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ABSTRACT 

This research investigated the seismic behavior of the connection between 
concrete-filled steel tube (CFT) piles and concrete pile caps.  This connection is an 
important component of an accelerated bridge construction technique, which involves 
driving steel piles to a finished elevation just below the design deck level, forming a pile 
cap around the ends of the driven piles, reinforcing this cap, and then filling the piles and 
the cap formwork with concrete.  This cap then serves as the support for the 
superstructure of the bridge.  Conventional configurations of the CFT to pile cap 
connection often involve congested and complex reinforcing schemes, which can limit 
the use of this bridge support system.  The research discussed herein evaluated the 
performance of a new detailing scheme that significantly reduces congestion and 
construction issues, and developed a mechanics-based analysis tool to predict load 
carrying capacity of this type of connection.  This new reinforcing scheme uses U-shaped 
reinforcing bars to encircle the tip of the embedded CFT pile within the cap, which act to 
confine the concrete immediately around the pile and transfer the loads throughout the 
cap. 

In this research, six connection specimens with various details were tested under 
lateral loads until failure while monitoring applied loads and lateral displacements.  As 
intended, five specimens experienced failure in the concrete cap, with the remaining 
specimen failing through plastic hinging in the CFT at the face of the cap.  The focus of 
this test program was on characterizing the failure behavior of the concrete cap; typically, 
this behavior was observed to consist of crushing of the concrete adjacent to the pile near 
the face of the cap and at the tip of embedment, followed by yielding of the longitudinal 
reinforcement, and concluding with yielding of the transverse reinforcement and the 
formation of diagonal cracks extending from the embedded pile to the edge of the cap.  
Based on the results of this and a previous investigation, an analysis methodology 
(similar to moment-curvature analysis) was developed and evaluated.  This methodology 
proved to be an effective means for predicting the ultimate capacity of CFT to concrete 
pile cap connections. 
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CHAPTER ONE - INTRODUCTION TO DISSERTATION 

Background 

A series of concrete-filled steel pipe piles embedded in a concrete pile cap can be 

a desirable solution for supporting small to medium-span bridges.  This system is fast and 

efficient to construct and, with proper design, improves the ductile response and overall 

strength of the structure.  A typical bent constructed using this system is shown in Figure 

1, which in this case specifically consists of seven concrete-filled steel piles joined by a 

concrete pile cap.   

Figure 1.  Typical concrete-filled steel pile and concrete pile cap bridge substructure 
support system (Kappes, 2012) 
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The structural benefits of a concrete-filled steel tube (CFT) are well known.  In 

the case of the concrete-filled steel pile, the flexural capacity and ductility of the steel 

tube when subjected to lateral loads (e.g., during a seismic event) is enhanced by the 

concrete. The concrete inside the tube not only adds stiffness and strength to the cross 

section, it also delays the onset of buckling of the steel tube.  Further, the compression 

strength of the concrete is also enhanced by the confinement provided by the steel tube.  

The basic ductility provided by the steel tube may be very beneficial to the overall 

response of the structure if sufficient strength is provided by the concrete pile cap, to 

ensure the formation of a plastic hinge in the CFT.  This failure mechanism is preferable 

to failure of the concrete cap, due to its enhanced energy-dissipating characteristics (i.e. 

more robust hysteresis response under lateral loads).  Thus, proper design of the cap and, 

notably the connection to the CFT, is essential to ensure the design loads can be carried 

by these elements without failure.    

While a significant amount of research has been focused on the structural 

performance of CFTs, fewer projects have focused on the details of their connection to 

reinforced concrete elements, i.e. pile caps; thus, the need for more research in this area.  

Furthermore, many of the CFT to pile cap connection details currently used in practice 

are extremely congested and difficult to construct, and their performance, specifically 

during seismic events, may be somewhat uncertain.  In an attempt to expand the state of 

practice, research was conducted on this connection at Montana State University (MSU) 

several years ago under the sponsorship of the Montana Department of Transportation 

(MDT).  Data collected during this effort was subsequently used by MDT to formulate a 
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Performance (Kappes, Berry, & Stephens, 2013), published through MDT and 

reproduced in Appendix A of this dissertation. 

Dissertation Overview   

The testing completed through this recent study, coupled with further analysis of 

the earlier test program, is the basis for this dissertation, in which the fundamental 

behaviors of pile-to-pile cap connections are further clarified and a refined design 

algorithm is developed that effectively specifies an efficient reinforcing scheme for the 

concrete cap, ensuring that the structural system performs desirably under high lateral 

loads.  

Chapter Two provides an overview of the suite of nine CFT to concrete pile-cap 

connections tested at MSU to evaluate their performance under seismic loads; five tests 

were conducted by Stephens and McKittrick (2005), and four further monotonic tests 

were conducted by Kappes and his colleagues.  Variables differing between tests 

included concrete and pile strength, embedment depth, and reinforcing configuration.  

