excellent material for resisting buckling and ensuring structural 

stability. This characteristic makes steel pipes well-suited for use in structural sections, as 

exhibited in Figure 2-6 (d). 

• Sign poles, Towers, and Transmission lines: Sign poles and towers, as depicted in Figure 

2-6 (e), are specifically designed to withstand significant bending loads at their bases. The 

extensive availability of large diameter pipes, coupled with a wide range of thicknesses and 

lengths, offers designers the flexibility to select the precise size required for their specific 

project. Additionally, the use of reduction collars enables efficient splicing of different pipe 

diameters, further enhancing the overall design efficiency. 

• Mining: Air shafts are crucial for mining operations conducted in hazardous underground 

environments. Steel pipe piles, illustrated in Figure 2-6 (f), offer a versatile solution for 

constructing shafts of various diameters, thicknesses, and lengths, tailored to specific 

project requirements. 

• Jacked and Bored: Jacked and bored pipes, depicted in Figure 2-6 (g), are employed for 

the installation of underground utilities. This process involves several steps. Initially, 

sections of piles are pushed into the ground using hydraulic jacks, and subsequent pipes 

are spliced onto the first section to continue the jacking process. Once jacking is 

completed, the pipe serves as a conduit for utility installation, eliminating the need for 

extensive excavation. 

• Line pipe: Spirally welded pipes, illustrated in Figure 2-6 (h), serve as excellent construction 

materials for transporting liquids, air, and gas. These pipes exhibit exceptional strength 

compared to other options and are specifically designed to withstand internal and external 

pressures in various applications. 
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Figure 2-6 Uses of steel pipe; (a) Bearing piles; (b) Drilled shaft casing; (c) Combination walls; (d) 

Structural sections; (e) Sign poles, Towers & Transmission line; (f) Mining; (g) Jacked and Bored; 

and (h) Line pipe [from Nucor Skyline Catalogue] 
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2.2.3.5       Limitations of Steel Pipe Piles 

Steel pipe piles have numerous advantages for foundation applications; however, they also come 

with certain drawbacks. One significant disadvantage is their susceptibility to corrosion, particularly in 

marine environments or areas with high moisture content. The corrosive effects can gradually erode the 

structural integrity of the piles, leading to potential issues over time and necessitating expensive 

maintenance or even replacement. Based on the Nucor Skyline catalogue, various corrosion rates have 

been provided for steel pipes. These rates are compiled and presented in Table 2-3, providing valuable 

information about the expected corrosion tendencies of steel pipes under different conditions and 

environments. This data can help in making decisions regarding the selection and application of steel pipe 

piles, considering the specific corrosion challenges they may face.  

Table 2-3 Corrosion rate of steel pipe in various locations 

Location of piles 5 years 25 years 50 years 75 years 100 years 

 (in) 

Undisturbed natural soils 0 0.012 0.024 0.035 0.047 

Polluted natural soils  0.006 0.03 0.059 0.089 0.118 

Aggressive natural soils 0.008 0.039 0.069 0.098 0.128 

Non-compacted and non-
aggressive fills 

0.007 0.028 0.047 0.067 0.087 

Non-compacted and 
aggressive fills 

0.02 0.079 0.128 0.177 0.226 

Common fresh water 0.006 0.022 0.035 0.045 0.055 

Very polluted fresh water 0.012 0.051 0.091 0.13 0.169 

Sea water 0.022 0.074 0.148 0.22 0.295 

 

Another drawback is the installation process. While HP-piles are more numerous, their smaller size 

makes installation easier. However, when dealing with large-diameter steel pipe piles, the installation 

process can become challenging due to the large size of the structures involved. The size difference affects 

various aspects, including the logistics involved in handling and transporting the piles, the specific 

equipment required for installation, and the overall complexity of the installation procedure. 

These drawbacks related to steel pipe piles should be considered during the design and 

construction of bridge structures. 

2.3       RESEARCH STUDIES ON PIPE PILES 

Although the primary load case typically governing the design of pipe-to-cap connections is the 

lateral load and moment acting parallel to the roadway, one of the challenges in designing pile-to-cap 

connections is to prevent failure modes such as pipe pullout or punching shear under axial-load-dominated 
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cases (Moon et al., 2013). Both failure modes are closely associated with pipe embedment depth or lack 

of other anchorage elements. Insufficient pipe embedment could lead to pullout failures, while inadequate 

base depth increases the risk of punching shear. Another challenge is the estimation of connection fixity in 

bridge foundations, typically characterized as "pinned" (allowing rotation with minimal moment transfer), 

"fixed" (preventing rotation and transferring moment alongside axial and lateral forces), or partially 

restrained with intermediate rotational stiffness. This characterization significantly impacts stress 

distribution modeling in bridge substructures. In a synthesis of guidelines from 24 U.S. state manuals, 

Zapata et al. (2022) found variability in pile-to-cap fixity definition, with three states specifying embedment 

depths (0.5–1 ft [152–305 mm]) for pinned connections, six states recommending embedments (1.0–4.0 ft 

[305–1219 mm]) for fixed connections, and the remaining 17 not clearly defining connection behavior. Given 

the impact of connection fixity on structural design, the lack of consistent fixity guidance highlights the need 

for experimental research. 

Kingsley et al. (2005) investigated three steel pipe pile connections with annular end plates, finding 

that deep embedments (0.9D) achieved full composite action, while shallower embedments (0.6D) 

experienced footing damage but maintained acceptable performance when vertical reinforcement was 

present. In other studies (Stenlund, 2007; Rollins & Stenlund, 2010; Richards et al., 2011), four full-scale 

specimens with embedment depths of 0.5D, 1.0D, and 2.0D demonstrated that even shallow embedments 

develop significant moment capacity, suggesting that the standard "pinned" assumption is often 

unconservative. Additionally, these authors suggested that longer embedment lengths might eliminate the 

necessity for shear reinforcement in bent caps. Similarly, Eastman (2011) tested embedments of 0.4D, 

0.5D, and 1.5D with end plates, confirming that shallow embedments provide substantial rotational stiffness.  

Since prior research confirms that embedment depth is a primary driver of stiffness and capacity, 

assessing the practical viability of different connection hardware requires testing them at the specific 

embedment depths dictated by their respective design codes (e.g., deeper embedment for shear studs to 

accommodate spacing rules) rather than at an arbitrary constant depth. 

Much of the existing literature on pile-to-bent cap connections has focused on concrete-filled steel 

tubes (CFTs), which integrate a continuous concrete core with a steel outer tube to provide composite 

action and improved ductility. Lehman and Roeder (2012) demonstrated that adequate embedment depth 

in CFTs significantly improves drift capacity and limits footing damage. However, hollow piles with concrete 

plugs introduce a stiffness discontinuity at the plug termination that continuous CFTs do not experience. 

While the recent literature reviews (Arockiasamy and Arvan, 2022; Arvan and Arockiasamy, 2023) analyzed 

a wide range of studies, concluding that while shallow embedments provide capacity, codes need revisions 

to recommend embedments of 1.2D to 1.5D. 

Kappes et al. (2016) refined CFT design by identifying four failure modes: plastic hinging, concrete 

crushing, rebar yielding, and cap splitting. They found that dense transverse reinforcement was effective in 
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preventing premature cap failure. Montejo et al. (2012) studied seismic behavior of RCFT pile-columns, 

finding that in-ground hinges remain elastic while the top hinge governs failure. Brown et al. (2015) showed 

that while the D/t ratio affects local buckling, it does not impact the ultimate limit state. Kenarangi and 

Bruneau (2020) highlighted that friction between the steel tube and concrete core enables composite action 

even with minimal interior reinforcement. Further studies on marine structures (Wan-Wendner et al., 2022; 

Belfroid, 2015) evaluated frictional interaction in piles with concrete plugs, highlighting the benefits of shear 

keys.   

Few studies have directly compared welded and rebar configurations. Stephens et al. (2016b) 

evaluated embedded ring, welded dowel, and headed rebar connections for CFTs, finding that the 

embedded ring was the most efficient for structural performance and constructability. 

Design guidelines provided by AISC (2022), ACI 318 (2019), and AASHTO LRFD (2020) place 

varying emphasis on steel, concrete, and composite systems. Roeder et al. (2010, 2014) compared these 

codes, finding that the plastic stress distribution method provided the most reliable moment capacity 

prediction, while ACI and AISC methods yielded scattered results. They proposed modified stiffness models 

(Roeder et al., 2014) and design equations for embedment and footing dimensions (Lehman and Roeder, 

2012; Stephens et al., 2016a), which were later incorporated into the WSDOT Bridge Design Manual 

(WSDOT, 2024). 

Collectively, prior studies establish that embedment depth and anchorage detailing significantly 

influence connection stiffness and moment transfer, with even shallow embedments providing greater fixity 

than idealized pinned assumptions suggest. The literature review highlights three critical gaps: (1) limited 

experimental data on hollow pipe pile connections compared to extensively studied CFTs; (2) a lack of 

experimental validation for 'standard implementation systems'—specifically, direct performance 

comparisons between code-compliant rebar connections (typically shallow embedment) and code-

compliant mechanical anchorage systems (typically deep embedment); and (3) uncertain applicability of 

existing code provisions (developed for CFTs or composite beams) to hollow pipes with concrete plugs. 

Common DOT practices (e.g., headed rebars, hooked rebars, shear studs, and annular rings) have not 

been experimentally validated for hollow pipes. This study aims to address these gaps through full-scale 

testing of five representative connection typologies. 

2.4       CURRENT DOT STATE OF PRACTICE FOR STEEL PIPE PILE TO BENT CAP CONNECTION DESIGNS 

This section includes an overview of the current state of practice among state departments of 

transportation (DOT) regarding the use and experience of steel pipe piles for bridge structures. It provides 

a summary of a survey conducted to determine the prevailing practices and any variations in state 

standards and drawings related to the connection between pipe piles and reinforced concrete bent caps. 
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2.4.1       SURVEY OVERVIEW 

A survey was conducted among state DOTs to investigate the utilization of steel pipe piles and their 

current design practices and methodologies. The main objective of the survey was to gather comprehensive 

data on the design and connection details used by different states for steel pipe piles connected to 

reinforced concrete bent caps, as well as to learn about their post-construction experiences with the use of 

steel pipe piles. 

Bridge engineers from all states, except Alabama DOT, were contacted to gather their experiences 

and information regarding the use of steel pipe piles and the connection between the piles and bent caps. 

The bridge engineers were asked whether their respective states permitted the use of steel pipe piles. In 

states where steel pipe piles were used, additional questions were posed regarding the typical applications 

and sizes of commonly employed steel pipe piles. Furthermore, drawings, whether they were standard or 

specific to certain bridges, along with connection details and related design methodologies, were also 

collected from the bridge engineers. 

 Responses were obtained from engineers in 35 out of the 49 states that were contacted, while the 

remaining states did not respond. A summary of the responses received from each state is depicted in 

Figure 2-7. Among the contacted states, seven states indicated that they did not adopt steel pipe piles for 

bridge structures and preferred other types of piles such as HP piles and concrete piles. The remaining 

twenty-eight states acknowledged the use of steel pipe piles in their state. Among those, seven states had 

standard drawings and details for the connection, while the other twenty-one states designed the 

connection based on the specific uses and applications of each bridge. Detailed information gathered from 

the responses is presented in the next section. 
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Figure 2-7 Map of response  

 

2.4.2       SURVEY OUTCOMES: GENERAL OBSERVATIONS AND INFORMATION PROVIDED 

Detailed design methodologies specifically used by state DOTs for the connection between steel 

pipe piles and reinforced concrete bent caps were not found. However, various states provided some 

information, standard drawings, and examples related to such connections. Table 2-4 below serves as a 

master table summarizing the collected information on steel pipe pile connections used by different states. 

It includes parameters such as pile diameter, pile thickness, type of anchorage, pile embedment into the 

bent cap, pile type (hollow steel pipe or concrete-filled), concrete plug depth (if applicable), and references 

to drawings (standard or implemented example bridges). The elaboration of these parameters used by 

different states is documented below.  



Table 2-4 State DOT Survey Summary 

State 
Pile diameter 
(in) 

Pile 
thicknes
s 
(in) 

Type of 
anchorage 

Pile 
embedment 

Pile type  

Concrete 
plug 

Implementation 

Bridge Implementation Examples 
Steel Pipe CFT 

Standard 
Dwg or 
Specification
s 

Permitte
d by 
DOT 

California  
20, 24, 25.75  0.25 

  

Annular ring 
18”, 20”, 
20.5” 

- ✓ 

-  
✓ 
  

- 
  

-  Welded dowel 
1 inch 
below cap 

- ✓ 

20 Headed rebars - - ✓ 

Delaware 14-18 
min 
0.1875 

180o Hooked 
rebars 

min 1' 
- 

✓ - - ✓ - 

Florida 24 0.5 
90o Hooked 
rebars 

- - ✓ - - ✓ Hicks road over west Pittman creek 

Georgia  24  
0.25-
0.50  

Rebars  1'  -  ✓  
 - 
  

- ✓  
Bridges over Canooche river 

Dry Creek 

Illinois 12-16, 36 - 
90o, Headed 
Rebars 

2' - ✓ 
  

- ✓ - 

Minnesota  42  -  

Straight 
Rebars 

- ✓ 
- 

10' below 
bent cap - 

✓ Lafayette Bridge 

Shear studs - ✓ - ✓ Hastings Bridge 

Mississippi 
  

24-36 
  

0.5-0.75 
  

V-Rebars 
  

min 1' 
  

✓  - 
1'-6" below 
bent cap  

 
-  

✓ 
  

Bridges over Cassidy Bayou 

Wolf River 

I-59 

Missouri 
  

14-24 
  

0.5 
  

180o Hooked 
rebars 1'-6" 

  

- 
  

✓ 
  

- 
  

✓ 
- - 

Shear studs - ✓ Champ Clark bridge 

Annular ring - ✓ Rocheport Bridge 

Montana 16 0.5 
Rebars & U-
bars 

1’-8” - ✓ - - ✓ Bridge over Swan River 

Nebraska 42 - 
180o Hooked 
rebars 

min 1' - ✓ - - ✓ Freemont southeast beltway 

New 
Mexico  

16, 24  0.5  Studs  
min 1' & 
max 2'  

- ✓  - -  ✓  
Yaple Canyon Bridge replacement 

Rio Puerco 

North 
Carolina 

14, 16, 18, 
24, 30 

0.5 90o Rebars - ✓ - 
Min 5' on 
top of pile 

✓ - - 

Oklahoma 24 0.625 Annular ring 2'-6" - ✓ - - ✓ Bridge over pine creek 

South 
Dakota 

16 0.25 
90o Hooked 
rebars 

2'-3" - ✓ - ✓ - - 

Tennessee 16 0.5 
180o Hooked 
rebars 

min 1'-6" - ✓ - - ✓ 
Over Norfolk southern railroad 
station 

Utah min 12.75 - 90o Rebars 2' - ✓ - ✓ - - 

Washington  30,36  1  Headed rebars  3'6"-5'  ✓ - 12'3"-14'  -  ✓  
Seatle Trestle 

Bainbridge island 

Wisconsin 12.75, 14  0.375 Rebars 2'  - ✓ - ✓ - - 



2.4.3       SURVEY OUTCOMES: STEEL PIPE PILE TO BENT CAP CONNECTION DETAILS OF DOTS 

Information regarding connection details and related drawings was collected from eighteen state 

DOTs that indicated the adoption of steel pipe piles. This section presents the responses received, which 

include the usage of steel pipe piles, sizes and types of commonly used steel pipe piles, design 

considerations for the connection, and associated drawings. 

