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Abstract 

 

 

Steel H-pile to concrete bent cap connections relying on plain pile embedment are 

standard in short-span highway bridges across the United States. Current practice treats 

these connections as pinned or fixed, yet actual behavior falls between the two. Rotational 

stiffness, and therefore the moment demand distribution in the bent, depends on 

embedment depth, but no systematic experimental basis existed for HP pile sections to 

quantify this relationship. 

This dissertation presents a full-scale experimental program to characterize the 

moment capacity and rotational stiffness of plain HP pile-to-concrete bent cap 

connections over a range of embedment depths. Eight specimens were subjected to 

lateral load tests to generate connection moment demand. The test matrix included 

HP10Ĭ42 piles at embedment-to-pile-depth ratios (Le/d) of 0.5 to 1.5, HP12Ĭ53 piles at 

Le/d = 0.5 and 1.0, and one strong-axis HP10Ĭ42 test at Le/d = 1.0. 

For HP10 and HP12 piles, a transition in governing failure mode was identified 

between Le/d = 0.75 and Le/d = 1.0. Connections at Le/d Ó 1.0 failed by ductile steel flange 

local buckling, and those at Le/d Ò 0.75 failed by brittle concrete bearing and crushing. No 

connection behaved as pinned or fixed. The measured degrees of fixity ranged from 50% 

at Le/d = 0.5 to 93% at Le/d = 1.5, although the measured rotational stiffness values are 

still very far from the theoretical fixity. The AASHTO LRFD minimum embedment of 12 

inches coincides with the empirical failure mode transition boundary for HP10 and HP12 

sections but is insufficient for larger pile sizes, or other pile types. 

A power-law regression, Kɗ/EI = 0.78 (ft*rad)-1 (Le/d)2, was developed from the 

undamaged weak-axis specimens. The near-quadratic exponent is physically consistent 

with the concrete bearing couple mechanism, supporting the expression as a hand-

calculation formula rather than a purely empirical fit. Prior lateral loading reduced 

rotational stiffness by 19 to 65% per loading event while moment capacity dropped by 

only approximately 13%, demonstrating that stiffness and capacity are governed by 

independent mechanisms. 
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The experimental data were implemented in FB-MultiPier through a four-point 

nonlinear connection spring guideline, validated against all eight specimens and two full-

scale pile bents from prior studies. This research provides the experimental, analytical 

and numerical basis for treating connection stiffness and moment capacity as two 

separate design checks, each with its own limit state, rather than the prevailing pinned-

or-fixed assumption. 
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Chapter 1: 

Introduction 

 

 

According to Rakestraw et al. (2024), in many bridges, the foundation system 

consists of driven piles embedded in pile caps (or footings), where axial loads, lateral 

loads and moments are transferred from the superstructure to the soil and/or bedrock. 

Additionally, the piles and pile caps can be subjected to severe lateral deflections, due to 

seismic loads, water or wind loads or vessel impact. These loads can result in high local 

curvature and moment demands along the pile length. Pile bents are a common 

foundation system used to support highway bridges.  

When considering these pile-to-pile cap connections of these structures, design 

tools are capable of two boundary conditions - pinned or fixed. A pinned connection allows 

for transfer of axial and lateral forces, but no moment, allowing large rotations to eliminate 

excessive moment build-up. A fixed connection, on the other hand, besides axial and 

lateral forces, also allows the transfer of moment to the top of the pile. Additionally, Poulos 

and Davis (1974) state that, considering elastic solutions, horizontally loaded structures 

may deflect approximately 75% to 50% less when piles are fully fixed to the structure, 

instead of simply pinned. Figure 1 exemplifies the two conditions. 
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Figure 1. Bending moments of pinned (left) and fixed (right) pile to pile cap connections 

(Wilson et al, 2006, and Arockiasamy and Arvan, 2022). 

 

However, it is known that actual conditions of pile-to-cap connections in the field 

are almost never purely fixed or purely pinned. It is somewhere between the two, a partial 

fixity. 

There are many approaches to address partially fixed connections, and they range 

from moment capacity, rotational stiffness, or all the way to a full non-linear finite element 

approach modeling the entire cap cross-section. These approaches are either overly 

simplified, lack experimental data or are too complex for routine application. 

There are many ways to increase the capacity of a pile to cap connection. In bridge 

design, selecting an adequate length of embedment of the connection between steel H-

pile and the bent cap can greatly influence the level of fixity of the connection (Arvan and 

Arockiasamy, 2023). Piles embedded to an adequate length will resist moments, shears, 

and axial loads (fully fixed connection), whilst piles with limited embedment depth will not 

resist moments (simply pinned connection). Figure 2 shows how varying the pile 

embedment into the cap changes the behavior of the connection. 
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Figure 2. FEM model of embedded column base subjected to moment and shear force 

(Pertold et al, 2000a). 

 

In two previous experimental efforts, the response of ALDOT standard pile bents 

subjected to lateral loads was studied with static load tests (Marshall et al, 2017, and 

Anderson et al, 2018) and dynamic load tests (braking loads, Marshall et al, 2020). While 

the response of these bents subjected to overload was demonstrated, the embedment of 

the piles was not a focus in these studies. 

For the design of new bridges, most structural and geotechnical engineers can 

follow simple guidelines to ensure that their connection design remains fixed. However, 

most of the existing pile bents in the United States were designed without regard for this 

topic, following only the designerôs experience. This means that many existing pile bents 

do not have, in fact, fixed condition, nor a pinned condition. The actual condition is 

somewhere in between. 

Therefore, the purpose of this research is to characterize the behavior of plain-

embedded steel H-pile to concrete bent cap connections and to determine a preliminary 

relationship between rotational stiffness and embedment length, through a program 

consisting of literature synthesis, full-scale laboratory experiments, and analytical and 

numerical modeling. To accomplish this, four specific objectives are defined: 

 

(1) Characterize the governing failure modes and moment capacities of plain HP 

pile-to-bent cap connections across a range of embedment depths, for two pile 

sections and two bending orientations, using full-scale lateral load testing. 
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(2) Evaluate the predictive accuracy of existing analytical methods for connection 

moment capacity and rotational stiffness using the experimental results. 

 

(3) Develop an empirical relationship between connection rotational stiffness and 

embedment depth, and place the measured behavior within the pinned-to-fixed 

fixity spectrum. 

 

(4) Implement the experimentally derived connection behavior in a practice-

oriented numerical modeling framework suitable for routine bridge bent analysis, 

and validate it against both the laboratory specimens and full-scale pile bent load 

tests from prior studies. 
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Chapter 2: 

Pile-to-Cap Connections 

 

 

1. Pile-to-Pile Cap Connections and Embedment 

The connection between piles and pile caps is one of the main factors that control 

the transfer of forces in bridge pile bents or any other foundation type. This connection 

can range from a pinned condition, allowing only the transfer of axial and lateral forces, 

to a fixed condition, which enables the transfer of these forces along with the development 

of moment capacity at the pile head. The fixity at the pile-to-pile cap (PTPC) connection 

significantly influences the response of the foundation system to loads, affecting both 

moment and deflection at the pile top. According to Davisson (1970), a pinned connection 

typically results in zero moment at the pile top with larger deflections, whereas a fixed 

connection enables maximum moment transfer, reducing deflections under lateral loading 

conditions. 

According to Harries and Petrou (2001), there are several options for detailing pile-

to-pile cap connection. Some options are displayed in Figure 3. 
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Figure 3. Different PTPC connections details (Harries and Petrou, 2001) 

 

In many cases, however, designers rely solely on embedment of the pile into the 

cap, particularly with steel H-piles. This reliance on embedment eliminates the need for 

special reinforcing details, which can simplify construction and reduce costs. However, as 

Arockiasamy and Arvan (2022) emphasize, the degree of fixity achieved through plain 

pile embedment varies based on factors such as pile type, embedment depth, and 

interface conditions, requiring evaluation of these parameters to achieve desired moment 

capacities. 

Studies by Arvan and Arockiasamy (2023) indicate that, for prestressed concrete 

piles, embedment depths between 1.2 to 1.5 times the pile diameter or width are often 

sufficient to develop adequate moment capacity, though additional research is needed to 

confirm similar guidelines for steel piles. Their findings support the cost-effectiveness of 

plain embedment connections, provided that the embedment depth and pile spacing are 

carefully designed to meet moment and ductility requirements. 

Although a few analytical models and empirical equations exist to predict moment 

capacity based on embedment length, there is still great uncertainty, as laboratory data 

is still scarce, and field conditions introduce complexities not observed in laboratory 

settings. Rollins and Stenlund (2010) state that, under field conditions, load distribution 
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along the pile and pile cap rotation can significantly alter connection capacity, hence the 

need for further empirical data to inform code requirements. Additionally, recent studies 

(e.g., Shishlov et al, 2022; Arvan and Arockiasamy, 2023; Zapata et al, 2022; Harries and 

Petrou, 2001; Rollins and Stenlund, 2010; Xiao, 2003; Xiao et al, 2006; Shama et al, 

2002) reveal that even short embedments - of around half the pile diameter - can achieve 

substantial moment capacity (up to 40% to 60% of the full moment capacity), challenging 

traditional design standards that call for larger embedment lengths. 

The most desirable case for design is a pure fixed head condition, but this is rarely 

achieved in the field (Rollins and Stenlund, 2010). This assumption, in an analysis, would 

lead to underestimation of deflection values, and incorrect estimates of bending moments, 

when compared to real measurements. On the other hand, a design assumption of pinned 

condition could be extremely conservative and uneconomical in design, since it assumes 

large values of lateral deflection that do not happen in real cases. 

Understanding the impact of pile embedment into the pile cap is important since 

this factor alone can greatly contribute to fixity behavior of pile-to-pile cap (PTPC) 

connections. According to Rollins and Stenlund (2010), relatively few tests have been 

performed on pile-to-pile cap connections, and significant uncertainty exists regarding 

appropriate embedment lengths to achieve a given moment capacity. Besides, 

Arockiasamy and Arvan (2022) demonstrated that plain embedment connections are 

highly cost-effective, as they eliminate the need for specialized equipment and extensive 

labor in the field. However, designers remain concerned about the ductility and strength 

capacity of these plain embedment connections. 

 

2. Structural Standpoint: Mechanisms of Failure 

In a pile-to-pile connection relying on plain embedment, there are several 

mechanisms of failure that can occur, such as connection bearing capacity, shear friction 

capacity of the connection interface, block shear rupture and strand slippage (specifically 

for prestressed concrete piles). However, all mechanisms of failure are also limited by the 

moment capacity of the pile itself (plastic moment of the pile). 

According to Pertold et al. (2000a, 2000b), with a shallow embedment, the most 

likely failure mechanism is in the connection itself, with the occurrence of cap concrete 
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crushing. For deeper embedment, cap concrete crushing continues to be a problem, but 

the moment capacity of the connection is now greater. In consequence, the moment 

capacity of the pile itself is likely the limiting factor and must also be verified. 

The following subsections will better describe each of these mechanisms of failure 

based on a review of available literature. 

 

2.1 Structural Moment Capacity of Pile. 

The purpose of this subsection is to serve only as a guide to the right tools to 

calculate the flexural strength of steel H-piles, steel pipe piles, and prestressed concrete 

piles. It does not detail equations or design guidelines. 

¶ Steel H-Piles: AISC Steel Construction Manual (2023), Part 16, sections F3 and 

F6 for bending moments about strong and weak axis, respectively. Generally, 

plastic moment is calculated as Mp = fy*Z. Flange local buckling and lateral-

torsional buckling also must be verified (Z is the plastic section modulus and fy is 

the yield strength of the steel member, e.g. fy = 50 ksi). 

 

¶ Steel Pipe Piles: AISC Steel Construction Manual (2023), Part 16, section F8. 

Again, plastic moment is calculated as Mp = fy*Z. Local buckling also must be 

verified. 

 

¶ Prestressed concrete piles: PCI Design Handbook (2010), chapter 5 and ACI-318-

19 (2022). Additionally, as discussed further in section 2.3 ahead, ACI-318-19 

(2022) also provides an equation for development length of the strands so that the 

prestress force is properly transferred. 

 

2.2 Connection Capacity by Embedment 

This section focuses on investigating the capacity of the connection itself.  

 

2.2.1 Seminal Research 

Regarding the determination of Pile-to-Pile Cap Connection (PTPC) capacity, the 

main works that support all studies that came afterwards were Marcakis and Mitchell 
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(1980) and Mattock and Gaafar (1982). Both developed analytical models, based on 

stress and strain distributions as seen in Figure 4, for determining shear and moment 

capacity of PTPC connections, and are considered very reliable, but conservative. 

 

 

Figure 4. Strain and Stress distributions assumed by (a) Marcakis and Mitchell (1980) 

and (b) Mattock and Gaafar (1982) (Arvan and Arockiasamy, 2023) 

 

2.2.1.1 Marcakis and Mitchell (1980) 

Marcakis and Mitchell (1980) developed an analytical method for predicting the 

embedment capacity of steel members acting as supports for concrete beams. Their 

model was based on a series of experimental tests performed on 25 specimens, built as 

seen in Figure 5. All specimens were constituted of precast connections incorporating 

steel members, mostly a hollow square steel tube. Many aspects were changed for the 

study: different sizes of the steel tube, different axial loads applied to the concrete column, 

different eccentricities of shear force application points, presence of welded reinforcement 

at the connection, variation in the concrete clear cover and variations in the concrete 
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column dimensions, reinforcement, and properties. All tests were monotonically loaded 

to failure. 

 

 

Figure 5. Details of test specimens tested by Marcakis and Mitchell (1980). 

 

A solution in the form of design curves was developed, as seen in Figure 6. The 

curves consider the amount of reinforcement expressed in terms of a reinforcement index 

ɤ: 
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fy = yield steel tensile strength (steel member or steel reinforcement); 

fôc = concrete compressive strength; 

As = reinforcement steel cross section area; 

b = effective width, being the width of the confined concrete region, not exceeding 

2.5 times the width of the embedded steel member; 

le = length of embedded steel. 

 

 

Figure 6. Design charts for evaluation parameters of embedded structural members 

(Marcakis and Mitchell, 1980). 

 

However, for practical purposes, simplified expressions were also proposed -

equations (2) to (4), these being most commonly used. 
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Vu = Nominal shear capacity of a connection; 

Vc = Nominal shear capacity of a connection without additional reinforcement; 

Vr = Additional shear capacity provided by welded reinforcement; 

e = eccentricity = a + le /2 , where ñaò is the distance between the column face to 

the application point of the vertical load; 

s = distance between symmetrically placed welded reinforcements As and Aôs (see 

detail in Figure 5, specimen SC1). If they are not symmetrical, it is recommended using 

2 times the distance between center of embedment to the nearest welded reinforcement. 

 

The embedded steel member must also be designed to resist the maximum shear, 

happening at the column face, and maximum moment, happening at a distance: 

 

Ä Ȣ Ȣ  
ὠ

πȢψυ Ὢᴂ ὦ
   (5) 

 

The maximum moment is: 
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ὠ
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   (6) 

 

According to Marcakis and Mitchell (1980), the model assumes a linear strain 

distribution of 0.003 on the front face of the column (Figure 4). The authors concluded 
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that the model conservatively predicts the capacity of connections incorporating 

embedded steel members, both with and without additional welded reinforcement. 

Harries et al. (1993) and Harries et al. (2000) performed experimental tests and 

suggested modifications to equation (3), considering the effects of concrete spalling at 

the face of the connection (Figure 7). 

The modified equation, considering embedment only is: 

 

6    
πȢψυ Æ Â Ì ὧ

ρ σȢφ 
Å
Ì ὧ

 (7) 

 

e = eccentricity = a+c+(le-c)/2; 

a = the distance between the column face to the application point of the vertical 

load 

c = distance of concrete spalling, taken as the concrete clear cover to the 

outermost layer of transverse reinforcement; 

bô = effective width, being the width of the confined concrete region, not exceeding 

2.5 times the width of the embedded steel member; 
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Figure 7. Modified Marcakis and Mitchell (1980) embedment model, considering 

concrete spalling (Motter, 2014). 

 

2.2.1.2 Mattock and Gaafar (1982) 

Mattock and Gaafar (1982) tested five steel sections (Rectangular shaped and I 

shaped), embedded into 10 in x 12 in concrete columns with four #6 bars as longitudinal 

reinforcement and #3 hoops spaced at 8 in as transverse reinforcement. All tests were 

also monotonically loaded to failure and the results were also used to calibrate an 

embedment strength design equation. 

Mattock and Gaafar (1982) also assumed a linear strain distribution in the 

embedment region with a strain of 0.003 at the outer face. A solution in the form of an 

expression was proposed, considering only embedment: 
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Vu = Nominal shear capacity of a connection; 

fôc = concrete compressive strength, in MPa units; 
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t = concrete column width; 

bf = width of the embedded section; 

ɓ1 = concrete stress block factor, defined in ACI 318-19; 

Le = length of embedment; 

a = distance between the column face to the application point of the vertical load. 

 

Similarly to Marcakis and Mitchell (1980) modified equation, Harries et al. (2000) 

also provide a modified equation for Mattock and Gaafar (1982), to include concrete 

spalling: 

ὠ τȢυ Ὢᴂ 
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   (9) 

 

Equation (9) must also be used in MPa units. 

The maximum moment at the connection happens at a section inside the 

connection, as seen in Figure 8. 
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Figure 8. Variation of moment in the embedded section, specimen R5 (Mattock and 

Gaafar, 1982). 