The specimens were loaded with a constant axial load, and were subjected to 

monotonically increasing lateral load until failure.  The specimens were then cycled to 

determine their post-peak energy dissipation characteristics.  A general review of the test 

results reveals the importance of a) embedment depth and b) reinforcing scheme � 

notably, use of U-shaped reinforcing bars encircling the embedded pile (see Figure 2) � 

on connection capacity and behavior.  Additionally, two follow-up tests evaluating the 

cyclic loading response of the connection are outlined.  (Note, as previously commented, 

the total of six laboratory tests conducted by Kappes, et al. as part of this dissertation 
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research are described and discussed in detail in the technical report presented in 

Appendix A of this document.) 

Chapter Three offers a more detailed description and discussion of the progressive 

failure states observed during the connection tests, including the results of the cyclic tests 

completed by Kappes, et al.  Four key limit states are identified: (1) formation of a plastic 

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

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

focus of this work is on the latter three limit states, which result in loss of fixity of the 

connection, resulting in reduced energy dissipation. A preliminary design guide for the 

connection is developed that determines the required embedment length, as well as the 

necessary U-bar size and configuration, so that these connections will not fail due to 

premature damage of the concrete caps.   

Building on all of the previous information and analyses, an innovative mechanics 

based model of the connection behavior was developed, and it is presented in Chapter 4.   

This model employs a multi-dimensional moment-rotation approach to determine the 

internal force distribution on the connection elements, utilizing nonlinear material models 

to estimate the ultimate capacity of the connection.  The model resembles classical 

moment curvature analyses, using the principles of equilibrium of internal and external 

forces, compatibility between deformations and strain, and constitutive relationships 

representing the unique material behaviors, to analytically replicate connection behavior 

and predict ultimate capacity.  This methodology was found to well represent the results 

of all the physical models tested to-date, and an algorithm was developed for its use as a 
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design tool.  In light of its development using well established principles of mechanics, it 

is expected to offer robust design solutions within and beyond connections physically 

tested thus far.   

While this dissertation presents considerable work moving forward the design of 

concrete pile cap to steel pile connections, remaining work may include exercising the 

algorithm with more tests consisting of embedded piles in concrete caps, and 

investigating the relationship between the strain function and the physical rotation of the 

test specimens.  This research is expected to lead to calibration of the behavior for a 

single layer of confined concrete in the cap connection region, accounting for specific 

connection details, to be modeled by a single non-linear spring.  This would provide for a 

series of calibrated nonlinear springs to represent the strength provided by the interaction 

of components in the connection region, analogous to p-y springs for modeling soil in 

LPile.  Additionally, utilizing the backbone curve of the moment-rotation response for the 

algorithm presented herein, it may be useful to investigate the connection represented by 

a nonlinear torsional spring for a system-level, seismic bridge analysis.  Finally, an 

examination of connections with lateral forces, transverse to the cap (bridge longitudinal 

direction), caused by thermal effects or seismic demands, would benefit from the output 

of the moment-rotation analysis presented in this research for the subject connection.   
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Abstract 

This paper describes preliminary findings from a Montana Department of 

Transportation (MDT) funded project focused on testing the seismic performance of 

concrete filled steel tube (CFT) pile to concrete pile-cap connections. These connections 

are common/critical components of the support structure for highway bridges in Montana 

and across the country, and it is essential for these connections to perform well during 

seismic events.  Despite their widespread use, the design and expected performance of 

these connections are not necessarily well understood.  The preferred failure mechanism 

for this connection is for the pile cap to possess sufficient capacity to force the connection 

failure into the more ductile CFT piles.  Traditional design methods for this connection 

often lead to congested and complex reinforcing schemes, and this complexity can 

obscure the true behavior/effectiveness of the elements within the connection.  In this 

research effort, nine half-scale connections were tested under a monotonic pushover load 

until failure.  The piles were then cycled through several load reversals.  As a result of 

this research effort, a new reinforcing scheme was developed that greatly simplifies the 

design and construction of the connection while increasing the capacity of the cap.  This 

newly developed reinforcing scheme includes U-shaped reinforcing bars that encircle the 

embedded CFT piles within the cap that counteract the moment related demands 

introduced by the embedded pile.   

In particular, this paper presents the details and results of the nine specimens 

tested during this research effort.  Data collected during these tests includes load, 

deformations, and strains.  The structural efficiency of the newly developed reinforcing 
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scheme is discussed and contrasted with conventional reinforcing schemes.  Additionally, 

future directions of this research effort are presented.   