2.4.3.1       California (Caltrans) 

Use of steel pipe piles 

Steel piles are commonly used in accelerated bridge construction projects. Studies and research 

were conducted at the University of Washington (D. E. Lehman et al., 2015) in collaboration with Caltrans. 

These studies focused on the connection between concrete-filled steel tubes and precast reinforced 

concrete bent caps. 

Size and types of commonly used pipes 

Piles of various diameters, ranging from 20 in. to 25.75 in., were utilized in the conducted studies. 

These piles had a thickness of 0.25 in. Typically, these piles were filled with concrete to enhance their 

performance, especially for enhanced seismic design. 

Connection design/Detailing consideration 

Three types of anchorage were utilized in the study: i) Annular ring: An anchorage ring was welded 

on the top of the pile, and the pile was embedded 18 in. to 20 in. into the bent cap. ii) Welded dowel: Rebars 

were welded on the inside circumference of the pile, with an embedding depth of 12 times the diameter of 

the rebar (12db), into the bent cap. The pile itself was not embedded inside the bent cap. (iii) Headed 

rebars: A reinforcement cage was provided in the concrete core of the piles, extending 12 times the 

diameter of the rebar (12db) into the bent cap and 30 times the diameter of the rebar (30db) into the column. 

Connection Drawing 

Figure 2-8, Figure 2-9, and Figure 2-10 illustrate the adopted details for the specimens of the 

annular ring, welded dowel, and headed rebars connections, respectively. These details were successfully 

employed in the experimental programs and yielded satisfactory results.  
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Figure 2-8 Caltrans: Annular ring detail for pile to bent cap connection with annular ring  

 

Figure 2-9 Caltrans: Annular ring detail for pile to bent cap connection with welded dowels  

 

Figure 2-10 Caltrans: Annular ring detail for pile to bent cap connection with headed bars 

 

2.4.3.2       Delaware (DelDOT) 

Use of steel pipe piles 
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 Cast-in-place steel piles, which are essentially filled with concrete on-site, are commonly 

used by DelDOT. 

Size and types of commonly used pipes 

  DelDOT predominantly utilizes small-diameter pipe piles and fluted pipe piles, ranging from 

14 in. to 18 in. in diameter, with a minimum thickness of 0.1875 in. for bridge piers. These piles are typically 

filled with concrete to enhance their strength. 

Connection design/Detailing consideration  

The connection between the pile and cap is established using a combination of 180° hooked rebars 

and straight rebars. To ensure a strong connection, a minimum of 1 ft. of pile embedment is required for 

the hooked bars. In the case of larger diameter steel piles, deeper bent caps can be employed, allowing for 

greater embedment of reinforcement into the cap and eliminating the need for hooked bars. 

Example bridge 

DelDOT does not have standard drawings for these details; however, they provide example details 

in their Bridge Design Manual, as depicted in Figure 2-11. 

 

Figure 2-11 DelDOT: Rebar detail for pile to bent cap connection 

 

2.4.3.3       Florida (FDOT) 

Use of steel pipe piles 

 According to FDOT, the state primarily utilizes closed-end steel pipe piles that are filled 

with concrete. 
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Size and types of commonly used pipes 

The typical size of the piles used by FDOT is 24 in. in diameter and 0.5 in. in thickness. These piles 

are constructed with a cast-in-place concrete core that includes reinforcement details for permanent 

applications. 

Connection design/Detailing consideration 

The connection between the pile and bent cap is achieved by extending and hooking the reinforcing 

steel into the bent cap, making the connection easier. These rebars are also properly confined with spiral 

reinforcement to ensure their effectiveness. Additionally, an end stiffener plate is installed at the end of the 

pile to increase rigidity and enhance the structural integrity. 

Example bridge  

The details of the desired connection for Hicks Road over West Pittman Creek are shown in Figure 

2-12. 

 

Figure 2-12 FDOT: Rebar detail for pile to bent cap connection, Hicks Road over west Pittman 

creek (Bridge No. 524219) 
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2.4.3.4       Georgia (GDOT) 

Use of steel pipe pile 

GDOT frequently utilizes steel pipe piles, commonly referred to as metal shell piles. 

Size and types of commonly used pipes 

The largest diameter of metal shell piles used by GDOT is 2 ft., with thickness ranging from 0.25 

in. to 0.5 in. These piles are filled with a concrete core to prevent pile failure. 

Connection design/Detailing consideration 

GDOT does not have standard details for the connections of metal shell piles, but they have certain 

considerations: i) The current practice is to embed the pile a minimum of 1 ft into the cap, ii) Placing a pile 

under the beam helps reduce moments, iii) Span lengths are typically limited to approximately 60 feet, iv) 

The fixity of the pile is maintained at a depth of 10 ft into the ground, the braced length, v) Piles exceeding 

a height of approximately 25 ft, including the braced length, tend to fail or plot outside the limits of the 

interaction diagram, vi) Lateral load is distributed based on tributary lengths and the stiffness of the bent, 

vii) A K (Effective length) value of 1.2 is used in the transverse direction, and a value of 2.1 is used in the 

longitudinal direction, viii) Rebar is not placed in the metal shell pile that supports an end bent, and ix) The 

metal shell itself does not contribute to the structural capacity. 

Example bridge 

GDOT does not have standard drawing details, but the connection details of the bridge over the 

Canoochee River are shown in Figure 2-13. 
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Figure 2-13 GDOT: Rebar detail for pile to bent cap connection, Canooche River 

2.4.3.5       Illinois (IDOT) 

Use of steel pipe pile 

IDOT commonly utilizes steel pipe piles, also referred to as metal shell piles, for various bridge 

structures. 

Size and types of commonly used pipes 
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Different diameter sizes, such as 12 in., 16 in., and 36 in., are used for the piles by IDOT. These 

piles are filled with a concrete core and reinforced with a reinforcement cage to enhance their strength. 

Connection design/Detailing consideration 

For the connection between the pile and cap, the standard practice for IDOT is to embed the pile 

24 in. into the cap. This detail applies to large diameter pipe piles (36 in. and greater) as well. In the case 

of a cast-in-place pile cap, hooked reinforcement is utilized to extend into the cap. For a precast pile cap, 

the same connection details are used, but bar terminators are employed instead of hooks to minimize the 

size of the grout socket. 

Example bridge 

For metal shell piles, specifically those with encasement (12 in. – 16 in. in diameter, spiral-wound 

pipe), the connection detail is depicted in Figure 2-14. On the other hand, for metal shell piles without 

encasements, the corresponding detail can be found in Figure 2-15. 

 

Figure 2-14 IDOT: Rebar detail for pile to bent cap connection with concrete encasement 
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Figure 2-15 IDOT: Rebar detail for pile to bent cap connection without concrete encasement 

 

2.4.3.6       Minnesota (MnDOT) 

Use of steel pipe pile 

According to the 2015 NCHRP report [X], MnDOT commonly utilizes steel pipe piles with a 

foundation at the bottom. These piles are not directly driven into the soil. 

Size and types of commonly used pipes 

Large diameter piles, such as 42 in., are used in these cases. Due to the large diameter, a concrete 

core is not provided throughout the entire length of the pile. 

Connection design/Detailing consideration 

To ensure a strong connection, a concrete plug of approximately 10 ft. is placed below the bent 

cap. The piles are embedded within the bent cap, and two types of anchorage are used for the connection. 

Firstly, the longitudinal reinforcement of the piles extends into the pile cap, providing additional strength. 

Secondly, shear studs are welded to the steel pipe itself, enhancing the structural strength of the steel pipe 

at the connection point. 

Example bridge 
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Figure 2-16 illustrates the connection details used in the Lafayette Bridge of Minnesota, which 

involves rebars for the connection. On the other hand, Figure 2-17 presents the connection details adopted 

by the Hastings Bridge, which utilizes shear studs for the connection. 

 

Figure 2-16 MnDOT: Rebar detail for pile to bent cap connection, Lafayette Bridge 
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Figure 2-17 MnDOT: Shear studs detail for pile to bent cap connection, Hastings Bridge 

 

2.4.3.7       Mississippi (MDOT) 

Use of steel pipe pile 

According to MDOT, steel pipe piles are commonly utilized in bridge structures. 

Size and types of commonly used pipes 

Piles with diameters ranging from 24 in. to 36 in. are used, with a thickness of 0.5 in. to 0.75 in. 

Due to their larger size, these piles do not have a concrete core. 

Connection design/Detailing consideration 

MDOT does not have standard design methodologies but has certain considerations. A minimum 

embedment of 1 ft. is provided for steel pipe piles inside the concrete bent cap. Additionally, through holes 
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are provided in the piles to ensure that the embedment does not affect the layout of reinforcements in the 

bent cap. To enhance the strength of the connection between the bent cap and pile, a concrete plug of 1 

ft. 6 in. is provided above and below the bent cap inside the steel pipe piles. 

Example bridge 

 Figure 2-18 below depicts the details of the connection between the steel pipe piles and 

the concrete bent cap of the bridge over Cassidy Bayou. Figure 2-19 also illustrates the most commonly 

used details for the concrete plug. 

  

 

Figure 2-18 MDOT-Rebar detail for pile to bent cap connection, Cassidy Bayou 
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Figure 2-19 MDOT-Concrete plug detail, Wolf River 

 

2.4.3.8       Missouri (MoDOT) 

Use of steel pipe pile 

Steel pipe piles, commonly referred to as Cast-In-Place (CIP) Piles, are utilized by MoDOT for 

intermediate bents in bridge construction.  

Size and types of commonly used pipes 

Missouri utilizes steel pipe piles with diameters ranging from 14 in. to 24 in. and thicknesses of 0.5 

in. These steel shells are driven into the ground, either with a closed end or open end, and subsequently 

filled with concrete. 

Connection design/Detailing consideration 

The steel pipe piles are embedded within the reinforced concrete bent cap. Various anchorages, 

including hooked rebars, annular rings, and shear studs, are employed for the connection. To ensure a 

robust connection, a minimum embedment of 18 in. for the steel piles is required. 

Standard/Example bridge 

The standard drawings for the connection, as provided by the MoDOT, are depicted in Figure 2-20. 

Additionally, Figure 2-21 illustrates the specific details of the connection used in the construction of the 

Champ Clark bridge in Missouri. For the connection, shear connectors were welded inside the steel pipe 

piles. The details of the Rocheport bridge, constructed in Missouri, are presented in Figure 2-22. An annular 

ring was welded at the top end of the embedded steel pipe piles. 
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Figure 2-20 MoDOT: Rebar detail for pile to bent cap connection (Bridge No. PILE02) 

 

 

Figure 2-21 MoDOT: Shear studs detail for pile to bent cap connection, Champ Clark bridge 
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Figure 2-22 MoDOT: Annular ring detail for pile to bent cap connection, Rocheport Bridge 

 

2.4.3.9       Montana (MDT) 

Use of steel pipe pile 

Steel pipe piles are commonly used by MDT. They are known to be simple, cost-effective, and 

relatively easy to construct, making them suitable for many situations. 

Size and types of commonly used pipes 

Piles with a small diameter of 16 in. and a thickness of 0.5 in. are used by MDT. These piles are 

filled with concrete to enhance their strength. 
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Connection design/Detailing consideration 

The piles are embedded approximately 1 ft. 8 in. into the cap. To create the anchorage, special U-

bars are installed in the bent cap around the pile. 

Example bridge 

The detailed connection used on the Swan River bridge is presented in Figure 2-23. 

 

 

Figure 2-23 MDT: Rebar detail for pile to bent cap connection, Swan River 
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2.4.3.10       Nebraska (NDOT) 

Use of steel pipe pile 

Steel pipe piles are utilized by NDOT when soil displacement bearing is required. In similar cases, 

HP-piles are also treated as substitutes. These piles are not directly driven into the soil; instead, a 

foundation is provided at the bottom of the pile. 

Size and types of commonly used pipes 

Steel pipe piles with a large diameter of 42 in. are used, and they are equipped with a concrete 

core and reinforcements. 

Connection design/Detailing consideration 

For the required connection, a minimum of 1 ft. of embedment is provided. The longitudinal rebars, 

which are hooked inside the cap, are placed within the concrete core of the piles. 

Example bridge 

Nebraska does not have specific connection details; however, Figure 2-24 provides an example of 

the connection details used at Fremont Southeast Beltway. 
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Figure 2-24 NDOT: Rebar detail for pile to bent cap connection, Freemont southeast beltway 

 

2.4.3.11       New Mexico (NMDOT) 

Use of steel pipe pile 

NMDOT has a long history of frequently using and continues to utilize steel pipe piles for new bridge 

construction. 

