
 
 

Theoretical Moment-Rotation Curve for 
Steel Piles Embedded in Concrete 

 
by 
 

Stephen Thomas Hammett 
 
 
 
 

A thesis submitted to the Graduate Faculty of 
Auburn University 

in partial fulfillment of the 
requirements for the Degree of 

Master of Science 
 

Auburn, Alabama 
August 5, 2017 

 
 
 
 

Keywords:  Connection stiffness, Moment-rotation curve, Embedded steel pile, 
Bridge bent, Frame analysis, Second order effects 

 
 

Copyright 2017 by Stephen Thomas Hammett 
 
 

Approved by 
 

Justin D. Marshall, Chair, Associate Professor of Civil Engineering 
J. Brian Anderson, Associate Professor of Civil Engineering 
Robert W. Barnes, Associate Professor of Civil Engineering 

 
 
 
 
 
 
 



ii 
 

Abstract 

 The accurate modelling and analysis of connections formed by embedding steel piles in 

concrete is a difficult undertaking that has only recently begun to receive attention in the 

research community.  These connections are inherently three-dimensional problems that involve 

the nonlinear behavior of the constituent materials.  Despite these complexities, the author 

postulates that simpler, two-dimensional analysis methods can be used to model the flow of 

stresses from the face of the pile (where the resisting couple exists) into the encasing concrete.  

This paper examines four two-dimensional methods to evaluate their potential as connection 

models.  One of these methods (Method 3) yielded results that closely matched the rotational 

stiffness results from full-scale tests, while another method (Method 4) yielded results that 

closely matched the currently accepted calculations for moment capacity.  The shortcomings of 

the two-dimensional methods are discussed and recommendations for improvements are 

provided. 
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Chapter 1 Introduction 
 
1.1 Overview 

 One of the most common bent types found on bridges in Alabama with individual spans 

not exceeding roughly 40 feet is a rigid (moment) frame consisting of a concrete cap supported 

on driven steel piles.  The girders are placed directly above the piles so that no significant gravity 

loads are applied to the concrete cap between piles.  The typical steel pile bridge bent shown in 

Figure 1-1 is representative of these structures and is foundational to the work investigated 

herein. 

 

Figure 1-1   Typical Steel Pile Bridge Bent 

 Many of these bents use a cast-in-place reinforced concrete cap (bent cap, beam) in 

which the tops of the driven steel piles are embedded.  Figure 1-2 shows the typical construction 
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of an embedded steel pile connection.  The steel reinforcement in the cap has been omitted for 

clarity. 

 

Figure 1-2   Illustration of Typical Embedded Steel Pile Connection 

 The pile-to-cap connections resulting from this embedment contribute significantly to the 

capacity, stability and serviceability of these rigid frames.  This paper investigates the influence 

of embedment depth, concrete compressive strength, pile section properties, analysis methods 

and bending stresses in the concrete beam due to frame action on the in-plane performance of 

embedded steel pile connections. 

1.2 Problem Statement 

 A thorough understanding of beam-to-column connection stiffness is essential to the 

accurate analysis of rigid frames; however, the moment-rotation relationship for steel piles 

embedded in concrete beams is poorly understood.  Based on the experience of the author, the 

rotational stiffness of embedded steel pile-to-concrete cap connections is usually considered to 

be infinitely large.  This assumption is problematic because it artificially stiffens the structural 

model by failing to capture connection rotation (the relative rotation between the pile and the cap 

at the shared node).  Deflections determined by an analysis using this assumption are smaller 
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than the more analytically correct values for both first and second order analyses that include 

connection flexibility.  This effect may be negligible for short and stiff structures, but as 

structures or individual components therein become increasingly slender the need to include 

appropriate connection stiffness values in the structural model increases as well. 

1.3 Research Objectives 

 The primary objective of this research paper is to develop a generalized understanding of 

the relationship between an applied moment and the corresponding rotational deformation of 

connections created by embedding steel piles in concrete.  The rotational deformation considered 

here occurs only within the embedded pile segment. 

 The secondary objective of this research paper is to develop a simple moment-rotation 

relationship that takes into account pile embedment length, concrete compressive strength, pile 

section properties and bending stresses in the concrete beam due to frame action. 

1.4 Research Scope 

 The structural properties of connections consisting of steel piles embedded in concrete 

depend on pile embedment depth, concrete compressive strength and pile section properties.  The 

connection behavior further depends on the bending stresses in the concrete beam due to frame 

action.  It seems intuitive that an increase in any or all of these factors, with the exception of 

tensile bending stresses, would yield an increase in connection strength and stiffness.  The 

veracity of this intuition is investigated using the analytical methods described in Chapter 3 to 

explore the influence of each of these factors on the behavior of steel piles embedded in 

concrete. 

 The moments acting at the pile-to-cap connections are assumed to be caused by lateral 

loads only. These loads originate in the superstructure and are transferred to the bent through 
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bearings located directly above the piles. The connection moments resulting from these lateral 

loads are discussed in detail in Section 3.4.  Axial force effects in the concrete beam and the pile 

are not considered. 

 Two pile embedment depths are evaluated for each pile section included in this research 

paper.  The smallest embedment depth considered is 12 inches.  It is included because it is the 

minimum allowed by Article 10.7.1.2 in the AASHTO LRFD Bridge Design Specifications 

(AASHTO 2012) without special attachment requirements and it is commonly used by the 

Alabama Department of Transportation (ALDOT) in the construction of pile bents.  Larger 

embedment depths are included because it is anticipated that the larger pile sections evaluated 

will require a deeper embedment to develop their yield moment.  The HP10x42, HP12x53 and 

HP14x89 pile sections are each evaluated for 12 inch and 18 inch embedments.  The HP18x204 

pile section is evaluated for 18 inch and 24 inch embedments. 

 Three concrete compression strengths are evaluated in this paper.  The 28 day 

compressive strengths considered are 3,000, 5,000 and 10,000 psi.  The 3,000 psi strength is 

included because it is ubiquitous in ALDOT substructure components.  The 10,000 psi strength 

is included because it is representative of contemporary higher-strength concrete.  The 5,000 psi 

strength is included because it provides an intermediate data point between the two extremes. 

 Four pile sections, all bent about the weak axis, are evaluated in this paper.  The four pile 

sections considered are the HP10x42, the HP12x53, the HP14x89 and the HP18x204.  The 

HP10x42 was commonly used on many older ALDOT bridge bents.  This relatively flexible 

section is included to evaluate the lower bound of embedment stiffness.  The HP18x204 is the 

largest HP section currently in production.  This section is included to evaluate the upper bound 

of embedment stiffness.  The HP12x53 and the HP14x89 are included because they are 
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commonly used by ALDOT and because they provide intermediate data points between the two 

extremes. 

 Connection stiffness is also thought to be a function of the bending stresses that exist in 

the concrete beam in the vicinity of the connection.  These bending stresses correspond to cap 

moments that develop when the bent cap undergoes displacements, especially those resulting 

from lateral loads.  The four cases of cap bending moments evaluated in this paper are illustrated 

in Figure 1-3. 

 

Figure 1-3 Illustration of Cap Bending Cases 

 Case 1 consists of equal cap bending moments acting at the near end of the beam on each 

side of the embedded pile.  Case 2 consists of a bending moment acting at the right end of the 

left beam only.  Case 3 consists of a bending moment at the left end of the right beam only.  The 

bending moment at the right end of the left beam is set equal to zero.  Case 4 consists of setting 

the beam moments on each side of the pile equal to zero. 

 Two general approaches to the analysis of this connection methodology are also 

investigated.  The first approach provides for the inclusion of deformations of the pile along the 

embedded length.  The second approach evaluates rigid body rotation of the embedded pile 

segment within the concrete cap. 
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1.5 Organization of Thesis 

 This thesis comprises five chapters.  Chapter 1 provides an overview, problem statement 

and succinct introduction into this research on the rotational stiffness of connections formed by 

embedding steel piles in concrete.  Chapter 2 provides the background information and literature 

review for prior work related to this problem.  Chapter 3 covers the development of the 

analytical methods used to evaluate connection stiffness.  The results of the multiple connection 

configurations and parameter variations are included in this section.  Chapter 4 presents the 

results from the work in Chapter 3.  Chapter 5 summarizes this thesis and offers final 

conclusions and recommendations based on the findings of the research presented herein. 
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Chapter 2 Background and Literature Review 

2.1 Background 

 The motivation for this research into the rotational stiffness of connections formed by 

embedding steel piles into concrete beams originated with the ALDOT research project by 

Marshall et al. (2017) that sought to experimentally validate analysis and design methods for 

steel pile bridge bents.  The typical steel pile bridge bent shown in Figure 1-1 is representative of 

these structures and is foundational to the work investigated herein. 

 The complexities of this structure type generally require the engineer to make many 

careful assumptions to transform the actual bent into a manageable assembly of simpler 

components and boundary conditions that can be modelled with reasonable effort and without 

losing the essential nature of the real structure.  Over the years, engineers within the ALDOT 

Bridge Bureau as well as their structural engineering consultants have approached pile bent 

analysis and design using a variety of methods.  While most these various methodologies appear 

to be founded on rational engineering judgment, the results between the different approaches can 

vary dramatically.  Marshall et al. (2017) used the following research objectives to identify the 

actual behavior of steel pile bridge bents and to make corresponding recommendations for the 

design thereof: 

 Identify the load path for dead, live and lateral loads from the point of application to the 

point of support (the external world). 
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 Develop accurate modelling assumptions for the soil-structure interaction of the 

supporting piles using data from load tests. 

 Develop accurate modelling assumptions for boundary conditions (soil-structure 

interaction), composite sections (concrete encased steel piles) and connection springs 

(embedded steel pile-to-concrete cap connections) using calibrated analytical models. 

 Evaluate the effect of inclined (battered) exterior piles on bent behavior. 

 Develop analysis procedures for steel pile bridge bents that provide a balance between 

accuracy, required effort and design economy. 

 Develop LRFD design procedures for steel pile bridge bents that are coupled with the 

analysis recommendations. 

 The author was assigned two tasks related to the Marshall et al. (2017) project.  The first 

task, which is not the subject of this thesis, required the author to develop a flowchart for the 

analysis and design of steel pile bridge bents using data gleaned from the research efforts, 

knowledge from graduate coursework and his extensive experience as a structural engineer 

specializing in the design of highway bridges.  This flowchart addresses a broad spectrum of 

considerations from the very simple (e.g., pile layout and pile section orientation) to the more 

complex (e.g., soil-structure interaction and bent drift limitations) and provides a method that 

allows for the reasonably accurate analysis and the more confident design of steel pile bridge 

bents.  The completed flowchart is included in Appendix D of this thesis. 

 The second task, which is the subject of this thesis, required the author to investigate the 

moment-rotation relationship of connections formed by embedding steel piles in concrete.  The 

embedded steel pile connection considered in this thesis is shown in Figure 1-2. 
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2.2 Literature Review 

 There has been extensive research into the flexural strength of connections formed by 

embedding steel components into concrete.  Two of the most commonly used methods for 

calculating capacity are presented in this section.  Figure 6.9.2 (B) in the PCI Design Handbook 

(PCI 1999) provides a method for calculating the flexural strength of an embedded component 

supporting a pure moment.  The calculations are based on the development of a resisting couple 

between the stress blocks that form at each end of the embedded pile segment.  This 

recommended model is shown in Figure 2-1, where f’c is the concrete compressive strength, Le 

is the embedment depth and β1 is the multiplier for the depth of the stress block.  The stress 

block multiplier is taken as 0.85 for 3,000 psi concrete, 0.80 for 5,000 psi concrete and 0.65 for 

10,000 psi concrete.  This method for calculating the moment capacity of an embedded 

component should also provide a reasonable estimate for connections supporting a moment 

combined with a relatively small horizontal shear force acting in the plane of the bent. 

 

Figure 2-1 Illustration of Moment Capacity Calculation (PCI 1999) 
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 The moment capacity of connections supporting a relatively large horizontal shear force 

acting in the plane of the bent may not be reasonably estimated by the above method.  Xiao et al. 

(2006) improved on the calculations for this more complex loading condition by modifying the 

shear equation (Equation 6.9.1) in the PCI Design Handbook (PCI 1999) to accommodate an 

applied moment.  The modified equation is: 

 

 In the above equation, the variable fco is the concrete compressive strength, b is the 

effective pile width, Le is the embedment depth, a is the shear span and e is the shear span plus 

one-half the embedment depth.  These terms are shown in Figure 2-2 below. 

 

Figure 2-2 Illustration of Moment Capacity Calculation by Xiao et al. (2006)  

 It is important to note that the effective pile width used in their equation is 2.5 times the 

actual pile width.  According to the PCI Design Handbook (PCI 1999), the foundational 

document for their equation, the use of the larger effective width is based on the presence of 

Mue

0.85 fco  b Le

1 3.6
e

Le





















a
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closely spaced confining reinforcement.  Reinforcement meeting these requirements is not 

typically provided in ALDOT bridge bents, so that effect has not been included here.  The actual 

pile width is used in the evaluation of their equation for comparison to the methods used in this 

paper. 

 Additional research into the capacity and performance of embedded connections can be 

found in Shama et al. (2002a and 2002b). 

 In contrast to the mature state of research into the flexural capacity of embedded steel 

pile connections, Rodas et al. (2017) note that the experimental research into the rotational 

stiffness of these connections is relatively sparse.  This void in the connection knowledge base 

undoubtedly contributes to the tendency of practicing engineers to model these connections as 

rotationally fixed.  But this assumption is problematic, as noted in Section 1.2, because it 

artificially stiffens the structural model by failing to capture connection rotation.  The 

significance of this omission is assessed by Zareian and Kanvinde (2013) wherein 2-, 4-, 8- and 

12-story steel moment frames are investigated through push-over and nonlinear response history 

analyses.  In general, they found that the rotational flexibility of a more realistic connection 

changes the member force distribution and the plastic mechanism causing a corresponding 

increase in member forces and a reduction in ductile capacity and collapse resilience.  In an 

effort to advance the practice of engineering, Rodas et al. (2017) present a method to 

characterize the rotational stiffness of deeply embedded column base connections based on the 

test configuration shown in Figure 2-3 below. 
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Figure 2-3 Illustration of Testing Configuration Used by Rodas et al. (2017) 

 Rodas et al. (2017) estimate the rotation of an embedded steel connection with the 

following equation:
 
 

 

where θbase is the net connection rotation at the top of the footing defined as the summation of 

θRBMbase (the rigid body rotation of the embedment), θCaseIbase (deformations due to concentrated 

loads acting on the embedment) and θCaseIIbase (deformations due to distributed loads acting on 

the embedment).  The three terms on the right of this equation are simply the rotations attributed 

to the isolated rotation modes defined in the paper.  They further estimate connection stiffness 

with the following equation: 

 

base RBMbase CaseIbase CaseIIbase

base

Mbase

base
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where βbase is the estimated rotational stiffness using their proposed method and Mbase is 70 

percent of the maximum moment taken as the value determined by connection tests or the 

flexural strength of the column. 

 The above literature review is believed to contain the most relevant work related to the 

focus of this thesis.  The performance of connections evaluated by the methods in this paper are 

compared against the performance of connections evaluated using the methods suggested in the 

above works.  The interested reader is referred to Grilli and Kanvinde (2015) and Grilli et al. 

(2017) for related work not requiring inclusion in this thesis. 
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Chapter 3 Analysis of Embedded Steel Pile Connections 

3.1 General Comments on the Behavior of Embedded Steel Pile Connections 

 As stated above, the primary purpose of this research is to develop a generalized, 

theoretical understanding of the relationship between an applied moment and the corresponding 

rotational displacement for steel piles embedded in concrete.  The behavior of these embedded 

steel pile connections depends on pile embedment depth, concrete compressive strength and pile 

section properties.  The connection behavior further depends on the bending stresses in the 

concrete beam due to frame action.  The influence of each of these factors on connection 

stiffness is investigated in this chapter.  The moment capacity of these connections is also 

investigated because its magnitude is an important design consideration and because it can be 

calculated using methods similar to those used for the determination of connection stiffness. 