Introduction 

The advantages of using concrete filled steel tubes (CFTs) in structural 

applications are numerous.  CFTs are very efficient, and offer large capacities and 

increased ductility over typical reinforced concrete elements.  With respect to efficiency, 

the steel tubes act as the formwork for the concrete and eliminates the need for traditional 

reinforcing steel, accelerating construction time and reducing material costs.   In regards 

to structural advantages of CFTs, the steel pipe acts to confine the concrete fill, which 

subsequently increases the ultimate capacity and ductility of the concrete.  The confined 

concrete, in turn, acts to increase the overall stiffness and flexural capacity of the CFT, 

and restrain buckling of the steel pipe walls.  Despite these obvious advantages, the use 

of CFTs is often limited due to the inherent difficulty of connecting them to other 

structural elements.  This issue has been the focus of several recent research efforts  

(Roeder & Lehman, 2008; Kingsley, Williams, Lehman, & Roeder, 2005;  Silva & 

Seible, 2001), and is the primary focus of the research presented herein.  In particular, 

this research focuses on improving a CFT-pile to concrete pile-cap connection commonly 

used by the Montana Department of Transportation (MDT), and developing a design 

methodology for such connections. 

A common bridge support system used by MDT consists of a linear array of 

concrete filled steel pipe piles connected at the top by a concrete pile cap (Figure 3).  This 

bridge support system is popular because of its low initial cost, short construction time, 
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low maintenance requirements, and long service life.  To simplify construction and 

maintain a positive connection between the CFT piles and the pile cap, the CFT piles are 

typically extended up into the reinforced concrete cap.  Conventional structural design 

methodologies, however, do not explicitly address the situation of a large rigid CFT 

element embedded in a conventionally reinforced concrete structure.  While these 

methodologies can confidently be extended to predict the capacity of such a connection 

to carry in-service gravity loads, the direction to follow in determining the capacity of 

such a connection under extreme lateral loads (say, of seismic origin) is much less clear.  

Therefore, MDT initiated a research project to investigate the behavior of the CFT to 

pile-cap connection under lateral loads. This investigation consisted of a combination of 

experimental and analytical work.  This paper presents the results of the experimental 

work, which consisted of laterally loading nine models of a typical connection to failure.   

The primary objective of these tests was to generally characterize the behavior of the 

connection and to assist in validating the performance of analytical model of this 

behavior.   

This paper first presents the experimental design used for these tests (e.g., model 

dimensions, steel configurations, loading scheme), and then proceeds to present the 

results from these tests.  The then concludes with a discussion of results and conclusions, 

and provides suggestions for future work. 
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Figure 3.  MDT Bridge Support System under Lateral Load 

Experimental Design 

The test specimens used in this study were approximately half-size models of a 

subsection of a typical bridge bent constructed with CFT piles joined by a reinforced 

concrete pile cap.  The models were designed to represent an interior section of such a 

bent, centerline-to-centerline between pile supports (see Figure 3).  Thus, each model 

consisted of a single pile and an attendant length of pile cap.  The CFT pile-to-pile cap 

connections were tested so as to generate the deflected shape expected in this subsection 

of a full-size bent subjected to a lateral load, as shown in Figure 3.  The frame used to test 

the models is shown in Figure 4.  Note that for convenience, the model was tested in the 

horizontal plane, rather than in the vertical plane of an actual bridge. 

Each model was subjected to a slowly increasing lateral load applied to the tip of 

the pile, while the pile cap was held stationary.  Coincident with the lateral load, a 

constant axial force was applied to represent gravity load effects.  While some 

preliminary tests were conducted on the models at elastic load levels, in the primary load 
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event for each model, the lateral load was monotonically increased until the lateral 

capacity of the connection was achieved.  In some cases, the model was subsequently 

subjected to reversed load cycles, to assess the residual strength and energy dissipation 

characteristics of the connection.  During each test, the load and displacement response of 

the connection was measured and recorded.  Measurements were also made of the strains 

in the CFT pile and in the cap concrete.  In selected tests, strains in various bars in the 

reinforcing cage were also measured. 

Figure 4.  Test Frame with Pile Cap Specimen 

This research effort consisted of two phases.  The first phase  (Stephens & 

McKittrick, 2005) consisted of a total of five tests, and the second phase (Kappes, 2012) 
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tested four additional connections.  In the first phase, the baseline configuration of the 

models was intended to represent a typical connection configuration used by MDT prior 

to this research effort.  All specimens in this effort used the same basic reinforcing 

scheme (Figure 5) in the pile cap.  The intended variable between the tests was the 

specific amount and placement of this reinforcement in the pile cap, although in the final 

program the strength of the steel pipe pile and of the concrete also varied in some tests.  

Table 1 provides the experimental parameters and material properties for this initial phase 

of testing.  In this table, the longitudinal steel ratio was calculated for a cross section 

extending from the bottom face of the cap (pile side) to the embedded tip of the CFT pile.  