 

According to the authors, the maximum moment can be calculated as: 

 

 

ὓ  ὠ Á  
ὠ
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   [in MPa] (11) 

 

2.2.2 Steel H Piles 

This subsection investigates works that focus on connection capacity of steel H-

piles. 
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Shama (2000) and Shama et al. (2002a, 2002b, 2002c) 

These works present a comprehensive study on the performance of steel H-Pile-

to-bent cap connections under lateral cyclic loading (Figure 9). Shama (2000) and Shama 

et al. (2002a, 2002b, 2002c), through both theoretical and experimental investigations, 

developed a plastic theory, which showed good agreement with the experimental results 

in order to predict the behavior of Pile-to-Pile Cap (PTPC) connections. 

 

 

Figure 9. Typical geometry of deck bridge on steel pile bents, studied by Shama et al. 

(2002a). 

 

Shama et al. (2002a), in their first paper, aimed to develop a plastic theory for 

assessing the performance of PTPC connections under lateral cyclic loading. This was 

complemented by an initial experimental program investigating steel pile bents subjected 

to similar loading conditions. In a second work, Shama et al. (2002b) proposed a retrofit 

strategy, followed by a second experimental program to validate this approach and the 

development of fragility curves for structures.  

Previous works by Marcakis and Mitchell (1980), Mattock and Gaafar (1982), and 

Harries et al. (1993) have used the stress block approach in the embedded region of the 

pile to develop expressions for the theoretical resistance of PTPC connections. Following 
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their approach, Shama et al. (2002a, 2002b) made further progress in predicting the 

moment capacity of PTPC connections for H-Steel piles. 

In this approach, the authors consider a single pile experiencing bending along its 

strong axis. The plastic hinges at two critical points are determined: one at the cap-pile 

interface and another at some distance below the soil surface. The point of inflection, 

where the moment is zero, is assumed to be midway between these two plastic hinges. 

Cohesive soil is also assumed, and Broms' (1964) theory is employed to determine the 

location of the lower plastic hinge. 

 

 

Figure 10. Soil structure interaction representation in plastic mechanism of pile bents 

(Shama et al, 2002a). 

 

Figure 10 can be used to determine the expression for finding the lower plastic 

hinge location (Z): 
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Where: 
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e = 1.5*dp = depth where the lateral soil reaction equals zero, according to Broms 

(1964). 

h = clear distance from the superior plastic hinge (at pile-cap interface) to the soil 

surface. 

Mp = moment capacity of the steel pile section 

cu = undrained shear strength of soil 

dp = depth of the steel pile section 

 

The authors, however, reached the conclusion that a typical depth to maximum 

moment usually lies in the range of 3*dp to 9*dp. As an approximation, the authors suggest 

using Z = 5*dp. 

The theoretical model is structured around two parameters: the moment strength 

of the connection (Mj) and the moment capacity of the steel pile section (Mp). The 

connection efficiency, ɟ, is defined as the ratio Mj/Mp, based on the stress distribution 

seen in Figure 12.  

A ɟ value greater than 1 indicates that the capacity of the connection is greater 

than the moment capacity of the pile itself. Therefore, plastification of the pile is expected. 

A ɟ value less than 1 indicates that the cap concrete stress reaches its crushing capacity 

while the steel pile section still remains intact, having potential to absorb more energy 

and suffer more bending. 

The authors presented an equation for connection efficiency ɟ: 
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Where: 

Ŭ = average concrete stress ratio  

ɓ = stress block depth factor 

fôc = concrete compressive strength 

bf = width of the H-pile section 

dp = depth of the H-pile section 

fy = yield stress of the steel 

Zp = plastic section modulus of the H-pile 

Ap = cross-sectional area of the H-Pile section 

P = Applied axial load 

Py = axial yielding load of the pile 

lemb = embedment depth into the concrete cap 

ɛ = coefficient of friction between the steel and concrete 

L = effective length of the pile specimen 

 

Ŭ and ɓ are stress block factors, dependent on the state of damage experienced 

by the concrete within the connection. Figure 11 shows a relationship adopted by the 

authors for Ŭ and ɓ depending on the maximum concrete fiber strain. 
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Figure 11. Stress block parameters depending on concrete strain (Shama et al, 2002).  
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Figure 12. Adopted mechanism and stress distribution along the connection (Shama et 

al, 2002a). 

 

In a more simplified form, the moment strength of the connection, Mj, will be 

calculated by multiplying force F by the distance from its application point to the neutral 

axis of the connection (L + lemb - a). The authors, in Shama et al. (2002c), provided a 

direct expression to determine Mj: 

-  
Æ Â Ì

φ  
Ì
,z

 (14) 

 

Where: 

L* = distance from the point of application of the lateral load to the neutral axis of 

the connection (L + lemb - a). 

fôc = concrete compressive strength; 

bf = width of the H-pile section; 

lemb = length of pile embedded into the concrete cap; 

 

The results of the theoretical model indicate a clear relationship between the 

geometric parameters of the pile and its connection efficiency. Specifically, an increase in 



Chapter 2: Pile-to-Cap Connections 

 
 

58 
 

the ratio of embedment length of the steel pile into the concrete cap (lemb) to the depth of 

the steel pile section (dp) leads to an increase in connection efficiency, as seen in Figure 

13. This finding suggests that a deeper embedment of the pile into the cap improves the 

connection's ability to transfer loads, for the same pile cross-section. 

 

Figure 13. Connection efficiency in terms of stress block parameters (Shama et al, 

2002a). 

 

Conversely, as observed in Figure 14, an increase in the ratio of the unsupported 

length of the pile (L) to its depth (dp) results in a decrease in connection efficiency, which 

asymptotically approaches a limit. The longer the pile extends without support, the less 

efficiently it can transfer lateral loads, up to a certain threshold where further increases in 

length have minimal impact on efficiency. 

Additionally, the presence of a vertical load in the pile has been observed to slightly 

increase the connection's efficiency.  
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Figure 14. Effect of effective length on the connection efficiency (Shama et al, 2002a). 

 

The experimental study involved testing HP 10x42 steel piles, embedded in the 

same pile cap, under cyclic lateral loads along both the strong and weak axes. The testing 

apparatus and instrumentation are detailed in Figures 15 to 17. Five tests were 

conducted, in three different specimens along strong axis and weak axis (S1, S2, S3, W1 

and W2). 
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Figure 15. Geometry and reinforcement for strong axis (Shama et al, 2002a). 

 

 

 

Figure 16. Test rig used in the experiments (Shama et al, 2002a). 
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Figure 17. Instrumentation configuration used in the experiments (Shama et al, 2002a). 

 

The results of the tests are described as follows: 

¶ Specimen S1: Tested under reverse cyclic lateral load without axial load. It 

underwent cycles at drift amplitudes from 60.5% to 65%. The test showed 

yielding of the section, damage concentrated in the pile and concrete cap 

beam, and significant strength loss at higher drift levels. The pile exceeded 

its yield moment and nearly reached its plastic capacity. 

¶ Specimen S2: Subjected to a constant axial load, representing the gravity 

load a bridge superstructure transfers to a steel pile. It was tested with drift 

amplitudes from 60.5% to 66%, showing elastic behavior up to 2% drift and 

significant moment capacity remaining after 5% drift. Failure in concrete 

was reached after ten cycles at 6% drift. 

¶ Specimen S3: Tested under variable axial load to study tension uplift 

effects. The axial load varied significantly, and the specimen behaved 

similarly to S1. It showed high ductility with limited cracking in the concrete 

cap beam. The test was not continued to ultimate failure due to test rig 

limitations. 

¶ Specimen W1: Examined the cyclic performance of interior piles oriented 

along the weak axis. It underwent cycles at drift amplitudes from 60.5% to 

66%, showing elastic behavior up to 2% drift and yielding at 3% drift. The 
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steel performance was more critical than concrete behavior, with noticeable 

strength degradation at higher drifts. 

¶ Specimen W2: Investigated the effect of tension uplift on exterior piles 

along the weak axis. It behaved elastically up to 2.5% drift, with yielding of 

flanges and local buckling at higher drifts. The connection reached its 

ultimate capacity at 7.5% drift, accompanied by significant strength loss and 

crack propagation. 

 

The conclusions drawn from this study are significant. Connections with plain 

embedment may fail, in the strong axis, in a ñnon-ductileò manner, when the connection 

strength (Mj) is lower than the pile moment strength (Mp): Mj < Mp. On the other hand, 

while the adhesive bond between the steel pile and concrete remained intact and the 

connection strength (Mj) was greater than strength of the pile (Mp), ductile deformation of 

the steel controlled the failure behavior (Mj > Mp). 

Under severe seismic loading, the connections fall in category of Mj < Mp and are 

subject to damage, requiring retrofit strategy. Conversely, connections with bending about 

the weak axis exhibited a more ductile performance. The plastic theory and expression 

(14) developed in this study appear to be adequate for determining the connection's 

capacity. 

In the second paper, Shama et al. (2002b) investigated a retrofit strategy to 

improve the PTPC connections of a pile bent. 
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Figure 18. Retrofit strategies for steel pile bents: (a) link beam and (b) cap beam 

strengthening (Shama et al, 2002b). 

 

This study focuses on cap beam strengthening, through overlay, a common retrofit 

strategy, as seen in Figure 18 (right-hand side). Following an additional experimental 

program, the authors found that retrofitted pile bent connections demonstrate superior 

performance compared to the initial experiments. An equation, considering the stress 

distributions shown in Figure 19, is suggested for determining the adequate embedment 

length of a H-Steel pile, into the retrofitted cap: 
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Figure 19. Mechanism adopted for connection retrofit (Shama et al, 2002b). 

 

ὰ

Ὠ
 σȢυ 

Ὢ

Ὢ

ὸ

Ὠ
 (15) 

 

Where: 

fsu = the ultimate stress of the steel pile section 

tf = flange thickness of the steel pile section  

dp = depth of the steel pile section  

lemb = embedment of the steel pile into the concrete cap 

fôc = compressive strength of the concrete 

 

This equation considers that Mj /Mp >=1.6 (Shama et al, 2002c). 

Considering equation (15), a simple parametric study can be performed. Table 1 

shows the results for all HP piles listed in AISC Steel Construction Manual (2023). Grade 

50 steel was considered, fy = 50 ksi and fsu = 65 ksi. 
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Table 1.  Calculated embedment lengths, according to Shama et al. (2002c) equation. 

HP Pile  
Depth  

dp (in)  

Flange 

thicknes

s 

tf (in)  

 

Ratio l emb/dp 

[for concrete 

compressive 

strength f' c = 4 

ksi]  

Ratio l emb/dp 

[for concrete 

compressive 

strength f' c = 5 

ksi]  

Ratio l emb/dp 

[for concrete 

compressive 

strength f' c = 6 

ksi]  

18x204 

18 

1.130  3.5 3.2 2.9 

18x181 1.000  3.3 3.0 2.7 

18x157 0.870  3.1 2.8 2.5 

18x135 0.750  2.9 2.6 2.4 

16x183 

16 

1.130  3.7 3.4 3.1 

16x162 1.000  3.5 3.2 2.9 

16x141 0.875  3.3 3.0 2.7 

16x121 0.750  3.1 2.7 2.5 

16x101 0.625  2.8 2.5 2.3 

16x88 0.540  2.6 2.3 2.1 

14x117 

14 

0.805  3.4 3.0 2.8 

14x102 0.705  3.2 2.8 2.6 

14x89 0.615  3.0 2.6 2.4 

14x73 0.505  2.7 2.4 2.2 

12x84 

12 

0.685  3.4 3.0 2.8 

12x74 0.610  3.2 2.8 2.6 

12x63 0.515  2.9 2.6 2.4 

12x53 0.435  2.7 2.4 2.2 

10x57 
10 

0.565  3.4 3.0 2.7 

10x42 0.420  2.9 2.6 2.4 

8x36 8 0.445  3.3 3.0 2.7 

       

  
Minimum  2.6 2.3 2.1 

  
Maximum  3.7 3.4 3.1 

 



Chapter 2: Pile-to-Cap Connections 

 
 

66 
 

As observed, the greater the concrete compressive strength, the lower the 

recommended embedment length of the pile. Additionally, for a given HP section, the 

greater the flange thickness, the greater the necessary embedment length. Generally, for 

usual values of cap concrete compressive strength (4 to 6 ksi), the recommended 

embedment length is rarely smaller than 2 times the pile depth. 

This generally agrees with Castilla et al. (1984) recommendations. However, no 

specific mention to partial fixity is made by Shama et al. (2002a, 2002b, 2002c). 

 

2.2.3 Steel Pipe Piles 

This subsection investigates works that focus on connection capacity of steel pipe 

piles. 

 

Steunenberg et al. (1998) 

Steunenberg et al. (1998) conducted an experimental study on a 324 mm diameter 

steel pipe pile with a 12.7 mm wall thickness, which was subjected to lateral loading. This 

pile was welded to a thick steel plate measuring 635 mm by 610 mm with a 50 mm 

thickness, which was in turn attached to a reinforced concrete pile cap. The steel plate 

and the pile cap were connected using 30 studs, each 15 mm in diameter and 600 mm in 

length. The connectionôs capacity exceeded the pile's moment capacity, resulting in a 

ductile failure of the pile itself. 

To predict the response of the specimen, the researchers used two approaches: a 

2D non-linear analytical model and a 3D finite element (FE) analysis with ANSYS. The 

strength results from the experiment closely matched those predicted by the 2D non-

linear model. This study provides a strong example of cases in which the plastic moment 

capacity of the pile is lower than the connection capacity. 

 

Eastman (2011) 

Eastman (2011) conducted experimental tests on three specimens consisting of 

pile cap and steel pipe pile, with different embedment lengths. The author then 

investigated the model of Marcakis and Mitchell (1980) and developed an alternative 

model. 
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The model, named Ultimate Strength Model by the author, is very similar to 

Marcakis and Mitchell (1980) as seen in Figure 20. The major difference is that it relies 

on an iterative process to determine embedment forces and includes an end bearing 

mechanism at the top of the pile-to-cap connection. 

 

 

Figure 20. Assumed strain and Stresses (left) and applications to the Ultimate Strength 

Model (right) (Eastman, 2011). 

 

Similar to Marcakis and Mitchell (1980), as seen in Figure 4, the forces at the front 

(Cf) and back (Cb) of the connection can be found by assuming equivalent stress blocks 

and maximum strain of 0.003 at the front of the connection. With these assumptions, an 

iterative process begins. Depth to neutral axis at the front (xf) must be assumed and strain 

at the back must be calculated. 

 

‐  
‐ ὼ

ὼ
  (16) 

 

Ůb = strain at the back of the connection; 
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Ůf = strain at the front of the connection, assumed to be ultimate at 0.003; 

xf = depth to the neutral axis, at the front of the connection; 

xb = distance from maximum back strain to neutral axis. By definition, it is equal to 

length of embedment (le) minus xf. 

 

ɓ and Ŭ, the factors for, respectively, the length and the height of the back stress 

block, are determined by: 

 

‍  

τ
‐
‐ 

φ ςz
‐
‐

  (17) 
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‐
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  (18) 

 

Then, it is possible to find the magnitudes of the stress resultants Cf and Cb. 

 

ὅ πȢψυὪᴂ ‍ ὼ Â (19) 

 

ὅ ɻ Ὢᴂ ὦ ‍ ὼ (20) 

 

fôc = concrete compressive strength; 

ɓ1 = concrete stress block factor, defined as in ACI 318-19 (ACI 2019); 

b = effective width equal to the width of the pile. 

 

By force equilibrium, therefore: 

 

ὠ  ὅ  ὅ (21) 
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For the end bearing mechanism, the force Ce acts at the end of the member as 

well as vertically toward the back of the connection. According to Eastman (2011), there 

are 3 possible ways of calculating Ce. 

¶ 1st: Assuming Ce = 0 

¶ 2nd: Assume that the magnitude of end bearing stress (ůe) is equal to the 

stress at the back of the connection (ůb), as seen in Figure 20. 

 

ὅ  
ρ

φ
$ ʎ 

ρ

φ
$ ʎ

ρ

φ
$ ɻ Ὢᴂ  (22) 

 

D = pile diameter. 

 

The resultant application point of Ce is at a distance de from the vertical neutral 

axis. 

 

Ὠ  
σ“Ὀ

σς
  (23) 

 

¶ 3rd: Assume that Ce is equal in value to the friction force between the pile 

and the concrete at the back of the connection, similar to Richards et al. 

(2011) (see section ahead 2.4.1). 

 

ὅ  ʈz ὅ  (24) 

 

ɛ = kinetic friction between steel, taken as 0.35 (75% of static friction ɛ = 0.47, 

Baltay and Gjelsvik, 1990). 

 

The resultant application point (de) of Ce is the same as equation (23). 

 

Finally, after determining Ce, and using moment equilibrium, one can use the 

relationship below, and determine the new value of xf. 
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ὠὥ ὼ  ὅὨ  ὅὨ  ὅὨ  ὅὨ (25) 

 

With the new value of xf, new iterations of this process are repeated until the 

assumed initial xf value matches the final xf value from the moment equilibrium equation. 

Therefore, moment capacity (Mu) of the connection would be given by: 

 

ὓ  ὠὥ ὼ  (26) 

 

 

Stephens and McKittrick (2005) and Kappes et al. (2021) 

Stephens and McKittrick (2005) reported that the embedment depth of the pile in 

the cap is one of the main parameters affecting the connectionôs capacity. Their work was 

based on performing analytical and experimental investigations on concrete-filled steel 

pipe PTPC connections subjected to extreme lateral loads, while keeping the same 

embedment length for all tested specimens.  