3.2 Local Pile Bearing Stresses and Idealized Concrete Beam Bending Stresses 

 The embedded portion of a steel pile rotates when acted upon by an externally applied 

moment.  This rotated pile segment bears against the encasing concrete on opposite faces to form 

a resisting couple that is equal in magnitude to the applied moment.  The compression in the 

concrete caused by the formation of this couple is a localized response existing only in the 

concrete volume that is in close proximity to the connection.  These localized pile bearing 

stresses dissipate as the distance (along the longitudinal axis of the beam) from the face of the 

pile increases.  At some distance away from the bearing face of the pile, there exists a cross 

section in the concrete beam that exhibits internal stresses due to frame action only.  These 
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stresses are referred to as idealized bending stresses since they correspond to the moments 

calculated from an idealized structural analysis. 

3.3 Connection Scenarios 

 This research project investigates the influence of embedment depth, concrete 

compressive strength, pile section properties and cap bending stresses on connections stiffness.  

This is accomplished in part by exposing each pile section to every possible combination of the 

other three factors.  For example, the evaluation of the HP10x42 with a 12 inch embedment into 

3,000 psi concrete must be evaluated separately for all four cap bending cases.  This scenario is 

repeated for the 5,000 psi concrete and then the 10,000 psi concrete.  Extending this approach to 

include 18 inch embedment yields 24 unique combinations for each pile section.  Considering all 

four pile sections, there are a total of 96 connection scenarios that are evaluated in this thesis. 

3.4 Pile Moment and Corresponding Connection Forces 

 The pile yield moment for weak axis bending at the bottom face of the cap is taken to be 

the moment that must be resisted by the connection.  This moment is defined by the initial 

yielding of the extreme fiber and is intended to be the limiting condition for each connection 

scenario evaluated is this research.  The data for the moment-rotation curves for each connection 

scenario is obtained by evaluating the applied pile moment occurring at tenth points between 

zero and the yield moment for the pile section being investigated.  The moment and 

corresponding connection rotation from each of these 11 data points is used to plot the moment-

rotation curve for each connection scenario.  Since the moment acting on the pile at the bottom 

face of the cap is a governing feature of this research, all relevant forces acting in the vicinity of 

the connection are derived from the pile moment and various assumptions regarding the 

construction of the bent.  Referring to Figure 1-1, the geometry of the bent considered in this 
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thesis is assumed to be 20 feet tall with 4 vertical piles spaced at 8 feet center-to-center.  The 

piles are fixed supported at the base and inflection points are assumed to exist at the midpoint of 

all beams and columns.  A portal analysis, assuming equal shear in each pile (since all piles have 

the same section properties and similar boundary conditions), is used to back into the idealized 

forces resulting from frame action that correspond to each applied moment that is evaluated.  The 

bent is assumed to be loaded by lateral forces acting through the idealized beam-to-column 

joints.  The impact of axial forces in the beam or the column on connection stiffness is not 

considered in this research. Figure 3-1 shows the typical connection forces.  The equal beam 

forces shown here are consistent with Case 1 in figure 1-3.  The beam forces in Bending Cases 2, 

3 and 4 will vary depending on the scenario being considered. 

 

Figure 3-1   Illustration of Relevant Forces Acting in the Vicinity of the Connection 

3.5 Pile Stress Transformation Length 

 The distance over which the localized pile bearing stresses are transformed into idealized 

bending stresses is referred to in this paper as the pile stress transformation length and is denoted 

by the abbreviation Lpst.  Figure 3-2 shows this length at a typical interior pile on a bridge bent. 
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Figure 3-2   Illustration of PSTB and Lpst at Embedded Steel Pile Connection 

3.6 Pile Stress Transfer Block 

 The volume through which the localized pile bearing stresses are reduced and become 

equal to the idealized bending stresses is referred to in this paper as the pile stress transfer block 

(PSTB).  This volume is defined primarily by four planes (top, bottom and two sides) that 

originate at the compression area on the face of the pile and extend into the length of the beam at 

45 degree angles measured from the face of the pile. The selection of the 45 degree angle is 

based on the work by Xiao et al. (2006) where it was used to calculate the concrete block rupture 

strength for embedded piles located near the edge of the supporting concrete component.  This 

condition is often encountered at the exterior piles of bridge bents and is considered to be a 

reasonable approximation for both interior and exterior piles.  Figure 3-2 shows the elevation and 

plan view of the PSTB volumes at a typical interior pile on a bridge bent. 

 The interior end of the PSTB volume is the vertical plane defined by the compression 

area at the face of the pile.  The exterior end of the PSTB volume is the vertical plane at the end 

of the pile stress transformation length, Lpst.  The length Lpst is defined as the distance parallel to 

the longitudinal axis of the beam between the face of the pile and the point at which the planes 
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on each side of the PSTB intersect the vertical sides of the concrete beam.  Various 

configurations of PSTB geometry can occur depending on the embedment depth, pile size, beam 

dimensions and the location of the compression area of the resisting couple (top or bottom of 

embedded pile segment); however, the most important aspect of the PSTB volume is that it 

defines the length Lpst over which the localized pile bearing stresses are transformed into 

idealized bending stresses.  This length is one of the primary factors influencing the flow of 

stresses through this volume and determining the stiffness characteristics of embedded steel pile 

connections. 

3.7 Bending Stresses in the Concrete Beam Due to Frame Action 

 Connection stiffness is also thought to be a function of the bending stresses that exist in 

the concrete beam in the vicinity of the connection.  In the pile bents being considered, these 

bending stresses correspond to moments that develop when the bent cap undergoes rotational 

displacements resulting from lateral loads.  These bending stresses can exist in the cap on both 

sides of the pile, but the beam moments corresponding to these stresses always act in the positive 

(counterclockwise) sense on the connection under investigation.  In an effort to fully capture the 

influence of cap bending stresses on connection behavior, four cap bending cases are evaluated.  

Figure 1-3 illustrates the four cap bending scenarios considered.  

 Case 1 consists of equal cap bending moments acting at the near end of the beam on each 

side of the embedded pile.  This scenario is representative of the conditions at a typical interior 

pile of a bent.  Case 2 consists of a bending moment acting at the right end of the left beam only.  

The bending moment at the left end of the right beam is set equal to zero.  This scenario is 

representative of the conditions at an exterior pile of a bent where forces in the cantilevered cap 

segment are not influenced by frame action.   Case 3 consists of a bending moment at the left end 



19 
 

of the right beam only.  The bending moment at the right end of the left beam is set equal to zero.  

Like Case 2, this scenario is also representative of the conditions at an exterior pile of a bent 

where forces in the cantilevered cap segment are not influenced by frame action.  The difference 

between Case 2 and Case 3 is the nature of the cap bending stresses (compression or tension) that 

act in the vicinity of the pile.  Case 4 consists of setting the beam moments on each side of the 

pile equal to zero.  This scenario is not representative of typical bent behavior at any pile 

location; however, piles embedded in large concrete components (such as basement walls or mat 

foundations) may experience support conditions approaching those idealized by this case.  

Evaluation of the cap bending stresses in Case 4 is intended to broaden the applicable range of 

this research.  The routine MBeam included in the Mathcad calculations in Appendix C calculates 

the idealized bending moments for each load condition evaluated. 

 Additionally, Harries and Petrou (2001) recommend that pile-to-cap connections be 

designed to avoid damage to the cap by maintaining elastic material behavior in the cap in the 

vicinity of the connection.  This is accomplished in this thesis by limiting the tension bending 

stresses in the cap to the modulus of rupture.  To ensure this condition is satisfied, the tension 

bending stresses in the cap are checked for all pile sizes and bending cases considering an 

unreinforced section.  The typical ALDOT cap with a width of 36 inches and height of 36 inches 

is determined to be adequate for the HP10x42 and HP12x53.  The HP14x89 requires a cap with a 

width of 36 inches and height of 42 inches.  The HP18x204 requires a cap with a width of 48 

inches and a height of 66 inches. 

3.8 Modelling a Three-Dimensional Phenomenon in Two-Dimensions 

 A stress analysis of the PSTB volume is inherently a three-dimensional problem.  This 

analysis is further complicated because the PSTB exists as a relatively small component within 
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the larger volume of beam concrete.  Deformations within the PSTB will naturally interact with 

neighboring elements in the concrete beam that are outside this smaller volume.  Despite these 

complexities, the author postulates that simpler, 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 distance Lpst.  Four two-dimensional methods are 

employed in this thesis to develop moment-rotation relationships for the connection conditions 

under investigation.  The analytical methods and foundational assumptions used to model these 

various approaches are described below. 

3.8.1 Stress-Strain Relationships for Concrete and Steel Components 

 The analyses performed as part of this research include the nonlinear behavior of the 

concrete.  Tensile bending stresses in the concrete beam are limited to the modulus of rupture.  

Compressive stresses in the concrete beam are limited to the peak concrete stress (no post-peak 

behavior is allowed in the analysis procedures).  The performance of the pile is also based on a 

nonlinear stress-strain curve; however, the limiting condition for most connection evaluations is 

the yield moment of the pile section where the strain in all interior fibers is below the elastic 

limit.  As a result, the behavior of the steel pile will not reflect any significant nonlinear 

characteristics.  The nonlinear stress-strain curves used for both the concrete in the beam and the 

steel in the pile are taken from the paper by Karthik and Mander (2011).  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.  Representative stress-strain curves for both the concrete and steel 

components are shown in Figure 3-3. 
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Figure 3-3   Representative Stress-Strain Curves for Steel and Concrete Components 

 A wide range of concrete compressive strengths are investigated in this thesis.  The 

suitability of the Karthik and Mander (2011) stress-strain relationships for the 3,000 psi, 5,000 

psi and 10,000 psi strengths was verified through personal communication with J. B. Mander in 

an email on April 14, 2017.  Dr. Mander indicated that the concrete stress-strain relationships 

were valid for concrete strengths up to about 12,000 psi to 14,000 psi. 

 The preferred steel material for HP sections changed from ASTM A36 to ASTM A572 

Grade 50 with the publication of the AISC Steel Construction Manual, 13th Edition (AISC 2005) 

published in 2005.  Because of this, two steel materials are considered in this thesis.  ASTM A36 

is used for HP10x42 evaluations because of the common appearance of this section in older 

ALDOT bridges.  ASTM A572 Grade 50 is used for HP12x53, HP14x89 and HP18x204 
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evaluations because the HP12x53 and the HP14x89 are frequently specified in contemporary 

structures and the HP18x204 was only recently added to the ASTM A6 document (Anderson and 

Carter 2012). 

3.8.2 Four Approaches for Modelling the Flow of Stresses through the PSTB 

 The first three of the four methods used to model the flow of stresses through the PSTB 

are based largely on assumptions about the PSTB concrete and its interaction with the adjoining 

beam concrete.  These methods use one-dimensional link elements to evaluate a wide range of 

potential connection behaviors.  These link elements use traction forces acting along their length 

to model the load sharing between the PSTB and the surrounding cap concrete. Figure 3-4 shows 

the structural model used in Methods 1, 2 and 3.  The fourth method assumes that the embedded 

pile segment rotates as a rigid body in response to the applied load.  A thorough explanation of 

each method is provided below. 

 

Figure 3-4   Illustration of Connection Model Used in Methods 1, 2 and 3 
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3.8.3 Method 1:  Link Element with Linear Traction Force – Peak at Pile Face 

 The first method assumes a parabolic flow of axial stresses in the link element from the 

face of the pile to the idealized cross section (beam cross section at distance Lpst from face of pile 

with idealized bending stresses).  This condition is modelled by a one-dimensional element with 

length Lpst that links the localized pile bearing stresses to those in the idealized cross section.  

The one-dimensional element employed in this method assumes the presence of a linear traction 

force along its length.  The linear traction force is zero at the idealized cross section with its peak 

at the pile face at the opposite end of the element.  Most of the load sharing between the PSTB 

and surrounding cap concrete occurs very close to the pile face.  This characteristic minimizes 

deflections at the pile face and maximizes connection stiffness.  Figure 3-5 shows this element 

and a graph illustrating the load sharing between the PSTB and surrounding cap concrete. 

 

                            

 

 

   

 

 

Figure 3-5   Illustration of Link Element Characteristics for Method 1 
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3.8.4 Method 2:  Link Element with Uniform Traction Force 

 The second method assumes a linear flow of stresses from the face of the pile to the 

idealized cross section.  This condition is modelled by a one-dimensional element with length 

Lpst that links the localized pile bearing stresses to those in the idealized cross section.  The one-

dimensional element employed in this method assumes the presence of a uniform traction force 

along its length.  The load sharing between the PSTB and surrounding cap concrete occurs 

uniformly along the element.  The deflections at the pile face and the connection stiffness 

determined through the use of this element are between the extremes captured by the first and 

third methods.  Figure 3-6 shows this element and a graph illustrating the load sharing between 

the PSTB and surrounding cap concrete. 

 

 

 

 

 

 

 

Figure 3-6   Illustration of Link Element Characteristics for Method 2 

 

 

Method 2

Position on Element

F
or

ce
 o

n 
E

le
m

en
t (

Id
ea

li
ze

d 
B

ea
m

 S
ec

ti
on

)

F
or

ce
 o

n 
E

le
m

en
t (

P
il

e 
F

ac
e)



25 
 

3.8.5 Method 3:  Link Element with Linear Traction Force – Peak at Idealized 

     Beam Section 

 The third method assumes a parabolic flow of axial stresses in the link element from the 

face of the pile to the idealized cross section.  This condition is modelled by a one-dimensional 

element with length Lpst that links the localized pile bearing stresses to those in the idealized 

cross section.  The one-dimensional element employed in this method assumes the presence of a 

linear traction force along its length.  The linear traction force is zero at the pile face with its 

peak at the idealized cross section at the opposite end of the element.  Most of the load sharing 

between the PSTB and surrounding cap concrete occurs very close to the idealized cross section.  

This characteristic maximizes deflections at the pile face and minimizes connection stiffness.  

Figure 3-7 shows this element and a graph illustrating the load sharing between the PSTB and 

surrounding cap concrete. 

 

 

                        

 

 

 

Figure 3-7   Illustration of Link Element Characteristics for Method 3 

Method 3

Position on Element

F
or

ce
 o

n 
E

le
m

en
t (

Id
ea

li
ze

d 
B

ea
m

 S
ec

ti
on

)

F
or

ce
 o

n 
E

le
m

en
t (

P
il

e 
F

ac
e)



26 
 

3.8.6 Structural Analysis Approach for Methods 1, 2 and 3 

 Methods 1, 2 and 3 employ an iterative, nonlinear structural analysis to find the 

equilibrium position of the pile under the influence of the applied load and the support of the 

encasing concrete.  The embedded pile segment is discretized into a number of elements of 

sufficiently small size to capture the nonlinear behavior of the concrete with reasonable 

accuracy.  The beam elements used in these analyses have two degrees-of-freedom (DOFs) at 

each node.  Both shear and bending deformations are accounted for in the stiffness matrices used 

in these analyses.  The node at the ends of each beam element is supported by a transverse 

compression only spring represented by one of the link elements described above.  The encasing 

concrete is not considered to provide any rotational support at the nodes along the embedded pile 

segment.  The link elements span between the node at the face of the pile and the corresponding 

node at the idealized beam section and have length Lpst.  Figure 3-8 illustrates the structural 

analysis model used for Methods 1, 2 and 3. 

 

Figure 3-8   Structural Analysis Model for Methods 1, 2 and 3 
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 As discussed in Section 3.5, bending stresses exist in the concrete beam when lateral 

loads applied to the bent are resisted by frame action.  These idealized bending stresses are 

applied to the tributary area for each fiber in the analysis model to determine the required link 

element reaction at the idealized beam section.  These reactions contribute to link element 

behavior and facilitate the inclusion of cap bending stresses into the structural evaluation of the 

embedded pile connection.  These link element reactions (fiber forces due to cap bending at the 

idealized beam section) have a constant value during the analysis of each connection scenario 

evaluated. 