This parameter was defined in this manner because the embedded pile would impose 

localized load demands in this region, and, therefore, the amount of longitudinal steel in 

this region is an important parameter.  The transverse steel ratio was calculated as the 

area of two legs of the transverse stirrups divided by an area of concrete with a width of 

the transverse steel spacing and a height equal to the height of the cap.  As the project 

advanced, the configuration of each successive model was adjusted based on the results 

of the preceding test.  In general, the amount of reinforcement in the cap was increased in 

each test, starting with a model depicting current practice, up to a model with 7 times the 

original amount of longitudinal and transverse reinforcing steel.  In addition to the 

amount of reinforcement increasing with each test, the configuration of the reinforcing 

steel also varied, with the final test using a combination of spirals and u-shaped bars to 

confine the embedded pile.     
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Figure 5.  Typical Pile Cap Reinforcing Cage 

Table 1.  Experimental Parameters and Material Properties 

The second phase of testing consisted of a total of four specimen tests.  In this 

phase of testing, the amount and configuration of the reinforcing steel was investigated 

further.   

Closed Stirrups
Open Stirrups:
Used in pile region

Confined Region

Longitudinal
Reinforcement

U-bar if included

Test 
Pile Wall 

Thickness, 
(mm) 

Embedment 
Length, 
(mm) 

Long 
Steel 
(%) 

Trans 
Steel 
(%) 

Concrete 
Strength, 

(MPa) 
Reinforcement Layout 

PC1 8.1 228.6 0.41 0.09 33.3 

PC2 6.35 228.6 0.41 0.09 36.7 

PC3 6.35 228.6 1.09 0.41 21.7 

PC3a 6.35 228.6 2.11 0.65 27.2 

PC4 6.35 228.6 2.83 0.70 32.2 
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Table 2 provides the experimental parameters and material properties for this 

phase of testing.  In general, in this phase of testing, the amount of longitudinal 

reinforcement was reduced and the reinforcing configuration was changed from the final 

layout used in the in the previous phase of tests (PC-4).  That is, this test series used 

significantly less longitudinal reinforcing steel, and incorporated u-shaped reinforcing 

bars and no spiral reinforcing directly around the embedded pile.  The remaining tests in 

this series varied the longitudinal reinforcement slightly, with the primary difference 

between tests in this series being the embedment depth.  Also, it should be noted that 

VT2, VT2.5, and VT3 used CFT piles with wall thicknesses significantly larger than 

those used in the previous tests.  It was decided to use an oversized pile in these tests to 

ensure that the ultimate capacity of the cap could be attained, although in practice a 

smaller CFT pile would be used.  The oversized pile essentially became part of the testing 

apparatus, with the test focus being on the performance of the cap.  
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Table 2.  Experimental Parameters and Material Properties 

Experimental Results 

The CFT to pile cap connections described in the previous section were all 

loaded with a monotonically increasing lateral load until failure, and then in some cases 

cycled to evaluate the post-peak energy dissipation characteristics of the specimen.  

Table 3 summarizes the results from both testing phases, including the observed failure 

mechanism and maximum moment observed in each test.   

Test 
Pile Wall 
Thickness 

(mm) 

Embedment 
Length   
(mm) 

Long 
Steel  
(%) 

Trans 
Steel
(%) 

Concrete 
Strength 
(MPa) 

Reinforcement Layout 

VT1 6.35 L1 = 228.6 1.5 0.70 43.1 

VT2 12.7 L2 = 298.5 1.38 0.70 26.2 

VT2.5 12.7 L1 = 228.6 1.5 0.70 43.1 

VT3 12.7 L3 = 263.5 1.5 0.70 28.3 
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Table 3.  Test Results 

In the first phase of testing, all of the specimens, with the exception of PC-4, 

failed due to crushing of the pile cap directly behind the pile and the formation of large 

cracks apparently along two compression struts (Figure 6) extending outward from the 

pile (in the direction of the applied load) to the faces of the cap.  A typical pinched 

force/drift response from these initial tests is shown in Figure 7.  As can be seen in this 

figure, the initial push until failure exhibits a somewhat ductile response.  That is, a 

significant amount of lateral deformation is observed after initial yielding and before 

failure.  However, the cyclic response beyond this initial failure is considerably pinched 

and degraded.  Therefore, as previously mentioned, this failure mechanism should be 

avoided.  As can be seen in Table 1 and Table 3, the capacity of the caps generally 

increased with increasing amounts of longitudinal and transverse reinforcing steel.  Of 

these specimens, PC-4 was the only to achieve the desired failure mechanism (the 

formation of a plastic hinge in the CFT pile).   