Five half-scale models were built and tested. All of them had 8-in steel pipe piles 

(concrete filled) embedded 9 inches (or 22.86 cm) into the cap. The specimens had 

different parameters such as pipe wall thickness, reinforcement steel ratio, yield strength 

of the pipe steel as well as the cap concrete strength. The authors performed hand 

calculations, strut-and-tie models with the use of structural software and finite-element 

models, comparing all results to the experimental tests. 

The authors stated that more experimental tests are necessary since the 

mentioned analytical tools, while useful up until a certain point, were insufficient to 

address various issues. 

Arvan and Arockiasamy (2023) performed a finite-element numerical simulation of 

one the test specimens from Stephens and McKittrick (2005). The experimental load-

displacement responses were compared to the numerical model by Arvan and 

Arockiasamy (2023), as seen in Figure 21. 

According to the authors, the stresses induced as a result of axial load application 

compared well with the ones computed from hand calculations. Also, the lateral load 

results compared well for lower levels of lateral load. After a certain point, the FE model 
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appeared to be a lot stiffer than experimental behavior. The concrete cracking behavior 

was not completely predicted by the FE model and that could be the reason for this stiffer 

behavior. 

 

 

Figure 21. 8-in Steel pipe pile (concrete filled) behavior under applied lateral load: 

comparison between Arvan and Arockiasamy (2023) FE model and Stephens and 

McKittrick (2005) experimental result. 

 

In continuation of Stephens and McKittrickôs (2005) work, Kappes et al. (2013) and 

Kappes et al. (2016) kept investigating concrete filled steel tube (CFT) piles (8 5/8-inch 

diameter) connected to concrete pile caps. The study involved testing six connection 

specimens embedded up to 1.3 times the outer diameter and reinforced with U-bars at 

the connection level, with variations in the reinforcement details for each specimen 

(Figure 22). 
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Figure 22. U-bar configurations (Kappes et al, 2016) 

 

Test results showed that failure occurred in the concrete pile cap in five of the 

specimens, while the remaining specimen failed due to plastic hinging in the CFT at the 

face of the pile cap. Based on these findings and previous research, a moment-curvature-

like analysis methodology was developed. This method proved effective in predicting the 

ultimate capacity of CFT-to-concrete pile cap connections.  

Four critical limit states were identified in these connections: (1) plastic hinge 

formation in the CFT, (2) interior and exterior crushing of the concrete in the cap, (3) 

yielding of the longitudinal reinforcement in the cap, and (4) splitting of the concrete cap. 

The last three limit states caused a loss of fixity in the connection, leading to reduced 

energy dissipation. 

These limit states, as well as the resulting cyclic degradation and loss of fixity, can 

be mitigated by selecting an appropriate embedment length and using a simple 

reinforcement scheme. U-bars encircling the CFT, along with tightly spaced transverse 

reinforcement in the connection region, were found to be effective. 

The initial degradation observed in the cyclic response was likely caused by 

concrete crushing near the tip of the embedded pile. U-bars placed near the pile tip 

delayed the onset of this damage. 

A preliminary design guide was developed, outlining the necessary embedment 

length, U-bar size and configuration, and transverse reinforcement details. Specimens 
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that followed this design methodology did not experience premature failure of the 

concrete caps. 

 

ὒ  
ςz ὓ

Ὀ ‍zᶻρ  
‍
ς •z ‌z Ὢz

  (27) 

 

 

Where: 

űb = 0.7 (strength reduction factor for bearing on concrete, according to AASHTO 

(2020); 

ɓ1 = stress block factor, according to ACI 318-19 (2022), usually 0.85; 

D = diameter of the CFT pile; 

Ŭ = 1.8 (factor for amplification of the unconfined compressive strength); 

 

Kappes et al. (2021) continued to develop a method of analytically determining the 

moment-capacity of a CFT pile, with or without U-bar reinforcement. The relative simplicity 

of the proposed analysis method, when compared to a full nonlinear 3D finite-element 

model, is beneficial considering that the method requires little computing effort and time. 

In the proposed analysis methodology, the external moment and shear from the 

pile (Mconn and Vconn) are resisted in the cap by the U-bars and concrete immediately 

surrounding the pile, as shown in Figure 23. The embedded portion of the CFST pile is 

idealized as perfectly ridged. The reactive forces in the concrete consist of: 

¶ Components acting normal to the surface of the pile,  

¶ Friction forces acting parallel to the surface between the steel and the 

concrete, and,  

¶ Interface shear at the top of the embedded pile. 
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Figure 23. Imposed rotation and resultant internal forces and stresses (Kappes et al, 

2021). 

 

The authors then, based on the rotation, perform the following steps: 

¶ Compatibility relationship is used to determine the strains in the concrete 

fibers and U-bar reinforcing steel. 

¶ Constitutive relationships are then used to determine the subsequent 

stresses in the materials and ultimately the resultant concrete and steel 

forces. 

¶ Equilibrium is then enforced on the connection through a double-iterative 

procedure in which both the rotation angle and the axis of the rotation 

location are varied until convergence is achieved. Increasing degrees of 

rotation are successively assumed and forces are calculated according to 

Figure 24, until the maximum capacity of the connection is mobilized. 
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Figure 24. Effective differential areas and key dimensions for calculating forces resisting 

rotation (Kappes et al, 2021). 

 

According to the authors, the internal forces and moments are calculated for an 

assumed angle of rotation (ɓ), and an assumed rotation axis location drot,axis: 

 

Ὂ ͺ  Ὂ ͺ  Ὂ ȟ  Ὂ   ὠ   (28) 

 

ὓͺ  ὓͺ  ὓͺ  ὓͺ ὠ Ὠz ȟ  ὓ   (29) 

 

Where: 

Fconc_x-dir = resultant forces in the x-direction from the radial concrete stresses; 

Ffrict_x-dir = resultant forces in the x-direction from the friction stresses; 

FUbar,k = force from U-bar, k; 

Finterface shear = interface shear force component at the top of the pile; 

Mz_conc = moment around the point of rotation resulting from the radial forces; 

Mz_frict = moment around the point of rotation resulting from the friction forces; 

Mz_Ubar = resultant moment from the U-bars; 
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Mz_shear = moment due to the interface shear force; 

 

A further constraint is that the external shear (Vconn) and moment (Mconn) are 

related through an assumed inflection point located along the length of the pile (dpile_infl). 

 

ὓ  ὠ  z Ὠ ͺ    (30) 

 

If this condition is not met, the location of the center of rotation is adjusted until 

the system is in equilibrium. This entire process is carried out for increasing angles of 

rotation (ɓ) while recording the moment, rotation, and location of the rotation axis. 

The authors developed a spreadsheet to assist in the calculation of this 

methodology, where all parameters for cap, pile and reinforcement must be input. The 

spreadsheet then calculates the maximum moment, by varying the assumed rotation. 

Berry et al. (2024) tried to validate this methodology. The authors performed a 

series of four experimental pile cap connections with CFT piles and the incorporation of 

U-bars. The authors concluded that, without U-bars the connection itself failed within the 

pile cap. This is consistent with the literature since the tested piles were embedded no 

deeper than 1.3 times the outer diameter, being consistent with partially fixed connections 

only. However, when including U-bars, connection capacity generally increased about 

50%, and the failure mechanism changed to the formation of a plastic hinge in the pile 

itself. 

As for the validation of the moment-rotation methodology for predicting the 

connection moment capacity, according to the authors, the methodology exhibited a 

tendency to overestimate by 10% the capacities of connections without U-bars and also 

underestimate by 10% those with U-bars.  

 

 

Kidwell et al. (2018) 

According to Kidwell et al. (2018), the most preferred form of failure of a PTPC 

connection is ductile, when yielding occurs in the reinforcement of the pile, producing a 

plastic hinge (rebars, strands or the steel pile itself). However, for the pile to reach 
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plasticity, the PTPC must be able to withstand a great amount of shear force. This agrees 

well to what was stated by Shama et al. (2002) (Mj/Mp > 1). Therefore, improving detailing 

is particularly important in plastic-hinge regions to produce ductile yielding and prevent 

brittle failure mechanisms. 

The authors then, conducted a series of elastic and inelastic finite-element models 

using ANSYS to replicate the experimental behavior of both prestressed concrete piles 

and concrete-filled steel pipe piles from Harries and Petrou (2001) and Stephens and 

McKittrick (2005), respectively. Accurate modeling of pile-to-cap connections requires 

simulating large tensile cracks and concrete-strength degradation.  

The model from Stephens and McKittrickôs (2005) work is described here in this 

section, whilst the model from Harries and Petrouôs (2001) work will be described further 

ahead, in section 2.2.4. 

The FE model developed from Stephens and McKittrickôs (2005) work aligned well 

with experimental data in the lower elastic region but was stiffer in the upper elastic and 

inelastic regions. The steel shell yielded at failure, but the concrete cap failed before the 

steel pile, showing more damage in the concrete. 

Suppressed cracking capability in concrete elements led to stiffer model behavior. 

Contact elements indicated minimal rotation of the steel pile, suggesting high fixity. 

However, experimental piles showed more rotation and could be pulled from the cap after 

failure. Models for cast-in-shell steel piles were accurate in the elastic region but stiffer in 

the inelastic region than observed experimentally. 

 

2.2.4 Prestressed Concrete Piles 

This subsection investigates works that focus on connection capacity of 

prestressed concrete piles. Although this research does not focus on this kind of pile, the 

prior literature about them is still very informative regarding main findings, methodological 

choices, and analyses performed. 

 

Harris and Petrou (2001) 

According to Harries and Petrou (2001), PTPC connections are usually assumed 

fixed and must be able to transfer lateral forces to the pile while maintaining rigidity. 
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Although a pile may be designed to resist large force and moments, it is also necessary 

that the pile-to-pile cap connection must also be able to resist and transfer these forces. 

The goal of the experimental program outlined in the paper is to demonstrate that 

no special detail is required for embedding prestressed concrete piles into pile caps, 

provided that the embedment length is adequately determined. The experimental setup 

included two 18-inch square by 18-foot-long piles, with an axial load of 200 kips, where 

the predicted nominal moment capacity of the piles was calculated be 285 ft-kips. 

To determine the required embedment length for the piles, calculations were 

performed according to the methodologies proposed by Marcakis and Mitchell (1980) and 

Mattock and Gaafar (1981), so that the moment capacity of the connection would match 

the pile nominal moment capacity. Therefore, Pile 1 was determined to have an 

embedment length of 24 inches and Pile 2, 18 inches. 

The experimental setup featured a cantilever beam in a horizontal position with a 

shear span of 146 inches, subjected to cyclic loads of Ñ7 kips and Ñ14 kips. This setup 

aimed to simulate the conditions under which the pile cap would provide the desired rigid 

end condition for the piles. The results indicated that the embedment of 18 inches and 24 

inches were sufficient to develop the full capacity of the piles without the need for special 

detail. 

The authors also performed an analytical study of Marcakis and Mitchell (1980) 

and Mattock and Gaafar (1982) equations for varying embedment lengths and square pile 

sizes, as seen in Figure 25. 
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Figure 25. Embedment capacity predictions of varying pile sizes, with varying 

embedment lengths (Harries and Petrou, 2001). On the left-hand side, calculations 

according to Mattock and Gaafar (1981). On the right-hand side, Marcakis and Mitchell 

(1980). 

 

Figure 25a and Figure 25b show the results for piles having a long shear span of 

12 ft. Figure 25c and Figure 25d show the results for piles with a short shear span of 4 ft. 

The definitions of long or short shear span depend on how the cap-pile system is installed, 

as seen in Figure 26. 
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Figure 26. Bending of long piles due to horizontal loading (Harries and Petrou, 2001). 

 

Results from Figure 25 show that calculated embedment capacities are lower for 

shorter shear spans, where the ratio of shear-to-moment at the pile-cap interface is high. 

As the shear span increases, embedment capacity also increases at a decreasing rate. 

 The authors proposed that a minimum embedment length equal to the width of 

the pile should conservatively result in sufficient capacity, offering a simplified yet effective 

guideline for the design and construction of PTPC connections.  

Arvan and Arockiasamy (2023) also performed a numerical simulation, with 

ANSYSR21, of the experimental work by Harris and Petrou (2001). Their FEA model 

behavior was very similar to the experimental specimens, as seen in Figure 27. 
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Figure 27. Experimental results for Harries and Petrou (2001) and comparison with 

Arvan and Arockiasamy (2023) FEA analysis (Arvan and Arockiasamy, 2023) 

 

According to the authors, the model failed to converge at an applied load of about 

102 kN (aprox. 22.9 kips) and corresponding moment of 377 kN*m (aprox. 278 kip-ft), 

which is quite close to the moment capacity obtained from the analytical model by 

Marcakis and Mitchell (1980) (386 kN*m or aprox. 285 kip-ft) and the experimental 

ultimate load value obtained by Harries and Petrou (2001) (111 kN or 24.9 kN). This 

means that, overall, FEA analysis of prestressed piles correlated well with the 

experimental data. 

 

Xiao (2003) 

Arvan and Arockiasamy (2023) summarized Xiaoôs (2003) work. Xiao (2003) 

investigated four 14-in prestressed square concrete piles with shallow embedment (3 

inches, or approximately 0.21*pile width) into pile caps and anchorage dowel bars (Figure 

28). The author aimed to demonstrate that shallow embedment depths are capable of 
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producing sufficient amount of moment and quantify the moment capacity by using 

Mattock and Gaafar (1982) and Marcakis and Mitchell (1980) equations. 

 

 

 

Figure 28. Pile and Pile cap assembly details (Xiao, 2003). 

 

The study tested two loading conditions (cyclic and static loads), and the results 

indicated a significant moment capacity despite the shallow embedment depth. According 

to the author, the moment capacity can be calculated based on the combination of flexural 

resistance of the pile itself and embedment resistance (connection moment capacity).  

The experimental findings showed that using both flexural and embedment 

resistances provides a realistic estimate of moment capacity, while using only flexural 

resistance gives a conservative estimate. Additionally, the calculation method proposed 

by Mattock and Gaafar (1982) provided a more conservative estimate than the method 

by Marcakis and Mitchell (1980). 

 

Teguh et al. (2005) 

Teguh et al. (2005a, 2005b and 2006) investigated the results from Harries and 

Petrou (2001) through finite element analysis. They showed that FEA is an excellent tool 
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for investigating the global and local behavior of PTPC connections. However, they also 

modeled a square prestressed concrete pile with exposed strands and confined with 

round reinforcement, embedded into the pile cap. According to Teguh et al. (2005a, 2005b 

and 2006), this configuration, when embedded 1.2 to 1.5 times the width/diameter of the 

pile, can produce adequate connection capacity. 

Fuziol (2007) analytically investigated these previous results from Teguh et al. 

(2005a, 2005b and 2006) and Harries and Petrou (2001). Although Fuziol (2007) obtained 

slightly stiffer results, the results matched well with Harries and Petrou (2001) and it was 

concluded that the presence of the additional reinforcement, as suggested by Teguh et 

al. (2005a, 2005b and 2006), did not result in relevant increase on the connection 

capacity, when compared to plain embedment of the pile. 

 

Sweigart (2010) 

Sweigart (2010) initially conducted experimental tests on two interior and one 

exterior specimens of bent caps. The specimens consisted of 18-in square prestressed 

concrete piles, simply embedded 18 inches into representative bent cap segments 

(simulating interior or exterior configurations). 

Results indicated that neither specimen achieved good capacity. The interior 

specimens failed because of strand slippage inside the embedded region. The exterior 

specimen failed because of poor connection moment capacity. 

Another interior specimen with a 26-in embedment (1.5 times the width of the pile) 

was built and tested. This specimen showed superior results, mostly attributed to the 

greater embedment of the pile. 

The author concludes that longer embedment is recommended as well as 

exploring special connection details. No specific value was recommended, though. 

 

Kidwell et al. (2018) 

As described previously in section 2.2.3, Kidwell et al. (2018) conducted a series 

of elastic and inelastic finite-element models using ANSYS to replicate the experimental 

behavior of both prestressed concrete piles and concrete-filled steel pipe piles from 

Harries and Petrou (2001) and Stephens and McKittrick (2005), respectively. 
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The model from Stephens and McKittrickôs (2005) work was previously described 

here in section 2.2.3, whilst the model from Harries and Petrouôs (2001) work is described 

here, in this section. 

The FE model from Harries and Petrouôs (2001) work accurately mimicked their 

experimental responses, showing significant inelastic deformation and higher 

displacement levels. Cracks in models were smeared, distributing damage over a larger 

area. 

Contact elements showed significant shear transfer and minimal pile rotation within 

the cap. Embedment length significantly impacts response, with shorter embedments 

causing more damage near the pile-cap interface due to underdeveloped strands. 

Models demonstrated the potential for plain embedment piles to achieve fixity, 

indicating areas of inelastic behavior and damage accurately. Contact models for 

embedment were accurate and useful for investigating shear transfer and bearing. 

 

2.3 Strand Slippage for Prestressed Concrete Piles 

This mode of failure applies to Prestressed Concrete piles, as they are most times 

reinforced with prestressed strands. As lateral load is applied and the pile bends, the 

strands in the tension area start to stretch, until they eventually ñslipò. 

ACI 318-19 (2022) currently determines that the development length of 

pretensioned strands must be according to the equation below. 
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fse = effective prestress of prestressing strand (psi); 

fps = nominal strength of prestressing strand (psi); 

ld = development length of prestressing strand (in); 

db = nominal diameter of prestressing strand (in). 