 For each of these three methods, the first iteration is performed using a stiffness analysis 

with simple transverse springs as supports at each node.  These first iteration springs (link 

elements without traction forces) have length Lpst, concrete modulus Ec and a cross section area 

equal to the tributary area of the pile face for each fiber (node) in the structural analysis.  The 

first iteration determines the force in each link element at both the pile face and at the idealized 

beam section.  These forces are equal and opposite at this point since traction forces are not 

applied to the elements for the initial stiffness analysis (i.e., the load sharing between the PSTB 

and surrounding cap concrete is not yet being modelled).  The link element force at the idealized 

beam section (the link element reaction) thus determined is compared against the corresponding 

required link element reaction.  The difference between these two forces is referred to in this 

paper as the reaction error and is equal to the total traction force that needs to be added to the 

link element to satisfy equilibrium conditions for the element.  The stress at the midpoint of this 

element is then used to calculate the midpoint strain by inverting the stress equation provided by 

Karthik and Mander (2011).  The strain equation is: 
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 The concrete modulus of elasticity that will be used in the next iteration of the analysis is 

taken as the tangent to the concrete stress-strain curve at the midpoint strain just calculated.  The 

equation of the tangent modulus is simply the first derivative of their concrete stress-strain 

equation.  The equation of the midpoint tangent modulus is: 

 

 The second and subsequent iterations of the analysis are performed using link elements 

with updated values for the modulus of elasticity and for the traction forces calculated in the 

previous iteration.  A new global stiffness matrix is assembled to reflect the change in link 

element stiffness and a new force at the idealized beam section is calculated for comparison 

against the required link element reaction.  Adjustments are again made to the traction force and 

the tangent modulus and the process is repeated until the maximum reaction error considering all 

link elements in a given iteration is less than 0.1 pounds.  A check of the equilibrium condition 

of the embedded pile segment is performed by summing shear forces and moments for the 

converged condition.  

3.8.7 Method 4:  Rigid Body Behavior -- Deformations by Strain Density  

 As stated above, the fourth method assumes that the embedded pile segment rotates as a 

rigid body in response to the applied loads.  The pile segment is rotated about multiple trial 

neutral axis locations until the stresses induced by one of these rotations reaches a condition of 

equilibrium with the applied load.  The strains in the concrete at the face of the pile on both sides 
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are always in compression (due to resisting couple action) and are used in conjunction with the 

idealized beam strains over the pile stress transformation length, Lpst to perform a strain density 

calculation.  The results of this calculation for the node at the top of the pile and the node at the 

bottom face of the cap are used to determine the rotation of the pile. 

 The analysis for rigid body behavior is somewhat difficult because the stress-strain curve 

is nonlinear and because the presence of an applied shear force moves the neutral axis off of the 

centroid of the embedded pile segment.  Summing shear forces and moments for the embedded 

pile segment yields two equations in two unknowns (strain at the bottom face of the cap and 

neutral axis).  Figure 3-9 shows the geometry of the embedded pile segment used in the rigid 

body analysis. 

 

Figure 3-9 Geometry of Embedded Pile Segment 

 Several integrations are required to determine the internal concrete forces due to rigid 

body pile displacements.  The calculations for the internal shear force are based on integrating 

the concrete stress equation from Karthik and Mander (2011) as shown below where σco is the 

design (peak) compressive strength, εco is the strain that corresponds to the compressive strength, 
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εbf 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.   

 The general equation for the internal shear forces developed by a rotational displacement 

of the cross section is: 

 

 

Performing the integration for the lower portion of the embedded pile segment yields: 

 

Performing the integration for the upper portion of the pile segment (the upper limit of 

integration must be changed from YRB to hRB – YRB) yields: 

 

The sum of these two equations yields the total internal shear force acting on the section due to 

the rotational displacement: 

VTotal  =  VLower + VUpper 

 The calculations for the internal moment are based on integrating the stress equation from 

Karthik and Mander (2011) multiplied by the moment arm from the neutral axis as shown below: 
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Performing the integration for the lower portion of the embedded pile segment yields: 

 

 

Performing the integration for the upper portion of the pile segment (upper limit of integration 

must be changed from YRB to hRB – YRB) yields: 

 

 

The sum of these two equations yields the total moment acting on the section due to the 

rotational displacement: 

MTotal  =  MLower + MUpper 
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 Because the simultaneous solution of these equations is difficult, if not impossible, the 

routine AnalysisRB was written in Mathcad (see attached Appendix C) to find the solution to 

these equations that satisfies the equilibrium condition for the loads applied to the pile at the base 

of the cap and the forces in the concrete due to the displaced pile.  The routine operates by 

summing shear forces and moments (about the bottom face of the cap) for a range of potential 

neutral axis locations and for a range of potential strains at the bottom face of the cap.  The 

routine evaluates 501 potential neutral axis locations and 1500 potential strain values to create a 

results matrix with 751,500 entries.  For each neutral axis location considered, the potential 

strains from zero to the peak strain (εco) are evaluated and residual forces are calculated by 

summing internal and external forces.  The maximum residual force for each scenario evaluated, 

representing one entry in the results matrix, is taken as the larger of the absolute value of the 

shear force summation and the absolute value of the moment summation.  The entry in the entire 

results matrix with the smallest value (the smallest residual force) is taken as the equilibrium 

position.  The refined graduation of potential neutral axis and strain values and the resulting large 

number of sample points yield very low residual forces for the approximate solution thus 

obtained.  This indicates that the values determine by this approximate analysis are very close to 

the exact (correct) values. 

 The strain data from the AnalysisRB routine discussed above is used in conjunction with 

the idealized beam strains to determine the translational displacement of the node at the bottom 

of the cap and the node at the top of the pile.  The strain due to localized pile bearing stresses at 

the face of the pile is considered to vary linearly until it terminates at the point where the 

idealized beam strain profile intersects a vertical line at Lpst.  The area between the idealized 

beam strains and the localized strains due to rigid body displacements represents the strain 
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density for the point under consideration.  This area is equal to the translational displacement at 

this point.  These translations are calculated for the point on the pile at the bottom face of the cap 

and the point at the top of the pile.  The rotation of the pile is calculated as the arctangent of the 

difference between the displacements at the ends of the embedded pile segment divided by the 

length of the embedded pile segment.  An illustration of the geometry used for these strain 

density calculations is shown in Figure 3-10. 
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Figure 3-10 Illustration of Geometry Used for Strain Density Calculations in Method 4 
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3.9 Moment Capacity of Steel Piles Embedded in Concrete  

 The moment capacity of steel piles embedded in concrete has also been evaluated as part 

of this research.  The capacity calculations are an abbreviated form of the rigid body calculations 

implemented in the Method 4 approach to connection stiffness.  Instead of evaluating a range of 

potential strain values, the strain in the concrete at the bottom face of the cap is simply taken as 

the ultimate concrete strain, denoted as εco in the Mathcad calculations in Appendix C.  The 

capacities for selected connection scenarios are compared to the capacities determined by the 

procedures outlined by Xiao et al. (2006) and those included in the PCI Design Handbook (PCI 

1999).  Refer to the literature review in Section 2.2 for a detailed description of these methods. 
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Chapter 4 Analysis Results 

 This thesis on the rotational stiffness of steel piles embedded in concrete considers the 

effects of pile embedment depth, concrete compressive strength and pile section properties.  The 

effect of bending stresses in the concrete beam due to frame action is also considered.  This 

research further includes the effects of four unique analysis approaches, referred to as Methods 1, 

2, 3 and 4 in this paper, on the performance of these connections.  Selected results intended to 

highlight the impact of each of these factors are included below.  The trends apparent in this 

selected data are also apparent in the data not included in this chapter.  The complete set of 

tabulated results is included in Appendix A and the complete set of graphical results is included 

in Appendix B. 

4.1 Rotational Stiffness Results 

 Section 4.1 examines the effect of pile embedment depth, concrete compressive strength 

and pile section properties on the rotational stiffness of the connection.  The effect of bending 

stresses in the concrete beam and analysis methods on rotational stiffness are considered as well.  

Observations based on these results are provided at the end of each section. 

4.1.1 Impact of Pile Embedment Depth on Rotational Stiffness 

 Tables 4-1, 4-2, 4-3 and 4-4 provide selected rotational stiffness results for pile 

embedment depths for the HP10x42, HP12x53, HP14x89 and HP18x204, respectively.  Figures 

4-1 and 4-2 are also included to provide a graphical illustration of the rotational stiffness results 

of the HP10x42 for 12 inch and 18 inch embedments, respectively.   
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Table 4-1 Embedment Depth and Rotational Stiffness for HP10x42 

HP10x42 Connection Performance Data 
Rotational Stiffness 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
      Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 6.51E+08 4.23E+08 2.75E+08 5.95E+08 
1 18 3,000 1.47E+09 1.05E+09 8.06E+08 2.34E+09 

 

Table 4-2 Embedment Depth and Rotational Stiffness for HP12x53 

HP12x53 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 8.78E+08 5.62E+08 3.67E+08 6.68E+08 
1 18 3,000 2.05E+09 1.43E+09 1.01E+09 2.95E+09 

 

Table 4-3 Embedment Depth and Rotational Stiffness for HP14x89 

HP14x89 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 1.21E+09 7.46E+08 5.09E+08 8.46E+08 
1 18 3,000 3.08E+09 2.09E+09 1.38E+09 3.19E+09 
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Table 4-4 Embedment Depth and Rotational Stiffness for HP18x204 

HP18x204 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 3.69E+09 2.27E+09 1.55E+09 3.03E+09 
1 24 3,000 7.00E+09 4.59E+09 3.05E+09 6.97E+09 

 

Figure 4-1 Illustration of Rotational Stiffness of HP10x42 with 12 Inch Embedment 
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Figure 4-2 Illustration of Rotational Stiffness of HP10x42 with 18 Inch Embedment 

 These results clearly indicate that embedment depth has a very significant impact on the 

rotational stiffness of steel piles embedded in concrete.  The data provided in Tables 4-1, 4-2 and 

4-3 for Methods 1, 2 and 3 reveals a rotational stiffness increase between 124 and 193 percent 

when the embedment depth of the three smallest piles is increased from 12 inches to 18 inches.  

Similarly, the data provided in Table 4-4 for Methods 1, 2 and 3 reveals a rotational stiffness 

increase between 88 and 103 percent when the embedment depth of the HP18x204 is increased 

from 18 inches to 24 inches.  The embedment depth increase is 150 percent for the three smallest 

piles, but only 133 percent for the HP18x204.  This difference in the percentage increase of 

embedment depth causes the three smallest piles to have a larger percentage increase in stiffness 

than the HP18x204. 

 The data provided in Tables 4-1, 4-2 and 4-3 for Method 4 reveals a rotational stiffness 

increase between 270 and 352 percent when the embedment depth of the three smallest piles is 

0 0.00007 0.00014 0.00021 0.00028 0.00035 0.00042 0.00049 0.00056 0.00063 0.0007
0

60000

120000

180000

240000

300000

360000

420000

480000

540000

600000

Method 1 (Link Element w/LTF - Peak at Pile Face)
Method 2 (Link Element with Uniform Traction Force)
Method 3 (Link Element w/LTF - Peak at Idealized Beam Section)
Method 4 (Rigid Body Behavior)

Bending Case 1, HP10x42, 18" Embed., f'c = 3,000 psi

Rotation (radians)

M
om

en
t (

in
-l

bs
)

MYieldMYield



40 
 

increased from 12 inches to 18 inches.  Similarly, the data provided in Table 4-4 for Method 4 

reveals a rotational stiffness increase between 127 and 133 percent when the embedment depth 

of the HP18x204 is increased from 18 inches to 24 inches.  The rotational stiffness increase due 

to a larger embedment depth is greater for all piles analyzed by Method 4 because the rigid body 

behavior maximizes the resisting potential of the concrete.  Methods 1, 2 and 3 include pile 

flexibility and are subsequently unable to fully utilize this potential. 

 Figures 4-1 and 4-2 graphically supplement the data included in Tables 4-1, 4-2, 4-3 and 

4-4 and the conclusions based thereon. 

4.1.2 Impact of Concrete Compressive Strength on Rotational Stiffness 

 Tables 4-5, 4-6, 4-7 and 4-8 provide selected rotational stiffness results for the concrete 

compressive strengths investigated for the HP10x42, HP12x53, HP14x89 and HP18x204, 

respectively.  Figures 4-3, 4-4, and 4-5 are also included to provide a graphical illustration of the 

rotational stiffness results for the HP12x53 embedded 12 inches into 3,000, 5,000 and 10,000 psi 

concrete, respectively. 

Table 4-5 Concrete Strength and Rotational Stiffness for HP10x42 

HP10x42 Connection Performance Data 
Rotational Stiffness 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
      Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 6.51E+08 4.23E+08 2.75E+08 5.95E+08 
1 12 5,000 8.04E+08 5.53E+08 4.10E+08 8.48E+08 
1 12 10,000 1.06E+09 7.66E+08 5.97E+08 1.26E+09 
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Table 4-6 Concrete Strength and Rotational Stiffness for HP12x53 

HP12x53 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 8.78E+08 5.62E+08 3.67E+08 6.68E+08 
1 12 5,000 1.08E+09 7.15E+08 4.80E+08 1.05E+09 
1 12 10,000 1.41E+09 1.00E+09 7.64E+08 1.63E+09 

 

Table 4-7 Concrete Strength and Rotational Stiffness for HP14x89 

HP14x89 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 1.21E+09 7.46E+08 5.09E+08 8.46E+08 
1 12 5,000 1.50E+09 9.57E+08 6.24E+08 1.18E+09 
1 12 10,000 1.99E+09 1.33E+09 9.42E+08 1.97E+09 

 

Table 4-8 Concrete Strength and Rotational Stiffness for HP18x204 

HP18x204 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 3.69E+09 2.27E+09 1.55E+09 3.03E+09 
1 18 5,000 4.54E+09 3.01E+09 2.03E+09 3.94E+09 
1 18 10,000 6.03E+09 4.09E+09 2.85E+09 6.78E+09 
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Figure 4-3 Illustration of Rotational Stiffness of HP12x53 with 3,000 psi Concrete 

Figure 4-4 Illustration of Rotational Stiffness of HP12x53 with 5,000 psi Concrete 
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Figure 4-5 Illustration of Rotational Stiffness of HP12x53 with 10,000 psi Concrete 

 These results clearly indicate that concrete compressive strength has a significant impact 

on the rotational stiffness of steel piles embedded in concrete.  The data provided in Tables 4-5, 

4-6, 4-7 and 4-8 for all four analysis methods reveals a rotational stiffness increase between 23 

and 57 percent when the compressive strength of the concrete is increased from 3,000 psi to 

5,000 psi.  These tables indicated a rotational stiffness increase between 31 and 72 percent when 

the compressive strength of the concrete is increased from 5,000 psi to 10,000 psi. 

 Figures 4-3, 4-4 and 4-5 graphically supplement the data included in Tables 4-5, 4-6, 4-7 

and 4-8 and the conclusions based thereon. 

4.1.3 Impact of Pile Section Properties on Rotational Stiffness 

 Table 4-9 provides selected rotational stiffness results for all four pile sections, each of 

which is embedded 18 inches into 5,000 psi compressive strength concrete.  Figures 4-6, 4-7, 4-8 

and 4-9 are also included to provide a graphical illustration of the effects of pile section 
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properties on the rotational stiffness results for the HP10x42, HP12x53, HP14x89 and 

HP18x204, respectively. 