Size and types of commonly used pipes 
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In New Mexico, steel pipe piles of various diameters, such as 16 in. and 24 in., with a thickness of 

0.5 in., are commonly used. These piles are filled with concrete for added strength and stability. 

Connection design/Detailing consideration 

For the connection, a minimum of 1 ft. and a maximum of 2 ft. of the pile are embedded inside the 

bent cap. Shear connectors are welded to the outer wall of the pile, which is embedded within the cap. This 

allows for the transfer of force and moment between the pile and the cap. 

Example bridge 

The detailed connection used in the replacement of Yaple Canyon Bridge is shown in Figure 2-25. 

 

Figure 2-25 NMDOT- Rebar detail for pile to bent cap connection, Yaple Canyon Bridge 
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2.4.3.12       North Carolina (NCDOT) 

Use of steel pipe pile 

According to NCDOT, steel pipe piles are commonly used in bridge structures. 

Size and types of commonly used pipes 

NCDOT utilizes steel pipe piles of various diameters, ranging from 14 in. to 30 in., with a thickness 

of 0.5 in. These piles, being of larger diameter, are hollow and do not have a concrete core. 

Connection design/Detailing consideration 

The pile is filled with concrete up to a minimum height of 5 ft. A concrete plug with a reinforcement 

cage is installed inside the pile, which facilitates the attachment with the bent cap. To minimize the required 

development length of the rebars inside the cap, they are hooked at a 900 angle. Additionally, transverse 

ties are incorporated to enhance the rebar confinement and overall strength. 

Standard bridge 

The standard drawings for steel pipe piles are presented in Figure 2-26. 
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Figure 2-26 NCDOT- Rebar detail for pile to bent cap connection (STD. NO. SPP2) 

 

2.4.3.13       Oklahoma (ODOT) 

Use of steel pipe pile 

ODOT has utilized steel pipe piles at only one location, which is a couple of years old but remains 

in good condition. However, ODOT does not commonly employ such piles and lacks standardized details 

for their use. 

Size and types of commonly used pipes 

The commonly used size of steel pipe piles is 24 in., with a thickness of 0.625 in. Additionally, these 

piles are filled with concrete throughout their entire length. 

Connection design/Detailing consideration 
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An anchorage ring is employed at the end of the embedded steel pipe pile for the connection. Such 

attachments enhance anchorage and establish a pathway for transferring forces, stresses, and moments 

from the concrete to the pile. 

Example bridge 

The connection details of the bridge structure over Pine Creek and the unnamed tributary are 

depicted in Figure 2-27.  
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Figure 2-27 ODOT: Annular ring detail for pile to bent cap connection, Pine Creek and unnamed 

tributary 
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2.4.3.14       South Dakota (SDDOT) 

Use of steel pipe pile 

Steel pipe piles are frequently utilized by SDDOT for relatively short concrete slab structures. In 

this scenario, the concrete slab serves as a bent cap, and the steel pipe piles are attached to the concrete 

slab. 

Size and types of commonly used pipes 

Steel pipe piles with a diameter of 16 in. and a thickness of 0.25 in. are utilized. These piles are 

filled with concrete to enhance their strength. 

Connection design/Detailing consideration 

A pinned connection is typically assumed between the pipe pile and the slab. To achieve this 

connection, either 6 or 8 #6 bars are employed, depending on the diameter of the pipe pile. These bars are 

hooked at 900 angles and developed inside the cap for the connection. Additionally, the bars in the slab 

over the top of the pipe piles, acting as a "cap," vary depending on the spacing of the piles. 

Standard bridge 

The Base detail for the connection of the pile to the cap is illustrated in Figure 2-28. 

  

Figure 2-28 SDDOT: Rebar detail for pile to bent cap connection 
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2.4.3.15       Tennessee (TDOT) 

Use of steel pipe pile 

According to TDOT, steel pipe pile bents are commonly used in bridges, particularly in West 

Tennessee. 

Size and types of commonly used pipes 

TDOT typically utilizes small diameter (16 in.) steel pipe piles with a thickness of 0.5 in. These piles 

are filled with concrete due to their small dimensions. 

Connection design/Detailing consideration 

For the connection with the cap, longitudinal rebars are placed inside the concrete core of the steel 

pipe piles. These rebars are developed inside the cap and hooked at the end. However, they are not 

provided throughout the entire length of the pile. Additionally, a minimum embedment of 1 ft. 6 in. is required 

for the connection to the cap. 

Example bridge 

Figure 2-29 below illustrates an example of the details regarding the connection between the steel 

pipe pile and concrete bent cap at the Norfolk Southern Railroad Station. 
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Figure 2-29 TDOT: Rebar detail for pile to bent cap connection, Norfolk southern railroad station 

 

2.4.3.16       Utah (UDOT) 

Use of steel pipe pile 

According to UDOT, exposed pile bents are not commonly used in bridge structures, where the 

piles extend directly from the ground to the bent cap. However, in specific cases, this practice may be 

allowed but requires approval on a case-by-case basis. Typically, bents in bridge structures comprise the 

bent cap, columns, footings, and piles. 
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Size and types of commonly used pipes 

UDOT utilizes piles of various diameters for their bridge structures. The commonly used pile 

diameter is 12.75 inches. Since these are smaller diameter piles, they are filled with concrete during the 

construction process. 

Connection design/Detailing consideration 

UDOT's standard details depict piles embedded in a pile cap, such as an abutment or column 

footing. The same detailing applies to an exposed pile bent. UDOT provides standard details for both pinned 

pile heads and fixed pile heads, with an embedment depth into the pile cap of 2 ft. A reinforcement cage is 

placed inside the steel pile and developed within the bent cap, with hooked ends for a strong connection. 

A railroad bridge constructed a couple of years ago followed this exact approach. 

Standard bridge 

Figure 2-30 depicts the bridge standard drawings associated with the pipe piles. 

 

Figure 2-30 UDOT: Rebar detail for pile to bent cap connection (Drawing No.: WS-2A) 
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2.4.3.17       Washington (WSDOT) 

Use of steel pipe pile 

According to WSDOT, steel pipe piles, and cast-in-place concrete caps are commonly employed 

in bridge structures. In the past, precast concrete piles were utilized to support terminal structures, but in 

the 1990s, a transition to steel piles occurred due to drivability and seismic considerations. The encountered 

soil is often highly dense and glacially consolidated, necessitating compliance with increasingly stringent 

seismic criteria, which include accounting for liquefaction and tsunami effects. 

Size and types of commonly used pipes 

Piles with larger diameters, such as 30 in. and 36 in., with a thickness of 1 in., are commonly used. 

Due to their larger size, hollow piles are often chosen for these applications. 

Connection design/Detailing consideration 

Since the piles are hollow, a concrete plug measuring 12 ft. 3 in. to 14 in. is placed on top of the 

piles. Longitudinal rebars are incorporated within the plug to enhance the strength of the connection. 

WSDOT has also implemented headed rebars, which are developed inside the cap. The purpose of these 

rebars is to reduce the depth of the bent cap while maintaining the same level of strength. 

Example bridge 

Figure 2-31 below displays an example of the connection details between the steel pipe pile and 

concrete bent cap at Bainbridge Island. 
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Figure 2-31 WSDOT: Rebar detail for pile to bent cap connection, Bainbridge Island, Washington 

 

2.4.3.18       Wisconsin (WisDOT) 

Use of steel pipe pile 

WisDOT commonly utilizes steel pipe piles (ASTM A252 Grade 3) that are filled with concrete to 

provide support for the substructures. 

Size and types of commonly used pipes 

WisDOT commonly employs steel pipe piles with various diameters, such as 12.75 in. and 14 in. 

The minimum thickness of these piles is 0.375 in. To enhance their load-bearing capacity, concrete is used 

to fill the steel piles. This concrete filling significantly increases the strength of the piles. 
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Connection design/Detailing consideration 

The steel pipe piles used by WisDOT are internally reinforced with #7 bars, which are terminated 

10 ft. below the groundline or streambed. For the necessary connection, a minimum pile embedment of 2 

ft. is provided, and the longitudinal rebars extend up to 1 ft. 2 in. into the cap. 

Standard bridge 

 

Figure 2-32 WisDOT: Rebar detail for pile to bent cap connection (STD. NO. 13.04) 
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2.4.4       BRIEF DETAILS OF STEEL PIPE PILE TO BENT CAP CONNECTIONS OF OTHER DOTS 

Several states, namely Iowa DOT, North Dakota DOT, Arkansas DOT, Maryland DOT, Oregon 

DOT, Connecticut DOT (2.4.4.1      ), Michigan DOT (2.4.4.2      ), and Alaska DOT, have indicated the use 

of steel pipe piles. However, these states do not have standard design methodologies or example bridge 

drawings for the connection between steel pipe piles and concrete bent caps. On the other hand, Indiana 

DOT (2.4.4.3      ) also utilizes steel pipe piles and has a standard drawing for the connection details, which 

will be discussed. 

2.4.4.1       Connecticut (CTDOT) 

CTDOT rarely utilizes steel pipe piles; therefore, they do not have specific details regarding such 

piles. They do not have any provisions for steel pipe pile bents where the superstructure rests directly on a 

bent cap. However, the details concerning steel pipe piles with a wall pier on top of a pile cap are presented 

in Figure 2-33. Cast-in-place steel piles are employed, and they are embedded 1 ft. inside the cap. 

 

Figure 2-33 CTDOT: Pile to cap connection 

 

2.4.4.2        Michigan (MDOT) 

MDOT utilizes steel pipe piles with footings on the bottom to design foundations that prevent uplift, 

and as a result, the piles are not typically anchored to the foundation. Moreover, MDOT does not possess 

any standard details specifically for this type of connection. 
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2.4.4.3       Indiana (INDOT) 

Indiana also utilizes small diameter steel pipe piles filled with a concrete core. While they do not 

have specific details related to connection, a minimum embedment length of 2 ft. is required. Spiral 

reinforcement is provided around the steel piles to enhance the connection strength and transfer force, 

stress, and moment from the concrete to the piles. The standard details provided in the Indiana Bridge 

Design Manual are showcased in Figure 2-34. 

  

Figure 2-34 INDOT: Spiral rebar detail for pile to bent cap connection 
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2.4.4.4       Louisiana (LADOT) 

Louisiana Department of Transportation (LADOT) used steel pipe piles in the past and has several 

bridges in the state with exposed steel pipe piles supporting bent caps. All the bents were designed to be 

in compression, resulting in less critical connections. For connections requiring tension, studs were welded 

on the outside perimeter of the embedded pile. The steel pipe piles had an embedment length ranging from 

6 in. to 9 in. inside the bent cap. A concrete plug was provided in the upper portion of the pile, and its length 

was determined based on the cohesion value between concrete and steel. For the connection, a 

reinforcement cage was implemented between the concrete plug and the bent cap. Unfortunately, standard 

details for these connections are not available. Lastly, it is worth noting that Louisiana no longer employs 

steel pipe piles for bridge structures. 

2.4.5       SUMMARY OF DOT SURVEY  

Based on the survey of state DOTs, it is evident that steel pipe piles are widely used by many 

states, and these states have extensive experience with such piles. The majority of states commonly utilize 

small diameter steel pipe piles, typically ranging from 14 in. to 24 in., which are filled with concrete. In 

certain states, a concrete plug is provided only on the top portion of the piles (usually around 1 ft. 6 in.) to 

enhance the connection's strength against buckling. Different states employ various methods to connect 

the steel pipe piles to the concrete bent cap, as discussed in the respective sections above. The piles are 

embedded inside the bent cap to a specific depth to establish a robust connection. The most commonly 

used method involves attaching the piles to the rebars, utilizing straight rebars, rebars with 1800 hooks, or 

rebars with 900 hooks (as seen in Caltrans, DelDOT, FDOT, GDOT, IDOT, MnDOT, MDOT, MoDOT, MDT, 

NDOT, NMDOT, NCDOT, SDDOT, TDOT, UDOT, WSDOT, WisDOT, INDOT). The longitudinal rebars of 

the piles are integrated into the concrete of the cap to ensure structural continuity. Moreover, in some states 

(such as Caltrans, MoDOT, and ODOT), an annular ring is welded to the top of the embedded pile to 

enhance anchorage, facilitating the transfer of stress, force, and moment to the surrounding rebars and 

concrete. Additionally, some states (MnDOT, MoDOT) utilize shear connectors that are welded to the outer 

perimeter of the embedded tube, providing strong resistance against applied forces, and ensuring robust 

punching resistance. These states have been employing steel pipe piles with various connection details for 

an extended period, and their structures have remained in good condition and performed well. Their 

extensive understanding and experience with these interconnections further support the suitability of steel 

pipe piles for bridge structures. 

The survey conducted to gather information on the provisions related to different states of the US 

had certain limitations. The study encountered challenges in reaching out to all the bridge engineers of the 

respective states due to the nature of communication through emails. As a result, responses from all the 

states were not obtained, which could be attributed to the constraints on engineers' time and personal 
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circumstances. While the engineers who did respond were very helpful, the study was still somewhat 

constrained, and in-depth discussions were not feasible due to the chosen mode of communication. 

Moreover, the privacy concerns of certain states were taken into consideration, and some engineers 

expressed discomfort in sharing their standard data, details, and drawings. This further restricted the extent 

of information that could be obtained for the study. Despite these limitations, the available responses and 

insights from the participating engineers provided valuable information for the study. The findings and 

observations derived from the obtained data still contribute to understanding the general practices and 

considerations related to steel pipe piles in bridge structures across different states. 

 

 

.  
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Chapter 3  

EXPERIMENTAL PROGRAM DESIGN 

3.1       BACKGROUND 

This section details the experimental investigation details in terms of test setup and specimen 

designs to evaluate the structural behavior of five steel pile-to-bent cap connection configurations. The test 

program aimed to assess their structural performance under combined lateral load and moment. 