 

However, this expression was calibrated from tests on pretensioned flexural 

members and does not explicitly account for the conditions at an embedded pile-to-cap 
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connection. Some authors studied it and made a few suggestions for modifications, as 

observed in this section. 

AASHTO (2020) also presented an expression for development length of 

pretensioned strands. 
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ld = development length of prestressing strand (in); 

k = Factor equal 1 for pretensioned panels, piling, and other pretensioned 

members with a depth of less than or equal to 24 in. Or 1.6 for pretensioned members 

with a depth greater than 24 in. 

fps = nominal strength of prestressing strand (ksi); 

fpe = effective stress in the prestressing steel after losses (ksi) 

db = nominal diameter of prestressing strand (in). 

 

 

Shahawy and Issa (1992) 

Shahawy and Issa (1992) conducted analytical and experimental studies on 19 14-

in square prestressed concrete piles to study the effect of embedment depth to develop 

the ultimate flexural moment without strand end slippage, in the embedded region.  

Pile caps were not built for this study. The piles were clamped by a reaction frame 

composed of a steel HP beam and a concrete support, as seen in Figure 29. Embedment 

lengths of the specimens varied from 36 in to 60 in, as well as the concrete strength, from 

5.6 ksi to 7.8 ksi. 
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Figure 29. Details of test setup (Shahawy and Issa, 1992). 

 

The analytical study was performed using a nonlinear material model to analyze 

the performance of the prestressed concrete piles and to develop a reliable computer 

program that can be used for future parametric studies.  

The authors suggested some modifications for the ACI 318-19 equation for 

development length of prestressed strands. 
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(34) 

 

fse = effective prestress of prestressing strand (psi); 

fps = nominal strength of prestressing strand (psi); 

ld = development length of prestressing strand (in); 
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db = nominal diameter of prestressing strand (in). 

uave = average bond stress (psi); 

P = resisting steel strength (lbs); 

T = resisting concrete strength (lbs); 

le = available embedment length (in). 

 

The study showed that there is a good agreement between the analytical and 

experimental results. 

 

Issa (1999) 

Issa (1999) tested 30-in square hollow-core prestressed concrete piles with a 

special connection detail. The pile would have a pipe inserted in its hollow core and be 

grouted (Figure 30). 
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Figure 30. Recommended detail for pipe-pile to pile cap moment connection (Issa, 

1999). 

 

The author tested the piles, with and without the special pipe, and calculated their 

nominal moment strength, comparing them with the experimental results. The calculated 

nominal moment strength of the pile without the steel pipe was 1117 kip-ft. The insertion 

of the steel pipe would increase the calculated nominal moment to 1904 kip-ft (~72% 

higher).  

The test resulted in a moment capacity of 1921 kip-ft, slightly above the 

calculations by the author. The author then suggests that an embedment of 48 in is 

adequate for developing the flexural strength of such piles, without any slippage of the 

strands in the embedded region. 

One important point about this work is that the author calculates the nominal 

moment of the pile, with or without the pipe inserted into its hollow core. However, he 
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does not try to calculate the moment capacity of the connection (Mj) itself, in a similar 

fashion as Shama et al. (2002), or Marcakis and Mitchell (1980), or many others.  

The author noted that the test failure happened due to the formation of a plastic 

hinge at the pile, in a ductile manner. As Shama et al. (2002) suggested, if Mj/Mp <1, there 

is brittle failure, with the concrete of connection region in the cap failing first, but the pile 

still has potential for more bending. If Mj/Mp >1, ductile failure of pile controls. 

 

ElBatanouny et al. (2012) 

ElBatanouny et al. (2012) and ElBatanouny and Ziehl (2012) performed 

experimental tests on four 18-in square prestressed concrete piles simply embedded 18 

in, 22 in and 26 in into the bent cap. The authors focused on understanding how the 

equation given by ACI 318-19 code for development length of prestressed strands would 

compare to experimental results. 

According to the authors, a significant difference in slipping stress was found 

between the experimental and predicted results for all specimens. They attributed this 

difference to the confining stress (also called ñclamping forceò) produced by the shrinkage 

of the cap concrete relative to the embedded pile. 

Based on these tests, ElBatanouny et al. (2012) suggested modified equations to 

account for the shrinkage effect.  
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fse = effective prestress of prestressing strand (psi); 

fps = nominal strength of prestressing strand (psi); 

ld = development length of prestressing strand (in); 

db = nominal diameter of prestressing strand (in); 

 

Larosche et al. (2014a, b) expanded on the this research by conducting 

experiments on full-scale three-pile bent specimen as well as four full-scale exterior pile 

bent cap connections, considering plain pile embedment for suitability in seismic regions 
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and compared to the current embedment practices by the South Carolina Department of 

Transportation (SCDOT) of 1 time the width of the pile. The results suggest that pile 

embedment depth of 1.3*D should be adopted for plain pile embedments, with a tolerance 

of +- 3 in. 

 

Rakestraw et al. (2024) 

Rakestraw et al. (2024) investigated embedment length required for pinned and 

fixed connections of prestressed concrete piles. According to them, there are significant 

discrepancies between current design recommendations for embedment and actual 

performance of the connection, regarding embedment length.  

They focused on ten 18-in and 30-in piles embedded between 0.33 to 1.5 times 

the pile width into the caps. Moment-displacement results for all specimens are shown in 

Figure 31.  

 

 

 

Figure 31. Moment versus displacement curves for (a) 18-inch and (b) 30-inch pile 

specimens (Rakestraw et al, 2024) 

 

All specimens experienced a ductile failure mechanism, where there was 

significant deflection after the maximum load was reached. All 18-inch pile specimens 
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held close to the ultimate capacity while additional deflection was observed. The 30-inch 

pile specimens experienced a drop in capacity immediately after the ultimate load was 

reached. Specimens SP-01 through SP-09 all failed due to slipping of the strands. 

Specimen SP-10, however, failed due to punching shear failure of the edge of the cap, 

indicating that the connection itself failed first, before the strands could slip, likely due to 

the lower strength of the cap concrete. Table 2 shows a summary of the test results. 

 

Table 2.  Summary of failure moments and failure mechanisms for specimens 

with different embedment lengths (Rakestraw et al, 2024). 

Specimen  
Pile 

Size 
Embedment  

Service 

Moment 

(kip -ft)  

Failure 

Moment 

(kip -ft)  

Percentage 

of Pile 

Capacity  

Failure 

Mechanism  

SP-01 18" 6" (0.33d ) 72 114.1 34% 
Strand 

Development 

SP-04 18" 9" (0.50d ) 85.5 122.8 37% 
Strand 

Development 

SP-06 18" 12" (0.67d ) 90 159.4 48% 
Strand 

Development 

SP-07 18" 18" (1.00d ) 120 201.4 61% 
Strand 

Development 

SP-08 18" 27" (1.50d ) 180 267.6 81% 
Strand 

Development 

SP-09 30" 12" (0.40d ) 288 574.5 48% 
Strand 

Development 

SP-10 30" 30" (1.00d ) 810 868.1 73% 
Punching 

Shear 

 

Results showed that even short embedments (0.33 and 0.5 times the pile width) 

can develop significant portions of the pileôs moment capacity. The authors also noted 
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that, for prestressed concrete piles, capacity of the connection is more dependent on 

available development length of the strand than any other factor. Additionally, they found 

that additional shear reinforcement in the pile cap could prevent punching shear failures 

and improve the connection's capacity and ductility. 

The authors also studied the equations from AASHTO LRFD Bridge Design 

Specification (2020) and ElBatanouny and Ziehl (2012) for calculating development 

length of the strands. They concluded that these equations are conservative, especially 

the one from AASHTO. The authors then proposed a slight modification for the k factor in 

AASHTO equation. 
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ld = development length of prestressing strand (in); 

k = 0.6; 

fps = nominal strength of prestressing strand (ksi); 

fpe = effective stress in the prestressing steel after losses (ksi) 

db = nominal diameter of prestressing strand (in). 

 

One important observation from the authors is that the capacity of the connection 

did not appear to be dependent on the pile embedment length as a function of the pile 

size. The behavior of the connection appeared to be more dependent on the available 

strand development length provided by the pile embedment length. 

The authors also observed that there is a linear relationship between rotational 

stiffness and embedment length, as seen in Figure 32. 
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Figure 32. Linear relationship between rotational stiffness versus embedment length: (a) 

18-inch piles, (b) 30-inch piles (Rakestraw et al, 2024). 

 

2.4 Shear Friction of Interior Interface between Pile and Cap 

Shear friction capacity at the interface between the pile and cap concrete is 

another mechanism that can control the capacity of the connection, as seen in Figure 33. 

In a pile bent, this scenario is more critical at the piles that are subjected to tension 

forces, due to the lateral force overturning. In Rollins and Stenlund (2010) experiments, 

for example, three of four pile caps failed due to a pullout failure of the back pile. Two 

experiments had embedment lengths of 0.5 to 1 time the steel pipe diameter, with 

reinforcement details at the connection, and the third had plain embedment of 2 times the 

pipe diameter. 
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Figure 33. Pullout mode of failure (Rakestraw et al, 2024) 

 

Calculating shear friction capacity is simple, but it depends a lot on the assumed 

coefficient of friction for the interface between the pile and the cap concrete. Castilla et 

al. (1984) investigated three different coefficients of friction between the cap and exterior 

surfaces of the pile in a parametric analysis: 0.4, 0.7, and 1.4. They found that increasing 

the coefficient of friction did not have a significant impact on the shape of the displacement 

curve but did decrease the maximum displacement and maximum rotation of the pile.  

This type of failure would be expected in connections with shallower embedment 

lengths with a smooth interface surface between pile and cap. 

 

2.4.1 Steel Pipe Piles 

Eastman (2013) proposed a possible friction mechanism in his ultimate strength 

method for connection capacity, already described in this work in section 2.2.3. 

This current section describes another method proposed by Richards et al. (2011). 

 

Rollins and Stenlund (2010) and Richards et al. (2011) 

Stenlund (2007) and Rollins and Stenlund (2010) conducted experimental and 

analytical studies. The authors conducted cyclic lateral loads on four pile caps each with 

two 12.75-in diameter, 40-ft long steel pipe piles. Two caps included a reinforced 

connection detail with 6-in or 12-in pile embedment, while the others relied exclusively on 

plain pile embedment of 12 in and 24 in. 
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According to the authors, the results indicated that the pile caps that relied on 

deeper embedment, without reinforcement, performed better than the caps with 

reinforcing connections and shallow embedment. However, the latter still developed at 

least 40% to 60% of the moment capacity of the pile, which are greater values than 

predicted by PCI design equations based only on embedment (Marcakis and Mitchell, 

1980). 

The analytic study consisted of hand calculations and two computer modeling 

programs, GROUP and LPILE, which results were very consistent with experimental 

values when the connections were considered ñfixed-headò, as seen in Figure 34. 

 

 

Figure 34. Load-deflection responses of all test specimens, and comparison with 

GROUP software analysis for fixed or pinned condition (Richards et al, 2011). 

 

However, during software analysis, when assuming a ñfree-headò condition (or 

pinned connection), displacements were greatly overestimated when compared to 

experimental results, even for the shallow embedment test specimen. The authors believe 

that these results suggest that it is relatively difficult to create a truly pinned condition in 
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a Pile-to-Cap connection using embedment. Some connections that are assumed to be 

pinned may be, in reality, partially fixed. 

This work had a few specimens that the calculated connection moment capacity 

was considerably less than the actual value reached in the experiment. Richards et al. 

(2011) explained that this may be due to two additional mechanisms. The first is dowel 

action from the two bottom grid bars that passed through the piles, which was considered 

in the calculations. The second is friction between the steel pipe and concrete. 

 

 

Figure 35. Friction mechanism that increases connection moment capacity (Richards et 

al, 2011). 

 

Very few authors in literature consider this mechanism in their calculations. 

Richards et al. (2011), however proposed the following calculations.  

As seen in Figure 35, the friction forces, Fb and Ff , can reach maximum values 

corresponding to the normal forces (Cb and Cf, as seen in Marcakis and Mitchell, 1980) 

multiplied by the friction coefficient for concrete poured against steel (ɛ = 0.47, according 

to Baltay and Gjelsvik, 1990). In this calculation it is assumed that Ff will only develop to 

balance Fb, and that Fb has reached its theoretical maximum value. 

 

Ὂ  ‘z #  ‘z  πȢψυ Æ Â  ὥ (37) 

 

fôc = concrete compressive strength; 

beff = effective width of the compression block; 

ab = depth of the embedment stress block, assumed to be one-third of the 

embedment length. 
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Moment capacity due to friction, therefore, will be: 

 

ὓ Ὂ Ὠz  (38) 

 

d = pile diameter. 

 

However, the authors state that this mode of failure requires a lot more 

experimentation and modeling to be fully understood. 

 

2.5 Block Shear Rupture (or Punching Shear) 

This failure mode occurs specifically for piles near the edge of a cap. In the case 

of a bent cap loaded along its long dimension, this failure mode is adequate for the 

exterior piles. For a bent cap loaded along its short dimension, all piles should be verified 

for this failure mode. 

 

2.5.1 Steel H Piles 

Research regarding block shear rupture was only conducted for steel H-Piles. This 

mode of failure is more concerning for steel H-piles being bent about the strong axis. 

 

Xiao et al. (2006) and Xiao and Chen (2013) 

Xiao et al. (2006) conducted experiments on HP-steel pile-to-pile cap connections 

with shallow embedment, and special details at the connection. Investigation was 

performed in a simulated specimen that represents a common configuration in California, 

of a single column bent bridge being supported by a footing with multiple piles, as seen 

in Figure 36. 
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Figure 36. Common configuration of single column bent bridge, supported by pile 

footing (Xiao et al, 2006). 

 

The tests were performed on the pile specimens that simulated being at the corner 

of a pile cap, as shown in Figure 36, both in weak and strong directions. The piles were 

HP 14x89 with a design service compressive capacity of 890 kN (ultimate capacity of 

1779 kN). They were connected to the pile cap with a shallow embedment (approximately 

0.35 time the pile width) and with the use of V-shaped bars. Five specimens were built, 

simulating the corner case, as shown in Figure 37. 
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Figure 37. Details of typical anchorage of HP piles (Xiao et al, 2006). 

 

Table 3 shows the testing matrix, detailing the parameters of the test, and how load 

was applied. 

 

Table 3. Testing Matrix (Xiao et al, 2006) 

          

Model 

specimens  

Orientation 

of HP pile  
Loading condition  

Concrete 

strength 

f'c (MPa)  

Axial 

Load 

(kN) 

HP-S-V 
Strong 

direction 
Cyclic vertical loading only 41.1 Varies 

HP-W-V 
Weak 

direction 
Cyclic vertical loading only 37.9 Varies 

HP-S-L 
Strong 

direction 

Cyclic lateral loading with 

constant vertical load 
41.1 

       

1,779  

HP-W-L 
Weak 

direction 

Cyclic lateral loading with 

constant vertical load 
41.1 

       

1,779  
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HP-S-VL 
Strong 

direction 

Proportionally varied cyclic 

lateral and vertical loading 
37.9 Varies* 

 

For the Cyclic Vertical Loading Tests (HP-S-V and HP-W-V), both piles behaved 

similarly. One pile had its orientation over the strong axis, and the other, over the weak 

axis. Both developed significantly high stiffness and capacity during the compressive 

loading but low stiffness and capacity under the tensile loading because of the rocking 

response of the cap. The failure of both specimens was caused by the rupture of the V-

shaped anchor bars at tensile forces much lower than the ultimate design tensile capacity 

of 890 kN. Figure 38 shows the results for both specimens. 
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Figure 38. Vertical force-displacement response of Cyclic Vertical Loading Tests (Xiao et 

al, 2006). 

 

For the Cyclic Horizontal Loading Tests (HP-S-L and HP-W-L), seen in Figure 39, 

under constant vertical load, the specimen tested in strong direction showed an 

unsymmetrical hysteric response, due to the pile cap rocking in the pull loading direction. 
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Cracks began near the pile end and spread toward the cap edges. At a 2% drift ratio in 

the pushing direction, a crack penetrated the cap, leading to a reduction in load-carrying 

capacity at subsequent peaks. During loading to a 4% drift ratio in the pull direction, one 

anchor bar ruptured. 

The specimen tested in the weak direction showed a more stable hysteretic 

response, with symmetric loops in both push and pull directions. No cap rocking was 

observed, attributed to the small moment demand in the weak direction of the HP pile. 

Damage was minimal, with cracks localized near the pile end. Yielding of the HP-pile 

flanges near the pile end was indicated by strain gauge readings and surface line patterns 

from oxidized skin falling off. No anchor rupture occurred for this specimen. 
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Figure 39. Pile end moment vs drift ratio plot for the Cyclic Horizontal Loading Tests, 

under constant vertical load (Xiao et al, 2006). 

 

For the Cyclic horizontal/vertical loading test (HP-S-LV), in Figure 40, the behavior 

was hysteretic, but with lower carrying capacity. One anchor bar ruptured during pull 

loading at drift ratio of 8%, causing sudden degradation of load carrying capacity. 
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Figure 40. Pile end moment vs drift ratio plot for the Cyclic horizontal and vertical 

loading test (Xiao et al, 2006). 

 

The test results clearly showed that, although shallow embedment is generally 

considered pinned, the tested connections developed considerable moment capacity. 

However, it is important to note that these tests had the influence of special detail 

connection, not plain embedment. 