Table 4-9 Pile Section Properties and Rotational Stiffness 

Effect of Pile Section Properties on Rotational Stiffness 
(Bending Case 1, 18 Inch Embedment and 5,000 psi Concrete) 

  Embed.   Connection Stiffness (in-lbs/rad) 
Pile Depth f'c Link Elements with Traction Forces Rigid Body 

Section (in) (psi) Method 1 Method 2 Method 3 Method 4 
HP10x42 18 5,000 1.75E+09 1.31E+09 1.04E+09 3.13E+09 
HP12x53 18 5,000 2.43E+09 1.74E+09 1.36E+09 4.07E+09 
HP14x89 18 5,000 3.68E+09 2.54E+09 1.81E+09 4.86E+09 
HP18x204 18 5,000 4.54E+09 3.01E+09 2.03E+09 3.94E+09 

 

Figure 4-6 Illustration of Pile Section Properties and Rotational Stiffness of HP10x42 
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Figure 4-7 Illustration of Pile Section Properties and Rotational Stiffness of HP12x53 

Figure 4-8 Illustration of Pile Section Properties and Rotational Stiffness of HP14x89 
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Figure 4-9 Illustration of Pile Section Properties and Rotational Stiffness of HP18x204 

 These results indicate that the rotational stiffness of steel piles embedded in concrete is 

affected by pile section properties.  The data provided in Table 4-9 for all four analysis methods 

reveals an average rotational stiffness increase of 33 percent when the pile section is increased 

from an HP10x42 to an HP12x53.  This table indicates an average rotational stiffness increase 

for all four analysis methods of 38 percent when the pile section is increased from an HP12x53 

to an HP14x89.  Increasing the pile section from an HP14x89 to an HP18x204 indicates an 

average increase in rotational stiffness of 9 percent for all four methods. 

 It is interesting to note the decrease in rotational stiffness under Method 4 corresponding 

to the change from an HP14x89 to an HP18x204.  The maximum moment resisted by the 

HP14x89 is 2,206,172 in-lbs compared to 5,539,523 in-lbs for the HP18x204.  The HP18x204 

provides a much larger moment capacity than the HP14x89 as expected.  Additionally, the 

HP18x204 section is 4.5 inches (1.33 times) deeper than the HP14x89.  This larger section depth 
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allows the HP18x204 to engage more encasing concrete as it is rotated to form the resisting 

couple; a characteristic that would appear to yield a stiffer connection.  But, the moment of 

inertia of the HP18x204 is 3.44 times larger than the moment of inertia of the HP14x89.  

Because the increase in cross section stiffness from the HP14x89 to the HP18x204 is so much 

larger than the increase in section depth (an important component in resisting couple capacity), 

the HP18x204 will have to rotate much more than the HP14x89 to develop its yield moment.  

Calculating the rotational stiffness as a straight line between the origin and the terminal point on 

the moment-rotation curve, it is a straightforward observation that the rotational stiffness of this 

HP14x89 connection is larger than the rotational stiffness of this HP18x204 connection. 

 Figures 4-6, 4-7, 4-8 and 4-9 graphically supplement the data included in Table 4-9 and 

the conclusions based thereon. 

4.1.4 Impact of Cap Bending Stresses on Rotational Stiffness 

 Table 4-10 provides selected rotational stiffness results for an HP12x53 pile section 

embedded 18 inches into 5,000 psi compressive strength concrete for all four bending cases.  

Figures 4-10, 4-11, 4-12 and 4-13 are also included to provide a graphical illustration of the 

effects of cap bending stresses on the rotational stiffness of this connection. 

Table 4-10 Cap Bending Stresses and Rotational Stiffness 

HP12x53 Connection Performance Data 
Effect of Cap Bending Stresses on Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 5,000 2.43E+09 1.74E+09 1.36E+09 4.07E+09 
2 18 5,000 2.49E+09 1.77E+09 1.37E+09 4.25E+09 
3 18 5,000 2.36E+09 1.71E+09 1.34E+09 3.91E+09 
4 18 5,000 2.35E+09 1.71E+09 1.34E+09 3.91E+09 
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Figure 4-10 Illustration of Bending Case 1 and Rotational Stiffness of HP12x53 

Figure 4-11 Illustration of Bending Case 2 and Rotational Stiffness of HP12x53 
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Figure 4-12 Illustration of Bending Case 3 and Rotational Stiffness of HP12x53 

Figure 4-13 Illustration of Bending Case 4 and Rotational Stiffness of HP12x53 
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 These results indicate that the rotational stiffness of steel piles embedded in concrete is 

not significantly impacted by bending stresses in the cap resulting from frame action.  The data 

provided in Table 4-10 reveals that the rotational stiffness for each bending case is within about 

3 percent of the average rotational stiffness for the analysis method being considered. 

 Figures 4-10, 4-11, 4-12 and 4-13 graphically supplement the data included in Table 4-10 

and the conclusions based thereon. 

4.1.5 Impact of Analysis Methods on Rotational Stiffness 

 Table 4-11 provides the rotational stiffness results for all four analysis methods for an 

HP14x89 embedded 18 inches into 3,000 psi compressive strength concrete.  Figure 4-14 is also 

included to provide a graphical illustration of the effect of analysis methods on rotational 

stiffness.   

Table 4-11 Analysis Methods and Rotational Stiffness 

HP14x89 Connection Performance Data 
Effect of Analysis Methods on Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 3.08E+09 2.09E+09 1.38E+09 3.19E+09 
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Figure 4-14 Illustration of Analysis Methods and Rotational Stiffness 

 These results indicate that analysis methods and assumptions have a very significant 

impact on the calculated rotational stiffness of embedded steel pile connections.  All four of 

these analysis methods consider the nonlinear behavior of the concrete and can be generalized 

into two primary categories, each of which is intended to represent one surface of the envelope 

that bounds potential connection behavior.  The distinguishing characteristic of the first category 

is the inclusion of pile deformations.  The distinguishing characteristic of the second category is 

the exclusion of pile deformations (i.e., rigid body rotation of the embedded pile segment within 

the concrete cap). 

 The first analysis category includes pile deformations and is divided into the three 

approaches referred to in this paper as Methods 1, 2 and 3 that use link elements to connect the 

embedded pile segment to the encasing cap concrete.  Recall that the link elements in these 

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.001
0

230000

460000

690000

920000

1150000

1380000

1610000

1840000

2070000

2300000

Method 1 (Link Element w/LTF - Peak at Pile Face)
Method 2 (Link Element with Uniform Traction Force)
Method 3 (Link Element w/LTF - Peak at Idealized Beam Section)
Method 4 (Rigid Body Behavior)

Bending Case 1, HP14x89, 18" Embed., f'c = 3,000 psi

Rotation (radians)

M
om

en
t (

in
-l

bs
)

MYield



52 
 

methods are simply the tools used to model the load sharing between the pile stress transfer 

block (PSTB) and the surrounding concrete in the cap.  The link element employed in Method 1 

sheds its load quickly to the surrounding concrete.  This behavior causes the stresses in the PSTB 

concrete to become very sensitive to the translational displacement of the pile under the applied 

loads.  Method 1 provides very stiff connection values that are similar to the rotational stiffness 

values determined using Method 4 (rigid body approach, discussed below); however, the 

flexibility of the pile in Method 1 exacerbates the effects of pile deformations.  This exacerbation 

causes high stresses to develop in the PSTB concrete at much smaller connection rotations than 

the other three methods. 

 The link element employed in Method 2 sheds its load uniformly to the surrounding 

concrete.  This behavior is between the extremes modelled by Methods 1 and 3 (discussed 

below).  The rotational stiffness values for Method 2 are generally found to be near the midpoint 

between the corresponding values calculated for Methods 1 and 3. 

 The link element employed in Method 3 sheds its load rather slowly to the surrounding 

concrete.  This behavior causes the stresses in the PSTB concrete to be less sensitive to the 

translational displacements of the pile under the applied loads than Methods 1, 2 or 4.  This 

reduced sensitivity allows larger connection rotations and translational displacements of the 

embedded pile segment without exceeding the compressive strength of the concrete at the bottom 

face of the cap.  Method 3 provides the lowest rotational stiffness values of all the methods 

evaluated in this research. 

 The second analysis category does not include pile deformations.  This approach is 

referred to in this thesis as Method 4.  The rigid body rotation of the embedded pile segment 

considered in this method causes a linear increase in concrete strains as the distance from the 
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neutral axis increases.  This assumed behavior maximizes the moment capacity of the embedded 

pile connection since the detrimental effects of pile deformations on PSTB concrete stresses are 

not included.  This strain density approach to connection rotation yields the stiffest connection 

model among all for methods considered. 

 Rodas et al. (2017) provides results for multiple full-scale tests using the test 

configuration described in Section 2.2.  The rotational stiffness for the test referred to in their 

paper as UCS Test Number 3 consisted of a W14x370 embedded 30 inches into 4,000 psi 

concrete is 3,062,357 in-kips/rad.  The rotational stiffness for this scenario using Method 3 is 

3,406,881 in-kips/rad, which is 11 percent stiffer than the test value.  The rotational stiffness for 

the test referred to in their paper as BYU Test Number B2 consisted of a W8x48 embedded 16 

inches into 4,000 psi concrete is 187,636 in-kips/rad.  The rotational stiffness for this scenario 

using Method 3 is 254,993 in-kips/rad, which is 36 percent stiffer than the test value. 

4.2 Maximum Moment Results 

 Section 4.2 examines the effect of pile embedment depth, concrete compressive strength 

and pile section properties on the maximum moment supported by the connection when the 

structural evaluation is terminated. This termination occurs when the moment acting on the pile 

is equal to the yield moment or when the concrete stresses in the PSTB exceeds the compressive 

strength of the concrete.  The effect of bending stresses in the concrete beam and analysis 

methods on the maximum moment are considered as well.  Observations based on these results 

are provided at the end of each section. 

4.2.1 Impact of Pile Embedment Depth on Maximum Moment 

 Tables 4-12, 4-13 and 4-14 provide maximum moment results for the three smallest pile 

sections embedded 12 inches and 18 inches into 3,000 psi concrete.  Table 4-15 provides 
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maximum moment results for an HP18x204 embedded 18 inches and 24 inches into 3,000 psi 

concrete.   Figures 4-15 and 4-16 are also included to provide a graphical illustration of the effect 

of embedment depth on the maximum moment of an HP12x53 embedded 12 and 18 inches into 

3,000 psi concrete, respectively.   

Table 4-12 Embedment Depth and Maximum Moment for HP10x42 

HP10x42 Connection Performance Data 
Maximum Moment 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
      Maximum Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 3.58E+05 4.10E+05 5.12E+05 5.12E+05 
1 18 3,000 4.10E+05 5.12E+05 5.12E+05 5.12E+05 

 

Table 4-13 Embedment Depth and Maximum Moment for HP12x53 

HP12x53 Connection Performance Data 
Maximum Concrete Compressive Stress 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Maximum Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 4.16E+05 5.20E+05 6.24E+05 9.36E+05 
1 18 3,000 5.20E+05 7.28E+05 9.36E+05 1.04E+06 

 

Table 4-14 Embedment Depth and Maximum Moment for HP14x89 

HP14x89 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Maximum Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 4.41E+05 6.62E+05 6.62E+05 1.10E+06 
1 18 3,000 6.62E+05 8.82E+05 1.32E+06 2.21E+06 
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Table 4-15 Embedment Depth and Maximum Moment for HP18x204 

HP18x204 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Maximum Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 1.23E+06 1.85E+06 1.85E+06 3.08E+06 
1 24 3,000 1.85E+06 2.46E+06 3.08E+06 6.16E+06 

 

Figure 4-15 Illustration of 12 Inch Embedment Depth and Maximum Moment 
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Figure 4-16 Illustration of 18 Inch Embedment Depth and Maximum Moment 

 These results indicate that embedment depth has a significant impact on the maximum 

moment of steel piles embedded in concrete.  The maximum moment for all piles considered 

increases between 14 and 100 percent with the increase in embedment depth.  The exception to 

this tendency to increase occurs under Methods 3 and 4 in Table 4-12.  The HP10x42 is able to 

develop its yield moment with a 12 inch embedment in these two cases, so there is no increase in 

the maximum moment for the HP10x42 for these methods.  An increase in the maximum 

moment for the HP10x42 might have occurred if the plastic moment was considered to be a 

limiting condition instead of the yield moment. 

 Figures 4-15 and 4-16 graphically supplement the tabulated data and the conclusions 

based thereon. 
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4.2.2 Impact of Concrete Compressive Strength on Maximum Moment 

 Tables 4-16, 4-17, 4-18 and 4-19 provide selected maximum moment results for the 

concrete compressive strengths investigated for the HP10x42, HP12x53, HP14x89 and 

HP18x204, respectively.  Figures 4-17, 4-18, and 4-19 are also included to provide a graphical 

illustration of the maximum moment results for the HP14x89 embedded 12 inches into 3,000, 

5,000 and 10,000 psi concrete, respectively. 

Table 4-16 Concrete Strength and Maximum Moment for HP10x42 

HP10x42 Connection Performance Data 
Maximum Moment 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
  Embed.   Maximum Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 3.58E+05 4.10E+05 5.12E+05 5.12E+05 
1 12 5,000 5.12E+05 5.12E+05 5.12E+05 5.12E+05 
1 12 10,000 5.12E+05 5.12E+05 5.12E+05 5.12E+05 

 

Table 4-17 Concrete Strength and Maximum Moment for HP12x53 

HP12x53 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 4.16E+05 5.20E+05 6.24E+05 9.36E+05 
1 12 5,000 6.24E+05 8.32E+05 1.04E+06 1.04E+06 
1 12 10,000 1.04E+06 1.04E+06 1.04E+06 1.04E+06 
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Table 4-18 Concrete Strength and Maximum Moment for HP14x89 

HP14x89 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 4.41E+05 6.62E+05 6.62E+05 1.10E+06 
1 12 5,000 8.82E+05 1.10E+06 1.32E+06 1.76E+06 
1 12 10,000 1.54E+06 1.99E+06 2.21E+06 2.21E+06 

 

Table 4-19 Concrete Strength and Maximum Moment for HP18x204 

HP18x204 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 1.23E+06 1.85E+06 1.85E+06 3.08E+06 
1 18 5,000 2.46E+06 2.46E+06 3.08E+06 5.54E+06 
1 18 10,000 4.31E+06 4.92E+06 6.16E+06 6.16E+06 
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Figure 4-17 Illustration of Concrete Strength (3,000 psi) and Maximum Moment 

Figure 4-18 Illustration of Concrete Strength (5,000 psi) and Maximum Moment 
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Figure 4-19 Illustration of Concrete Strength (10,000 psi) and Maximum Moment 

 These results indicate that concrete compressive strength has a significant impact on the 

maximum moment of steel piles embedded in concrete.  The maximum moment for all piles 

considered increases between 0 and 100 percent with the increase in embedment depth.  The 

exception to this tendency to increase occurs when a pile section is able to develop its yield 

moment with one of the lower two concrete compressive strengths.  In these situations, there is 

no increase in the maximum moment corresponding to an increase in concrete compressive 

strength since the yield moment is taken as a limiting condition in this paper. 

 Figures 4-17, 4-18 and 4-19 graphically supplement the tabulated data and the 

conclusions based thereon. 

4.2.3 Impact of Pile Section Properties on Maximum Moment 

 Table 4-20 provides selected rotational stiffness results for all four pile sections, each of 

which is embedded 18 inches into 5,000 psi compressive strength concrete. 
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Table 4-20 Pile Section Properties and Maximum Moment 

Effect of Pile Section Properties on Moment Moment 
(Bending Case 1, 18 Inch Embedment and 5,000 psi Concrete) 

  Embed.   Maximum Moment Resisted by Embedded Pile (in-lbs) 
Pile Depth f'c Link Elements with Traction Forces Rigid Body 

Section (in) (psi) Method 1 Method 2 Method 3 Method 4 
HP10x42 18 5,000 5.12E+05 5.12E+05 5.12E+05 5.12E+05 
HP12x53 18 5,000 8.32E+05 1.04E+06 1.04E+06 1.04E+06 
HP14x89 18 5,000 1.10E+06 1.54E+06 1.99E+06 2.21E+06 
HP18x204 18 5,000 2.46E+06 2.46E+06 3.08E+06 5.54E+06 

 

 These results indicate that the maximum moment of steel piles embedded in concrete is 

significantly affected by pile section properties.  The data provided in Table 4-20 for all four 

analysis methods reveals an average maximum moment increase of 93 percent when the pile 

section is increased from an HP10x42 to an HP12x53.  This table indicates an average maximum 

moment increase for all four analysis methods of 71 percent when the pile section is increased 

from an HP12x53 to an HP14x89.  Increasing the pile section from an HP14x89 to an HP18x204 

indicates an average increase in the maximum moment of 97 percent for all four methods. 