3.2       TEST MATRIX 

The test matrix was developed to investigate five distinct full‐scale connection configurations 

adapted from the plans of an Alabama DOT bridge that uses deep RC drilled shafts (Bridge SR 3 over 

Cedar Creek Station in Morgan County, as original bridge plans shown in Appendix A). A full-scale 

specimen design was targeted, based on the reference project. All specimens have the same bent cap 

design and material properties, designed after the reference project’s bent cap. Key features of the test 

matrix include: 

• Bent cap dimensions: 4 ft (1219 mm) wide × 4.5 ft (1372 mm) deep. 

• Steel pipe piles: 3 ft (914 mm) diameter, 0.5 in (12.7 mm) wall thickness 

• Girder configuration: 12-ft (3658-mm) long with a pipe pile connected at midlength. 

As detailed information regarding the tested specimens provided in Table 3-1, the specimens were 

categorized into five types of connections, with drawings of each specimen. These configurations were 

selected based on their common adoption among state DOTs, as discussed by Sharma (2023): three rebar-

based connections that relied on non-contact lap splices as the primary force transfer mechanism and two 

non-rebar-based connections that utilized mechanical anchorage elements. The rebar-based connections 

straight, hooked, and headed rebar ends, each with distinct development lengths calculated using standard 

development length equations to ensure effective bond strength and mechanical interlock at the pile-to-cap 

interface. These specimens were named according to rebar type: (1) Headed, (2) Hooked, and (3) Straight. 

The mechanical anchorage-based connections incorporated an annular ring plate and a stud as anchorage 

elements. Correspondingly, these specimens were named based on the anchorage type: (4) Stud and (5) 

Ring.  

Another notable difference among the specimens is the pipe pile embedment depth. Specimens 

1–3 (Headed, Hooked, and Straight) had an embedment depth of 1 ft (305 mm), while Specimen 4 (Stud) 

was embedded to 3 ft (914 mm), and Specimen 5 (Ring) had an embedment depth of 2 ft (610 mm). The 

embedment depths of the mechanical anchorage specimens were not uniform and required specific 
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justification based on design intent and detailing constraints. The Stud required greater depth to 

accommodate three rows of shear studs, while the Ring’s depth was determined through an iterative design 

process following WSDOT (2024) guidelines. These embedment lengths meet or exceed typical code 

minimums for fixed behavior; Zapata et al. (2022) noted that many DOTs consider 1.0–4.0 ft (305–1219 

mm) sufficient for such fixity. This experimental design reflects a deliberate choice to evaluate practical 

connection systems rather than isolated parameters. Isolating embedment effects would require testing 

each connection type at multiple embedment depths, additional specimens beyond the scope of this study. 

The practical value lies in comparing configurations as DOTs would actually implement them. 

Table 3-1 Test Matrix 

Specimen 
Connec. 

Type 

Anchorage 

Type 

Concrete 

Plug 

Depth 

Pipe Pile 

Embed. 

Depth 

Rebar 

Embedment 

Depth 

Cap 

Beam 
Notes 

Test 1 – 

Headed 

Non-

contact 

lap splice 

Mechanical 

headed 

rebars 

3 ft 1 ft 1 ft 10 in 

O
ri
g
in

a
l 
D

e
s
ig

n
 

Eight #11 rebars 

uniformly spaced 
Test 2 – 

Hooked 

180° hooked 

rebars 
3 ft 1 ft 2 ft 3 in 

Test 3 – 

Straight 

Straight 

rebars 
4 ft 1 ft 3 ft 6 in 

Test 4 – 

Stud 

Non-

rebar 

options 

Shear studs 3 ft 3 ft 

No rebars 

within the pile 

plug 

Three rows of 12 

Nelson-type shear 

studs (6 in × ¾ in) 

Test 5 – 

Ring 
End plate 2 ft 2 ft 

No rebars 

within the pile 

plug 

Outer/inner 

diameters of 44/28 

in. with a thickness 

of 0.5 in. 

Note: Concrete plug depth refers to the depth of concrete cast inside the pipe pile; pipe pile embedment 

depth refers to the depth of the pipe embedded into the bent cap. See Figure 3-3 for visual definition of 

Plug Depth vs. Embedment Depth. 
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Note: Concrete plug depth refers to the depth of concrete cast inside the pipe pile; pipe pile 

embedment depth refers to the depth of the pipe embedded into the bent cap. See Figure 3-1 for visual 

definition of Plug Depth vs. Embedment Depth. 

To ensure experimental validity, each connection system was detailed to meet its specific code-

mandated geometry. The Stud connection utilized a 3 ft (1.0D) embedment to satisfy AASHTO spacing 

requirements for three rows of shear studs. Conversely, the rebar connections utilized a 1 ft (0.33D) 

embedment, representing the 'pinned' assumption threshold in DOT practice. Therefore, the variable 

embedment depths are an inherent characteristic of the systems being compared, rather than an 

independent variable. Each configuration was tested once (n=1), precluding statistical assessment of 

variability. 

3.3       BENT CAP DESIGN 

The bent cap was designed with dimensions of 4 ft × 4.5 ft (1219 mm × 1372 mm) and reinforced 

longitudinally using twenty #11 rebars arranged with eight each in the top and bottom layers, and two 

additional rebars on each side, as provided in Figure 3-1.  

The structural analysis of the bent cap was performed in accordance with AASHTO (2020), with 

the governing load case identified from the Strength-III limit state envelope, as summarized in Sharma 

(2023). Based on revised calculations, the axial and flexural demands at the joint were subsequently 

idealized as 210 kips (934 kN) and ±320 kips-ft (343 kNm) for one case, and 790 kips (3514 kN) and ±320 

kips-ft (343 kNm) for the other. The envelope shear demands in the longitudinal and transverse directions 

of the bent cap remained below 25 kips. The bent cap design was deemed adequate to resist the applied 

demands based on P-M curve (Sharma, 2023). 
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Figure 3-1 Bent Cap Design 
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Figure 3-2 Photos of Bent Cap Rebar Cage: (a) Isometric View, (b) Face View, (c) Close-up of 

Headed Rebars Crossing the Pipe Pile, and (d) Bent Cap Rebar Cage with Pipe Pile 

 

3.4       DESIGN OF HEADED, HOOKED AND STRAIGHT REBAR CONNECTIONS 

The rebar connections consisted of eight #11 rebars detailed with headed, hooked, and straight 

rebar ends, as illustrated in Figure 3-3a–c. The rebar embedment lengths were determined by their 

respective development length requirements in accordance with the applicable AASHTO LRFD 

specifications (2020). Headed rebars reduce the required development length by transferring a portion of 

the rebar force directly into the concrete through bearing at the head. The specifications in ACI 318-19 

(2019) have been followed as the AASHTO LRFD (2020) does not have standard methodology applicable 

for calculating their development length. 

Embedment lengths were calculated in accordance with ACI 318-19 (headed) and AASHTO LRFD 

(hooked/straight). For the materials used (f’c= 4000 psi [27.6 MPa], fy = 60000 psi [413.7 MPa]), the required 
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development lengths were determined as 19 in. (Headed), 27 in. (Hooked), and 41 in. (Straight). Details 

are summarized in Table 3-1. 

The stirrups consisted of closed hoops spaced at intervals of 10 to 11 in (254 to 279 mm), with the 

quantity for each specimen detailed in Figure 3-3a–c. The specimen design in this study was based on 

AASHTO (2020). The photos of constructed rebar cages for headed, hooked, and straight type connections 

are given in Figure 3-4a–c. 

The concrete plug depth was selected as 3 ft (914 mm) for headed and hooked configurations and 

4 ft (1219 mm) for straight rebars. The pile embedment depth was chosen as 1 ft (305 mm) for the rebar-

based connections to minimize the contribution from pile embedment, ensuring forces were transferred 

primarily through the vertical rebars at the connection. The 1-ft embedment was chosen as a lower bound 

depth of the specimens based on practical constructability considerations.  

Moment capacities of the tested specimens were estimated based on cross-section P-M curve 

analysis, assuming flexural failure at the RC section where the pile enters the cap, neglecting axial force. 

This included eight #11 rebars equally spaced within the circular concrete section, representing the RC 

section. Calculations were performed using Response2000 (Bentz, 2000), with concrete compressive 

strength taken as the 28-day cylinder strength from headed specimens and rebar yield strength based on 

manufacturer-reported test values. Assumptions included plane sections remaining plane, strain 

compatibility between concrete and reinforcement, and full development of reinforcement. Reinforcing steel 

was modeled as linear elastic-perfectly plastic, and concrete behavior was represented by the 

Popovics/Thorenfeldt/Collins model (Bentz, 2000). All reinforcing bars were embedded to at least the 

required development length (headed, hooked, or straight). Another cross-section, representing a hollow 

steel pile and incorporating manufacturer-reported steel properties, was used to estimate the capacity of 

pipe pile alone. The flexural capacities are listed below: 

• For reinforced concrete core representing the headed, hooked, and straight rebar connections: 

Mn=937.5 kip-ft (1271 kNm) as a lower bound, and  

• For hollow steel pipe pile considering that the pile can develop full capacity: Mn =2370 kip-ft (3213 

kNm). 

3.5       DESIGN OF SHEAR STUD CONNECTION 

The stud specimen incorporates shear studs, which act as mechanical connectors welded to the 

outer surface of the steel pipe to facilitate shear transfer between the steel and the surrounding concrete, 

without any additional reinforcement at the joint. Three rows of 6 in × ¾ in (152 mm × 19.1 mm) shear studs 

are used. Within each layer, studs are spaced at 30° along the perimeter. The spacing between layers is 

chosen as 11 in., satisfying minimum requirements of AASHTO (2020). Installation was carried out using 

proper welding equipment to replicate field conditions, with manufacturer representatives present to guide 
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the process. The drawings of the Stud connection are provided in Figure 3-3d, with the photo of welded 

studs as given in Figure 3-4d. 

Using a force couple approach with linearly distributed stud forces and lever arms based on the 

sectional arrangement shown in Figure 3-3d, the following configuration was idealized when calculating 

moment capacity: one stud positioned at the full pile radius, rpile, reaching its full shear capacity; two studs 

located at sin(60°) × rpile each contributing sin(60°) of their full shear capacity; and two studs at sin(30°) × 

rpile each contributing sin(30°) of their full shear capacity. 

As specified in Section 6.10.10.4.3 of AASHTO (2020), the nominal shear resistance of an 

individual stud connector is determined using following equation: 

𝑄𝑛 = 0.5𝐴𝑠𝑐√𝑓𝑐′𝐸𝑐 ≤ 𝐴𝑠𝑐𝐹𝑢    (Eqn. 4) 

where, Asc is the cross-sectional area of a stud shear connector (in2), Ec is the modulus of elasticity 

of concrete (ksi), and Fu is the specified minimum tensile strength of a stud shear connector (ksi). For Asc 

= 0.44 in2 (284 mm2, i.e., ¾ in. studs), f’c= 4 ksi (27.6 MPa), Ec = 3600 ksi (24821 MPa), and Fu = 65 ksi 

(448.2 MPa), the nominal shear capacity, Qn, is calculated as 28.5 kips (126.7 kN). 

Finally, the flexural capacity contributed by a single row of studs is calculated as 6 × Qn × rpile. With 

three rows in total, the resulting flexural capacity is calculated as: 3 × 6 × Qn × rpile = 18 × 28.5 kips × 1.5 ft 

= 769.6 kip-ft (1043 kNm). 

The concrete plug depth was chosen as 3 ft to be consistent with rebar-based connections. The 

pile embedment of 3 ft (equivalent to one pile diameter) was selected primarily to provide adequate spacing 

between the three rows of shear studs during installation. Given the deeper embedment in the Stud 

specimen, the embedment itself is expected to significantly enhance the connection capacity, resulting in a 

flexural capacity well above the lower bound of 769.6 kip-ft (1043 kNm) based on shear stud contribution 

alone. 

3.6       DESIGN OF ANNULAR RING CONNECTION 

The annular ring welded to the end of the steel tube functions as an anchorage element, distributing 

stresses on the concrete body to resist flexural loads transferred from the pile. The plate was sized with an 

outer diameter of 44 inches and an inner diameter of 28 inches, corresponding to the pile diameter ±16 

times the wall thickness, and a thickness of 0.5 inches (12.7 mm), corresponding to the thickness of the 

pipe pile. The welding followed the guidelines specified in Section 7.10.3.A of the WSDOT Design Manual 

(2024). The wedge-shaped profile at the base of the pipe pile enabled a complete joint penetration weld 

between the annular plate and the pile, applied continuously around the joint. Additionally, eight 1-inch-

diameter (25.4 mm) vent holes were punched into the annular ring—four located outside and four inside 

the pipe wall, equally spaced to have proper concrete consolidation beneath the ring. The vent hole 
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locations were also intentionally offset to avoid alignment with the load direction. Drawings of the specimen 

featuring the annular ring are shown in Figure 3-3e, with the connection photo presented in Figure 3-4e. 

The embedment length of the pipe pile was optimized using the following equation, as specified in 

the WSDOT Design Manual (2024):   

𝑙𝑒 ≥ √
𝐷0

2

4
+

5.27𝐷𝑡𝐹𝑢

√𝑓′𝑐𝑓

−
𝐷0

2
      (Eqn. 5) 

Where le is the embedment length (in),  D0 is the outer diameter of the annular ring (in), D is the 

diameter of the pile (in), t is the wall thickness of the steel tube (in), f’cf is the specified 28-day compressive 

strength of the cap concrete (ksi), and Fu is the specified minimum tensile strength of the steel (ksi). Using 

D0 = 44 in (1118 mm), D = 36 in (914 mm), t = 0.5 in (12.7 mm), f’cf = 4 ksi (27.6 MPa), and Fu = 60 ksi (414 

MPa), the required embedment length, le, to achieve full plastic capacity is calculated as 36 in (914 mm). 

For a hollow steel pipe pile capable of developing its full moment capacity, the corresponding flexural 

strength is 2370 kip-ft (3213 kNm). To achieve comparable moment capacities between the annular ring 

connection and other connection configurations, the pile embedment depth was adjusted.  