Xiao et al. (2006) recommend the use of Marcakis and Mitchell (1980) equation for 

determining the moment capacity of the connection due to the embedment of the pile. For 

specimen HP-S-L (Figure 39), for example, the predicted moment capacity due to 

embedment and the V-shaped bars was 504 kN.m. As seen in the results, the block 

ruptured at a certain load level, meaning that the embedment resistance disappeared, but 

only flexural resistance remained, at an end moment of about 400 kN.m. 

The authors also found that, for piles near the edge of the footing and for strong 

axis bending, the concrete block rupture near the footing edge may control the capacity, 

since the block cannot rely on embedment mechanism anymore. The authors then 

proposed an equation for the block rupture strength (Vrp). 
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ὠ ὧᶻ ὦ  ὧ ςὒ Ὢz   (39) 

 

Where: 

ce = distance from the face of the HP pile to the edge of the footing 

ft = concrete tensile strength 

bf = width of the pile flange 

Le = length of pile embedment 

 

Important to note that this equation works for piles placed at a short distance from 

the edge (ce) of the cap. For bigger distances, the block rupture strength equation will 

result in greater values. However, in these cases, other mechanisms will most likely 

control failure. 

Xiao and Chen (2013) investigated further on this topic, performing experimental 

study on the use of vertical bars (instead of V-shaped bars as seen in Xiao et al, 2006) 

welded to steel H-piles, loaded monotonically. This work resulted in a slight modification 

of equation (39), proposed by Xiao et al. (2006) for block rupture. 
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Where: 

ce = distance from the face of the HP pile to the edge of the footing 

ft = concrete tensile strength 

bf = width of the pile flange 

Le = length of pile embedment 

 

Additionally, the authors analytically evaluated the connection capacity using 

equations from Marcakis and Mitchell (1980) and Mattock and Gaafar (1982), as well as 

the equations developed in Xiao and Chen (2006) for other mechanisms of failure (tensile 

capacity of welded bars, block rupture). Then, the authors focused on Finite element 

modeling of the piles using ANSYS to try to replicate the observed behavior.  



Chapter 2: Pile-to-Cap Connections 

 
 

106 
 

The authors concluded that the load-displacement analysis demonstrated that the 

connections could sustain a certain level of moment, meaning they are not pinned, as 

many consider. They stated that, if using shallow embedment, the concrete block rupture 

failure may dominate the capacity. This means that using the concrete block rupture 

strength equation from Xiao et al. (2006) or its modification in Xiao and Chen (2013) may 

accurately predict the capacity of the connection, for this mode of failure. The finite 

element analysis (FEA) provided satisfactory results in capturing both the load-

displacement response behavior and the load-carrying capacity of these connections. 

Xiao et al. (2006) and Xiao and Chen (2013) did not provide any new 

recommendations or equations regarding steel H pile embedment, other than 

recommending the use of Mattock and Gaafar (1982) equation for bearing capacity. 

 

3. Rotational Stiffness 

Most pile groups are modeled as a fixed-head condition, meaning that the rotation 

of the top of the pile, inside the pile cap, is fully restrained. However, as observed by 

different authors (Rollins and Stenlund, 2010; Kappes et al. (2021) and others), full 

rotational restraint does not exist since the piles can deform and rotate inside the 

embedded portion of the cap. 

As explained by Rakestraw et al. (2024), Figure 41 shows how one can use 

rotational stiffness in modeling partial fixity of a connection. 

 

 

Figure 41. Determination of Rotational Stiffness (Rakestraw et al, 2024). 

 

As seen in Figure 41, the rotational stiffness can be determined by plotting the 

moment versus rotation assuming rigid body kinetic rotation about the connection 
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between pile and pile cap. This can be calculated from experimental results or numerical 

modeling results. The rotational stiffness is then found based on the slope of the moment-

rotation plot in the linear elastic region. 

 

Mokwa and Duncan (2003) 

Mokwa and Duncan (2003) also observed that rotation of pile cap itself influences 

the degree of fixity of piles. The authors proposed a practical method to estimate the 

moment restraint provided by the pile cap at the top of a pile group. Since fully fixed-head 

conditions are rarely achieved in reality, assuming a fully restrained pile head can lead to 

underestimated lateral deflections and overly conservative bending moment values in the 

cap. To address this, Mokwa and Duncan (2003) introduced methods for calculating a 

rotational restraint coefficient (KMɗ) to improve deflection estimates of pile groups under 

lateral loads. This coefficient is entirely dependent on the axial stiffness of the piles. 

Using data from testing in 1999, Mokwa and Duncan (2003) developed a 

procedure to estimate the moment restraint which would allow proper estimation of the 

actual pile head rotational stiffness which would be between the fixed and free conditions. 

The value of the rotational restraint coefficient, Kmɗ is a function of the amount of 

movement required to mobilize the tensile and compressive loads in the pile. The amount 

of rotation is a function of the magnitude of the lateral load and rotational stiffness Kmɗ. 

Figure 42 shows the free body diagrams used to derive the equation for Kmɗ. 
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Figure 42. Free body diagrams showing rotational resistance relative to rotation (Mokwa 

and Duncan, 2003). 

 

Figure 43 shows one of the load-deflection curves from testing and compares them 

to the curves predicted using fixed-head and free-head conditions as well as the 

rotationally restrained stiffness defined using equation (41) above. Clearly the degree of 

pile head fixity plays a substantial role in the computed load-deflection curves. 
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Figure 43. Load vs. Deflection curves comparing boundary conditions (Mokwa and 

Duncan, 2003). 

 

Shishlov et al. (2022) 

Shishlov et al. (2022) presented the following preliminary analytical model for 

determining partial rotational stiffness of a pile head (Figure 44). 

The model considers a pile (with equivalent length to fixity equal to L) that contains 

gross cross-section properties (elastic modulus E and moment of inertia I) and is 

assumed to behave in a linear elastic manner. Also, the pile base is fixed, and the pile 
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head is assigned a rotational spring (with stiffness, kr). The pile has an equivalent length 

to fixity equal to L, calculated by methods such as Davisson and Robinson (1965), etc. 

Under application of a lateral load (F) acting at the pile head, the pile undergoes 

lateral translation and rotation until equilibrating reactions form, such as the moment in 

the pile head rotational spring, Mtop and the moment at the fixed base, Mbot. 

 

 

 

Figure 44. Analytical approach for idealized (linear elastic, representative, point-of-fixity) 

piles subjected to lateral loads: (a) idealized, representative pile, (b) laterally loaded pile 

under fixed-head conditions, (c) laterally loaded pile under partial fixity conditions 

(Shishlov et al, 2022). 

 

The relationship between Mtop and Mbot is given by ɖ: 

 

ʂ  
ὓ

ὓ
   (42) 

 

 

If Mtop is approximately equal to Mbot, then Mtop is equivalent to a fixed head 

condition. Therefore, for fixed head condition, ɖ = ɖfh å 1, but never quite actually reaching 

1. 

Fixed-head rotational stiffness (kfh) can be determined by plotting the moment-

rotation results measured at the pile head from a lateral loading test, in assumed fixed-
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head conditions. It can also be approximated, if using a hand method such as direct 

stiffness method: 

 

Ë  
ςὉὍ

ὒ
ρ
–   ρ

 
(43) 

 

For partial rotational stiffness (kpartial), a new term ȿ is introduced, multiplying it by 

ɖfh. 

 

Ë  
ςὉὍ

ὒ
ρ

ɤz  –   ρ
 

(44) 

 

Where ȿ is a decimal-fraction measure (from 0 to 1) of proximity to fixed head-

conditions. Pinned-head conditions are converged on as ȿ approaches 0 and fixed-head 

conditions are converged on as ȿ approaches unity. 

Shishlov et al. (2022) then demonstrated that, to achieve 50% fixity (ȿ = 0.5, 

meaning 50% of ɖfh, or that Mtop is 50% of Mbot), only 1% of the fixed-head rotational 

stiffness (kfh) is necessary, as seen in Figure 45. 
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Figure 45. Plot of kpartial equation using demonstration-case parameters (Shishlov et al, 

2022). 

 

Then the authors moved on to a computational approach, which consists of 

iteratively scaling the rotational stiffness terms at pile heads throughout a pier foundation 

FE model, relative to fixed-head conditions, until a target response under lateral loading 

is achieved, as well as the associated level of partial fixity. Therefore, a target level of 

partial fixity must be known. 

The authors define the factor Pile Head Rotational Stiffness (PHRS) as the ratio of 

partial fixity rotational stiffness relative to fixed head rotational stiffness. The 

computational approach algorithm then, requires two prerequisites: a specified target 

demand (displacement, or maximum pile head moment) and the percentage of fixity 

(between 0%, pinned-head, and 100%, fixed-head). 

Then, a lateral load analysis is made for fixed-head condition and a certain 

magnitude of lateral displacement, for example, is obtained. The same lateral load 

analysis is performed, this time under pinned-head condition, and another magnitude of 

lateral displacement, for example, is obtained. After this, one can seek to achieve, for 

example, 50% of the displacement with the same lateral load, by iterating and changing 

the PHRS factor in the FE software.  

In the case demonstrated by Shishlov et al. (2022), to achieve 50% of the 

displacement, a PHRS factor equal to 0.04 (or 4%) was necessary. This means that, to 
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achieve 50% of fixity, the necessary pile head rotational stiffness is only 4% of that 

corresponding to fixed-head. 

The authors, then, performed a parametric study with several bridge pier 

configurations, and developed the Table 4 below for aiding engineers in the use with FE 

software and provide with initial estimates of PHRS factors. 

 

Table 4. Summary Statistics of Computed Pile Head Rotational Stiffness (PHRS) 

Factors Corresponding to 25%, 50%, and 75% Proximity to Fixed-Head Conditions 

(With Respect to Lateral Displacements, Relative to Fixed-Head Conditions) (Shishlov 

et al, 2022). 

Lateral Displacement relative to 

the fixed -head lateral 

displacement (%), also called 

degree of fixity  

Load magnitude 

applied, relative 

to pushover load 

(%) 

Mean 

PHRS 

factor  

Standard 

Deviation  

25 

10 0.014 0.013 

25 0.020 0.011 

50 0.028 0.013 

Average: 0.021 0.013 

50 

10 0.039 0.036 

25 0.047 0.028 

50 0.060 0.028 

Average: 0.049 0.032 

75 

10 0.087 0.079 

25 0.101 0.070 

50 0.111 0.056 

Average: 0.100 0.070 

 

Although this work is very useful for practical applications in design-oriented FEA 

software, there are some caveats. The concept of rotational stiffness can become quite 

complicated to grasp as one approaches fixed or pinned conditions. Approaching, pinned 
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conditions would mean a rotational stiffness equal to zero, which does not exist. On the 

other hand, approaching fixed conditions means that rotational stiffness would tend to 

infinity, which does not exist as well. Therefore, a very small change in fixity near fixed 

conditions could mean a very large change in the rotational stiffness. 

 

Zapata et al. (2022) 

According to Zapata et al. (2022), incorrect assumptions about the level of fixity of 

a PTPC connection can lead to undesirable outcomes. Assuming a greater level of fixity 

than reality can lead to great displacements in the structure. On the other hand, assuming 

lower levels of fixity than reality (pinned, for example) can lead to overdesign and 

construction of bulkier structural members in order to compensate for the assumed lack 

of moment transfer, leading to greater and unnecessary costs. 

Zapata et al. (2022) conducted an investigation to understand the behavior of 

PTPC connections considering varying pile embedment into the pile cap, with or without 

presence of dowels. In this study, FEA models were created to replicate the results of 

Harries and Petrou (2001) as well as a parametric study with 131 different pile-to-cap 

connection models was performed, using prestressed concrete piles with different widths 

(18 in, 24 in and 30 in). Results indicated that, for shallow pile embedment, cracking and 

high concrete stress were observed at the PTPC interface. As for deeper embedment, 

cracking and high concrete stress were observed on the tension face of the pile, 

suggesting that the pile reached its moment capacity, rather than the connection. 

The authors also modeled entire bridges to understand how typical designs 

behave depending on the fixity assumption. For a bridge bent model, the authors used 

an approach with spring rotational stiffness (kɗ). The stiffness of the rotational spring was 

different for each embedment length, and was calculated by plotting the moment 

compared with rotation, assuming rigid body kinematic rotation about the pile-to-cap 

connection. The rotational stiffness was then found based on the slope of the moment-

rotation plot, in the linear elastic region. As an example, the authors determined a certain 

rotational stiffness kɗ = 54,610 kip-ft/rad (or 74,040 kN-m/rad) for an 18-in diameter pile 

embedded 4.5 in (0.25*diameter). 
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Figure 46. Example of a bridge model by Zapata et al. (2022). 

 

One developed model, as seen in Figure 46, is a bridge supported by bent caps, 

and prestressed concrete piles directly embedded into them. The author analyzed the 

bridge not only when fully constructed, but during construction phase. This way, the PTPC 

connections were analyzed during each stage of construction. 

During girder and deck placements, the type of pile-to-cap connection had little 

impact on the structure's behavior. The moment demand during these stages was 

minimal, around 10% of the piles' full moment capacity. The key requirement during these 

stages was ensuring enough moment capacity to counteract the moment from the uneven 

placement of the support bearing on the cap. 

With the fully constructed bridge, the superstructure's moment and shear demand 

were not affected by the type of pile-to-cap connection. However, the moment transferred 

to the piles was significantly influenced by the connection type. A fixed connection led to 

about 43% more moment from the superstructure into the piles compared to a rotational 

spring connection (partially fixed). 

The study found that the moment capacity of pile-to-cap connections is influenced 

by the embedment length, with longer embedments increasing capacity until the pile's 

limit is reached. Shallow embedments can still develop significant moments, especially 

with interface reinforcement. The normalized moment response was consistent across 

different pile sizes. Additional axial compression improved connection performance. Pile 

concrete strength had minimal impact on shallow embedments but slightly increased 

capacity for deeper ones. On the other hand, the pile cap concrete strength influenced 
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shallow embedment performance, while pile cap size and confinement reinforcement had 

little effect. There was minimal difference in performance between piles with different 

prestressing strand diameters. 

 

Hammett (2017) 

Zareian and Kanvinde (2013) explored the fact that many practicing engineers 

consider connections as rotationally fixed. But this assumption is problematic. Rodas et 

al. (2017) mention that experimental research into rotational stiffness of connections is 

still scarce. Additionally, they presented a method to characterize rotational stiffness of 

deeply embedded column base connections. 

Building on this concept, Hammettôs (2017) primary goal in this research was to 

develop a theoretical relationship between an applied moment and the corresponding 

rotational displacement for steel piles embedded in concrete. According to the author, in 

the steel-cap connection, the embedded portion of the steel pile rotates when subjected 

to an externally applied moment. This behavior can be affected by the following factors: 

¶ Pile embedment length 

¶ Concrete compressive strength 

¶ Pile section properties (geometric and material) 

¶ Bending stresses in the concrete due to frame action 

 

In this research, the author varied the factors affecting connections and studied 96 

different connection scenarios. For this, the author developed a few analytical methods 

to evaluate the behavior. Initially, he introduces the concepts of Pile stress transformation 

length (Lpst) and pile stress transformation block (PTSB), as seen in Figure 47. 
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Figure 47. Illustration of PTSB and Lpst at Embedded Steel Pile Connection (Hammett, 

2017). 

 

The author states that simple, two-dimensional analysis methods can be used to 

model the flow of stresses from the localized pile bearing stress at the face of the pile to 

the idealized bending stresses assumed to exist at a distance Lpst. 

He develops four different methods using a few assumptions: 

¶ Non-linear behavior of concrete. 

¶ Tensile bending stresses in concrete are limited to the modulus of rupture. 

¶ Compressive stresses in concrete are limited to the peak stress (no post-

break behavior is allowed in the analysis). 

¶ Performance of steel pile is also based on nonlinear stress-strain curve, but 

the limiting condition for connection evaluation is the yield moment of the 

pile. Therefore, in practice, the steel pile will not exhibit significant non-linear 

behavior. 

 

Hammett (2017) adopted stress-strain curves from Karthik and Mander (2011), as 

seen in Figure 48 below. 
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Figure 48. Representative Stress-Strain Curves for Steel and Concrete Components 

(Hammett, 2017). 

 

According to the author, the concrete within the PSTB volume is considered 

unconfined because of its proximity to the edges of the beam and because of the lack of 

confining reinforcement present in typical pile-to-cap connections in ALDOT bridge bents. 

For his analytical models, Hammett (2017) also assumed that the PSTB concrete 

and its interaction with neighboring concrete elements happen through 1-D elements: 

Nodes and lines (called links) that transmit tension and compression forces acting along 

their length to model the load sharing between the PTSB and the surrounding cap 

concrete. 

In this work, Hammett (2017) adopted the following assumption regarding the 

PSTB concrete and its interaction with the neighboring concrete elements: 1-D elements 

were considered - nodes and lines (called links) to transmit tension and compression 
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forces acting along their length to model the load sharing between the PSTB and the 

surrounding cap concrete. 

 

Figure 49 below exemplifies the assumptions for methods 1, 2 and 3. Method 4, 

on the other hand, assumes that the embedded pile segment rotates as a rigid body in 

response to the applied load. 
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Figure 49. Connection model (top) and Structural Analysis model (bottom) used for 

Methods 1, 2 and 3 (Hammett, 2017). 