Test Failure Mechanism Maximum Moment (kN-m)

PC-1 cracking of concrete cap 111

PC-2 cracking of concrete cap 100

PC-3 cracking of concrete cap 106

PC-3a cracking of concrete cap 137

PC-4 plastic hinge in CFT Pile 164

VT1 plastic hinge in CFT Pile 148
VT2 cracking of concrete cap 224

VT2.5 cracking of concrete cap 180
VT3 cracking of concrete cap 199
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Figure 6.  Typical Failure Mechanism seen in PC-1 through PC-3a 

Figure 7.  Force-Drift Response for PC-2 

In regards to the second test series, a plastic hinge formed in the first test in this 

series (VT1) prior to the cap failing.  The force/drift response for this specimen is 

provided in Figure 8.  In contrast to the pinched response in Figure 7, this response is 

significantly more robust.  After VT1, as explained previously, the CFT pile wall 
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thickness was increased in the remaining cap tests to ensure that the actual cap capacity 

could be attained, although a smaller pile wall thickness would actually be used in 

practice.  An identical configuration to VT1 was also tested with this oversized pile 

(VT2.5) to attain the actual cap capacity of this configuration.  As expected, the 

remaining test specimens in this series ultimately failed in a manner very similar to the 

failures in the initial test series: crushing of the concrete and the formation of two large 

cracks along two compression struts.  However, these caps had significantly higher 

capacities than those from the original test series.  Another observation can be made from 

this second phase of tests regarding the effect of embedment depth; generally speaking, 

as the embedment depth increased the capacities of the caps also increased.   

Discussion of Results 

In the original test series, the cap capacities increased with increasing reinforcing 

steel for all five test specimens.  Only one specimen from the original test series was 

able to provide enough cap capacity to achieve the desired failure mechanism of a plastic 

hinge in the CFT pile.  This was achieved by including a significantly congested 

reinforcing scheme that included a large amount of longitudinal and transverse 

reinforcement (7 times that of the original specimen), and spirals and u-shaped bars 

around embedded pile.  Although this specimen was able to achieve the desired capacity, 

the actual ultimate capacity of this heavily reinforced cap and the attendant absolute 

effect of the reinforcing scheme on cap capacity could not be determined, as the pile 

failed before the cap capacity was reached.  The second test series in this research was 
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intended to investigate the mechanics of this connection further and to simplify the 

successful connection detail from the previous test series. 

Figure 8.  Force-Drift Response for VT1 

A total of four specimens were tested in the second test series, with the primary 

difference between tests in this series being the embedment depth.  In these tests, the cap 

capacities increased with increasing embedment depth, highlighting the importance of 

this parameter.  In general, the caps from the second test series performed significantly 

better than those from the original series, providing increased strength while having 

significantly less longitudinal reinforcing steel.  These increased capacities are most 

likely attributed to the combination of two features of the specimens in this test series: an 

increased embedment depth, and a more effective reinforcement configuration.  Two of 

the three specimens tested until cap failure in the second test series had embedment 

depths greater than the embedment depths in the original test series.  Furthermore, all of 

the specimens from the second test series used u-shaped bars (Figure 5) to confine the 



23 

concrete immediately around the embedded pile.  Only one specimen from the original 

series used these u-bars (PC4), and this was the only specimen to achieve the desired cap 

capacity.  Progressing from this test, caps with desired capacities were achieved in the 

second test series by also using u-bars, coupled with a significantly less congested total 

reinforcing configuration compared to that of PC4. 

Summary and Conclusions 

A total of nine CFT to concrete pile-cap connections were tested to evaluate their 

performance under seismic loads.  The specimens were loaded with a constant axial load, 

and were subjected to monotonically increasing lateral load until failure.  The specimens 

were then cycled to determine their post-peak energy dissipation characteristics.  As a 

result of this research effort, the mechanics governing the behavior of this connection are 

better understood, and a new reinforcing scheme has been developed that offers several 

advantages over previous connection configurations with respect to design and detailing.  

This newly developed reinforcing scheme includes u-shaped reinforcing bars that encircle 

the embedded CFT piles within the cap that counteract the moment related demands 

introduced by the embedded pile.  An analytical study is currently underway to further 

investigate the mechanics behind the behavior of this connection and to develop an 

appropriate design methodology.  Also, the cyclic performance of this general connection 

configuration is being investigated further through a series of tests to be completed 

Spring 2012. 
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Abstract 

This study investigates the seismic behavior of the connection between concrete-

filled steel tube piles and concrete pile caps. This connection is an important component 

of an accelerated bridge construction technique, which involves driving steel piles to a 

finished elevation just below the design deck level, forming a pile cap around the ends of 

the driven piles, reinforcing this cap, and then filling both the piles and formwork with 

concrete. This cap will then serve as the deck support system. In this research, a total of 

six connection specimens with various details were tested under lateral loads until failure 

while monitoring applied loads and lateral displacements. All of the specimens achieved 

the desired moment capacity, and all but one experienced a typical progression of 

damage in the concrete cap. This progression initiated with crushing of the concrete 

(interior and exterior), was followed by yielding of the longitudinal reinforcement, and 

concluded with yielding of the transverse reinforcement and the formation of diagonal 

cracks extending from the embedded pile to the edge of the cap. Based on the results of 

this and a previous investigation, an initial design methodology is proposed. 