An iterative design approach, utilizing Equation 5, was used to refine the embedment length so that 

concrete failure would occur before the annular ring yielded and reached its full capacity. This was 

accomplished by targeting a stress level in the pipe pile equal to 50% of its ultimate tensile strength (0.5 

Fu). Accordingly, an embedment length of 24 inches (610 mm) was selected, resulting in a flexural capacity 

of 2225 kip-ft (3017 kNm) based on the pipe pile cross-section reaching 0.5 Fu. 
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Figure 3-3 Specimen Connection Design and Drawings–(a) Headed, (b) Hooked, and (c) Straight, 

(d) Stud and (e) Ring. 
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Figure 3-4 Rebar Cages–(a) Headed, (b) Hooked, and (c) Straight; and Welded Specimen 

Connections–(d) Stud and (e) Ring 

 

Estimated moment capacities for each connection were calculated and compared to test results. 

The calculation methods used to estimate moment capacity varied by connection configuration to reflect 

their distinct load transfer mechanisms. Rebar-based capacities were derived from the concrete section 

within the plug using traditional RC assumptions, excluding steel pipe contribution. The Stud connection 

used a force-couple approach based on stud location relative to the neutral axis, while the Ring capacity 

was estimated as 0.5×Fu acting on the developed portion of the pipe section. The flexural capacities and 

corresponding actuator load levels for each specimen group are calculated by dividing the flexural demand 

by the distance from the joint interface to the actuator of 6.375 ft (1943 mm) as follows:  

• Rebar-based specimens (headed, hooked, and straight) had a flexural capacity of 937.5 kip-ft 

(Section 3.4      ), resulting in an actuator load of approximately 147 kips (653.9 kN);  

• The stud specimen had a flexural capacity of 769.6 kip-ft (Section 3.5      ), corresponding to 121 

kips (538.2 kN); and  
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• The annual ring specimen had a flexural capacity of 2,225 kip-ft (Section 3.6      ), corresponding 

to an actuator load of 349 kips (1552.4 kN).  

The service load level was defined as 88.2 kips (392.3 kN), corresponding to 60% of the rebar-

based connection capacity. These simplified approaches provided comparative baselines and were not 

intended to capture the full plastic capacity. The estimated capacities do not account for potential 

contributions from embedment, such as bearing resistance and friction between the pile surface and 

concrete surfaces. Specifically, for the rebar connections, the contribution of the steel pile cross-section 

was excluded. Similarly, for the non-rebar (mechanical anchorage) connections, the contribution from 

concrete core filled inside the steel pile was not considered.  
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Chapter 4  

SPECIMEN CONSTRUCTION AND DETAILS 

4.1       STEEL-PIPE PILE SPECIMEN DESIGN OVERVIEW 

This chapter focuses on the construction of laboratory specimens. The description of the 

construction process is included here as well as the material properties of the laboratory specimens. 

4.2       CONSTRUCTION OF TEST SPECIMENS 

The construction of all five pipe pile-to-bent cap connection specimens followed similar procedures, 

but they each had their own set of challenges to adapt to. The space in the lab only allowed for the 

construction and testing of one specimen at a time, and this provided ample opportunity to learn from the 

construction process each time. It is important to note the location within the lab changed for each specimen 

due to size restraints and the available space, but this did not affect the construction process.  

Because the overall specimen geometry remained the same, the formwork was reused for all five 

bent caps, with only necessary, usually minor changes to the pipe pile connection, which saved both time 

and resources. The formwork also was efficiently designed to support the load from the uncured concrete. 

To facilitate integration with the pipe pile, the bottom reinforcement layout was adjusted by placing two 

rebars along the sides and routing four rebars through pre-punched holes in the pile. The four rebars 

passing through the pile were headed rebars, secured with mechanical anchorage washers installed post-

placement and ensured requirements in accordance with ACI 318-19 (2019) for headed rebars. The holes 

in the steel pile were made large enough to minimize placement issues, prevent concrete gaps around the 

openings, and reduce potential interlocking effects. In all specimens, the bent cap design was kept constant 

while the connection mechanism and corresponding rebar embedment depths were varied to achieve 

comparable load transfer and moment capacity. Photos of the bent cap rebar cage are provided in Figure 

3-4.   

4.3       MATERIAL PROPERTIES 

The material properties for the experimental specimens were specified to ensure that the test 

specimens represented nominal strengths of realistic bridge components and conformed to the associated 

ASTM standards. Both the concrete and reinforcement strengths are specified in ALDOT Standard 

Specifications for Highway Construction (ALDOT 2022). Bent caps in Alabama are to be constructed with 

Class B concrete mixtures, and the requirements for this are provided in Table 4-1.  
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Table 4-1 ALDOT prequalification requirements for class B concrete mixtures (ALDOT 2022) 

Minimum 28-Day Compressive Strength (psi) 4000 

Maximum Water/Cementitious Materials Ratio 0.45 

Range of Total Air Content (%) 2.5 - 6.0 

Slump (inches) 3.5 

Maximum 28-Day Drying Shrinkage (%) 0.04 

Largest Nominal Maximum Aggregate Size (inches) 1.0 

 

The required minimum steel grade is grade 60 as stipulated by the ALDOT standard. Upon the 

delivery of the reinforcement, material test reports (MTR) documenting the yield strength of the reinforcing 

steel were provided. Bars of the same size were fabricated with steel from the same heat, so each bar size 

has its own value. The measured yield strengths from the manufacturer provided material test reports and 

the calculated yield strains, which are based on assuming an elastic modulus for steel of 29,000 ksi, are 

provided in, and they all exceed the required nominal strength. The MTRs for the reinforcement of all five 

specimens are provided in Appendix B. 

The steel pipe piles were fabricated from 0.5 in (12.7-mm) thick high‐strength steel conforming to 

ASTM A252 Grade 3 standards, ensuring the adequate structural capacity and ductility for both lateral and 

axial loads. The rebars, which serve as the key element in the rebar-based connection configurations (#11 

bars in the headed, hooked, and straight connection configurations) and as the reinforcement in the bent 

cap beam (#5 and #11 bars) were specified according to A615 Gr60/AASHTO M31 requirements. Headed 

rebar terminators used in this study were BPI® BARSPLICER DoughNUT™ Term models, complying with 

ASTM A970 Class A and Class HA. Each terminator provided a projected bearing area in tension at least 

four times the full cross-sectional area of the rebar, with dimensions including a diameter of 3¼ in (82.6 

mm), width of 1⅞ in (47.6 mm), and thread size of 1⅜ – 6 UNC.  

The other specific components used in the connections complied with the relevant material 

standard: for the shear stud connection (Specimen 4), three rows of 12 Nelson®-type shear studs (6 in × 

¾ in) conforming to ASTM A379 were welded to the outer surface of the pipe, while the annular ring 

connection (Specimen 5) utilized an annular ring plate conforming to A709 Grade 50. The welding 

specifications in AWS D1.1/D1.1M were followed for the specimens with the shear studs and annular ring 
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plate. The material type and mechanical properties obtained from manufacturer-provided material test 

reports (MTR) for the steel components used in the tests are summarized in Table 4-2.  

 

Table 4-2 Steel Material Properties 

Material Type/Grade 

Yield 

Strength 

(ksi) 

Tensile 

Strength 

(ksi) 

Notes 

Steel Pipe Piles 
Spiralweld Pipe 

ASTM A252 Gr. 3 

65.8 76.2 
Headed, Hooked, Straight, 

and Ring Specimens 

73.6 84.8 Stud Specimen 

Reinforcement 

Bars 

A615 Grade 60 / 

AASHTO M31 

 67.4 104.6 #11 Rebar (1st Heat) 

67.6 99.9 #11 Rebar (2nd Heat) 

83.3 110.5 
#11 Headed Rebars (3rd 

Heat) 

74.4 111.2 #5 Rebar 

Headed Rebar 

Terminators 
ASTM A970 42.3 70.0 

Threaded doughnut-shaped 

terminators 

Shear Studs ASTM A379 59.4 73.6 
Nelson® S3L Shear 

Connectors 

Annular Ring Plate A572 Grade 50 59.0 69.7 
Nominal values (A572 Gr. 50) 

used for capacity predictions. 

 

The bent cap and concrete plug were cast simultaneously in a single pour to ensure monolithic 

behavior and eliminate cold joints at the pile-to-cap interface. Concrete was vibrated to ensure consolidation 

around reinforcement and within the annular ring vent holes. The concrete mix design of ALDOT’s Class B 

was used, which stipulates a minimum 28-day concrete strength of 4,000 psi (27.6 MPa), maximum 
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water/cementitious materials ratio of 0.45, range of total air content of 2.5% – 6.0%, slump of 3.5 in (88.9 

mm), maximum 28-day drying shrinkage of 0.04 and largest nominal maximum aggregate size of 1.0 in 

(25.4 mm).   

Three 4" x 8" concrete cylinders were tested and averaged according to ASTM C39/C39M-21 for 

7-day, 28-day, and test-day strengths to verify that the measured strengths reached the target strengths 

(ASTM 2023). Additionally, the slump and air content were verified when the concrete was delivered to the 

laboratory to ensure the mixture design met the required standards. Concrete properties played a critical 

role in the overall behavior of the bent cap, which was consistently cast using a high-performance mix 

designed to achieve the required compressive strength and durability. Standard testing was conducted on 

the concrete mix to validate its workability and strength development.  The concrete properties at the time 

of casting are summarized in Table 4-3, and the average compressive strengths are given in Table 4-4. A 

slump tolerance of +1 in (25.4 mm) was specified with a target of 3.5 in (88.9 mm); however, some mixtures 

fell outside this range. This deviation did not impact the 28-day compressive strength or concrete quality at 

placement for any specimens. 

Table 4-3 Concrete Mix Properties 

 (1) HEADED (2) HOOKED (3) STRAIGHT (4) STUD (5) RING 

Slump (in) 4.5 6.0 5.5 3.5 4.0 

Air Content (%) 5.5 4.5 5.6 4.5 5.5 

Density (pcf) 140 140 140 142 142 

Temperature (F) 70 80 90 70 72 

 

Table 4-4 Average Concrete Strength (psi) 

Days from casting (1) HEADED (2) HOOK (3) STRAIGHT (4) STUD (5) RING 

7 days 3,820 4,050 3,720 4,350 4,310 

28 days 4,950 4,520 3,930 5,380 5,070 

Testing Day 4,960 5,400 4,600 5,360 5,380 
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Chapter 5  

EXPERIMENTAL SETUP AND INSTRUMENTATION 

5.1       INTRODUCTION 

This chapter covers the testing of the five full-scale pipe pile-to-bent cap connection specimens. It 

includes details on the testing setup, load protocol, and instrumentation. The testing was completed in the 

high bay at the Auburn University Advanced Structural Engineering Lab, and all five full-scale tests required 

careful planning and preparation.The test setup and procedures remained relatively constant for each test, 

but each specimen had its unique aspects to address within the setup. Despite the challenges faced during 

the construction and testing process, five full-scale tests were completed and provided necessary insight 

into the behavior of pipe pile-to-bent cap connections. 

5.2       TEST SETUP AND LOADING PROTOCOL 

The experimental test setup was designed to simulate a substructure testing of a realistic bridge 

pipe pile-to-bent cap connection while ensuring precise control and measurement of structural responses. 

A hydraulic actuator system was employed to apply repeated unidirectional lateral loading to the full‐scale 

specimens, with the loading protocol programmed to gradually increased until target forces and 

displacements were reached. This approach enabled the capture of both the elastic and post-yield behavior 

of each connection configuration.  

The test setup, illustrated in Figure 5-1, includes several custom-fabricated steel fixtures. These 

fixtures were designed to mount the actuator to the lab’s reaction wall on one end, and to secure the 

specimen using steel collar fixtures on the other end. The loading was applied by the actuator pulling the 

specimen towards the reaction wall. Each specimen was securely mounted on the strong floor with post-

tensioning applied at four points configured to avoid uplifting and sliding of the test specimen. Post-

tensioning forces were 50 kips (≈222 kN) per tie-down near the actuator and 175 kips (≈778 kN) per tie-

down at the far end, as shown in Figure 5-1a. The tie-down locations were chosen to be near the ends of 

the bent cap beam to ensure minimal stress was induced to the connection region from the post-tensioning. 

Therefore, the bent cap and pipe pile assembly functioned as an integrated system with appropriate 

restraints provided at the base of the piles and along the cap. The tie-down points also correlated well with 

the girder locations observed in the reference SR 3 bridge drawings (Figure X).  
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Figure 5-1 Test setup Schematics–(a) Side view, and (b) rear view. 

 

The loading was force-controlled initially up to the point where the loading reached 117.6 kips 

(523.1 kN) and then changed to displacement-controlled for the remaining of the load cycles to maintain a 

constant displacement rate and capture any potential reduction in the specimen resistance without causing 

overloading. Therefore, the last loading cycle of the rebar specimens was displacement-controlled whereas 

the last three loading cycles of non-rebar specimens were displacement-controlled, as presented in the 

loading protocol given in Figure 5-2.  

 

Figure 5-2 Loading Protocol 
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Several load cycles were performed prior to the final pull of the specimens under displacement 

control. The first load cycles consisted of an initial 10-kip (44.5 kN) cycle to verify the test setup through 

assessing any slip, movement, and rotation, and ensuring accurate sensor data. Loading cycles were then 

applied in increments corresponding to specific percentages of the reinforced concrete core and steel pile 

capacities. For rebar connection specimens, 29.4 kips (130.8 kN, 20% of concrete core capacity) and 58.8 

kips (261.6 kN, 40%) were selected, with the latter approximating service-level loading. Higher load cycles 

of 88.2 kips (392.3 kN, 60%) and 117.6 kips (523.1 kN, 80%) followed, with each level repeated three times 

to evaluate the monotonic behavior. The same loading protocol was applied to the non-rebar specimens 

(Stud and Ring) for consistency with the addition of a single loading-unloading cycle conducted at 139.7 

kips (621.4 kN) and 209.3 kips (931.0 kN), corresponding to 40% and 60% of the steel pipe pile connection 

capacity.  