 

The author describes how each method works. Method 1 is called ñLink element 

with linear Traction force - peak at pile faceò. The 1-D linear link assumes the presence 

of a linear traction force along its length. The linear traction force is zero at the end of the 

PSTB area, and is at its peak at the pile face. This means that most of the load sharing 

between the PSTB and the surrounding cap happens very close to the pile face. This 

characteristic minimizes deflections at the pile face and maximizes connection stiffness 

(Figure 50). 
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Figure 50. Method 1: Link element with linear Traction force - peak at pile face 

(Hammett, 2017). 

 

Method 2 is called ñLink Element with uniform traction forceò. The 1-D linear link 

assumes the presence of a uniform traction force along its length. This means that the 

load sharing between the PSTB and surrounding cap concrete occurs uniformly along the 

link element. For this reason, deflections and connection stiffness are considered 

intermediate (Figure 51). 

 

 

Figure 51. Method 2: Link Element with uniform traction force (Hammett, 2017). 
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Method 3 is called ñLink Element with Linear traction force - Peak at End of PSTB 

areaò. This method is the opposite of method 1. Again, the 1-D link element assumes the 

presence of a linear traction force along its length. However, in this method, the linear 

traction force is at its peak at the end of the PSTB area, and is zero at the pile face. 

Therefore, most of the load sharing between PSTB and surrounding concrete happens at 

the end of the PSTB area. This maximizes deflections at the pile face and minimizes 

connection stiffness (Figure 52). 

 

 

Figure 52. Method 3: Link Element with Linear traction force - Peak at End of PSTB 

area (Hammett, 2017). 

 

Method 4 is called ñRigid Body Behavior - Deformations by Strain Densityò. This 

method assumes that the embedded pile segment rotates as a rigid body in response to 

the applied loads, without deformation. Therefore, the neutral axis shifts away from the 

centroid due to the applied shear (Figures 53 and 54). 

In the calculation process, the author used a strain density approach. Compressive 

strains on both sides of the pile face and idealized beam strains over the pile stress 

transformation length (Lpst) are used to calculate "strain density" and determine 

displacements. 
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According to the author, the calculation is initiated by determining the internal shear 

and moments. They are derived by integrating stress concrete equations from Karthik and 

Mander (2011) model. In the equations, ůco is the design (peak) compressive strength, 

Ůco is the strain that corresponds to the compressive strength, Ůbf is the strain at the bottom 

face of the cap, YRB is the location of the neutral axis measured from the bottom face of 

the cap, dp is the pile depth and x is the distance from the neutral axis. 

In this method, the Neutral axis location (501 steps) and strain values at the cap 

face (1500 steps) are systematically varied. This generates a matrix of 751,500 

combinations. The combination with the smallest residual force (i.e., mismatch in internal 

vs external equilibrium) is considered the solution. 

The translational displacement of the nodes of the pile centerline is calculated by 

comparing the area between the rigid-body strain profile and the idealized beam strain. 

This area represents the displacement at a given node (top of pile and bottom of cap). 

Then the rotation of the embedded part of the pile is obtained from the arctangent of the 

relative displacement between the top and bottom of the embedded pile segment divided 

by its length. 
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Figure 53. Method 4: Rigid Body Behavior - Deformations by Strain Density (Hammett, 

2017). 

 

 

Figure 54. Illustration of Geometry Used for Strain Density Calculations in Method 4 

(Hammett, 2017). 
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The results show how various factors influence the maximum moment supported 

by embedded steel pile connections. Increased embedment depth and higher concrete 

compressive strength generally lead to higher maximum moments, though increases 

plateau when the pile already reaches its yield moment. Larger pile sections significantly 

boost maximum moment capacity, with up to 97% increases between successive section 

sizes. Bending stresses in the concrete cap have negligible effect due to their relatively 

small magnitude compared to the stresses in the pile stress transfer block (PSTB). Finally, 

the choice of analysis method strongly impacts the maximum moment, with Method 4-

assuming rigid body behavior-producing the highest values due to neglecting pile 

deformations. In contrast, Methods 1, 2 and 3, which model pile flexibility via different link 

elements, yield lower maximum moments, with Method 3 providing the highest among 

them. The results show the importance of accounting for modeling assumptions when 

evaluating pile-cap rotational performance and moment capacity. Comparison with full-

scale tests shows Method 3 overestimates stiffness by 11% and 36%, suggesting it 

reasonably predicts realistic rotational stiffness values. 

In conclusion, the author stated that Method 3 was the one that provided a better 

comparison of rotational stiffness, when compared to results in Rodas et al. (2017). As 

for predicting the flexural capacity of the connection, method 4 has the best results. When 

trying to determine neutral axis, all 4 methods appeared to be unable of accurately 

determining its position. 

The author believes that, with a few adjustments, Method 3 is the best method to 

accurately predict rotational stiffness and flexural capacity of the connection. The author 

states that future works should include full-scale testing to facilitate necessary 

adjustments to method 3 and to also propose a simple multiplier  (between one-quarter 

to one-third, multiplied by the embedment length) to determine the neutral axis location. 

 

Tryon (2016) 

The work by Tryon (2016) introduces the continuum model to calculate the 

rotational stiffness of embedded wide flange column connections, focusing on shallow 

embedment but extendable to all depths. Validated by experiments from Barnwell (2015) 

and Grilli and Kanvinde (2015), the model reasonably predicts elastic stiffness using 
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normalized plots of rotational stiffness vs. embedment length, showing diminishing 

returns beyond twice the column depth, consistent with previous studies (Castilla et al, 

1984). 

The research demonstrates that no connection is perfectly rigid, even at full fixity, 

and that shallow connections still exhibit measurable stiffness useful for design. In this 

work, the authors modeled the base plate as a rotational spring, allowing quantification of 

its contribution, on top of the embedment stiffness itself. 

Importantly, the thesis extends Hetenyiôs beam-on-elastic-foundation theory to 

vertical columns surrounded by concrete. For this, it proposes a modulus of subgrade 

reaction for concrete between 300-600 kips/inį, with 500 kips/inį as a conservative value. 

The model is specific to wide flange steel shapes and should not be applied to other 

geometries or materials without further validation. Future work should include 

experimental testing and finite element modeling to refine and verify the assumptions. 

 

4. Soil Structure Interaction 

Most research on the pile head fixity problem has traditionally focused on the 

structural standpoint, mainly examining how the pile headôs connection to the pile cap 

affects overall stability and load transfer. This approach often considers the pile head as 

either a fixed, pinned, or intermediate connection based solely on structural assumptions. 

However, geotechnical aspects also have great influence in determining pile-to-

cap connection capacity. The interaction between the pile, pile cap, and surrounding soil 

influences the connection behavior and, consequently, the distribution of forces and 

moments. Factors such as soil type, stiffness, density, depth of the pile embedment into 

the ground, and the pileôs bearing conditions impact how the pile and cap interact under 

loads. Ignoring these geotechnical considerations can result in incorrect definition of pile 

head fixity, leading to overestimation of deflections or underestimation of moment transfer, 

for example. 

A geotechnical factor that must be considered is scour, which can also influence 

fixity of the pile head inside the pile cap by influencing the overall structural behavior. 

As scour removes soil around a pier or pile, the ability of the soil to resist lateral 

and vertical loads is reduced. As the unsupported length of the pile increases due to scour, 
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the pile behaves more like a cantilever, increasing the bending moment at the pile head. 

Even though the pile head is embedded into the cap with the assumption of fixity, 

excessive moment due to scour-induced load redistribution can lead to overstressing or 

cracking in the cap-pile interface, which might reduce the fixity. 

Furthermore, the flexibility of the pile increases as the soil support decreases due 

to scour. This increased flexibility can cause more rotation at the pile head, which the pile-

to-cap connection must accommodate. Over time, this could degrade the connection or 

reduce its effectiveness in maintaining full fixity. 

According to Rollins and Stenlund (2010), most of the previous research has been 

conducted exclusively under lab conditions with the load applied at some distance from 

the base of the pile cap. Under field conditions the load is not all applied at one location 

but is distributed along the length of the pile due to soil-pile interaction. This factor, which 

may affect connection capacity, has not been extensively investigated. 

 

Castilla et al. (1984) 

Castilla et al. (1984), in a two-part study, analytically evaluated the degree of 

rotational fixity associated with different HP Steel piles, with different embedment lengths. 

The workôs main objective was to determine the required pile embedment length to 

achieve a condition of full fixity of the pile-to-pile cap connection.  

A common rule of thumb for steel HP piles design, at the time, was analyzed by 

the authors: embedment of 1 ft or less was considered pinned connection, embedment 

between 1 ft and 2 ft was considered partially fixed and embedment greater than 4 ft was 

considered fully fixed.  

The authors performed an analytical study considering a cap-member system and 

another considering a cap-member-soil system. The work involved studying two types of 

steel piles: HP 14x117 and HP 14x73, considering embedment of 2 ft and 4 ft into the 

concrete cap, as seen in Figure 55. 
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Figure 55. Model parameters and ranges of Castilla et al. (1984) study. 

 

For the structural analysis (cap-member study), the authors developed finite 

element models, using ANSYS finite element computer program. The analysis focused 

on displacement and stress distribution, concluding that a moderately fine mesh was 

adequate for the study. Additionally, the impact of pile embedment depth on rotation at 

the concrete cap was analyzed, revealing that embedment depths greater than 

approximately 2D approached a limiting rotation value, suggesting partial fixity for 

shallower depths. The study also noted that concrete's low tensile strength and cyclic 

loading degradation were not fully represented in the models, leading to the incorporation 

of an interface element in subsequent analyses. 

A parametric study was also conducted in this cap-member model to determine if 

other parameters would significantly affect the degree of fixity of the pile section. Four key 

parameters were investigated: coefficient of friction between the pile and concrete cap, 

effective width of the concrete cap, pile spacing, and concrete cap thickness. Results 

showed that increases in the coefficient of friction and concrete cap width significantly 

reduced pile displacement and rotation. Pile spacing and concrete cap thickness had 

minor impacts on pile behavior.  

The authors, then, concluded that a pile embedment length equal to or greater 

than twice the pile width/diameter must be adopted for developing a condition of full fixity. 

As for partial fixity, the only statement made was that an embedment of 1 ft (or 
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approximately 1 time the width of the studied pile) developed about 61% to 83% of a fully 

fixed moment (4-ft embedment), indicating partial fixity. 

In the second part of the study, the authors conducted a detailed parametric 

analysis focusing on how various factors influence the fixity of piles embedded in the 

concrete cap, using finite differences software COM622. This analysis examined the 

impact of the embedment length of the pile in the cap, the stiffness and type of soil, the 

shear force at the cap/soil interface, and the stiffness of the pile itself. The primary metric 

for assessing fixity was the rotational response of the pile section at the point where it 

meets the concrete cap. 

The results showed that as the embedment/pile width ratio is increased, the 

rotation of the pile at the cap/soil interface decreases with an asymptotic behavior. After 

a Le/B ratio of, approximately, 1.75 to 2, rotation would barely change, as seen in the 

example in Figure 56. Additionally, this figure shows how an increase in soil stiffness 

(coefficient of soil subgrade reaction, ɖh or modulus of subgrade reaction, Kh) leads to a 

decrease in the rotation of the pile at the cap/soil interface for the same level of pile 

embedment. The stiffer the soil, the less rotation at a fixed condition. As observed, clayey 

soils tend to show less rotation than sandy soils. 
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Figure 56. Effect of Le/B ratio on pile rotation at soil/cap interface, HP 14x73 pile with 15 

kip shear at base of cap (Castilla et al, 1984). 

 

Also, as seen in Figure 57, a higher shear force at the cap/soil interface correlates 

with an increase in pile rotation and fixity. For a ratio of pile embedment length to pile 

width equal to 1.25, for example, the 5-kip shear curve is almost approaching its own 

asymptotic line, whilst the 25-kip shear curve is still far from it. 
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Figure 57. Effect of Le/B ratio on pile rotation at soil/cap interface, due to change in 

shear at soil/cap interface, HP 14x117 pile in loose sand, ɖh = 4 ton/ft3 (Castilla et al, 

1984). 

 

Finally, as the stiffness of the pile itself increases, the rotation at the interface 

decreases, as observed in Figure 58. 
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Figure 58. Effect of Le/B ratio on pile rotation at soil/cap interface, for several pile 

sections (change in stiffness), in medium dense sand with 10-kip shear at the base of 

cap (Castilla et al, 1984). 

 

The authors also used typical design shear forces at the cap base to compute 

maximum moment and cap displacement for different embedment lengths (1, 2, 3 and 4 

ft) of the two types of steel piles (HP 14x117 and HP 14x73). It was found that the 

computed moments for 1 ft embedment were significantly lower than those for 4 ft 

embedment (61% to 83% of the 4-ft embedment moments). This suggests that the 

conventional ñrule of thumbò that an embedment length of 1 ft or less results in a simply 

pinned pile may not be accurate, indicating that such piles might be already partially fixed. 
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Cheng and Sritharan (2020) 

Cheng and Sritharan (2020) performed half-scale testing of a prefabricated 

column-pile cap-pile system at a cohesive soil site. In this setup, the system consisted of 

a precast bridge column, a precast pile cap, and eight steel piles, which were subjected 

to combined axial and lateral loads. The connections between components were made 

using socket connections preformed in the pile cap with corrugated steel pipes. 

Under service loading conditions, no damage was observed in the test units. 

However, under seismic loading, plastic hinges formed in the column, allowing the system 

to maintain fixity while showing good structural behavior at the column and pile 

connections. The authors reported that flexible foundations accounted for 40% of the 

columnôs top displacement under service loads. 

They concluded that, for effective performance, the embedment length of the 

column should be equal to its diameter to allow plastic hinge formation, while the pile 

embedment length should be 1.5 times the pile depth to maintain fixity in the pile socket 

connection. 

 

5. Summary of Embedment Length Research 

As observed in the previous sections, although many authors investigated the 

issue of pile to cap connection and degree of fixity, very few systematically associated 

embedment lengths to degrees of fixity. Most were simply concerned with making 

embedment recommendations to develop an assumed fixed-head condition. Others 

indicated that a certain shallow embedment length could not be considered pinned (as 

formerly considered), but no indication of degree of fixity was made. 

Table 5 summarizes the literature reviewed so far as to what each author states 

regarding embedment length. 

 

Table 5. Embedment recommendations from literature. 

Research 
Embedment 

recommendations 
Notes 

Steel HP Piles 
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Castilla et al. 

(1984) 

2*Pile depth for fixed 

head condition 
¶ Work purely numerical. 

Shama et al. 

(2002) 

2-3*pile depth for 

fixed head condition 

(for usual values of 

concrete strength: 4, 5 

and 6 ksi) 

¶ Experimental and analytical work. 

¶ The authors themselves did not make any 

specific recommendations. The 

recommendations made here come from a 

simple parametric analysis of the authorsô 

equation. 

Cheng and 

Sritharan 

(2020) 

1.5*pile depth for fixed 

head condition 

¶ Experimental work. 

¶ Embedded portion of pile was reinforced with 

corrugated steel socket. 

Steel Pipe Piles 

Rollins and 

Stenlund 

(2010) 

2*pile diameter of 

plain embedment for 

fixed-head condition 

(or 1*pile diameter 

with special rebar 

reinforcement) 

¶ Experimental work. 

¶ For 12-in diameter piles. 

¶ Authors suggest that, for diameters other than 

12 in, a conservative estimate can be made 

with Marcakis and Mitchell (1980) equation. 

Prestressed Concrete Piles 

Shahawy and 

Issa (1992) 

50 in (or ~4.1 ft or 

~3.5*pile width) for 

fixed-head condition 

¶ Analytical and experimental work. 

¶ Necessary embedment for development of the 

prestressing strands. 

Issa (1999) 

48 in (or 4 ft or 

~1.6*pile width) for 

fixed-head condition 

¶ Analytical and experimental work. 

¶ Necessary embedment for development of the 

prestressing strands. 

¶ Embedded region reinforced with steel pipe, 

inserted into the central void. 

Harris and 

Petrou (2001) 

1*Pile width for fixed-

head condition 

¶ Experimental work. 

¶ Minimum of 1 ft. 
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Teguh et al. 

(2005) and 

Fuziol (2007) 

1.2 to 1.5*pile width 

for fixed-head 

condition 

¶ Numerical analysis. 

¶ Development of exposed strands with round 

reinforcement around the strands. 

Larosche et al. 

(2014a, b) 

1.3*pile width (Ñ 3 in) 

for fixed-head 

condition 

¶ Experimental work. 

¶ Plain embedment of the prestressed concrete 

pile. 

 

6. Summary of Embedment Recommendations from Departments of 

Transportation 

According to Zapata et al. (2022) and Rakestraw et al. (2024), twenty-four states 

specify a required pile embedment length into the footing or pile cap. Of these, three 

states (Florida, Minnesota, and Wisconsin) require an embedment length of 0.5 or 1.0 

feet for pinned connections. Six states (Florida, Wisconsin, Colorado, Illinois, New 

Hampshire, and Oregon) specify an embedment length for fixed connections, ranging 

from 1.0 to 4.0 feet. In Colorado and Oregon, the required embedment length is calculated 

based on the pile's plastic moment capacity about the strong axis, concrete compressive 

strength, and pile width. The remaining 17 states that mandate an embedment length do 

not indicate whether the detail results in a pinned or fixed connection behavior. 

AASHTO (2020) recommends a minimum embedment of piles into pile caps to be 

no less than 1 foot. For special cases, 6-in embedment is allowed. 

The Table 6 summarizes all southern states (as defined by the United States 

Census Bureau) recommendations concerning pile embedment into the pile cap. 