4.2.4 Impact of Cap Bending Stresses on Maximum Moment 

 Table 4-21 provides selected maximum moment results for an HP14x89 pile section 

embedded 18 inches into 5,000 psi compressive strength concrete for all four bending cases. 

Table 4-21 Cap Bending Stresses and Maximum Moment 

HP14x89 Connection Performance Data 
Effect of Cap Bending Stresses on Moment Capacity 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Maximum Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 5,000 1.10E+06 1.54E+06 1.99E+06 2.21E+06 
2 18 5,000 1.10E+06 1.54E+06 1.99E+06 2.21E+06 
3 18 5,000 1.10E+06 1.54E+06 1.99E+06 2.21E+06 
4 18 5,000 1.10E+06 1.54E+06 1.99E+06 2.21E+06 
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 These results indicate that the maximum moment of steel piles embedded in concrete is 

not significantly impacted by bending stresses in the cap resulting from frame action.  The data 

provided in Table 4-21 reveals that the maximum moment for each connection scenario does not 

vary between bending cases for the analysis method being considered.  The reason for this is the 

disparity between the relatively small cap bending stresses and the relatively large compressive 

stresses in the resisting couple.  For example, the peak cap bending stress at the bottom face of 

the cap is about 314 psi for the HP14x89 embedded 18 inches into 5,000 psi concrete for 

Bending Case 2.  These stresses are much smaller than any of the peak stresses in the PSTB 

concrete shown in Table 4-22 and thus do not significantly influence the maximum moment 

supported by the connection. 

Table 4-22 Maximum Concrete Compressive Stresses at the Pile Face 

HP14x89 Connection Performance Data 
Maximum Concrete Compressive Stress 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
      Maximum  Concrete Compressive Stress (psi) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

2 18 5,000 4,417 4,804 4,831 3,010 
 

4.2.5 Impact of Analysis Methods on Maximum Moment 

 Table 4-23 provides the maximum moment results for all four analysis methods for an 

HP14x89 embedded 18 inches into 3,000 psi compressive strength concrete.  Figure 4-20 is also 

included to provide a graphical illustration of the effect of analysis methods on the maximum 

moment.   
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Table 4-23 Analysis Methods and Maximum Moment 

HP14x89 Connection Performance Data 
Effect of Analysis Methods on Moment Capacity 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 6.62E+05 8.82E+05 1.32E+06 2.21E+06 
 

 

Figure 4-20 Illustration of Analysis Methods and Maximum Moment 

 These results indicate that analysis methods and assumptions have a very significant 

impact on the calculated maximum moment of embedded steel pile connections.  As discussed in 

Section 4.1.5, analysis Methods 1, 2 and 3 include pile flexibility and are differentiated by the 

link element employed to model load sharing between the PSTB and the surrounding cap 

concrete.  The link element in Method 1 sheds its load quickly to the surrounding concrete.  This 
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behavior causes the stresses in the PSTB concrete to become very sensitive to the translational 

displacement of the pile under the applied loads.  Method 1 provides very stiff connection 

values, but the flexibility of the pile exacerbates the effects of pile deformations.  Large concrete 

stresses develop in the PSTB for relatively small applied moments, yielding the lowest maximum 

moment among all four analysis methods. 

 The link element employed in Method 2 sheds its load uniformly to the surrounding 

concrete.  This behavior is between the extremes modelled by Methods 1 and 3.  The maximum 

moment values for Method 2 are generally found to be near the midpoint between the 

corresponding values calculated for Methods 1 and 3. 

 The link element employed in Method 3 sheds its load rather slowly to the surrounding 

concrete.  This behavior causes the stresses in the PSTB concrete to be less sensitive to the 

translational displacements of the pile under the applied loads than Methods 1 or 2.  This reduced 

sensitivity allows larger connection rotations and translational displacements of the embedded 

pile segment without exceeding the compressive strength of the concrete at the bottom face of 

the cap.  Method 3 provides the highest maximum moment values among analysis methods that 

include pile flexibility (Methods 1, 2 and 3). 

 Analysis Method 4 assumes rigid body rotation of the embedded pile segment and the 

subsequent linear increase in concrete strains as the distance from the neutral axis increases.  

These assumptions maximize the moment supported by the embedded pile connection since the 

detrimental effects of pile deformations on PSTB concrete stresses are not included.  This strain 

density approach to connection rotation yields the largest maximum moment among all four 

analysis methods. 
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4.2.6 Moment Capacity of the Connection 

 The moment capacity of connections formed by embedding steel piles in concrete is 

investigated in Section 4.2.6.  Methods 1, 2, 3 and 4 are designed primarily to investigate 

connection stiffness and are limited by either the pile yield moment or the concrete compressive 

strength.  Since the shape factor for HP shapes bent about the weak axis is approximately 1.5, 

these methods provide very poor approximations of connection strength.  Because of this, the 

CapacityRB routine (see Mathcad calculations in Appendix C) was written to evaluate the rigid 

body rotation of the embedded pile segment.  This routine rotates the connection about its 

centroid and calculates the resisting moment of the embedded segment by evaluating the moment 

integrals used in the Method 4 approach discussed above.  Shear forces at the connection are not 

considered in this routine. 

 The values calculated by the CapacityRB routine compare favorably to those values 

determined by Equation 3 in Xiao et al (2006) discussed in detail in Section 2.2.  The ratio of the 

moment capacity values determined in this thesis divided by the values determined using their 

equation varied somewhat, but the average for all pile sections was about 1.07.  The reason the 

values determined by the method used in this paper are slightly larger is likely due to the lack of 

shear force considerations in the calculations. 

 The values calculated by the CapacityRB routine also compare favorably to those values 

determined by the method shown in Figure 6.9.2 (B) in the PCI Design Handbook (PCI 1999) 

discussed in detail in Section 2.2.  The ratio of the values determined in this paper divided by the 

values determined using their approach varied somewhat, but the average for all pile sections 

was about 1.04. 
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4.3 Neutral Axis Location 

 The determination of the neutral axis location for embedded steel pile connections is 

included in the routines for all four analysis methods.  For Methods 1, 2 and 3, the neutral axis 

location is calculated by drawing a straight line between the displacement at the top of the pile 

and the displacement at the bottom face of the cap.  The elevation above the bottom face of the 

cap where this line crosses the zero displacement line is taken to be the location of the neutral 

axis.  Figure 4-21 graphically illustrates this calculation.   

 

Figure 4-21 Illustration of Neutral Axis Location Calculation for Methods 1, 2 and 3 
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neutral axis from the graph appears to be just below 8 inches, which is consistent with the value 

of 7.92 inches determined numerically. 

 The neutral axis location determined by Method 4 is simply the neutral axis location of 

the displaced rigid body at the equilibrium position.  Rigid body motion is the fundamental 

mechanism that allows the precise calculation of the neutral axis location; however, this 

assumption ignores member flexibility and the shift in neutral axis location toward the face of 

the encasing concrete that will likely accompany the actual behavior.  The neutral axis location 

determined by Method 4 for the scenario shown in Figure 4-21 is 6.42 inches above the bottom 

face of the cap.  This is considerably lower than the location predicted by Methods 1, 2 or 3.  

This is true for all connection scenarios investigated in this research paper. 

 The connection rotations in this thesis are considered to occur about a neutral axis located 

somewhere along the embedded portion of the pile.   The neutral axis locations determined by all 

of the methods in this thesis appear to be too deep within the embedment.  A much better 

approximation of the neutral axis appears to be the point where the red line in Figure 4-21 is 

tangent to the displacement curve.  This point is located at a distance from the face of concrete 

equal to roughly one-quarter to one-third the embedment depth.  This red line is parallel to the 

one calculated by Methods 1, 2 and 3, but is shifted toward the face of the encasing concrete.  

This shift is an intuitive consequence of pile flexibility and likely provides a much better 

estimation of the actual neutral axis location. 
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Chapter 5 Summary, Recommendations and Conclusions 

5.1 Summary 

 The results in Chapter 4 clearly indicate that embedment depth, concrete compressive 

strength and pile section properties each have a significant effect on the rotational stiffness and 

flexural capacity of embedded steel pile connections.  Similarly, the analysis assumptions used to 

model these connections has a significant impact on the calculated rotational stiffness and 

flexural capacity.  The bending stresses in the cap due to frame action did not noticeably impact 

connection behavior. 

 The rotational stiffness determined by analysis Method 3 was somewhat higher than the 

connection test result in Rodas et al. (2017), but it did provide a reasonable comparison to their 

data.  This rotational stiffness values determined by analysis Methods 1, 2 and 4 were much 

higher than that determined by Method 3, thus providing a poor comparison to the test value. 

 The flexural capacities determined by analysis Method 4 compared well against the 

method in Xiao et al. (2006) and the method in the PCI Design Handbook (PCI 1999).  Analysis 

Methods 1, 2 and 3 consistently underestimated flexural capacity with Method 3 providing the 

best estimate among the three methods that included pile flexibility. 

 All four analysis methods appeared to provide a neutral axis location that is too deep 

within the embedment. 
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5.2 Recommendations and Conclusions 

 Method 3 appears to have the most potential for modelling the behavior of connections 

formed by embedding steel piles in concrete because it provides the best estimate of rotational 

stiffness and flexural capacity among Methods 1, 2 and 3.  It is believed that adjustments to the 

pile stress transformation length Lpst and the traction force used to derive the Method 3 link 

element can yield a single method capable of providing reasonable estimates of the rotational 

stiffness and flexural capacity of embedded connections.  While Method 4 did provide the best 

estimates of flexural capacity, the author believes that Method 3 will provide comparable results 

with the proper adjustments to Lpst and the link element traction force. 

 All four analysis methods appeared to overestimate the depth to the neutral axis from the 

face of the encasing concrete; however, the author believes that the offset (red) line shown in 

Figure 4-21 likely provides a very good estimate of the theoretical location.  The author further 

believes that a simple multiplier, a fraction in the vicinity of one-quarter to one-third, multiplied 

times the embedment length will likely provide a reasonable estimate of the neutral axis location 

for most embedded connections.  The performance of additional full scale testing is 

recommended to facilitate the necessary adjustments to Method 3 and to verify the proposed 

multiplier for neutral axis location. 

 Additional work on this topic is currently underway with the goal of developing a 

relationship between embedment depth, pile section properties and concrete strength that 

provides accurate values for the rotational stiffness and moment capacity of these connections.  

While the complexity of this relationship will not significantly impact its implementation into 

computer programs, every effort is being made to keep this relationship simple enough to 

encourage its use in hand calculations. 
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Appendix A 

A-1 
 

HP10x42 Connection Performance Data 
Rotational Stiffness 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
      Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 650,718,435 423,223,181 275,220,295 594,720,884 
1 12 5,000 804,247,694 552,501,852 410,314,584 848,254,592 
1 12 10,000 1,061,409,798 765,800,539 596,555,859 1,259,515,750
1 18 3,000 1,473,593,235 1,045,825,302 805,519,465 2,342,791,633
1 18 5,000 1,748,884,337 1,305,345,413 1,043,083,323 3,131,791,455
1 18 10,000 2,186,205,309 1,679,401,636 1,378,589,137 4,517,355,540
2 12 3,000 657,866,125 426,030,634 276,348,255 605,090,403 
2 12 5,000 812,303,188 555,679,667 411,583,105 864,541,186 
2 12 10,000 1,070,267,962 769,398,261 598,048,820 1,284,884,958
2 18 3,000 1,508,120,589 1,060,920,209 811,871,220 2,425,019,101
2 18 5,000 1,784,638,844 1,321,025,051 1,049,938,054 3,244,992,408
2 18 10,000 2,223,014,853 1,695,973,793 1,386,091,009 4,683,659,025
3 12 3,000 643,685,847 420,444,284 274,102,388 584,712,491 
3 12 5,000 796,398,159 549,387,974 409,070,186 832,541,586 
3 12 10,000 1,052,661,716 762,223,902 595,067,365 1,235,073,912
3 18 3,000 1,440,588,552 1,031,156,960 799,294,254 2,266,676,652
3 18 5,000 1,714,764,955 1,290,160,619 1,036,388,510 3,026,609,323
3 18 10,000 2,150,706,773 1,663,206,799 1,371,197,339 4,362,869,873
4 12 3,000 632,956,408 416,217,966 272,454,824 589,780,960 
4 12 5,000 784,294,167 544,443,777 407,072,131 840,487,118 
4 12 10,000 1,039,331,559 756,426,361 592,605,270 1,247,422,488
4 18 3,000 1,435,080,880 1,028,138,533 797,697,494 2,267,699,948
4 18 5,000 1,710,915,231 1,287,587,572 1,034,832,428 3,028,079,247
4 18 10,000 2,148,737,061 1,661,307,287 1,369,813,173 4,365,004,780

 
 
 

 
 
 
 

 
 
 
 
 
 
 
   



 

A-2 
 

HP10x42 Connection Performance Data 
Maximum Concrete Compressive Stress 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
  Embed.   Maximum  Concrete Compressive Stress (psi) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 2,974 2,775 2,832 2,147 
1 12 5,000 4,702 3,912 3,443 2,254 
1 12 10,000 5,536 4,660 4,156 2,303 
1 18 3,000 2,910 2,755 2,282 1,017 
1 18 5,000 4,175 3,334 2,833 1,033 
1 18 10,000 5,036 4,106 3,551 1,042 
2 12 3,000 2,984 2,785 2,841 2,147 
2 12 5,000 4,714 3,920 3,448 2,254 
2 12 10,000 5,542 4,664 4,158 2,303 
2 18 3,000 2,922 2,767 2,288 1,017 
2 18 5,000 4,186 3,341 2,837 1,033 
2 18 10,000 5,041 4,110 3,553 1,042 
3 12 3,000 2,963 2,765 2,824 2,147 
3 12 5,000 4,689 3,903 3,438 2,254 
3 12 10,000 5,531 4,656 4,153 2,303 
3 18 3,000 2,898 2,742 2,275 1,017 
3 18 5,000 4,165 3,326 2,829 1,033 
3 18 10,000 5,031 4,103 3,549 1,042 
4 12 3,000 2,969 2,769 2,827 2,147 
4 12 5,000 4,698 3,908 3,440 2,254 
4 12 10,000 5,537 4,660 4,155 2,303 
4 18 3,000 2,896 2,741 2,275 1,017 
4 18 5,000 4,160 3,324 2,829 1,033 
4 18 10,000 5,025 4,100 3,548 1,042 
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HP10x42 Connection Performance Data 
Maximum Moment 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
  Embed.   Maximum  Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 358,486 409,698 512,122 512,122 
1 12 5,000 512,122 512,122 512,122 512,122 
1 12 10,000 512,122 512,122 512,122 512,122 
1 18 3,000 409,698 512,122 512,122 512,122 
1 18 5,000 512,122 512,122 512,122 512,122 
1 18 10,000 512,122 512,122 512,122 512,122 
2 12 3,000 358,486 409,698 512,122 512,122 
2 12 5,000 512,122 512,122 512,122 512,122 
2 12 10,000 512,122 512,122 512,122 512,122 
2 18 3,000 409,698 512,122 512,122 512,122 
2 18 5,000 512,122 512,122 512,122 512,122 
2 18 10,000 512,122 512,122 512,122 512,122 
3 12 3,000 358,486 409,698 512,122 512,122 
3 12 5,000 512,122 512,122 512,122 512,122 
3 12 10,000 512,122 512,122 512,122 512,122 
3 18 3,000 409,698 512,122 512,122 512,122 
3 18 5,000 512,122 512,122 512,122 512,122 
3 18 10,000 512,122 512,122 512,122 512,122 
4 12 3,000 358,486 409,698 512,122 512,122 
4 12 5,000 512,122 512,122 512,122 512,122 
4 12 10,000 512,122 512,122 512,122 512,122 
4 18 3,000 409,698 512,122 512,122 512,122 
4 18 5,000 512,122 512,122 512,122 512,122 
4 18 10,000 512,122 512,122 512,122 512,122 
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HP10x42 Connection Performance Data 
Ratio of Applied Moment to Yield Moment 

ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 
  Embed.   Ratio of Applied Moment to Yield Moment 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 0.70 0.80 1.00 1.00 
1 12 5,000 1.00 1.00 1.00 1.00 
1 12 10,000 1.00 1.00 1.00 1.00 
1 18 3,000 0.80 1.00 1.00 1.00 
1 18 5,000 1.00 1.00 1.00 1.00 
1 18 10,000 1.00 1.00 1.00 1.00 
2 12 3,000 0.70 0.80 1.00 1.00 
2 12 5,000 1.00 1.00 1.00 1.00 
2 12 10,000 1.00 1.00 1.00 1.00 
2 18 3,000 0.80 1.00 1.00 1.00 
2 18 5,000 1.00 1.00 1.00 1.00 
2 18 10,000 1.00 1.00 1.00 1.00 
3 12 3,000 0.70 0.80 1.00 1.00 
3 12 5,000 1.00 1.00 1.00 1.00 
3 12 10,000 1.00 1.00 1.00 1.00 
3 18 3,000 0.80 1.00 1.00 1.00 
3 18 5,000 1.00 1.00 1.00 1.00 
3 18 10,000 1.00 1.00 1.00 1.00 
4 12 3,000 0.70 0.80 1.00 1.00 
4 12 5,000 1.00 1.00 1.00 1.00 
4 12 10,000 1.00 1.00 1.00 1.00 
4 18 3,000 0.80 1.00 1.00 1.00 
4 18 5,000 1.00 1.00 1.00 1.00 
4 18 10,000 1.00 1.00 1.00 1.00 
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HP10x42 Connection Performance Data 
Neutral Axis Location for Rotation of Embedded Pile 
ASTM A36 Material (Fy = 36,000 psi, Fu = 58,000 psi) 

  Embed.   NA Location Measured from Bottom Face of Cap (in) 
Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 8.07 7.65 7.34 6.43 
1 12 5,000 8.32 7.90 7.62 6.42 
1 12 10,000 8.65 8.25 7.96 6.41 
1 18 3,000 15.52 14.89 14.32 9.93 
1 18 5,000 15.81 15.30 14.82 9.91 
1 18 10,000 16.11 15.74 15.38 9.91 
2 12 3,000 7.97 7.59 7.32 6.43 
2 12 5,000 8.24 7.85 7.59 6.42 
2 12 10,000 8.58 8.21 7.94 6.41 
2 18 3,000 15.47 14.85 14.29 9.93 
2 18 5,000 15.77 15.27 14.81 9.91 
2 18 10,000 16.08 15.72 15.36 9.91 
3 12 3,000 8.16 7.70 7.37 6.43 
3 12 5,000 8.41 7.95 7.64 6.42 
3 12 10,000 8.73 8.30 7.99 6.41 
3 18 3,000 15.57 14.92 14.34 9.93 
3 18 5,000 15.86 15.33 14.84 9.91 
3 18 10,000 16.14 15.76 15.39 9.91 
4 12 3,000 8.04 7.64 7.34 6.43 
4 12 5,000 8.30 7.89 7.61 6.42 
4 12 10,000 8.63 8.24 7.96 6.41 
4 18 3,000 15.50 14.87 14.31 9.93 
4 18 5,000 15.80 15.29 14.82 9.91 
4 18 10,000 16.11 15.73 15.37 9.91 
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HP12x53 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 877,597,775 562,272,798 367,089,619 668,497,285 
1 12 5,000 1,082,884,827 714,683,359 479,652,623 1,047,564,102
1 12 10,000 1,413,669,760 1,000,580,809 764,487,746 1,632,202,160
1 18 3,000 2,052,731,737 1,425,284,723 1,012,972,008 2,950,995,823
1 18 5,000 2,425,867,131 1,742,204,461 1,355,127,997 4,069,717,282
1 18 10,000 3,042,492,466 2,299,379,361 1,860,869,094 5,965,483,570
2 12 3,000 889,285,408 566,856,076 368,914,783 680,557,131 
2 12 5,000 1,095,712,893 720,140,262 481,931,095 1,070,491,684
2 12 10,000 1,429,230,459 1,006,878,510 767,075,209 1,671,359,834
2 18 3,000 2,114,256,417 1,452,109,634 1,024,409,563 3,073,095,660
2 18 5,000 2,491,641,354 1,771,239,022 1,367,519,073 4,247,788,958
2 18 10,000 3,111,303,109 2,329,800,325 1,874,375,749 6,233,917,789
3 12 3,000 866,124,203 557,737,201 365,294,568 656,879,062 
3 12 5,000 1,069,944,097 709,376,635 477,450,226 1,025,549,460
3 12 10,000 1,398,821,904 994,529,346 761,995,457 1,594,658,246
3 18 3,000 1,994,581,692 1,399,530,898 967,810,997 2,840,429,714
3 18 5,000 2,364,143,894 1,714,585,946 1,343,223,959 3,907,906,243
3 18 10,000 2,978,003,965 2,270,394,780 1,847,874,157 5,720,613,831
4 12 3,000 847,859,181 550,648,016 362,570,571 662,878,491 
4 12 5,000 1,049,305,292 701,163,356 474,140,228 1,036,935,932
4 12 10,000 1,375,593,382 984,649,990 757,846,061 1,613,997,891
4 18 3,000 1,984,631,218 1,392,831,892 964,725,694 2,843,747,318
4 18 5,000 2,352,878,599 1,708,342,351 1,339,939,911 3,912,733,003
4 18 10,000 2,968,791,290 2,264,741,276 1,845,393,198 5,727,598,374
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HP12x53 Connection Performance Data 
Maximum Concrete Compressive Stress 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Concrete Compressive Stress (psi) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 2,712 2,786 2,789 2,917 
1 12 5,000 4,456 4,820 4,910 3,623 
1 12 10,000 8,494 7,110 6,291 3,799 
1 18 3,000 2,764 2,902 2,835 1,655 
1 18 5,000 4,966 4,758 3,959 1,707 
1 18 10,000 7,445 6,022 5,170 1,737 
2 12 3,000 2,723 2,798 2,799 2,917 
2 12 5,000 4,473 4,839 4,927 3,623 
2 12 10,000 8,512 7,123 6,298 3,799 
2 18 3,000 2,778 2,921 2,851 1,655 
2 18 5,000 4,987 4,782 3,972 1,707 
2 18 10,000 7,461 6,033 5,177 1,737 
3 12 3,000 2,702 2,773 2,780 2,917 
3 12 5,000 4,442 4,802 4,894 3,623 
3 12 10,000 8,475 7,096 6,283 3,799 
3 18 3,000 2,749 2,882 2,994 1,655 
3 18 5,000 4,944 4,734 3,946 1,707 
3 18 10,000 7,429 6,010 5,164 1,737 
4 12 3,000 2,711 2,780 2,783 2,917 
4 12 5,000 4,456 4,810 4,899 3,623 
4 12 10,000 8,494 7,107 6,288 3,799 
4 18 3,000 2,745 2,882 2,994 1,655 
4 18 5,000 4,942 4,732 3,946 1,707 
4 18 10,000 7,424 6,008 5,161 1,737 
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HP12x53 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
Embed. Maximum  Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 415,852 519,815 623,778 935,667 
1 12 5,000 623,778 831,704 1,039,630 1,039,630 
1 12 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
1 18 3,000 519,815 727,741 935,667 1,039,630 
1 18 5,000 831,704 1,039,630 1,039,630 1,039,630 
1 18 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
2 12 3,000 415,852 519,815 623,778 935,667 
2 12 5,000 623,778 831,704 1,039,630 1,039,630 
2 12 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
2 18 3,000 519,815 727,741 935,667 1,039,630 
2 18 5,000 831,704 1,039,630 1,039,630 1,039,630 
2 18 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
3 12 3,000 415,852 519,815 623,778 935,667 
3 12 5,000 623,778 831,704 1,039,630 1,039,630 
3 12 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
3 18 3,000 519,815 727,741 1,039,630 1,039,630 
3 18 5,000 831,704 1,039,630 1,039,630 1,039,630 
3 18 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
4 12 3,000 415,852 519,815 623,778 935,667 
4 12 5,000 623,778 831,704 1,039,630 1,039,630 
4 12 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
4 18 3,000 519,815 727,741 1,039,630 1,039,630 
4 18 5,000 831,704 1,039,630 1,039,630 1,039,630 
4 18 10,000 1,039,630 1,039,630 1,039,630 1,039,630 
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HP12x53 Connection Performance Data 
Ratio of Applied Moment to Yield Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Ratio of Applied Moment to Yield Moment 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 0.40 0.50 0.60 0.90 
1 12 5,000 0.60 0.80 1.00 1.00 
1 12 10,000 1.00 1.00 1.00 1.00 
1 18 3,000 0.50 0.70 0.90 1.00 
1 18 5,000 0.80 1.00 1.00 1.00 
1 18 10,000 1.00 1.00 1.00 1.00 
2 12 3,000 0.40 0.50 0.60 0.90 
2 12 5,000 0.60 0.80 1.00 1.00 
2 12 10,000 1.00 1.00 1.00 1.00 
2 18 3,000 0.50 0.70 0.90 1.00 
2 18 5,000 0.80 1.00 1.00 1.00 
2 18 10,000 1.00 1.00 1.00 1.00 
3 12 3,000 0.40 0.50 0.60 0.90 
3 12 5,000 0.60 0.80 1.00 1.00 
3 12 10,000 1.00 1.00 1.00 1.00 
3 18 3,000 0.50 0.70 1.00 1.00 
3 18 5,000 0.80 1.00 1.00 1.00 
3 18 10,000 1.00 1.00 1.00 1.00 
4 12 3,000 0.40 0.50 0.60 0.90 
4 12 5,000 0.60 0.80 1.00 1.00 
4 12 10,000 1.00 1.00 1.00 1.00 
4 18 3,000 0.50 0.70 1.00 1.00 
4 18 5,000 0.80 1.00 1.00 1.00 
4 18 10,000 1.00 1.00 1.00 1.00 
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HP12x53 Connection Performance Data 
Neutral Axis Location for Rotation of Embedded Pile 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   NA Location Measured from Bottom Face of Cap (in) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 7.71 7.37 7.14 6.46 
1 12 5,000 7.92 7.58 7.33 6.42 
1 12 10,000 8.20 7.87 7.63 6.41 
1 18 3,000 14.63 14.03 13.48 9.96 
1 18 5,000 14.93 14.43 13.98 9.93 
1 18 10,000 15.26 14.87 14.50 9.95 
2 12 3,000 7.59 7.30 7.10 6.46 
2 12 5,000 7.81 7.51 7.29 6.42 
2 12 10,000 8.10 7.81 7.60 6.41 
2 18 3,000 14.53 13.96 13.44 9.96 
2 18 5,000 14.85 14.38 13.94 9.93 
2 18 10,000 15.19 14.83 14.48 9.95 
3 12 3,000 7.83 7.44 7.17 6.46 
3 12 5,000 8.03 7.64 7.36 6.42 
3 12 10,000 8.30 7.92 7.66 6.41 
3 18 3,000 14.72 14.09 13.51 9.96 
3 18 5,000 15.01 14.49 14.01 9.93 
3 18 10,000 15.32 14.91 14.53 9.95 
4 12 3,000 7.70 7.37 7.14 6.46 
4 12 5,000 7.90 7.57 7.33 6.42 
4 12 10,000 8.18 7.86 7.62 6.41 
4 18 3,000 14.62 14.02 13.46 9.96 
4 18 5,000 14.93 14.43 13.97 9.93 
4 18 10,000 15.26 14.87 14.50 9.95 
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HP14x89 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 1,212,409,843 745,832,496 508,652,169 845,804,757 
1 12 5,000 1,495,011,696 956,693,503 623,992,975 1,182,429,503
1 12 10,000 1,990,507,307 1,329,025,805 942,446,688 1,966,736,435
1 18 3,000 3,080,511,732 2,087,780,876 1,384,783,124 3,191,578,559
1 18 5,000 3,682,780,343 2,544,292,083 1,805,378,707 4,858,499,917
1 18 10,000 4,646,143,377 3,379,288,227 2,644,704,376 7,389,211,901
2 12 3,000 1,225,827,862 751,035,290 510,616,902 860,420,054 
2 12 5,000 1,511,169,852 963,081,843 626,606,921 1,204,944,199
2 12 10,000 2,010,219,174 1,337,170,465 945,824,308 2,011,055,599
2 18 3,000 3,165,925,372 2,122,822,002 1,399,688,050 3,313,166,416
2 18 5,000 3,776,918,664 2,584,731,664 1,822,804,362 5,072,017,941
2 18 10,000 4,750,820,962 3,422,153,692 2,664,053,031 7,733,323,965
3 12 3,000 1,199,152,646 740,640,582 506,700,769 831,657,469 
3 12 5,000 1,479,105,009 950,448,487 621,454,416 1,160,572,047
3 12 10,000 1,971,474,599 1,321,304,816 939,273,411 1,923,806,513
3 18 3,000 2,999,367,813 1,990,380,756 1,370,451,329 3,080,622,757
3 18 5,000 3,594,484,385 2,506,035,841 1,788,954,632 4,663,629,884
3 18 10,000 4,550,048,340 3,337,355,733 2,626,661,071 7,074,961,573
4 12 3,000 1,168,623,731 729,399,614 502,505,809 840,323,109 
4 12 5,000 1,443,367,656 936,895,701 616,255,615 1,174,191,796
4 12 10,000 1,929,071,739 1,304,326,027 932,475,061 1,950,734,242
4 18 3,000 2,944,794,144 1,965,550,286 1,360,130,758 3,113,912,416
4 18 5,000 3,539,337,523 2,479,016,013 1,777,159,529 4,720,618,527
4 18 10,000 4,493,561,834 3,307,783,671 2,613,662,948 7,165,071,451
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HP14x89 Connection Performance Data 
Maximum Concrete Compressive Stress 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Concrete Compressive Stress (psi) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 2,173 2,759 2,479 2,929 
1 12 5,000 4,602 4,856 4,928 4,851 
1 12 10,000 8,985 9,639 9,232 6,713 
1 18 3,000 2,377 2,504 2,856 2,742 
1 18 5,000 4,398 4,776 4,806 3,010 
1 18 10,000 9,215 8,195 7,011 3,122 
2 12 3,000 2,180 2,771 2,486 2,929 
2 12 5,000 4,617 4,875 4,945 4,851 
2 12 10,000 9,008 9,669 9,255 6,713 
2 18 3,000 2,389 2,518 2,874 2,742 
2 18 5,000 4,417 4,804 4,831 3,010 
2 18 10,000 9,246 8,228 7,027 3,122 
3 12 3,000 2,166 2,747 2,472 2,929 
3 12 5,000 4,587 4,837 4,911 4,851 
3 12 10,000 8,963 9,609 9,209 6,713 
3 18 3,000 2,365 2,980 2,839 2,742 
3 18 5,000 4,379 4,748 4,780 3,010 
3 18 10,000 9,183 8,166 6,995 3,122 
4 12 3,000 2,179 2,756 2,476 2,929 
4 12 5,000 4,610 4,851 4,918 4,851 
4 12 10,000 8,996 9,633 9,221 6,713 
4 18 3,000 2,367 2,984 2,841 2,742 
4 18 5,000 4,379 4,753 4,783 3,010 
4 18 10,000 9,181 8,171 6,996 3,122 
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HP14x89 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 441,234 661,852 661,852 1,103,086 
1 12 5,000 882,469 1,103,086 1,323,703 1,764,937 
1 12 10,000 1,544,320 1,985,555 2,206,172 2,206,172 
1 18 3,000 661,852 882,469 1,323,703 2,206,172 
1 18 5,000 1,103,086 1,544,320 1,985,555 2,206,172 
1 18 10,000 1,985,555 2,206,172 2,206,172 2,206,172 
2 12 3,000 441,234 661,852 661,852 1,103,086 
2 12 5,000 882,469 1,103,086 1,323,703 1,764,937 
2 12 10,000 1,544,320 1,985,555 2,206,172 2,206,172 
2 18 3,000 661,852 882,469 1,323,703 2,206,172 
2 18 5,000 1,103,086 1,544,320 1,985,555 2,206,172 
2 18 10,000 1,985,555 2,206,172 2,206,172 2,206,172 
3 12 3,000 441,234 661,852 661,852 1,103,086 
3 12 5,000 882,469 1,103,086 1,323,703 1,764,937 
3 12 10,000 1,544,320 1,985,555 2,206,172 2,206,172 
3 18 3,000 661,852 1,103,086 1,323,703 2,206,172 
3 18 5,000 1,103,086 1,544,320 1,985,555 2,206,172 
3 18 10,000 1,985,555 2,206,172 2,206,172 2,206,172 
4 12 3,000 441,234 661,852 661,852 1,103,086 
4 12 5,000 882,469 1,103,086 1,323,703 1,764,937 
4 12 10,000 1,544,320 1,985,555 2,206,172 2,206,172 
4 18 3,000 661,852 1,103,086 1,323,703 2,206,172 
4 18 5,000 1,103,086 1,544,320 1,985,555 2,206,172 
4 18 10,000 1,985,555 2,206,172 2,206,172 2,206,172 
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HP14x89 Connection Performance Data 
Ratio of Applied Moment to Yield Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Ratio of Applied Moment to Yield Moment 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 0.20 0.30 0.30 0.50 
1 12 5,000 0.40 0.50 0.60 0.80 
1 12 10,000 0.70 0.90 1.00 1.00 
1 18 3,000 0.30 0.40 0.60 1.00 
1 18 5,000 0.50 0.70 0.90 1.00 
1 18 10,000 0.90 1.00 1.00 1.00 
2 12 3,000 0.20 0.30 0.30 0.50 
2 12 5,000 0.40 0.50 0.60 0.80 
2 12 10,000 0.70 0.90 1.00 1.00 
2 18 3,000 0.30 0.40 0.60 1.00 
2 18 5,000 0.50 0.70 0.90 1.00 
2 18 10,000 0.90 1.00 1.00 1.00 
3 12 3,000 0.20 0.30 0.30 0.50 
3 12 5,000 0.40 0.50 0.60 0.80 
3 12 10,000 0.70 0.90 1.00 1.00 
3 18 3,000 0.30 0.50 0.60 1.00 
3 18 5,000 0.50 0.70 0.90 1.00 
3 18 10,000 0.90 1.00 1.00 1.00 
4 12 3,000 0.20 0.30 0.30 0.50 
4 12 5,000 0.40 0.50 0.60 0.80 
4 12 10,000 0.70 0.90 1.00 1.00 
4 18 3,000 0.30 0.50 0.60 1.00 
4 18 5,000 0.50 0.70 0.90 1.00 
4 18 10,000 0.90 1.00 1.00 1.00 
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HP14x89 Connection Performance Data 
Neutral Axis Location for Rotation of Embedded Pile 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   NA Location Measured from Bottom Face of Cap (in) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 12 3,000 7.17 6.94 6.81 6.47 
1 12 5,000 7.33 7.08 6.92 6.45 
1 12 10,000 7.56 7.29 7.11 6.42 
1 18 3,000 13.25 12.62 12.11 10.04 
1 18 5,000 13.60 13.02 12.56 9.95 
1 18 10,000 14.01 13.52 13.11 9.95 
2 12 3,000 7.04 6.87 6.77 6.47 
2 12 5,000 7.20 7.01 6.88 6.45 
2 12 10,000 7.44 7.22 7.08 6.42 
2 18 3,000 13.05 12.50 12.04 10.04 
2 18 5,000 13.42 12.92 12.50 9.95 
2 18 10,000 13.86 13.43 13.06 9.95 
3 12 3,000 7.31 7.02 6.85 6.47 
3 12 5,000 7.46 7.15 6.96 6.45 
3 12 10,000 7.68 7.36 7.15 6.42 
3 18 3,000 13.45 12.74 12.17 10.04 
3 18 5,000 13.77 13.13 12.62 9.95 
3 18 10,000 14.16 13.61 13.16 9.95 
4 12 3,000 7.17 6.95 6.81 6.47 
4 12 5,000 7.32 7.08 6.92 6.45 
4 12 10,000 7.54 7.29 7.11 6.42 
4 18 3,000 13.21 12.60 12.10 10.04 
4 18 5,000 13.56 13.01 12.55 9.95 
4 18 10,000 13.98 13.50 13.10 9.95 
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HP18x204 Connection Performance Data 
Rotational Stiffness 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Connection Stiffness (in-lbs/rad) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 3,689,272,370 2,270,217,610 1,546,330,791 3,030,529,260 
1 18 5,000 4,538,437,174 3,007,228,364 2,031,514,616 3,942,691,341 
1 18 10,000 6,026,697,484 4,087,481,478 2,853,768,527 6,782,550,092 
1 24 3,000 6,998,565,212 4,589,511,708 3,050,109,531 6,966,375,783 
1 24 5,000 8,523,360,691 5,771,093,003 4,120,348,796 11,391,657,110
1 24 10,000 10,816,595,629 7,677,457,122 5,900,735,215 17,589,937,857
2 18 3,000 3,725,346,620 2,284,785,061 1,551,914,656 3,097,176,728 
2 18 5,000 4,640,668,167 3,024,011,605 2,038,540,420 4,032,530,890 
2 18 10,000 6,079,327,096 4,109,084,517 2,863,272,076 6,970,160,081 
2 24 3,000 7,129,888,486 4,644,461,009 3,073,017,898 7,218,790,080 
2 24 5,000 8,666,368,428 5,833,574,447 4,146,810,520 11,902,971,070
2 24 10,000 10,979,943,949 7,749,749,827 5,931,406,891 18,438,594,962
3 18 3,000 3,653,496,423 2,255,618,077 1,540,761,354 2,966,542,843 
3 18 5,000 4,495,504,043 2,990,642,071 2,024,623,728 3,855,731,833 
3 18 10,000 5,975,828,023 4,066,566,421 2,844,720,626 6,602,095,325 
3 24 3,000 6,870,949,739 4,535,847,491 3,027,711,922 6,731,986,610 
3 24 5,000 8,385,806,812 5,711,044,108 4,094,858,963 10,921,140,295
3 24 10,000 10,662,538,290 7,609,610,257 5,871,832,123 16,811,006,218
4 18 3,000 3,566,903,644 2,223,971,240 1,528,997,848 3,007,345,480 
4 18 5,000 4,394,734,173 2,952,575,906 2,010,068,321 3,912,583,161 
4 18 10,000 5,856,941,637 4,019,166,863 2,825,899,530 6,719,944,993 
4 24 3,000 6,722,517,233 4,475,784,810 3,004,020,647 6,843,897,191 
4 24 5,000 8,228,575,158 5,644,381,358 4,067,083,917 11,140,982,558
4 24 10,000 10,495,229,992 7,534,670,936 5,838,364,749 17,169,745,629
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HP18x204 Connection Performance Data 
Maximum Concrete Compressive Stress 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Concrete Compressive Stress (psi) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 2,339 2,906 2,576 2,832 
1 18 5,000 4,981 4,256 4,510 4,977 
1 18 10,000 9,821 9,331 9,687 6,369 
1 24 3,000 2,844 2,957 2,915 2,988 
1 24 5,000 4,260 4,952 4,671 3,522 
1 24 10,000 9,822 9,672 8,199 3,697 
2 18 3,000 2,346 2,918 2,583 2,832 
2 18 5,000 3,807 4,268 4,521 4,977 
2 18 10,000 9,844 9,354 9,710 6,369 
2 24 3,000 2,857 2,974 2,929 2,988 
2 24 5,000 4,273 4,975 4,688 3,522 
2 24 10,000 9,849 9,704 8,218 3,697 
3 18 3,000 2,333 2,894 2,570 2,832 
3 18 5,000 4,965 4,244 4,499 4,977 
3 18 10,000 9,798 9,308 9,664 6,369 
3 24 3,000 2,831 2,941 2,902 2,988 
3 24 5,000 4,246 4,929 4,654 3,522 
3 24 10,000 9,794 9,640 8,181 3,697 
4 18 3,000 2,344 2,902 2,574 2,832 
4 18 5,000 4,988 4,255 4,505 4,977 
4 18 10,000 9,830 9,328 9,674 6,369 
4 24 3,000 2,838 2,945 2,905 2,988 
4 24 5,000 4,253 4,935 4,658 3,522 
4 24 10,000 9,805 9,647 8,186 3,697 
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HP18x204 Connection Performance Data 
Maximum Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Maximum  Moment Resisted by Embedded Pile (in-lbs) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 1,231,027 1,846,541 1,846,541 3,077,568 
1 18 5,000 2,462,055 2,462,055 3,077,568 5,539,623 
1 18 10,000 4,308,596 4,924,109 6,155,137 6,155,137 
1 24 3,000 1,846,541 2,462,055 3,077,568 6,155,137 
1 24 5,000 2,462,055 3,693,082 4,308,596 6,155,137 
1 24 10,000 4,924,109 6,155,137 6,155,137 6,155,137 
2 18 3,000 1,231,027 1,846,541 1,846,541 3,077,568 
2 18 5,000 1,846,541 2,462,055 3,077,568 5,539,623 
2 18 10,000 4,308,596 4,924,109 6,155,137 6,155,137 
2 24 3,000 1,846,541 2,462,055 3,077,568 6,155,137 
2 24 5,000 2,462,055 3,693,082 4,308,596 6,155,137 
2 24 10,000 4,924,109 6,155,137 6,155,137 6,155,137 
3 18 3,000 1,231,027 1,846,541 1,846,541 3,077,568 
3 18 5,000 2,462,055 2,462,055 3,077,568 5,539,623 
3 18 10,000 4,308,596 4,924,109 6,155,137 6,155,137 
3 24 3,000 1,846,541 2,462,055 3,077,568 6,155,137 
3 24 5,000 2,462,055 3,693,082 4,308,596 6,155,137 
3 24 10,000 4,924,109 6,155,137 6,155,137 6,155,137 
4 18 3,000 1,231,027 1,846,541 1,846,541 3,077,568 
4 18 5,000 2,462,055 2,462,055 3,077,568 5,539,623 
4 18 10,000 4,308,596 4,924,109 6,155,137 6,155,137 
4 24 3,000 1,846,541 2,462,055 3,077,568 6,155,137 
4 24 5,000 2,462,055 3,693,082 4,308,596 6,155,137 
4 24 10,000 4,924,109 6,155,137 6,155,137 6,155,137 
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HP18x204 Connection Performance Data 
Ratio of Applied Moment to Yield Moment 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   Ratio of Applied Moment to Yield Moment 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 0.20 0.30 0.30 0.50 
1 18 5,000 0.40 0.40 0.50 0.90 
1 18 10,000 0.70 0.80 1.00 1.00 
1 24 3,000 0.30 0.40 0.50 1.00 
1 24 5,000 0.40 0.60 0.70 1.00 
1 24 10,000 0.80 1.00 1.00 1.00 
2 18 3,000 0.20 0.30 0.30 0.50 
2 18 5,000 0.30 0.40 0.50 0.90 
2 18 10,000 0.70 0.80 1.00 1.00 
2 24 3,000 0.30 0.40 0.50 1.00 
2 24 5,000 0.40 0.60 0.70 1.00 
2 24 10,000 0.80 1.00 1.00 1.00 
3 18 3,000 0.20 0.30 0.30 0.50 
3 18 5,000 0.40 0.40 0.50 0.90 
3 18 10,000 0.70 0.80 1.00 1.00 
3 24 3,000 0.30 0.40 0.50 1.00 
3 24 5,000 0.40 0.60 0.70 1.00 
3 24 10,000 0.80 1.00 1.00 1.00 
4 18 3,000 0.20 0.30 0.30 0.50 
4 18 5,000 0.40 0.40 0.50 0.90 
4 18 10,000 0.70 0.80 1.00 1.00 
4 24 3,000 0.30 0.40 0.50 1.00 
4 24 5,000 0.40 0.60 0.70 1.00 
4 24 10,000 0.80 1.00 1.00 1.00 
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HP18x204 Connection Performance Data 
Neutral Axis Location for Rotation of Embedded Pile 