Introduction 

Several state departments of transportation (DOTs) commonly use an accelerated 

bridge construction (ABC) technique for short and medium span bridges that uses 

concrete-filled steel tubes (CFTs) as the support system. This system consists of a linear 

array of circular CFT piles connected at the top by a concrete pile cap, as shown in Figs. 

1 and 2. During construction, the steel pipe piles are driven to their required depth, but 

are not terminated at the grade level, as is typically done. Rather, the steel pipe piles 
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extend above grade and terminate just below the level of the deck. Formwork for the pile 

caps is then placed at the ends of the steel piles, and the reinforcing cages for the caps are 

tied and placed. The steel pipe piles and pile caps are subsequently filled with concrete. 

To simplify construction and maintain a positive connection between the CFT piles and 

the pile cap, the steel piles typically extend up into the reinforced concrete cap. This 

method of construction is accelerated/efficient relative to conventional methodologies, 

because it takes advantage of some inherent benefits of CFTs. No formwork or 

reinforcing steel is required in the columns, and it is not necessary to wait for the 

concrete in the columns to gain strength because the steel tube is adequate for resisting 

initial gravity loads. The advantages of using CFTs in structural applications go beyond 

efficiency, because CFTs offer large capacities and increased ductility over typical 

reinforced concrete elements. However, the use of CFTs to resist lateral/seismic loads in 

the manner discussed earlier is relatively new, therefore, a reliable design methodology 

has not been fully developed.  In particular, conventional structural design methodologies 

do not explicitly address the situation of a large CFT element embedded in a 

conventionally reinforced concrete element. This connection between the CFT and the 

concrete pile cap in the bridge support system discussed previously is the focus of the 

research discussed in this paper. 
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Figure 9.  Typical bridge bent 

Figure 10.  Subsection of bent tested in this research  

The behavior of CFT elements alone, and in particular the behavior of circular 

CFTs, has been the focus of multiple research efforts over the last several decades (Moon 
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et al. 2012, 2013; Roeder et al. 2010; Bruneau and Marson 2004; McFarlane 2006).  This 

previous research has demonstrated the structural benefits of CFTs and has resulted in 

several analysis and design methodologies for these elements. However, less is known 

about the connections of CFTs to other structural elements, and in particular concrete 

elements.  As such, the connection of CFTs to concrete elements has been the focus of 

recent research (Hsu and Lin 2006; Marson and Bruneau 2004; Silva et al. 1999; Silva 

and Seible 2001; Rollins and Stenlund 2010; Kingsley 2005; Kingsley et al. 2005; 

Williams 2007; Lee 2011; ������� ��		; Lehman and Roeder 2012; Stephens et al. 

2014). For example, Silva et al. (1999) and Silva and Seible (2001) investigated the 

performance and design of three full-size bridge bents using a connection design that did 

not embed the CFTs in the concrete elements. These connections performed well under 

cyclic loading; however, a significant amount of steel was required to span between the 

CFTs into the concrete beams. Rollins and Stenlund (2010) completed a study focused on 

characterizing the response of an at-grade CFT pile-to-concrete pile-cap connections in 

which the end of the CFTs were embedded in the concrete pile caps. Variables in their 

study included embedment depth and the amount of reinforcement spanning from the cap 

into the embedded CFT. Their work demonstrated the importance of embedment depth; 

the connection with the best performance relied solely on its embedment depth with no 

additional reinforcement provided between the cap and the CFT. A significant amount of 

research has been conducted at the University of Washington (Seattle, WA) on CFT 

columns to concrete foundations (Kingsley 2005; Kingsley et al. 2005; Williams 2007; 


�� ��		� ������� ��		� 
���� ��� Roeder 2012; Stephens et al. 2014). The 
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connections in their work consisted of embedded CFTs with annular rings welded to the 

ends.  A total of 19 specimens were tested at the University of Washington, with the 

objective of evaluating the effects of tube diameter, depth to thickness ratio, yield stress 

of steel, and embedment depth. As was concluded in other work on embedded 

connections, their work also demonstrated the importance of embedment depth, with the 

deeper embedded specimens achieving drift capacities in excess of the maximum seismic 

design drifts. Their work demonstrated that this annular-ring embedded connection was a 

practical and effective means for connecting CFT columns to foundations, and a design 

methodology was developed based on the results of their test series (Lehman and Roeder 

2012).   