 

Table 6. Embedment details from DOTs 

State Description  Source  

South Atlantic Division 

Delaware, 

DelDOT 

-Dowel bars used for connection with precast piles 

- For Steel H-piles, a minimum embedment length of 

1 foot is required 

DelDOT 

(2017) 
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Maryland, 

MDOT 

SHA 

- Drawings show that, for any kind of pile, it must be 

embedded 1 ft into the cap 

MDTOSHA 

(2020) 

District of 

Columbia, 

DDOT 

No specifications 
DDOT 

(2023) 

West 

Virginia, 

WVDOT 

- Minimum embedment length of 1 ft. 
WVDOT 

(2016) 

Virginia, 

VDOT 

- For prestressed concrete piles only: 

-----top of the pile must be embedded a minimum of 

6 in into the cap and, additionally, the strands must 

extend 34 in beyond the pile, into the cap. 

VDOT 

(2024) 

North 

Carolina, 

NCDOT 

- For bent caps smaller than 4 ft, recommended 

embedment length of 12 in, for all kinds of piles. 

- For bent caps larger than 4 ft and Integral end 

bents, recommended embedment length of 24 in, for 

all kinds of piles. 

- For general pile footings, abutment and retaining 

walls, recommended embedment length of 9 in for 

Steel H-piles and 12-in prestressed concrete piles, 

and embedment length of 12 in for Steel pipe piles 

and prestressed concrete piles larger than 12 in. 

NCDOT 

(2023) 

South 

Carolina, 

SCDOT 

- Embedment length equal to the pile with. For steel 

pipe piles, 1.25 ft minimum. 

SCDOT 

(2006) 

Georgia, 

GDOT 

- Any kind of pile:  

---- Piles up to 20 inches in width or diameter: embed 

the pile 1 foot into the pile bent 

GDOT 

(2024) 



Chapter 2: Pile-to-Cap Connections 

 
 

137 
 

---- Piles larger than 20 inches: embed the pile 1.5 ft 

in to the pile bent 

Florida, 

FDOT 

- Specifications only for prestressed concrete piles. 

- 4-ft embedment for prestressed concrete piles to 

achieve full bending capacity. No mention is made 

about the connection capacity or required 

embedment for full fixity. In this case, moment 

capacity or strand development length will control 

failure. 

- For pinned conditions, the guidelines specify a 1-ft 

embedment and strands development length must 

follow AASHTO LRFD Bridge Design Specification 

(2020). 

FDOT 

(2023) and 

AASHTO 

(2020) 

East South-Central Division 

Kentucky, 

KYTC 
No specifications 

KYTC 

(2024) 

Tennessee, 

TDOT 

-Specifies for Steel H-piles and pipe piles: 

---- Use of Marcakis and Mitchell (1980) equation for 

determining pile embedment, with a minimum of 1 ft 

TDOT 

(2023) 

Mississippi, 

MDOT 
No specifications 

MDOT 

(2010) and 

MDOT 

(2016) 

Alabama, 

ALDOT 
No specifications 

ALDOT 

(2023) 

West South-Central Division 

Arkansas, 

ArDOT 

- For footings and non-integral bent caps: 

--------Any kind of pile smaller than 18 in, minimum 

embedment of 12 in. 

--------Any kind of pile larger than 18 in, minimum 

ArDOT 

(2020) 
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embedment of 15 in. 

 

- For integral bent caps: 

--------Any kind of pile, minimum embedment of 18 in. 

Oklahoma, 

ODOT 

A few drawings show piles embedded 10 in into 

caps, without specifying if it is a requirement or not. 

ODOT 

(2016) 

Texas, 

TxDOT 

- 1-ft embedment for 16-in and 18-in square concrete 

piles and Steel HP14 and HP16 piles 

- 1.5-ft embedment for 20-in and 24-in square 

concrete piles and Steel HP18 piles. 

TxDOT 

(2019) 

Louisiana, 

LaDOTD 
No specifications 

LaDOTD 

(2020) 
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Chapter 3: 

Bridge Bents 

 

 

In the previous chapter, a comprehensive literature review on behavior of pile-to-

cap connections was performed. However, literature focused almost entirely on individual 

behavior of pile-to-cap connections. This research, though, aims to investigate how this 

can be applied to pile-to-bent cap connections. 

 

1. Background 

A bridge bent is an intermediate support between bridge spans that transfers and 

resists vertical and lateral loads from the superstructure to the foundation (Caltrans, 

2022). The bent cap beam supports the longitudinal girders and transfers the loads to the 

bent columns/piles (Figure 59). 

 

 

Figure 59. A typical integral bridge bent (Caltrans, 2022). 
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The construction of bridge pile bents, supported by driven piles, typically involves 

the following steps, illustrated in Figure 60. 

a) Piles are driven to a sufficient elevation below ground level, based on calculated 

end bearing and side friction capacities. 

b) After all piles have been driven, the tops of the piles are cut off, so all the pile heads 

are at the same elevation above the ground. 

c)  Formwork and reinforcement are placed around the piles to construct the cast-in-

place bent cap. 
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Figure 60. Construction steps of a pile bent: a) piles driven into the ground; b) piles 

heads cut off and formwork placed; c) formwork and reinforcing cage; d) finished pile 

bent after pouring concrete and removing formwork (Skinner, 2019) 

 

In the state of Alabama, bridges may be supported in different ways:  single column 

piers (usually called ñhammerheadò pier), multiple columns connected to footings (for 

longer than 50-ft bridge spans) or pile bents (for shorter than 50-ft bridge spans) (ALDOT, 

2023).  
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According to Marshall et al. (2017), the multi-span bridge with simply supported 

precast-prestressed concrete girders and intermediate bents consisting of driven steel 

piles and a reinforced concrete bent cap is widely used in the state of Alabama. A typical 

pile bent can be seen in Figure 61. 

 

 

Figure 61. Typical Pile Bent with Galvanized Steel HP Piles and Reinforced Concrete 

Cap (Marshall et al, 2017). 

 

Marshall et al. (2017) state that typical intermediate pile bents are constructed with 

either precast concrete or steel piles, which are driven into the ground using hydraulic, 

diesel, or air hammers. The exterior piles are often battered at a 1.5:12 slope. Steel HP 

piles are among the most used sections in pile bent substructures. These piles have 

flanges and webs of equal thickness, which helps reduce the driving stresses they endure 

(Bowles 1996).  

To prevent section loss, steel HP piles are often encased in non-structural 

concrete, with encasements shaped either circular or square. Alternatively, ALDOT has 

used galvanized piles for corrosion protection, as seen in the bent in Figure 61, which 

consists of galvanized steel HP piles. A key element of a typical pile bent is the cast-in-
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place reinforced concrete bent cap, poured after the pile driving process. The pile tops 

are typically embedded at least 12 inches into the bottom of the bent cap.  

 

2. Load Testing of Bridge Bents 

This section describes a series of historic load tests performed in pile bents with 

steel H-piles. 

 

2.1 Marshall et al. (2017) and Anderson et al. (2018) 

A series of load tests were conducted in bridge bents in the state of Alabama. 

Marshall et al. (2017) conducted 7 lateral load tests in different bridge bents. Four tests 

were conducted on a bridge in Alabama County Road 9, Macon County (Shorter, AL). 

Two tests were conducted in a bridge in US Highway 331, south Montgomery, AL. The 

two final tests were performed on two bridge bents, specifically built to be tested to failure, 

in the Auburn University National Experimentation Site (AUNGES) (Anderson et al, 2019), 

Lee County, Opelika, AL. 

Their work was motivated by a previous observation that steel pile bridge bents 

with battered piles and no sway bracing usually experimented higher than expected 

forces by ALDOT engineers. The purpose of this work, then, was to investigate the 

behavior of steel pile bridge bents under lateral loading conditions. A few observations 

regarding pile embedment could be drawn from this work. 

 

Macon County Road 9 Bridge, Shorter, AL 

The first test on Alabama County Road 9, Macon County (Shorter, AL) was 

conducted on Bent 5 of a multi-span bridge over Old Town Creek (Figure 62). The bridge 

consists of six 40-foot spans, each supported by four HP14x89 steel piles, 31.5-ft long, 

spaced 8 feet apart, with the two exterior piles battered at a 1.5:12 slope. Some of the 

piles were galvanized, while others were encased in 30-inch diameter non-structural 

concrete. The piles had a clear height of 5 feet, and each pile was embedded one foot 

into the cast-in-place bent cap (approximately 0.85*pile depth). 
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Figure 62. Field test setup on bridge over Old Town Creek, Alabama County Road 9, 

Macon County (Shorter, AL) (Marshall et al, 2017). 

 

The bent was instrumented with electrical resistance strain gauges to measure 

axial forces and bending moments on both the steel piles and the concrete encasements. 

The strain gauges were placed on both sides of the web for weak axis bending and at 

different sections above and below grade to provide a moment versus depth profile. 

Additionally, draw wire sensors (wirepots) were installed on the bent cap to measure total 

lateral deflection during the test. This comprehensive instrumentation helped monitor 

strain, load, and displacement throughout the test. 

A static lateral load test was performed. The bent was loaded incrementally, first in 

10 kip increments up to 60 kips and then in 5 kip increments up to a total lateral load of 

75 kips. Load increments were held for five to ten minutes, and the system was then 

unloaded in two to three increments. Hydraulic jacks (with a 60-kip capacity) were used 

to apply the lateral load, and high-strength steel threaded rods anchored the system. 
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The results of the test showed that the bridge bent exhibited high stiffness. The 

piles experienced bending moments with the highest values at the pile heads, and these 

moments dissipated as depth increased, largely due to load transfer from the encased 

concrete to the ground. Strain profiles revealed that the steel piles and concrete 

encasements did not behave fully composite, which could be attributed to cracks in the 

concrete caused by the steel pile restraint. The lateral deflection was minimal, with the 

bent deflecting only 0.2 inches at the maximum load of 75 kips. This stiffness was 

attributed to the short free height of the piles and the significant contribution of the 

concrete encasements to the overall structural stiffness. 

Regarding the pile embedment into the bent cap, the connection between the pile 

and the bent cap displayed substantial moment capacity, contributing significantly to the 

structural stiffness of the bent. Despite the non-perfect composite action between the 

steel and concrete, the bent performed well under lateral loads, demonstrating behavior 

consistent with a fixed-head condition where the maximum bending moment occurs at 

the pile cap connection. 

Three additional lateral load tests were, later, performed in the same pile bent, 

under different conditions. The first was after the placement of a bridge deck roadway on 

top of the girders, but no extra gravity loads were applied. The second was with the 

addition of gravity load (ALDOT standard truck) centered over the roadway, above the 

tested pile bent. The third (final test) also had a gravity load, but the truck was positioned 

at the edge of the roadway (also above the tested pile bent). According to the authors, 

the pile bent also behaved extremely stiff for the three cases. It was observed that the 

addition of gravity load did have an effect on the magnitude of the bending moments at 

the instrumented pile sections six inches from the bottom of the cap. The maximum 

bending moments were higher in each of the loading conditions with additional gravity 

load compared to the lateral load test without additional gravity load which is to be 

expected due to the increased flexural stiffness of the piles due to the larger compressive 

force. 

Regarding connection capacity, a simple analysis can be performed based on the 

findings of Marshall et al. (2017). 
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In the four lateral load tests performed - (1) pile bent with girders only, (2) pile bent 

with the bridge deck but no additional gravity load, (3) pile bent with the bridge deck and 

a centered gravity load, and (4) pile bent with the bridge deck and an off-centered gravity 

load - it was consistently observed that Pile 4 experienced the highest moment demand 

at the instrumentation level of 1.5 ft (6 inches below the cap) 

For the lateral test involving the pile bent with girders only, Pile 4 registered a 

maximum measured moment of 171 kip-ft at the instrumentation level of 1.5 ft (6 inches 

below the cap), close to the bottom of the cap. 

The structural moment of the HP14x89 pile, calculated along its weak axis, is 253 

kip-ft (limit state of flange local buckling), calculated according to AISC manual (2023). 

This calculation conservatively ignores the contribution of the concrete encasement. 

Additionally, applying the equation by Marcakis and Mitchell (1980), the pile-to-cap 

connection is determined to have a moment capacity of 329 kip-ft. This indicates that the 

pile reaches its structural moment capacity before the connection itself reaches its full 

capacity. In this case, Pile 4 developed approximately 67% of its structural moment 

capacity. 

The pile bent shows behavior characteristic of a fixed-head condition, as the shape 

of the bending moment profile during the load test closely matches the theoretical profile 

for a pile with fixed-head behavior, where the maximum bending moment occurs at the 

top of the pile. This behavior was consistent across all four piles. However, no more 

conclusions can be drawn since no failure was achieved. 

For the other three tests (pile bent with no additional gravity load, with centered 

gravity load, and with off-centered gravity load) the same pattern emerged for Pile 4, as 

well as for the other piles. The maximum moment achieved by Pile 4 was 49%, 59%, and 

52% of its plastic moment, respectively, in these tests. 

 

US 331 Bridge, Montgomery, AL 

Two lateral load tests were conducted on the southbound bridge over Catoma 

Creek on US Highway 331, south of Montgomery, AL (Figure 63). These tests aimed to 

assess the bridge bent's performance under combined gravity and lateral loads, as well 

as lateral load only. 
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The bridge comprised pile bents, each with six driven HP10x42 steel piles, 40-ft 

long, encased in 16-inch square concrete encasements. The bents included a trapezoidal 

reinforced concrete cap identical in geometry to the cap used in the Macon County load 

tests, with approximately 11 feet of clear height from the cap bottom to the ground line. 

The two exterior piles were battered at a 1.5:12 slope, and each pile was embedded 1 

foot into the bent cap (approximately 1.2*pile depth). 

Instrumentation consisted of strain gauges installed on three sections of the 

concrete encasements above ground level to capture axial forces and bending moments 

in the piles. Due to limited access, only the concrete encasements were instrumented, 

not the steel piles directly. Additionally, draw wire sensors (wirepots) were placed on the 

bent cap to measure total lateral deflection during the tests. 

 

 

Figure 63. Test bent on southbound bridge over Catoma Creek, on US Highway 331, 

south Montgomery, AL (Marshall et al, 2017). 

 

The southbound bridge bent was tested using the northbound bridge as a reaction 

frame. Two tests were performed: a combined gravity and lateral load test that included 

a live load (ALDOT standard truck) positioned directly above the test bent at the edge of 

the roadway, and a lateral-only test, which included only the bridge deck and girders, 

without any live load. Both tests applied lateral load in 10-kip increments up to a maximum 

load of 90 kips. 
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The combined gravity and lateral load test showed that overturning behavior 

occurred, where the exterior pile on the jack end experienced significant axial tension, 

while the opposite exterior pile exhibited axial compression. Interior vertical piles primarily 

resisted through flexure, contributing minimal axial load. In the lateral-only test, the 

exterior piles again carried most axial load due to their batter, with a noticeable difference 

between certain piles: Pile 6 had greater compressive force than the tensile force in Pile 

1, which demonstrates the effects of overturning. 

Bending moment profiles during the combined load test initially increased due to 

the live load but shifted from positive to negative as lateral load rose, particularly around 

the 30-50 kip range. The observed maximum moments were relatively low, around 14.5 

kip-ft, located six inches below the cap. The disparity in stiffness between the steel piles 

and concrete encasements caused non-composite behavior, limiting the steel piles' 

contribution to bending moment. In the lateral-only test, bending moments matched those 

from the combined load test, peaking at the bottom of the cap with values between 11 

and 20 kip-ft. 

In the reaction bent, bending moments were lower than in the test bent, with the 

highest axial compression occurring in the exterior battered pile (Pile 7). Axial forces in 

the reaction bent also indicated overturning behavior, with Pile 7 experiencing the most 

significant compression relative to the other piles. 

Deflection measurements reflect the bentôs stiffness, showing less than 0.1 inches 

of deflection in both tests. This minimal deflection reflects the multiple pilesô cumulative 

effect and the load-sharing with adjacent bents. The load-deflection response remained 

linear at service-level loads, with only a slight stiffness increase when additional gravity 

loads were applied, suggesting that service-level gravity loads had little impact on lateral 

stiffness. 

Bending moment profiles suggested a fixed-head condition at the pile-to-cap 

connection, as maximum moments concentrated near the capôs bottom and decreased 

linearly along the pile height. The inflection pointôs location near the ground surface 

supports the fixed-head assumption. While direct monitoring of the steel piles was limited, 

the test response closely aligned with theoretical fixed-head behavior for pile bents. 
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Again, in a similar manner as Macon County results, regarding connection 

capacity, a simple analysis can be performed based on the findings of Marshall et al. 

(2017). 

For both tests (combined lateral and gravity load test, and lateral-only test) pile #5 

was the most demanded, concerning bending moment at the maximum lateral load level. 

Considering that pile HP 10x42 has a structural moment capacity of 81 kip-ft, is possible 

to observe that pile #5 developed approximately 19% and 24%, respectively, of its own 

structural capacity. The connection capacity, calculated according to Marcakis and 

Mitchell (1980), is approximately 331 kip-ft. This means that the pile will yield long before 

the connection itself. 

Again, it is possible to conclude that the pile bent exhibits behavior characteristic 

of a fixed-head condition, as the shape of the bending moment profile during the load test 

closely matches the theoretical profile for a pile with fixed-head behavior, where the 

maximum bending moment occurs at the top of the pile. However, again, no failure was 

achieved. 