ASTM A572 Grade 50 Material (Fy = 50,000 psi, Fu = 65,000 psi) 
  Embed.   NA Location Measured from Bottom Face of Cap (in) 

Bend. Depth f'c Link Elements with Traction Forces Rigid Body 
Case (in) (psi) Method 1 Method 2 Method 3 Method 4 

1 18 3,000 11.42 10.95 10.67 10.04 
1 18 5,000 11.72 11.23 10.91 10.05 
1 18 10,000 12.15 11.63 11.28 9.95 
1 24 3,000 17.87 16.92 16.19 13.96 
1 24 5,000 18.40 17.50 16.81 13.77 
1 24 10,000 19.02 18.25 17.62 13.71 
2 18 3,000 11.23 10.85 10.62 10.04 
2 18 5,000 11.55 11.13 10.86 10.05 
2 18 10,000 12.00 11.54 11.24 9.95 
2 24 3,000 17.62 16.77 16.11 13.96 
2 24 5,000 18.17 17.37 16.74 13.77 
2 24 10,000 18.83 18.14 17.56 13.71 
3 18 3,000 11.60 11.05 10.72 10.04 
3 18 5,000 11.89 11.32 10.96 10.05 
3 18 10,000 12.31 11.72 11.33 9.95 
3 24 3,000 18.12 17.06 16.26 13.96 
3 24 5,000 18.61 17.63 16.88 13.77 
3 24 10,000 19.21 18.36 17.68 13.71 
4 18 3,000 11.39 10.94 10.67 10.04 
4 18 5,000 11.69 11.21 10.90 10.05 
4 18 10,000 12.11 11.62 11.28 9.95 
4 24 3,000 17.77 16.87 16.17 13.96 
4 24 5,000 18.30 17.45 16.79 13.77 
4 24 10,000 18.93 18.20 17.59 13.71 
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MBeam "This routine calculates the cap moments that exist in the vicinity of the pile-to-cap connection.  These are the moments that, in practice,"

"would be determined by an idealized structural analysis giving no consideration to the localized behavior near the pile-to-cap connection.

"Set the CapBendingScenario variable (below with description) to 1, 2 3 or 4 to evaluate the pile support condition desired."

"CapBendingScenario = 1 consists of equal cap moments placed on each side of the pile."

"CapBendingScenario = 2 consists of a cap moment placed on the left side only."

"CapBendingScenario = 3 consists of a cap moment placed on the right side only."

"CapBendingScenario = 4 sets the cap moment equal to zero on both sides of the pile."

CapBendingScenario 1

"Span length (inches) of beams on the left and right sides of the pile."

Span 96

"End moments of right and left spans are assumed to be equal.  Moments are assumed to vary linearly along length of beam."

"MCapTotal: Term 1 is due to the applied shear at the bearing.  Term 2 is resisting pile moment."

MCapTotal FPile
1 j







h FPile
2 j



"MLeft is the moment at right end of left span."

MLeft
1

2






MCapTotal CapBendingScenario 1if

MLeft MCapTotal CapBendingScenario 2if

MLeft 0 CapBendingScenario 3 CapBendingScenario 4if

"M1j is the beam moment at the pile face."