The rebar-connection specimens were loaded up to 276 kips (1228 kN), while the non-rebar 

specimens were initially tested to the same limit. Based on favorable observations from the rebar tests, the 

non-rebar specimens were further tested up to 301 kips (1340 kN), the maximum capacity of the actuator. 

At specific loading levels, the loading was paused, and the crack development on specimen were identified 

and marked. 

 

5.3       INSTRUMENTATION AND DATA ACQUISITION 

The instrumentation strategy for this experimental program was designed to capture both localized 

and global responses of the steel pipe pile-to-bent cap connections under repeated unidirectional lateral 

loading. The instrumentation types used in the tests included strain gauges attached to the reinforcement, 

steel elements and concrete surface as well as displacement transducers and rotation meters positioned 

at critical locations such as the pile–to-cap interface and different heights. All sensors were integrated into 

the test setup to monitor and record structural responses, and calibrated to ensure accuracy.  

Electrical resistance strain gauges (120 Ω) were bonded to the surface of the #11 rebars in the 

Headed, Hooked, and Straight specimens, with gauges positioned near the pile-to-cap interface and at mid-

embedment depth to monitor tensile and compressive strains and detect yielding or bond slip. The same 

type of strain gauges was also installed on the outer surface of the steel pipe piles, at various depths above 

and below the pile-to-cap interface, to measure strains. In addition, strain gauges were welded to the 

shanks of select shear studs in the Stud specimen to assess load transfer efficiency and stud-to-concrete 

interaction.  The strain gauge layouts are given in Figure 5-3. 
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Figure 5-3 Strain gage layout of (a) Test 1 - Headed, (b) Test 2- Hooked, (c) Test 3- Straight, (d) 

Test 4- Stud, and (e) Test 5- Ring. 

 

Displacement transducers were used to capture global lateral drift by mounting four strings 

horizontally at the load application plane to measure the lateral displacement relative to the strong floor. 

Vertical slip meters were installed at the pile tips to record any uplift or settlement during loading, and 

pairwise slip meters were positioned diagonally across the pile-to-cap interface to detect relative slip 

between components. High-precision inclinometers attached to the bent cap and pile surfaces near the 

interface quantified rotational deformations, providing critical moment-rotation relationships to evaluate 

connection rigidity.  

Furthermore, the hydraulic actuator used for applying the loading was equipped with a calibrated 

load cell and displacement transducers to record the applied lateral forces synchronized with the 

displacement measurements. Additional strain gauges and displacement transducers were installed on the 

collar to validate its effectiveness in transferring forces to the pipe pile. A high-speed data acquisition 

system, sampling all signals at 5 Hz for the Headed specimen and 20 Hz for other specimens (increased 
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based on Test 1 experience to improve resolution during load holds), continuously recorded applied loads, 

displacements, and strain measurements to capture nonlinear behavior during yielding. This 

comprehensive instrumentation and data collection framework provided a robust foundation for evaluating 

the performance of the various connection configurations under conditions that closely simulate actual 

bridge loading scenarios. A sketch of the instrumentation layout is provided in Figure 5-4, where the 

displacement transducers are designated as POT, slip meters with S, and inclinometers with INC. 

Additionally, a picture of the test setup is shown in Figure 5-5.  

 

 

Figure 5-4 Displacement and Rotation Sensor Layouts–(a) Side View, (b) Top View. 

 

 

Figure 5-5 Test Setup Photo from Test 3- Straight 
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With the full-scale specimens fabricated and instrumentation configured; the test program 

proceeded to evaluate each connection under increasing lateral loads. The following section presents the 

resulting structural responses, including displacements, rotations, and strain data, and compares the 

performance of the five connection 
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Chapter 6  

EXPERIMENTAL RESULTS AND DISCUSSIONS 

6.1       INTRODUCTION 

This chapter covers the structural response of the five full-scale pipe pile-to-bent cap connection 

specimens and provides a comprehensive comparison. The test results of each specimen by reporting the 

displacements, rotations, and strains against the applied load or moment. The results include all the 

repeated unidirectional lateral conducted during the tests. Instrumentation included strain gauges, 

displacement transducers (POTs), and inclinometers as detailed in Figure 5-3 and Figure 5-4.  

The reported displacements represent the net deformation which was calculated by subtracting the 

bent cap translation (POT6) from the pile measurement (POT3). The net deformation was measured at the 

58.5-in (1486-mm) level, excluding relative slip at the bent cap interface by subtracting the displacement 

measured at the bottom of the bent cap from the displacement recorded at 58.5 in (POT3). The reported 

rotation reflects the net rotation, excluding any relative rotation of bent cap beam. It was measured at +2 in 

(50.8 mm) above the pile-to-cap interface using sensor INC2. The net rotation was calculated by subtracting 

the rotation measured at the top of the bent cap beam (INC1) from the rotation recorded at the +2-in level 

(INC2).  

The plots in this section include reference lines representing the service load level and estimated 

connection capacities. The capacity predictions used as reference lines in the following figures represent 

conservative lower-bound estimates: rebar-based connection capacities were calculated from the RC core 

section alone, excluding steel pipe contribution; mechanical anchorage capacities excluded concrete core 

contribution. Consequently, the observed exceedance of predicted capacities reflects both actual reserve 

strength and the intentional conservatism of the prediction methodology.  

6.2       TESTS 1, 2 AND 3 – HEADED, HOOKED, AND STRAIGHT 

The first three tests were conducted on the specimens with rebar-based connections, such as 

headed, hooked and straight rebars. Figure 6-1a, Figure 6-2a, and Figure 6-3a present the load-

displacement responses of the headed, hooked and straight specimens, respectively. The vertical axis 

represents the force applied by the actuator, while the horizontal axis represents the net deformation at the 

58.5-inch level. The specimens were loaded to a maximum force of 276 kips (1228 kN) and reached a net 

displacement of 0.903 inches (22.9 mm) in Test 1 - Headed, 0.973 inches (24.7 mm) in Test 2 – Hooked, 

and 0.995 inches (25.3 mm) in Test 3 - Straight. The testing stopped at that level due to the deformations 

observed in the steel fixtures mounting the actuator to the specimen.    
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Figure 6-1 Headed (1) specimen Responses: (a) Lateral load-displacement, (b) moment-rotation, 

(c) load-strain and (d) load-tension side strain. Dashed line: service load; Solid line: estimated 

nominal strength of connection; Data: net displacement or net rotation response. 
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Figure 6-2 Hooked (2) specimen Responses (a) Lateral load-displacement, (b) moment-rotation, (c) 

load-strain and (d) load-tension side strain. Dashed line: service load; Solid line: estimated 

nominal strength of the connection; Data: net displacement or net rotation response. 
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Figure 6-3 Straight (3) specimen Responses (a) Lateral load-displacement, (b) moment-rotation, (c) 

load-strain and (d) load-tension side strain. Dashed line: service load; Solid line: estimated 

nominal strength of the connection; Data: net displacement or net rotation response.   

 

The overall response of each specimen exhibited a gradual transition from elastic to nonlinear 

behavior. The initial parts of the lateral load responses, up to 50 kips, remained nearly linear elastic with 

minimal residual displacement after completing each load cycle. This response confirmed that the RC 

section and its rebar connections were within the elastic range. Beyond this load level, the response of 

each specimen transitioned into the nonlinear regime, characterized by stiffness degradation following the 

onset of cracking in the RC section and bent cap beam. The sawtooth pattern observed in the nonlinear 

response was attributed to intermittent load drops during visual crack inspections and markings, as the 

actuator operated under displacement-controlled loading.  

The moment-rotation graph based on inclinometer readings on the pipe pile and bent cap beam 

are presented in Figures Figure 6-1b, Figure 6-2b, and Figure 6-3b for headed, hooked and straight rebar 

connections, respectively. The vertical axis represents the reported moment, calculated as the product of 

the actuator-applied force and the moment arm measured from the pipe-to-cap connection interface, 6.375 

ft (1943 mm). The horizontal axis represents the net rotation measured at the +2-inch elevation level on the 

pile.  The moment-rotation response exhibited a similar trend as the load-displacement response, with an 
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initial near linear-elastic response up to 50 kips that was followed by progressive softening due to concrete 

cracking and yielding of the steel rebars. The reduction in stiffness was more pronounced beyond the 

calculated nominal strength of the RC section, which coincides with the initiation of yielding in the steel 

reinforcement.  

Figure 6-1c, Figure 6-2c, and Figure 6-3c illustrate the applied load-strain relationships measured 

on the steel pipe and rebars. The plotted strains include those measured on the outer surface of the steel 

pipe (navy curves) and rebars (orange curves), where positive values indicate tensile strain and negative 

strains represent compressive strain. In addition to the horizontal lines corresponding to the calculated 

service load level and capacity force levels, a vertical line marks the yield strain of the steel rebars (67.5 

ksi / 29,000 ksi = 2328 με). Several strain gages on the rebars were labelled on the graph as those 

approached or exceeded the yield strain, particularly those in the close proximity of the interface between 

the pipe pile-to-bent cap and resisting tensile stresses. The onset of yielding in the steel rebars aligned with 

the calculated RC section nominal strength, confirming that the significant stiffness degradation observed 

at this stage resulted from rebar yielding. Prior to this load level, the nonlinear response primarily attributed 

to concrete cracking in the pile and bent cap beam, where minor slip of the pipe might have contributed to 

the stiffness reduction.  

The steel pipe strains reached about 1000 με for all three specimens, indicating notable pipe 

contribution despite the limited embedment depth of 1 ft. The bent cap longitudinal reinforcement passing 

through the pipe might have contributed to the participation of the pipe in the load. The strain curves of the 

pipe generally exhibited a linear response, suggesting minimal slip between the outer pipe and the inner 

RC section.   

Figure 6-1d, Figure 6-2d, and Figure 6-3d present the tension-side strain profiles (including both 

pipe pile and rebar gauges) at certain load levels for the Headed, Hooked, and Straight specimens, 

respectively. In the Headed and Hooked specimens, rebar yielding begins at 160 kips (711.7 kN), while in 

the Straight specimen, the yielding starts at 210 kips (934.1 kN). The highest strains for the Headed and 

Hooked specimens occur at the bottom edge of the rebars, whereas in the Straight specimen they appear 

at the interface level. Note that the strain gauge (V9), located between the interface and the bottom portion 

of the Straight specimen, malfunctioned; therefore, no strain data was recorded in that region.  

Figure 6-6a–c present the surface crack patterns observed on the bent cap beam for the headed, 

hooked and straight rebar connections, respectively. The cracks are categorized by different load levels 

which they formed to observe the evolution of crack patterns. For all rebar-based connection configurations, 

the crack formation sequence was such that minor vertical cracks appeared at load levels below the service 

load level, which widened and extended until 120 kips (533.8 kN). As the load further increased, diagonal 

cracks formed and propagated towards the sides of the steel pipe. This diagonal cracking pattern suggests 

the potential initiation of a cone-shaped failure mechanism.  
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Overall, the Headed, Hooked, and Straight specimens demonstrated satisfactory structural 

performance up to the maximum applied load of 276 kips. The service load level was achieved with minimal 

damage, and the calculated RC section nominal strength was exceeded by a significant margin. Despite 

the shallow 1 ft embedment (0.33D), all three rebar systems developed significant moment resistance, 

confirming that the 'pinned' assumption is conservative for these configurations. However, because testing 

was terminated before failure due to fixture limitations, ultimate capacity, ductility, and failure modes remain 

uncharacterized. The connection also effectively transferred the lateral load and moment with adequate 

stiffness. The enhanced performance beyond the expected strength values was attributed to the steel pipe 

contribution that was not accounted in the nominal strength calculations. These findings validate the use of 

headed rebars for pipe pile-to-bent cap connections, demonstrating their suitability for applications requiring 

robust structural performance.   

6.3       TESTS 4 – STUD 

The fourth test was conducted on a specimen incorporating an anchorage-based connection 

utilizing shear studs. Figure 6-4a presents the lateral load-net displacement response of the Stud specimen, 

encompassing the full range of load cycles. The net displacement was determined using the same 

methodology as described for the rebar-based specimens. The steel fixtures mounting the actuator to the 

specimen were reinforced before the test to permit higher actuator loading. The specimen was subjected 

to a maximum applied force of 301 kips (1340 kN), reaching a net displacement of 0.457 inches (11.6 mm) 

before the test was terminated due to the actuator reaching its force capacity. 

The overall response of the Stud specimen exhibited significantly higher stiffness compared to the 

rebar-based specimens, as evidenced by the attainment of comparable load levels at considerably smaller 

displacements. The load-displacement response transitioned gradually from an elastic to a nonlinear 

regime with increasing loads. The initial portion of the response demonstrated a nearly linear-elastic 

behavior that extended beyond 50 kips, with minimal residual displacement observed after each load cycle.   

Figure 6-4b illustrates the moment-rotation response, as measured by inclinometers mounted on 

the pipe pile and bent cap beam. The reported rotation was recorded at an elevation of 2 in (50.8 mm) from 

the bent cap interface. The moment-rotation response followed a similar trend to the load-displacement 

curve, initially exhibiting a near-linear elastic response up to 50 kips, followed by progressive softening. A 

notable stiffness softening occurred at an applied load of 220 kips (978.6 kN). Beyond the calculated 

nominal strength of the hollow pipe, the reduction in stiffness became more pronounced.  

Figure 6-4c illustrates the applied load-strain relationships for the steel pipe (navy curves) and 

shear studs (orange curves). Unlike the rebar-based specimens, the Stud specimen did not exhibit yielding, 

even at the maximum load level. This absence of yielding suggests that the nonlinearities observed in the 

load-displacement or moment-rotation responses (e.g., softening at around 220 kips [978.6 kN]) may 
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indicate slip between the pipe and concrete. The steel pipe strains reached approximately 1500 με, 

highlighting a higher contribution from the pipe compared to the rebar-based specimens, potentially due to 

the lack of rebars within the core. Strain gauges on the shear studs recorded strain levels exceeding 1000 

με, demonstrating the active engagement of the shear studs as primary anchorage elements, with 

contributions from the deeply embedded (3 ft [914 mm]) steel pipe and longitudinal reinforcement in the 

bent cap passing through the pipe.  