While valuable in understanding the general behavior of CFT to concrete element 

connections, this previous research does not specifically address connections between 

CFT columns and above-grade concrete pile caps, as is the case in the ABC bridge 

support system discussed earlier. In this situation, space may be more limited than in 

concrete foundation connections. Thus, in the research presented in this paper, a total of 

11 CFT to pile-cap connections were experimentally evaluated to determine the 

performance of this connection under seismic loads and to develop a reliable design 

methodology for such connections. This research was performed in two phases: five 

specimens were tested during Phase I and six were tested during Phase II. The Phase I 

research was primarily focused on determining the minimum amount of reinforcing steel 

required to develop the full plastic moment of the CFT and to develop a preliminary 

design methodology. The Phase II investigation was focused on optimizing the 
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reinforcement and further developing the design methodology. In this paper, the Phase I 

investigation is discussed briefly, followed by a more detailed discussion of the Phase II 

investigation. The resulting preliminary design methodology is then presented followed 

by a summary and conclusions. 

Phase I Research 

Stephens and McKittrick (2005) tested five half-size embedded CFT to pile-cap 

connections under lateral loading. All specimens in this series used the same embedment 

depth and the same basic reinforcing scheme, and the intended variable between the tests 

was the specific amount and placement of this reinforcement in the pile cap. Table 4 is 

intended to provide a simple overview of the experimental parameters and material 

properties used in this research. It should be noted that the test setup used in this series is 

identical to that used in Phase II, which is discussed in the following section. As the 

project advanced, the configuration of each successive model was adjusted based on the 

results of the preceding test. Generally, the amount of reinforcement in the cap was 

increased in each test, up to a model with seven times the original amount of 

longitudinal and transverse reinforcing steel. In addition to the amount of reinforcement 

increasing with each test, the configuration of the reinforcing steel also varied, with the 

final test using a combination of spirals and U-shaped bars to confine the embedded pile.   
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Table 4.  Phase I experimental parameters and material properties 

These CFT to pile-cap connections were all loaded with a monotonically 

increasing lateral load until failure, and then in some cases cycled to evaluate the 

postpeak energy dissipation characteristics of the specimen. All of the specimens, with 

the exception of PC4, failed due to crushing of the pile cap directly behind the pile and 

the formation of large cracks along two compression struts extending outward from the 

pile (in the direction of the applied load) to the faces of the cap (Figure 11). The capacity 

of the caps generally increased with increasing amounts of longitudinal and transverse 

reinforcing steel. Of these specimens, PC4 (see Figure 10) was the only specimen to 

achieve the desired failure mechanism (the formation of a plastic hinge in the CFT pile). 

This was achieved using a large amount of longitudinal and transverse reinforcement 

(seven times that of the original specimen) with a reinforcing scheme that was fairly 

congested, which included spirals and U-shaped bars around the embedded pile (Figure 

12). Although this specimen was able to achieve the desired capacity, the actual ultimate 

Test Pile Wall 
Thickness, (mm)

Embedment 
Length, (mm)

Long Steel 
(%)

Trans Steel 
(%)

f'c (MPa) Reinforcement Layout

PC1 8.1 228.6 0.41 0.09 33.3

PC2 6.35 228.6 0.41 0.09 36.7

PC3 6.35 228.6 1.09 0.41 21.7

PC3a 6.35 228.6 2.11 0.65 27.2

PC4 6.35 228.6 2.83 0.7 32.2
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capacity of this heavily reinforced cap and the attendant absolute effect of the reinforcing 

scheme on cap capacity could not be determined, because the CFT yielded before the cap 

capacity was reached. Further, as can be observed in Figure 12, this connection is fairly 

congested. 

Figure 11.  Typical failure mechanism observed in Phase I effort 

Figure 12.  Reinforcing cage from Phase I PC4 
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Phase II Research 

Based on the results of the Phase I research, a follow-on Phase II investigation 

was performed to further optimize the reinforcement configuration used in the cap-to-

CFT pile connections (to reduce congestion) and to further develop a design guide for 

such connections. 

Experimental Program 

A total of six specimens were tested in this phase of the research.  The specimens 

were approximately half-size models from an existing bridge in eastern Montana (Timber 

Creek Bridge on County Route 38218 in Powder River County, MT) and consisted of a 

single connection of the overall bridge bent (Fig. 2). Details regarding dimensions, 

loading, and assumed inflection points can be found in Stephens and McKittrick (2005). 