 

AUNGES, Lee County, Opelika, AL 

Two more bridge bents were built for the sole purpose of loading to failure. The 

bents each featured four HP12x53 piles, 35-ft long, driven 20 ft into the ground. The bents 

were 3-ft x 3-ft in cross section and were designed to have 9 feet of clear pile length above 

the ground level. The concrete used was tested and had a compressive strength of 

approximately 5,200 psi to 5,500 psi. 

The two test bents were built with specific configurations. One bent with entirely 

vertical piles, each embedded 18 inches into the pile cap (Figure 65). The other bent 

followed ALDOT standard practice: it included two vertical piles and two battered piles 

angled at a 1.5/12 slope (Figure 64). The piles were embedded 12 inches into the cap. 

The pile bents were aligned to bend along the weak axis under lateral loading, with caps 

designed to resist structural failure. Strain gauges and inclinometers were installed along 

various pile depths to capture strain data and deflection. 
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Figure 64. AUNGES battered test bent (from left to right: piles 1, 2, 3 and 4), in Lee 

County, Opelika, AL. Horizontal load applied from right to left. (Marshall et al, 2017). 

 

 

Figure 65. AUNGES vertical bent test (from left to right: piles 8, 7, 6 and 5), in Lee 

County, Opelika, AL. Horizontal load was applied from left to right (Marshall et al, 2017). 
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The piles were instrumented with strain gauges for measuring axial and bending 

moment at three cross sections along the depth of the piles: 6 in below the cap bottom, 

42 in below the cap bottom and 84 in below the cap bottom. Additionally, an inclinometer 

was used to measure the deflection of the piles along their lengths. 

The battered load test was performed up to a maximum lateral load of 140 kips, 

during which several key structural responses were observed as the load progressively 

increased. 

At 100 kips, flexure cracks began to form in the bent cap, originating above Pile 2 

and extending toward Pile 1. This cracking indicated the significant bending stress within 

the cap as it resisted the applied lateral forces. As the load increased to 110 kips, localized 

yielding became evident in the pile flanges at the base of the bent cap, where bending 

moments were highest. Mill scale flaked off from the surface, signaling the onset of steel 

yielding under stress. 

By 130 kips, additional shear cracks had appeared alongside the initial flexure 

cracks, particularly around Pile 2, where combined bending and shear stresses 

intensified. These cracks followed the reinforcement path within the cap, illustrating the 

way the load was distributed through the bent structure. At the maximum applied load of 

140 kips, significant buckling developed in the flanges of Piles 1 and 3, between 5 and 7 

inches below the bent cap. This buckling indicated that these sections had reached their 

load capacity, undergoing plastic deformation, a critical point that marked the potential 

onset of structural failure. 

At this 140-kip load, the lateral load test reached its limit as deflection increased 

dramatically to approximately 6.75 inches, with a residual drift of 4.5 inches after load 

removal. The jackôs stroke capacity was fully utilized, preventing any further loading. The 

figures 66 to 69 illustrate the lateral load test results, axial loads, bending moment 

diagrams, and inclinometer profiles. It is important to note that, as the bent approached 

failure, the gauges in the upper section began to fail, due to the buckling in the pile 

flanges. Therefore, the plots only present results up until the 80 kips lateral load stage. 

The results show that the piles achieved moments very close to the plastic moment 

capacity (Mp å 129 kip-ft), which is far below the connection capacity, calculated according 

to Marcakis and Mitchell (1980), of approximately 186 kip-ft, for a 12-in embedment. 
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Figure 66. AUNGES battered bent test, Bending moment diagrams (Marshall et al, 

2017). 
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Figure 67. AUNGES battered bent test, Axial results (Marshall et al, 2017). 
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Figure 68. AUNGES battered bent test, Inclinometer results (Marshall et al, 2017). 
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Figure 69. AUNGES battered bent test, Wire Pot load deflection behavior (Marshall et 

al, 2017). 

 

The vertical bent load test proceeded with 10-kip increments until structural failure 

or the jack capacity was reached. Inclinometer readings were captured at every 20-kip 

load increment and at each unloading step to monitor residual deformations. The test 

reached a maximum load of 140 kips, at which point the piles experienced localized 

yielding, especially in the flanges up to 5-7 inches below the bent cap. The deflection of 

the bent cap increased nonlinearly once yielding began, and some strain gauges failed 

under excessive strain (especially after the 80-kip stage). Ground cracks opened up 

around the bent, indicating substantial lateral energy transferred into the soil, and residual 

drift was observed. 

The test results included moment and axial force profiles, inclinometer readings, 

and load-deflection behavior captured by wire pots (see figures 70 to 73).  

The results show that the piles achieved moments very close to the plastic moment 

capacity (Mp = 129 kip-ft), which is far below the connection capacity, calculated according 

to Marcakis and Mitchell (1980), of approximately 398 kip-ft, for an 18-in embedment. 
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Figure 70. AUNGES vertical bent test, Bending moment diagrams (Marshall et al, 2017). 
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Figure 71. AUNGES vertical bent test, Axial results (Marshall et al, 2017). 
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Figure 72. AUNGES vertical bent test, Inclinometer results (Marshall et al, 2017). 
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Figure 73. AUNGES vertical bent test, Wire Pot load deflection behavior (Marshall et al, 

2017). 

 

In summary, the authors concluded that the vertical bent only experienced yielding 

of the piles while the battered pile experienced both pile yielding and significant cap 

cracking above Pile 2. This cracking is due to the tension the pile experienced due to the 

battered pile in compression wanting to rotate to vertical causing tension in Pile 2 and 

compression in Pile 3 which is opposite from what is expected and what occurred in the 

vertical bent. Both the pile bents experienced significant soil deformation and cracking at 

the ground level. Additionally, it should be noted that the magnitude of the axial forces in 

the piles are higher in the battered bent. 

 

2.2 Marshall et al. (2021) 

Marshall et al. (2021) expanded on the previous research and focused on the 
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experiments on bridge over Old Town Creek, in Alabama County Road 9, Macon County, 

Shorter, AL (Figure 74). They investigated how braking forces interacted with the bridge 

substructures, evaluating static and dynamic braking loads and calibrating models against 

the experimental data. 

 

Figure 74. Plan view of bridge over Old Town Creek, Alabama County Road 9, Macon 

County (Shorter, AL) (Marshall et al, 2021). 

 

In their experimental work, sensors (accelerometers, potentiometers, load cells) 

were installed on the bridge and connected to a Data Acquisition System (DAQ) to record 

acceleration, displacement, and force. A tow truck applied static loads, and a load truck 

conducted dynamic braking tests. Bent displacements and accelerations were recorded 

and analyzed. The results were used to develop analytical models to supplement test 

data. Figure 75 shows an example of a sample truck acceleration data. 
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Figure 75. Sample truck acceleration data: 1 is truck initial acceleration to target speed, 

2 is truck maintaining constant target velocity, 3 is truck braking, and 4 is truck rocking 

after initial stop (Marshall et al, 2021). 

 

The static load tests showed greatest deformations at the tallest, least stiff bents 

(Bent 3, for example, showed 3 mm deflection). The dynamic load tests showed that 

bridge acceleration was approximately 23% of the truck acceleration, and that braking 

force was highest near mid-span bents. Figure 76 shows the maximum bent deflections 

recorded for C5 tests. 
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Figure 76. Maximum bent deflections for C5 tests (centerline test on span 5) (Marshall 

et al, 2021). 

 

The authors then calibrated an analytical model to match the experimental data. 

Table 7 shows the maximum total and component horizontal shear force for each dynamic 

test conducted. According to the authors, shear distribution varied, with some bents 

peaking during free response instead of braking. Additionally, they found that off-center 

braking increased forces on Abutment 1 & Bent 2. The authors concluded that static 

analysis is sufficient for estimating total shear forces. 

 

Table 7. Maximum Total and Component Horizontal Shear Force for each Dynamic Test 

(Marshall et al, 2021). 

Braking 

Positio

n 

Max. 

Static 

Horizontal 

Shear 

(kips) 

Max. 

Dynamic 

Horizonta

l Shear 

(kips) 

Max. 

Comp. 

Shear 

(kips): 

Abutment 

1 

Max. 

Comp. 

Shear 

(kips): 

Bent 2 

Max. 

Comp. 

Shear 

(kips): 

Bent 3 

Max. 

Comp. 

Shear 

(kips): 

Bent 4 

Max. 

Comp. 

Shear 

(kips): 

Bent 5 

Max. 

Comp. 

Shear 

(kips): 

Bent 6 

Max. 

Comp. 

Shear 

(kips): 

Abutment 

7 

Center 

Span 2 
22.5 22.7 7.9 7.5 2.4 2.5* 4.2* 2.3* 4.0* 
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Right 

Span 2 
26.0 26.5 8.9 8.5 2.7 3.0* 5.2* 3.6* 6.3* 

Center 

Span 3 
25.3 26.3 6.6* 4.6 3.0 5.1 4.7 2.7* 4.7* 

Right 

Span 3 
21.1 21.2 7.3 6.7 2.2 2.4* 3.9* 2.7* 4.7* 

Center 

Span 5 
24.6 25.4 3.7* 2.4* 1.0* 1.7 7.5 6.5 7.6 

Right 

Span 5 
20.0 19.7 6.8 6.4 2.0 2.3* 3.4* 2.9* 5.0* 

 

In the last part of the research, the authors performed a limited parametric study 

using 23 numerical models (Figure 77). They found that abutments absorb ~75% of 

braking force, while individual bents take up to 35%. Also, stiff columns take more force 

(0.34 normalized shear), and flexible ones less force (<0.05). According to them, static 

analysis is effective, but stiffness distribution affects results. 

 

 

Figure 77. Six-Span Bridge Model used for the parametric study (Marshall et al, 2021). 
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Chapter 4: 

Methodology 

 

 

1. Introduction 

This chapter describes the experimental methodology used to investigate the fixity 

behavior of steel H-pile to concrete bent cap connections relying on plain pile embedment. 

 

2. Experiment Conceptualization 

The literature review highlights the study conducted by Marshall et al. (2017), 

which investigated the response of pile bents subjected to overload conditions. However, 

this study raised further questions regarding the influence of steel H-Pile embedment into 

the cap on the lateral load behavior of a pile bent. Building upon this prior work, the current 

research aims to systematically vary the embedment length of the pile within the cap, 

evaluate its performance under lateral loading, and analyze the rotational stiffness 

characteristics of the connection.  

Specimens consisting of a concrete cap with an embedded steel H-Pile, as 

illustrated in Figure 78, will be fabricated. An entire pile bent supported by four piles will 

be considered. However, for the purposes of the experimental program, a representative 

segment of this pile bent will be extracted, inverted, and subjected to lateral load testing. 
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Figure 78. Experiment Conceptualization of a single specimen of a concrete bent cap 

with a steel H-pile. 

 

2.1 Proposed Specimens  

The experimental program relied on material donated by Nucor Skyline. Therefore, 

the experimental program was limited to the amount and type of material that the donor 

could provide. The experimental program then opted for the construction of eight 

specimens. Six of them would use steel piles HP 10x42 and two, HP 12x53. These piles 

are commonly used by the Alabama Department of Transportation for short-span bridge 

construction.   

Table 8 shows the initial details of the eight specimens. 

 

Table 8. Test specimens for the experimental program 

Test 

Specimen  

Pile 

Type 

Load 

Direction  
Embedment (in)  

W-10-7.5 
HP 

10x42 
Weak axis 

0.75 x Pile 

depth 
7.50 
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W-10-5 
0.50 x Pile 

depth 
5.00 

W-10-7.5R 
0.75 x Pile 

depth 
7.50 

W-10-10 
1.00 x Pile 

depth 
10.00 

W-10-15 
1.50 x Pile 

depth 
15.00 

S-10-10 Strong axis 
1.00 x Pile 

depth 
10.00 

W-12-6 
HP 

12x53 
Weak axis 

0.50 x Pile 

depth 
6.00 

W-12-12 
1.00 x Pile 

depth 
12.00 

 

As observed in table 8, each specimen was named following a standard logic as 

in ñW-10-15ò.  

The first term of the name ñWò or ñSò indicates the pile axis that the pile is being 

bent about. For ñWò specimens, the pile is being laterally loaded and bent about its weak 

axis. For ñSò specimens, the pile is laterally loaded and bent about its strong axis.   

The second term is either ñ10ò or ñ12ò. It simply indicates whether the specimen 

uses an HP 10x42 or HP 12x53 pile. 

The third term (5, 6, 7.5, 10, 12 or 15) indicates how many inches the pile is 

embedded into the concrete cap.  

Therefore, specimen W-10-15 indicates that it is an HP10x42 pile, embedded 15 

in into the cap and bent about its weak axis. 

One note about specimens W-10-7.5 and W-10-7.5R. W-10-7.5 was planned to be 

the first specimen tested. In experimental research, mistakes can occur, or changes can 

arise during the program. Therefore, W-10-7.5R was created as an exact duplicate of W-

10-7.5 to correct potential errors and to ensure replication of results in the dataset. 
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2.2 Estimated Capacity of Specimens 

Each specimen was planned to have a lateral load applied to the pile at a point 7 

ft from the cap surface. This point was selected for two reasons: first, it generally 

corresponds to the average location along the pile length where an inflection point 

occurred in the moment profiles of Marshall et al. (2017). Therefore, the intent to replicate 

Marshall et al. (2017) is maintained. Second, the experiments primarily focus on 

generating moment demand at the connection. With a 7 ft lever arm, the required load to 

achieve a given connection moment is much lower than with a 3 ft lever arm, for example. 

Additionally, using this lever arm allows the same desired ratio of flexure to shear in the 

pile at the connection. 

Table 9 shows the expected load necessary to fail each specimen. The maximum 

loads were calculated taking the minimum value between Marcakis and Mitchellôs (1980) 

theory or the pile structural moment. 

 

Table 9. Expected failure load for each test specimen. 

Specimen  Le/d 
Expected 

Failure mode  

Expected 

Horizontal Failure 

Load (kips)  

W-10-15 1.50 Steel yielding 15.0 

W-10-10 1.00 Steel yielding 15.0 

W-10-7.5 0.75 
Concrete 

cracking/crushing 
11.0 

W-10-7.5R 0.75 
Concrete 

cracking/crushing 
11.0 

W-10-5 0.50 
Concrete 

cracking/crushing 
5.0 

W-12-12 1.00 Steel yielding 21.0 

W-12-6 0.50 
Concrete 

cracking/crushing 
7.0 
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S-10-10 1.00 
Concrete 

cracking/crushing 
19 

 

3. Experimental Specimens Design 

The design of the test specimens was guided by two primary objectives: generating 

controlled moment demand at the pile-to-cap connection across a range of embedment 

depths, and ensuring that specimen geometry was representative of field conditions 

encountered in short-span bridge pile bents used by ALDOT. The concrete cap 

dimensions, pile section, reinforcement layout, and embedment depths were established 

by replicating Marshall et al.'s (2017) pile bent sections, including reinforcement. 

Therefore, the selected bent cap section is a reinforced concrete cap section 

measuring 36 in x 36 in (3 ft x 3 ft) and 6 ft long. Each specimen has a single steel H-pile 

embedded to a prescribed depth. Axial, shear and moment demands were calculated and 

the specimen was designed according to AASHTO LRFD Bridge Design Specification 

(2020) and ACI 318 (2022) to resist such demands. No special connection details were 

provided other than pure pile embedment. Figure 79 shows a schematic of the specimen 

geometry. 

 

 

 

 

 

 

 



Chapter 4: Methodology 

 
 

169 
 

 

Figure 79. Schematic of Specimen Geometry 

 

3.1 Specimen Details  

The concrete cap final reinforcement design can be seen in Figure 80.  
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Side view: 

 

Cross-section view: 
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Figure 80. Concrete cap final reinforcement design: Side view (top) and cross-section 

view (bottom). 

  

As seen in figure 80, the final reinforcement design is comprised of: 

¶ Bar A: 12 - #8 longitudinal rebars, distributed on top and bottom. 

¶ Bar B: 11 - #4 transverse rebars, in a U-shape 

¶ Bar C: 10 - #4 transverse rebars, closing the loop for bar B, except at the 

midsection. 

¶ Bar D: 18 - #3 cross-ties, placed in six different cross-sections. 

¶ Bar E: 2 - #3 skin rebars, placed on the cap sides. 

 

The reinforcement was designed to leave room in the center so that the steel H-

pile can be inserted into the cap, at the desired embedment depth, as seen in figure 81. 
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Figure 81. Plan view of the specimen (dimensions in inches).  

 

3.2 Material Properties  

The following subsections describe the geometric and material properties of the 

test specimens, including the steel H-pile cross-sectional dimensions, steel material 

properties, concrete mix design, and measured fresh and hardened concrete properties. 

 

 

3.2.1 Reinforcing Steel 

The design requirements for mild reinforcing steel follow ASTM A615 Grade 60. 

The yield strength of steel (fy) is 60 ksi. The estimated modulus of elasticity (E) is 29,000 

ksi. 
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3.2.2 Steel H Piles  

The specimens were fabricated using two standard wide-flange H-pile sections 

(HP 10x42 and HP 12x53), manufactured by Nucor Skyline Steel according to ASTM 

A572, A709 and A6.  

Table 10 summarizes the cross-sectional properties of both pile sections and figure 

82 shows the steel H-pile schematic cross-section. 

 

 

Figure 82. HP section schematic (AISC Steel Manual, 2023) 

 

Table 10. HP section dimensions, properties and calculated Moment Capacities. 

Property  
HP 

10×42 

HP 

12×53 

Geometric Properties  

Cross-sectional area, A (in²) 12.4 15.5 






































































































































































































































































































































































































































































































































































































































































































































































