Figure 6-6d presents the surface crack patterns observed on the bent cap beam with projections 

of the approximate stud locations depicted on the surface. The cracks are categorized by the different load 

levels at which they formed to observe the evolution of crack patterns. Initially, short vertical cracks 

appeared at load levels below the service-load threshold, gradually widening and extending to reach the 

depth of the embedded pile as the load increased to 210 kips (934.1 kN). At higher load levels, steep 

diagonal cracks developed on the side opposite to the applied load, suggesting the potential initiation of a 

half-cone failure mechanism if the load had been further increased.  

Figure 6-4d shows the tension-side strain profiles. including both pipe pile and shear studs (T14 

and T18), at certain load levels. The pile strains at the connection interface are noticeably lower than the 

those measured approximately seven inches above and below this interface. Meanwhile, the shear stud 

readings highlight their efficient role in the overall load-transfer mechanism.  

Overall, the Stud specimen exhibited relatively higher stiffness and reduced damage accumulation 

at equivalent load levels. The service load level was achieved with minimal damage, and even at the 

maximum applied load of 301 kips (1338.9 kN), the connection maintained its integrity. These results 

validate the effectiveness of shear studs as anchorage elements, confirming their viability for forming robust 

pipe pile-to-bent cap connections with enhanced strength and stiffness compared to the rebar-based 

connections.  
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Figure 6-4 Stud (4) specimen Response: (a) Lateral load-displacement, (b) moment-rotation, (c) 

load-strain and (d) load-tension side strain. Dashed line: service load; Solid line: estimated 

nominal strength of the connection; Data: net displacement or net rotation response.   

6.4       TESTS 5 – RING 

The fifth and final test was conducted on a specimen incorporating an anchorage-based connection 

featuring an annular ring plate welded to the end of the pipe. Figure 6-5a presents the lateral load-net 

displacement response of the Ring specimen, capturing the full range of load cycles.  The specimen was 

subjected to a maximum applied force of 301 kips (1340 kN), reaching a net displacement of 0.650 inches 

(16.5 mm) before the test was terminated due to the actuator reaching its force capacity.   

Similar to the previous specimens, the load-displacement response transitioned gradually from an 

elastic to a nonlinear regime as the load increased. The initial portion of the response demonstrated nearly 

linear-elastic behavior, extending up to approximately 50 kips, with minimal residual displacement observed 

after each load cycle. Beyond this load level, the response entered the nonlinear regime, where stiffness 

degradation became apparent following the onset of cracking in the bent cap beam.   

Figure 6-5b illustrates the moment-rotation response, measured by inclinometers mounted on the 

pipe pile and bent cap beam. The reported rotation was recorded at an elevation of 2 in (50.8 mm) from the 

bent cap interface. Due to cable malfunctions, only the final two load cycles were recorded for this test. 
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Rotational stiffness values reported for the Ring specimen (Table 6-1 and Table 6-2) are therefore based 

on limited data and should be interpreted with caution; direct rotational comparisons with other specimens 

are provisional. The moment-rotation response followed a similar trend to the load-displacement curve, 

initially exhibiting a near-linear elastic response up to 50 kips, followed by progressive softening. A notable 

deviation in response occurred at an applied load of 200 kips (889.6 kN), potentially indicating slip between 

the pipe and concrete, as no yielding was observed in other elements. Beyond the calculated nominal 

strength of the hollow pipe, stiffness degradation became more pronounced.   

Figure 6-5c presents the applied load-strain relationships measured on the steel pipe (navy curves) 

and the ring plate (orange curves). No yielding was observed in the Ring specimen, as the measured strains 

remained significantly below the yield strain calculated from the measured material properties. The steel 

pipe strains approached 1500 με, indicating a substantial contribution from the pipe, attributed to the 

absence of rebars within the core. Strain gauges mounted on the annular ring plate recorded strain levels 

approaching 1000 με, demonstrating the active engagement of the ring plate, with potential contributions 

from the embedded (2 ft [610 mm]) steel pipe and the longitudinal reinforcement in the bent cap passing 

through the pipe.   

Figure 6-5d presents the tension-side strain profiles of the pipe pile at certain load levels. The pile 

strains at the connection interface are noticeably lower than those measured approximately seven inches 

above and below this interface. Within the embedded portion, the pile strain distribution shows elevated 

levels as it nears the interface. 

Figure 6-6e presents the surface crack patterns observed on the bent cap beam. The cracks are 

categorized by the load levels at which they formed, illustrating the evolution of crack patterns. As observed 

in the previously tested specimens, short vertical cracks initially developed at load levels below the service-

level threshold, gradually widening and extending toward the depth of the embedded pile as the load 

increased to 210 kips (934 kN). This led to the formation of steep diagonal cracks on the side opposite the 

applied load. As the load increased further, diagonal cracks propagated toward the sides of the steel pipe. 

This diagonal cracking pattern suggests the potential initiation of a cone-shaped failure mechanism.   

Overall, the Ring specimen demonstrated exhibited a slightly more flexible response than the Stud 

specimen. The Ring specimen displayed high stiffness and reduced damage accumulation at equivalent 

load levels compared to the rebar-based specimens. The service load level was achieved with minimal 

damage, and even at the maximum applied load of 301 kips (1340 kN), the connection exhibited robust 

performance. These results validate the effectiveness of the annular ring plate connection as an anchorage 

element, confirming its viability for forming robust pipe pile-to-bent cap connections with greater strength 

and stiffness compared to the rebar-based connections. The superior stiffness of the Stud and Ring 

connections reflects the synergy of mechanical anchorage and the deeper embedment required to 
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accommodate them, verifying that these 'fixed' detailing standards successfully achieve rigid behavior 

compared to the shallow 'pinned' rebar details. 

 

Figure 6-5 Ring (5) specimen Response: (a) Lateral load-displacement, (b) moment-rotation, (c) 

load-strain and (d) load-tension side strain. Dashed line: service load; Solid line: estimated 

nominal strength of the connection; Data: net displacement or net rotation response.   



97 

 

 

Figure 6-6 Identified crack patterns for tested specimens  

 

6.1       DISCUSSION OF TEST RESULTS 

The test results revealed distinct behavioral characteristics for each connection configuration. To 

better understand the implications of these findings for bridge design and connection detailing, this section 

summarizes and discusses key performance metrics, explores underlying mechanisms, and links 

experimental observations to design recommendations. 

Figure 6-7a presents the envelope lateral load-displacement responses of each of the five tested 

connection configurations, namely Test (1) - Headed, Test (2) - Hooked, Test (3) - Straight, Test (4) - Stud, 

and Test (5) - Ring. The envelope response was obtained by tracking the maximum load response 

corresponding to each displacement, where the displacement was measured at 58.5 in (1486 mm). As 

expected from the individual responses, non-linear load-displacement relationships were observed for all 

connection configurations. Additionally, secant stiffnesses (slopes) obtained from the load-displacement 

responses were also plotted in Figure 6-7b.  

Figure 6-8a illustrates the envelope moment-rotation responses for all the connection 

configurations. In the plots, the moment was calculated at the pipe-to-cap interface and the net rotation 

measured at 2 in (INC2-INC1). Figure 6-8b illustrates the secant stiffnesses (slopes) calculated based on 

the moment-rotation responses, where a non-linear relationship was observed between applied load and 

rotation. The rotations measured near the base primarily reflect the rotational stiffness of the connection, 

while displacements recorded near the load level capture the combined stiffness of both the connection 
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and the pipe lateral stiffness. These two distinct comparisons provide valuable insights into the contributions 

of each stiffness component.  

Table 6-1 presents the secant stiffness values based on the displacement or rotation response at 

applied load levels of 58.8 kips (261.6 kN), 160 kips (711.7 kN) and 276 kips (1228 kN). Table 6-2 presents 

the differences in secant stiffness at indicated load levels relative to the Straight specimen. The Stud system 

exhibited the highest secant stiffness. This performance is attributed to the combined contribution of the 

stiff mechanical anchorage and the deep (3 ft [914 mm], 1.0D) embedment required for its implementation. 

By contrast, the Rebar systems, limited to the standard 1 ft (0.33D) embedment, exhibited lower stiffness. 

This highlights the trade-off inherent in DOT designs: the construction efficiency of shallow typologies 

comes with a reduction in rotational stiffness compared to deeper mechanical anchorage systems. Note 

that Ring specimen rotational stiffness values are based on incomplete data (final two cycles only) and 

should be interpreted with caution. 

 

Figure 6-7 (a) Enveloped lateral load-displacement trends and (b) displacement-based secant 

stiffnesses for all specimens 
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Figure 6-8 (a) Enveloped moment-rotation trends and (b) rotation-based secant stiffnesses for all 

specimens. 

 

Table 6-1 Secant Stiffnesses at Indicated Load Levels   

Secant 

Stiffness 

At 58.8 kips At 160 kips At 275 kips 

Displacement 

(kN/mm) 

Rotation 

(kN/rad) 

Displacement 

(kN/mm) 

Rotation 

(kN/rad) 

Displacement 

(kN/mm) 

Rotation 

(kN/rad) 

Headed (1)  

(1 ft Embed) 

17 297 1 033 584 8 027 321 598 4 482 169 902 

Hooked (2) 

(1 ft Embed) 

15 821 1 452 945 7 696 319 577 4 137 143 952 

Straight (3)  

(1 ft Embed) 

20 000 1 300 751 7 904 282 917 4 051 140 681 

Stud (4)  

(3 ft Embed) 

28 265 2 924 290 13 893 2 924 290 9 380 1 494 421 

Ring (5)  

(2 ft Embed) 

16 617 1 224 285 10 864 879 004 7 257 520 150 
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Notes: Secant stiffness calculated as load (or moment) at indicated level divided by corresponding 

displacement (or rotation) from envelope response. Ring rotational stiffness based on final two load cycles 

only due to instrumentation malfunction. 

Table 6-2 Differences in Secant Stiffness at Indicated Load Levels Relative to Straight Specimen 

 At 58.8 kips At 160 kips At 275 kips 

Secant Stiffness Displacement Rotation Displacement Rotation Displacement Rotation 

Headed (1)  

(1 ft Embed) 

-14% -21% 2% 14% 11% 21% 

Hooked (2) 

(1 ft Embed) 

-21% 12% -3% 13% 2% 2% 

Straight (3)  

(1 ft Embed) 

0% 0% 0% 0% 0% 0% 

Stud (4)  

(3 ft Embed) 

41% 125% 76% 934% 132% 962% 

Ring (5)  

(2 ft Embed) 

-17% -6% 37% 211% 79% 270% 

Note: Ring rotational stiffness based on final two load cycles only; displacement-based values are 

complete. 

 

Regarding crack patterns, the rebar-based connections (i.e. Headed, Hooked and Straight) showed 

earlier development of diagonal cracks, propagating deeper into the bent cap beam and resembling the 

initiation of a pullout cone. Stress concentrations were particularly noticeable at the embedded ends of the 

rebars. These patterns indicate progressive load transfer dependent on bar development and concrete 

bearing. In contrast, Stud and Ring specimens exhibited delayed cracking and localized failures, with lower 

strains in anchorage elements and greater pipe engagement, confirming a more efficient load transfer 

relying on the steel pipe and mechanical anchorage in the absence of internal reinforcement. These 

observations suggest that stirrups should be provided in the connection zone for effective crack control. 
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In the rebar-based specimens with headed, hooked, and straight rebar connections, higher tensile 

strains were observed not directly at the pipe–to–cap interface, but further down the embedded length of 

the rebar within the pile plug. This indicates that load transfer occurred progressively along the rebar, with 

engagement extending beyond the intended development length. The distribution of strain suggests that 

the anchorage mechanisms may not have been fully effective near the interface, making the connections 

more reliant on bond strength alone, an approach that can be less efficient under higher applied loads. 

Conversely, the Stud and Ring specimens, with their welded connections, exhibited substantially lower 

strain levels in both the steel pipe and the pipe anchorage elements, all remaining below yield.   

Differences in lateral and rotational stiffness among the five connection configurations significantly 

affect bridge system design. Higher stiffness, as seen in the Stud and Ring specimens, enhances pile–cap 

fixity, shifting force distribution by increasing moment resistance at the connection and potentially reducing 

demands on elements like girders or adjacent piles.  

Experimental results demonstrated that all connection systems effectively transferred moments, 

regardless of whether embedment depths were one-third (Rebar), two-thirds (Ring), or one full pile diameter 

(Stud). Notably, even at the 1-ft embedment (le/D = 0.33), rebar-based systems achieved rotational stiffness 

values of 140,000–170,000 kN·m/rad at maximum load (Table 6-1). This magnitude represents substantial 

fixity, contradicting the common design assumption that shallow embedments (<0.5D) behave as ideal 

hinges with near-zero stiffness. These results confirm that the presence of the concrete plug and rebar 

cage generates significant moment transfer capability, even in minimal-embedment details. Ignoring this 

intrinsic fixity may lead to inaccurate force distribution estimates in the superstructure. Consequently, 

connections traditionally detailed as 'pinned' should be modeled with partial fixity in refined analyses.  

For projects where drift control is critical, the Stud and Ring systems offer a verifiable pathway to 

high-stiffness connections. While this comes at the cost of deeper embedment (2–3 ft) compared to 

standard rebar details, the enhanced stiffness is a direct benefit of this deep embedment and mechanical 

anchor system topology. However, because ultimate capacities were not reached, conclusions regarding 

strength advantages remain tentative.   Additionally, the prefabrication-friendly nature of these connections, 

which eliminates the need for reinforcement caging, may reduce field reinforcement placement compared 

to rebar-based alternatives, though construction time comparisons were not evaluated. These potential 

benefits must be weighed against welding requirements (qualified welders, inspection, field conditions) that 

were not evaluated in this study.  