M
1 j MLeft

Span

2

bf

2


Span

2



"M2j is the beam moment at Lpst from left pile face."

M
2 j MLeft

Span

2

bf

2
 Lpst

Span

2



"MRight is the moment at left end of right span."

MRight MCapTotal MLeft CapBendingScenario 1if

MRight 0 CapBendingScenario 2 CapBendingScenario 4if

MRight MCapTotal CapBendingScenario 3if

"M3j is the beam moment at right pile face."

M
3 j MRight

Span

2

bf

2


Span

2



"M4j is the beam moment at Lpst from right pile face."

M
4 j MRight

Span

2

bf

2
 Lpst

Span

2



j 1 cols FPile for

M
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NLAMethod1 "This routine performs an iterative, nonlinear structural analysis of a steel pile embedded in an unreinforced concrete beam."

"1-D link elements with full length, linear tranction forces (peak at the pile face) model the 3-D connection behavior through"

"the PSTB."

"Refer to the MBeam routine above for the Cap Bending Scenario being considered."

Count
1 j 0

QLinkTotal matrix DOFS 1 f i j( ) 0( )

QLinkPileFace matrix DOFS 1 f i j( ) 0( )

ReactionError 1

 Global
j  KGlobalComplete

1  FPile
j  QLinkPileFace





PPileFace KGlobalSpringsOnly  Global
j  QLinkPileFace

ReactionAtIdealizedBeami j
PPileFace

2 i 1
 QLinkTotal

2 i 1


ReactionError
i j ReactionAtIdealizedBeami j

PCapFbrLefti j
 PPileFace

2 i 1
0if

ReactionError
i j ReactionAtIdealizedBeami j

PCapFbrRighti j
 PPileFace

2 i 1
0if

QLinkTotalNewi j
QLinkTotal

2 i 1
ReactionError

i j

QLinkPileFaceNewi j
QLinkPileFace

2 i 1

2

3






ReactionError
i j

PileFacei j

PPileFace
2 i 1

TribAreaPSTBi



PMidpoint i j
PPileFace

2 i 1

3

4
QLinkTotalNewi j


Midpoint i j

PMidpoint i j

TribAreaPSTBi



Midpoint i j
co 1 1

Midpoint i j

fco










1

nc























EMidpointTangent i j

fco nc

co
1

Midpoint i j

co










nc 1 


kSpringMidpoint i j

TribAreaPSTBi






EMidpointTangent i j








Lpst


i 1
DOFS

2
for

REMin min ReactionError( )

REMax max ReactionError( )

ReactionError 0.1while

j 1 NoPileForceEvaluationPointsfor
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REMin min ReactionError( )

REMax max ReactionError( )

ReactionError max REMin REMax( )

QLinkTotal matrix DOFS 1 f i j( ) 0( )

QLinkPileFace matrix DOFS 1 f i j( ) 0( )

KGlobalSpringsOnly matrix DOFS DOFS f i j( ) 0( )

QLinkTotal
2 i 1

QLinkTotalNewi j


QLinkPileFace
2 i 1

QLinkPileFaceNewi j


KGlobalSpringsOnly
2 i 1 2 i 1

kSpringMidpoint i j


i 1
DOFS

2
for

KGlobalComplete KGlobalElementsOnly KGlobalSpringsOnly

m 1
DOFS

2


SumMoments
1 j

m

PPileFace
2 m 1







m 1( ) LPE 



 FPile

2 j


SumShears
1 j

m

PPileFace
2 m 1





 FPile

1 j


PileFaceMax
1 j

max PileFace 

Count
1 j Count

1 j 1

"Iteration Limit Exceeded"return Count
1 j 1000if

break PileFaceMax
1 j

fcoif

CombinedResults stack Count PileFaceMax SumMoments SumShears  Global 
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NLAMethod2 "This routine performs an iterative, nonlinear structural analysis of a steel pile embedded in an unreinforced concrete beam."

"1-D link elements with full length, uniform tranction forces model the 3-D connection behavior through the PSTB."

"Refer to the MBeam routine above for the Cap Bending Scenario being considered."

Count
1 j 0

QLinkTotal matrix DOFS 1 f i j( ) 0( )

QLinkPileFace matrix DOFS 1 f i j( ) 0( )

ReactionError 1

 Global
j  KGlobalComplete

1  FPile
j  QLinkPileFace





PPileFace KGlobalSpringsOnly  Global
j  QLinkPileFace

ReactionAtIdealizedBeami j
PPileFace

2 i 1
 QLinkTotal

2 i 1


ReactionError
i j ReactionAtIdealizedBeami j

PCapFbrLefti j
 PPileFace

2 i 1
0if

ReactionError
i j ReactionAtIdealizedBeami j

PCapFbrRighti j
 PPileFace

2 i 1
0if

QLinkTotalNewi j
QLinkTotal

2 i 1
ReactionError

i j

QLinkPileFaceNewi j
QLinkPileFace

2 i 1

1

2






ReactionError
i j

PileFacei j

PPileFace
2 i 1

TribAreaPSTBi



PMidpoint i j
PPileFace

2 i 1

1

2
QLinkTotalNewi j


Midpoint i j

PMidpoint i j

TribAreaPSTBi



Midpoint i j
co 1 1

Midpoint i j

fco










1

nc























EMidpointTangent i j

fco nc

co
1

Midpoint i j

co










nc 1 


kSpringMidpoint i j

TribAreaPSTBi






EMidpointTangent i j








Lpst


i 1
DOFS

2
for

REMin min ReactionError( )

REMax max ReactionError( )

ReactionError 0.1while

j 1 NoPileForceEvaluationPointsfor
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 p

REMin min ReactionError( )

REMax max ReactionError( )

ReactionError max REMin REMax( )

QLinkTotal matrix DOFS 1 f i j( ) 0( )

QLinkPileFace matrix DOFS 1 f i j( ) 0( )

KGlobalSpringsOnly matrix DOFS DOFS f i j( ) 0( )

QLinkTotal
2 i 1

QLinkTotalNewi j


QLinkPileFace
2 i 1

QLinkPileFaceNewi j


KGlobalSpringsOnly
2 i 1 2 i 1

kSpringMidpoint i j


i 1
DOFS

2
for

KGlobalComplete KGlobalElementsOnly KGlobalSpringsOnly

m 1
DOFS

2


SumMoments
1 j

m

PPileFace
2 m 1







m 1( ) LPE 



 FPile

2 j


SumShears
1 j

m

PPileFace
2 m 1





 FPile

1 j


PileFaceMax
1 j

max PileFace 

Count
1 j Count

1 j 1

"Iteration Limit Exceeded"return Count
1 j 1000if

break PileFaceMax
1 j

fcoif

CombinedResults stack Count PileFaceMax SumMoments SumShears  Global 
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NLAMethod3 "This routine performs an iterative, nonlinear structural analysis of a steel pile embedded in an unreinforced concrete beam."

"1-D link elements with full length, linear tranction forces (peak at the idealized beam section) model the 3-D connection behavior

"through the PSTB."

"Refer to the MBeam routine above for the Cap Bending Scenario being considered."

Count
1 j 0

QLinkTotal matrix DOFS 1 f i j( ) 0( )

QLinkPileFace matrix DOFS 1 f i j( ) 0( )

ReactionError 1

 Global
j  KGlobalComplete

1  FPile
j  QLinkPileFace





PPileFace KGlobalSpringsOnly  Global
j  QLinkPileFace

ReactionAtIdealizedBeami j
PPileFace

2 i 1
 QLinkTotal

2 i 1


ReactionError
i j ReactionAtIdealizedBeami j

PCapFbrLefti j
 PPileFace

2 i 1
0if

ReactionError
i j ReactionAtIdealizedBeami j

PCapFbrRighti j
 PPileFace

2 i 1
0if

QLinkTotalNewi j
QLinkTotal

2 i 1
ReactionError

i j

QLinkPileFaceNewi j
QLinkPileFace

2 i 1

1

3






ReactionError
i j

PileFacei j

PPileFace
2 i 1

TribAreaPSTBi



PMidpoint i j
PPileFace

2 i 1

1

4
QLinkTotalNewi j


Midpoint i j

PMidpoint i j

TribAreaPSTBi



Midpoint i j
co 1 1

Midpoint i j

fco










1

nc























EMidpointTangent i j

fco nc

co
1

Midpoint i j

co










nc 1 


kSpringMidpoint i j

TribAreaPSTBi






EMidpointTangent i j








Lpst


i 1
DOFS

2
for

REMin min ReactionError( )

REMax max ReactionError( )

ReactionError 0.1while

j 1 NoPileForceEvaluationPointsfor
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REMin min ReactionError( )

REMax max ReactionError( )

ReactionError max REMin REMax( )

QLinkTotal matrix DOFS 1 f i j( ) 0( )

QLinkPileFace matrix DOFS 1 f i j( ) 0( )

KGlobalSpringsOnly matrix DOFS DOFS f i j( ) 0( )

QLinkTotal
2 i 1

QLinkTotalNewi j


QLinkPileFace
2 i 1

QLinkPileFaceNewi j


KGlobalSpringsOnly
2 i 1 2 i 1

kSpringMidpoint i j


i 1
DOFS

2
for

KGlobalComplete KGlobalElementsOnly KGlobalSpringsOnly

m 1
DOFS

2


SumMoments
1 j

m

PPileFace
2 m 1







m 1( ) LPE 



 FPile

2 j


SumShears
1 j

m

PPileFace
2 m 1





 FPile

1 j


PileFaceMax
1 j

max PileFace 

Count
1 j Count

1 j 1

"Iteration Limit Exceeded"return Count
1 j 1000if

break PileFaceMax
1 j

fcoif

CombinedResults stack Count PileFaceMax SumMoments SumShears  Global 
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hRB "The height of the rigid body (hRB) is equal to the pile e

hRB pe
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Analysis RB "This routine evaluates the range of possible extreme fiber strains corresponding to a set of assumed neutral axis locations"

"to determine the equilibrium position of the rigid body (embedded pile segment) for each set of applied loads in the FPile matrix."

"A matrix with dimensions NAPrecision X StrainPrecision is created for each set of applied loads inthe FPile matrix.  The entries in"

"each of these matrices are the residual values (errors) resulting from the summation of horizontal forces (VEQ) and moments (MEQ)"

"due to the applied loads, the assumed neutral axis and the assumed bottom fiber strain.  The minimum value, typically near zero, for"

"each of these matrices represents the equilibrium postion.  The bottom fiber strian corresponding to the equilibrium position is used"

"to calculate the corresponding top of pile strain and ultimately the rigid body rotation in subsequent calculations."

"NARange defines the range of potential neutral axis locations evaluated in this routine.  The range begins at the centroid of the"

"rigid body (embedded pile segment) and increases from there so that the neutral axis is at or just above the centroid."

NARange 0.15( ) hRB

"NAPrecision controls the number of equally spaced evaluation points within NARange.  Use an odd number to create an evaluation"

"point at the centroid of the rigid body."

NAPrecision 501

"StrainPrecision controls the number of strain evaluation points between zero and the maximum compressive strain, co."

StrainPrecision 1500

nc

Ec co

fco


"The range variable h cycles this routine through the FPile matrix to determine the neutral axis and bottom fiber strain for each load set."

V FPile
1 h



M FPile
2 h



YRB

hRB

2

NARange

NAPrecision 1









i 1( )

"bfj is the fiber strian at the bottom of the rigid body (bottom face of cap) for a given evaluation point."

bf

co

StrainPrecision 1









j 1( )

VUpper fco d hRB YRB

co YRB 1
bf hRB YRB 

co YRB










nc 1



bf nc 1 


co YRB

bf nc 1 
















VLower fco d YRB

co YRB 1
bf

co










nc 1



bf nc 1 


co YRB

bf nc 1 
















bf 0if

j 1 StrainPrecisionfor

i 1 NAPrecisionfor

h 1 NoPileForceEvaluationPointsfor
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MUpperPart1

hRB YRB 2

2

hRB YRB  co YRB 1
bf hRB YRB 

co YRB










nc 1



bf nc 1 


MUpperPart2

co
2 YRB

2 1
bf hRB YRB 

co YRB










nc 2



bf
2 nc 1  nc 2 

co
2 YRB

2

bf
2 nc 1  nc 2 



MUpper fco d MUpperPart1 MUpperPart2 

MLowerPart1

YRB
2

2

co YRB
2 1

bf

co










nc 1



bf nc 1 


MLowerPart2

co
2 YRB

2 1
bf

co










nc 2



bf
2 nc 1  nc 2 

co
2 YRB

2

bf
2 nc 1  nc 2 



MLower fco d MLowerPart1 MLowerPart2 

VEQ FPile
1 h

VUpper VLower

MEQ FPile
2 h

FPile
1 h

hRB

2

 MUpper MLower

EQTotal i j
0 bf 0if

EQTotal i j
max VEQ MEQ( ) bf 0if

EQReduced submatrix EQTotal 1 NAPrecision 2 StrainPrecision 

EQMinimumh
min EQReduced 

EQIndices match EQMinimumh
EQReduced







EQIndicesExtracted EQIndices
1



Row
h

EQIndicesExtracted
1 1



Column
h

EQIndicesExtracted
2 1
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Column

h
EQIndicesExtracted

2 1


YRB

hRB

2

NARange

NAPrecision 1









Row 1( )

bf

co

StrainPrecision 1









Column( )

bf h
fco 1 1

bf h

co










nc













break bf h
fcoif

ResultsRaw1 augment Row Column YRB bf bf EQMinimum 

ResultsRaw2 submatrix ResultsRaw1 2 h 1 6( )

ResultsTopRow "NA" "NA"
hRB

2
0 0 0











"Columns left to right are row of min value, column of min value, neutral axis, bottom fiber strain, bottom fiber stress, residual (error)."

Results stack ResultsTopRow ResultsRaw2( )
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CapacityRB "This routine calculates the capacity of the embedded pile connection to resist an applied moment (no shear).  This analysis is based"

"on strain compatibility and treating the embedded pile segment as a rigid body.  Note that this routine could have been performed"

"without a search for the nuetral axis; however, the inclusion of this comlex step provides an additional check on the correctness of the"

"AnalysisRB routine above.  NARange defines the range of potential neutral axis locations evaluated in this routine.  This range is"

"centered on the centroid of the rigid body (embedded pile segment)."

NARange 0.10( ) hRB

nc

Ec co

fco


"bf is set equal to co to calculate the capacity of the connection subject to an applied moment only."

bf co

"NAPrecision controls the number of equally spaced evaluation points within NARange.  Use an odd number to create an evaluation"

"point at the centroid of the rigid body."

NAPrecision 101

YRB

hRB

2

NARange

NAPrecision 1









i 1( )

MUpperPart1

hRB YRB 2

2

hRB YRB  co YRB 1
bf hRB YRB 

co YRB










nc 1



bf nc 1 


MUpperPart2

co
2 YRB

2 1
bf hRB YRB 

co YRB










nc 2



bf
2 nc 1  nc 2 

co
2 YRB

2

bf
2 nc 1  nc 2 



MUpper fco d MUpperPart1 MUpperPart2 

MLowerPart1

YRB
2

2

co YRB
2 1

bf

co










nc 1



bf nc 1 


MLowerPart2

co
2 YRB

2 1
bf

co










nc 2



bf
2 nc 1  nc 2 

co
2 YRB

2

bf
2 nc 1  nc 2 



MLower fco d MLowerPart1 MLowerPart2 

MEQ
i

MUpper MLower

MomentCapacity MUpper MLower

i 1 NAPrecisionfor

MEQ

MEQMinimum min MEQ( )

MEQIndices match MEQMinimum MEQ 

Row MEQIndices
1



YRB

hRB

2

NARange

NAPrecision 1









Row 1( )

"The result columns from left to right are row of minimum value, neutral axis, bottom fiber strain, residual, moment capacity (in-lbs)."

Results augment Row YRB bf MEQMinimum MomentCapacity 
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