To ensure the tested specimens remained representative of actual field applications, embedment 

depths were not held constant but were selected based on the specific geometric requirements of each 

anchorage type. The Stud specimen utilized a 3.0 ft (1.0D) embedment to satisfy AASHTO 6.10.10.4.3 

spacing for three rows of connectors, while rebar-based specimens utilized a 1.0 ft embedment to represent 

a lower-bound 'pinned-to-fixed' transition depth common in DOT standards. While this introduces varying 
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embedment as a parameter, it allows for a comparison of standardized connection systems rather than 

isolated components. 

As testing was terminated at the actuator's capacity limit (276–301 kips) prior to specimen failure, 

the ultimate strength and ductility limits of these systems remain unquantified. However, the results 

establish a proven lower-bound capacity for all systems that exceeds conventional section-based 

predictions by a factor of at least 1.8. This demonstrates a substantial safety margin for design, even without 

capturing the full post-peak behavior. 
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Chapter 7  

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

7.1       INTRODUCTION 

This chapter covers the entirety of the research project that included the DOT survey and test 

results from the five full-scale pipe pile-to-bent cap connection specimens. It includes a summary of the 

work performed as well as conclusions and recommendations based on the data collected.  

7.2        SUMMARY 

This study was carried out to support ALDOT’s consideration of steel pipe pile–to–reinforced 

concrete bent cap connection details for bridge substructures. The work had two main components. First, 

an extensive survey of state DOTs to document current practice was conducted, including typical 

embedment lengths, commonly used connection concepts, and the range of fixity assumptions adopted in 

design. Second, the survey findings were used to develop a full-scale experimental program that evaluates 

representative connection types under lateral loading. 

Five full-scale connection configurations were fabricated and tested, which comprised three rebar-

based details (headed, hooked, and straight bars) with shallow embedment, and two mechanical anchorage 

details (headed stud and annular ring) with deeper embedment. All specimens were detailed to be 

consistent with code-based requirements and were tested using a controlled lateral loading protocol. The 

instrumentation was selected to capture both the global response and the internal demand, including 

displacements/rotations and strain response. For the rebar-based configurations, concrete plug depth was 

selected to satisfy reinforcement development/anchorage requirements; for the mechanical anchorage 

configurations, reduced plug depths were evaluated. This report compiles the DOT survey results, 

specimen details and test procedures, and the measured response data in a consistent format to facilitate 

comparison across connection types and to support implementation-focused evaluation.  

To facilitate implementation, Appendix C compiles the tested connection options and provides a 

parameterized detailing framework and for adaptation into ALDOT standard details. 

7.3        CONCLUSIONS 

Testing of five full-scale steel pipe pile–to–reinforced concrete bent cap connection specimens 

provided a comprehensive comparison of rebar-based and mechanical anchorage connection 

configurations representative of common DOT practice. The following conclusions are drawn: 
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1. All tested connection configurations sustained the maximum applied actuator loads up to 300 

kips without specimen failure. For the rebar-based configurations, the measured strengths 

exceeded the calculated nominal flexural strengths by at least 1.8 times. Because testing was 

terminated due to equipment capacity rather than specimen limit states, the reported strengths 

represent lower-bound performance measures rather than ultimate capacities. 

2. The mechanical anchorage configurations (headed stud and annular ring), which used deeper 

embedments (2–3 ft) to satisfy geometric and detailing constraints, exhibited substantially 

higher lateral stiffness than the shallow rebar-based configurations with 1ft. embedment. At 

peak loading, the headed stud system, having 3 ft embedment, exhibited approximately 2.3 

times the stiffness of the straight rebar system, while the annular ring system (2 ft embedment) 

exhibited approximately 1.8 times. Overall, mechanical anchorage systems provided 

approximately twice the stiffness advantage relative to the shallow rebar-based systems. 

3. Even the minimal 1 ft embedment (≈0.33D) rebar-based specimens demonstrated significant 

rotational stiffness (on the order of >100,000 kip-ft/rad) and reasonable moment transfer. These 

results indicate that idealized pinned assumptions may be conservative for hollow pipe piles 

with concrete plugs and shallow embedment, and that connection fixity should be considered 

when evaluating substructure force distribution and system response. 

4. For the rebar-based configurations, plug depth was governed by reinforcement 

development/anchorage requirements, whereas the mechanical anchorage configurations 

were evaluated with reduced plug depths. Accordingly, the plug depths used in this study reflect 

practical details for the tested systems and can be refined for optimization in future studies. 

5. Appendix C provides a draft implementation plan and LRFD-style guidance framework for 

ALDOT consideration, including parameterized detailing recommendations based on the tested 

configurations. The appendix is intended to serve as a baseline design framework for future 

refinement as additional validation becomes available. 

7.4       RECOMMENDATIONS 

Further work is recommended to refine design guidance, define governing limit states, and extend 

applicability beyond the tested configurations: 

1. Additional testing is recommended to establish ultimate limit states, failure mechanisms, and 

post-peak ductility for the evaluated connection types. Because the present tests were 

terminated due to equipment limits, scaled testing with revised test setups is needed to fully 

quantify ultimate strength and deformation capacity. 

2. Refined studies are recommended that target to isolate the effects of key detailing and 

geometry parameters (e.g., embedment depth, plug depth, and reinforcement 
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layout/clearance) and to evaluate long-term cyclic/fatigue performance and stiffness 

degradation under service-representative loading. 

3. Nonlinear finite element modeling calibrated to the experimental response is recommended to 

expand the parameter space and support refined design procedures for constructability-

preferred connection configurations.  

4. A future testing program is also recommended to extend and validate the methodology for pile-

cap (pile-to-footing) connections and foundations, and refine the Appendix C implementation 

framework through additional experimental or numerical research (ultimate/fatigue/expanded 

parameter space) before final implementation 
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Appendix A : Bridge SR-3 Over Cedar Creek Station in Morgan County 
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Appendix B : Material Data 

MTRs of reinforcing bars used in Steel-pipe Pile Specimens 
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MTRs of Steel Pipes used in Specimens 
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MTRs of Rebar Coupler used in Specimens
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MTRs of reinforcing bars used in Steel-pipe Pile Specimens
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Appendix C : DRAFT ALDOT SPECIFICATION 

 

ALABAMA DEPARTMENT OF TRANSPORTATION 

Date: April 1, 2026          Special Provision / Manual Insert No. xx‐xxxx 

Subject: Steel Pipe Pile–to–Reinforced Concrete Bent Cap Connections (Hollow Pipe Piles with 

Concrete Plugs) 

Alabama Bridge Design/Detailing Manual (current edition) and/or Alabama Standard Specifications 

(2026 Edition) shall be amended by the addition of a new section as follows: 

SECTION XXX 

STEEL PIPE PILE-TO-BENT CAP CONNECTIONS (WITH CONCRETE PLUG) 

xxx.01 Description. 

This section provides LRFD‐aligned design and detailing requirements for steel pipe pile–

to–reinforced concrete bent cap connections for hollow steel pipe piles filled with concrete plugs. 

Connection types covered include: 

(A) rebar-based non-contact lap splice systems; i) headed, ii) hooked, or iii) straight bars within the 

plug 

(B) mechanical anchorage systems i) headed shear studs or ii) annular ring/end plate systems 

welded to the pipe. 

These connection types were selected to represent common practice and were evaluated in a full-

scale experimental program. 

Commentary: The project report indicates that even shallow embedment (approximately 0.33D) 

provided significant moment transfer and that mechanical systems exhibited higher stiffness; 

however, tests did not reach ultimate failure. 

xxx.02 Definitions. 

(a) Pipe embedment depth, epipe : depth of steel pipe embedded into the bent cap. 

(b) Concrete plug depth, hplug : depth of concrete placed inside the steel pipe (measured from the 

bent cap surface level). 

(c) Pipe outer diameter, Dpipe 
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(d) Pipe wall thickness, tpipe 

(e) Radial rebar clear distance to pipe, cclr : clear distance from the inside face of pipe to the nearest 

reinforcement surface. 

xxx.03 Design requirements (LRFD). 

xxx.03.1 General. The designer shall determine factored design demands at the pile–to–bent cap 

interface per the governing LRFD load combinations and shall design the connection to satisfy 

Strength, Service, and Fatigue limit states as applicable. 

xxx.03.2 Limit states to check. 

The following limit states shall be checked, as applicable to the selected connection type: 

 Flexure and combined axial–flexure (plug region and adjacent cap region). 

 Shear transfer across the interface and within the connection zone. 

 Concrete bearing/local crushing at bearing surfaces (bar heads/hooks, ring plate bearing 

region, stud engagement region). 

 Anchorage capacities: 

 rebar development/anchorage (straight and hooked bars per AASHTO LRFD; headed bars 

per ACI where AASHTO LRFD does not apply), 

 stud connector nominal resistance (AASHTO LRFD composite stud connector equation), 

 annular ring plate design, weld capacity, and embedment requirement per WSDOT Design 

Manual (2024) method cited in the report. 

Commentary: The report recommends additional fatigue and ultimate limit state evaluation prior to 

full standardization of welded/mechanical options. 

xxx.03.3 Connection type selection. 

(a) Rebar-based connections may be used when constructability is prioritized. 

(b) Mechanical connections (stud or annular ring) may be used when higher stiffness/fixity are 

desired and deeper embedment/prefabrication are acceptable. 

xxx.04 Prescriptive detailing requirements. 

xxx.04.1 Rebar-based non-contact lap splice connections (Headed / Hooked / Straight) 

xxx.04.1.1 Pipe embedment depth epipe. 

For rebar-based connections, the pipe embedment depth shall satisfy: 
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epipe ≥ max(0.33•Dpipe , 12 in. ) 

Demonstrated baseline: For Dpipe =36 in, epipe =12 in. was used for headed/hooked/straight rebar 

systems. 

xxx.04.1.2 Concrete plug depth hplug . 

For rebar-based connections, plug depth shall be governed by reinforcement 

development/anchorage requirements: 

hplug ≥ epipe +(ldev,req + Δend) 

where ldev,req  is the required bar development/anchorage length inside the plug per applicable code 

(AASHTO LRFD for straight/hooked; ACI for headed when used), and Δend is an additional 

allowance to provide end cover/tolerance and to avoid congestion at the plug termination 

(recommended Δend ≥3 in. as a baseline constructability allowance). 

Demonstrated baseline (tested D=36 in.): 

- Headed and Hooked rebar systems: hplug =3 ft (≈ 1.0D) 

- Straight rebar system: hplug =4 ft (≈ 1.33D) 

xxx.04.1.3 Required bar embedment inside plug. 

Bar embedment inside the plug shall meet or exceed required development/anchorage lengths. 

Demonstrated computed requirements for #11 bars at the report baseline (f’c ≈ 4 ksi, fy ≈ 60 ksi): 

- Headed bar: 19 in. 

- Hooked bar: 27 in. 

- Straight bar: 41 in. 

xxx.04.1.4 Rebar-to-pipe clearance and rebar cage diameter. 

Rebar in the plug shall be detailed to provide adequate clearance to the pipe inner face for 

consolidation and to satisfy minimum spacing/cover requirements. The radial rebar clear distance, 

cclr, shall satisfy the recommended baseline clearance: 

cclr ≥ max(1 in., db, 1.33 dagg) 

where db is nominal longitudinal bar diameter, and dagg is nominal maximum coarse aggregate size. 

Demonstrated baseline geometry: 1.3 in. clear distance to the bar surface was used in testing. This 

geometry is permitted as a baseline for similar pile sizes. 

xxx.04.1.5 Confinement reinforcement. 
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Closed hoops/stirrups shall be provided in the connection zone to confine the plug and control 

cracking. 

Demonstrated baseline: #5 hoop spacing of approximately 10 in. was used. 

xxx.04.2 Headed stud mechanical connection 

xxx.04.2.1 Pipe embedment depth epipe. 

For headed stud connections: 

epipe ≥ max(1.0 •Dpipe, erows + Δcover) 

where erows is the required depth to accommodate stud rows and spacing, and Δcover provides 

top/bottom clear cover and constructability tolerance. 

Demonstrated baseline: For Dpipe =36 in., epipe =3 ft (1.0 Dpipe) was used to accommodate three stud 

rows. 

xxx.04.2.2 Concrete plug depth hplug. 

Plug depth shall be at least the pipe diameter: 

hplug ≥ Dpipe  

Demonstrated baseline: hplug = Dpipe = 3 ft. 

xxx.04.2.3 Stud nominal resistance and demand check. 

Stud connectors shall be designed using the nominal resistance in AASHTO LRFD. 

Demonstrated baseline configuration (D=36 in.): 3 rows × 12 studs, each 6 in × ¾ in, studs angularly 

spaced at 30°, row spacing 11 in. 

Commentary: The report’s stiffness comparison demonstrates that mechanical systems achieved 

substantially higher stiffness than shallow rebar systems. Fatigue verification of stud welds is 

recommended. 

xxx.04.3 Annular ring/end plate mechanical connection 

xxx.04.3.1 Pipe embedment depth epipe. 

Embedment depth for annular ring connections shall be no less than the required embedment l_e 

computed from the WSDOT-based equation used in the report (WSDOT Design Manual, 2024): 

Demonstrated baseline: For D=36 in., the report documents that the equation yields approximately 

36 in. embedment for full plastic capacity targeting, while the tested configuration used 2 ft 

embedment to target concrete failure before full ring yield. 
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xxx.04.3.2 Ring geometry and venting. 

Ring/end plate geometry, weld detailing, and venting shall follow the WSDOT method cited in the 

report: 

Demonstrated baseline: Ring/end plate geometry OD/ID 44/28 in, thickness 0.5 in., and eight 1‐in. 

vent holes. 

xxx.05 Bent cap reinforcement continuity and constructability. 

Bent cap longitudinal reinforcement shall be detailed such that bars that pass through the pile 

footprint remain continuous and develop the required strength. Where the pipe and plug 

reinforcement cage interferes with longitudinal bars, the design shall detail longitudinal bars to pass 

through the pipe reinforcement layout. 

Demonstrated basis: The tested bent cap included a large amount of longitudinal reinforcement (20 

#11 bars) with bars in central regions of the section. 
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