In the specimens, the caps were terminated at the inflection points halfway between 

CFTs, and the CFT was terminated at an assumed inflection point along its length.  The 

specimens were supported and loaded to generate the deflected shape expected in this 

subsection of the full-size bent (as illustrated by the dashed line in the subsection of 

Figure 10). It should be noted that all tests, with the exception of VT1, used CFT piles 

with wall thicknesses significantly larger than what would typically be used in design. An 

oversized pile was used to ensure that the ultimate capacity of the cap could be observed 

prior to the plastic hinge forming in the CFT. Although a failure of the cap is not the 

desired behavior of this connection, it was purposefully implemented to observe the 

actual ultimate cap capacity and failure mechanisms.  The oversized pile essentially 

became part of the testing apparatus, and the test focus was on the performance of the 
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cap. It should also be noted that the increased stiffness of the oversized piles could have 

an effect on the performance of these connections and the extent of observed failure 

mechanisms. This effect is believed to be minor, generally considering the relative 

stiffnesses between the steel piles and softer concrete caps. Further, the results obtained 

in this study may be considered conservative, considering the stiffer piles may be more 

damaging to the pile cap than a less stiff pile that typically would be used in design.   

Table 5 provides the experimental parameters and material properties for the 

specimens in this phase of testing. These caps all had the same general dimensions and 

reinforcing cages, and the primary variable between tests was U-bar size and 

configuration, concrete strength, embedment depth, and loading scheme. An isometric 

view of a typical cap-reinforcing configuration is shown in Figure 13, and the details and 

dimensions of a standard cap are shown in Figure 14. The concrete caps had 457 by 457-

mm cross sections and were 1,720 mm long. All CFTs had outside diameters of 219 mm 

(with varying thicknesses) and were 1,752 mm long. The longitudinal reinforcement in 

each specimen consisted of two imperial #4 deformed reinforcing bars (12.7-mm-

diameter) and two imperial #5 (15.9-mm-diameter) bars on each face of the cap, as 

shown in Figure 14. The transverse reinforcement in each cap consisted of imperial #3 

bars (9.5-mm diameter) spaced at 44.5 mm, over a region extending 338 mm on either 

side of the centerline of the pile. Note that the reinforcing schemes used in this phase of 

research did not include spiral reinforcement around the end of the embedded piles, as is 

required by some state DOTs for such connections. This was done purposefully, because 
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the U-bars are believed to more adequately/efficiently confine this region and transfer the 

loads away from the connection. 

Table 5.  Phase II experimental parameters and material properties 

Figure 13.  Typical reinforcing cage 

Figure 14.  Typical connection detail 
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In Table 5 the first four models (VT1, VT2, VT2.5, and VT3) were monotonically 

loaded to failure, capturing the ultimate strength of each configuration and providing 

general information on failure mechanisms and post-failure ductility. Two more tests 

were completed using a cyclic load scheme (CT1 and CT2) to capture performance 

characteristics of the connections under multiple cycles of fully reversed, increasing load. 

Regarding variables between tests, VT1 used a smaller sized CFT (same diameter but 

with a thinner wall thickness, 6.35 mm) with an embedment depth of 228.6 mm. The U-

bars in this specimen consisted of imperial #7 U-bars (22.2-mm diameter) around the 

CFT at the exterior face of the cap, as shown in Figure 15(a). VT2 had a reduced concrete 

strength (26.2 MPa) and an increased embedment depth (298.5 mm) relative to VT1. The 

U-bar configuration in this specimen had approximately the same cross-sectional area as

that used in VT1, but consisted of one imperial #4 (12.7-mm) bar and one imperial #5 

(15.9-mm) bar in each direction at the exterior of the cap. VT2.5 had the same 

configuration as VT1, because this specimen was constructed by simply inserting an 

undamaged CFT into the generally undamaged concrete cap from VT1. As is discussed in 

a later section, VT1 formed a plastic hinge in the CFT before any significant distress 

occurred in the pile cap; thus, to a large extent, this test only provided a conservative 

lower bound on the capacity of this cap configuration. Therefore, the VT1 cap was 

retested (as VT2.5) using a stronger, undamaged CFT. The stronger CFT used to replace 

the original CFT had a wall thickness of 12.7 mm. VT3 had the same U-bar configuration 

as VT1 with an embedment depth (263.5 mm) between that used in VT1/VT2.5 and VT2. 

The two cyclic load tests (CT1 and CT2) had the same configuration as VT2; however, 
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CT2 included a second set of U-bars near the tip of the embedded pile, as seen in Figure 

15(b). 

Figure 15.  U-bar configuration: (a) CT1 U-bar configuration; (b) CT2 U-bar 
configuration 

Test Setup and Instrumentation 

The manner in which the test specimens were supported and loaded is shown in 

Figure 16. As shown in the figure, the concrete cap was pin supported at a span of 1.3 m, 

approximately representing a pile spacing of 2.6 m in a complete bent. These pin joints 

consisted of steel sleeves cast in the concrete cap providing through holes for threaded 

rod. A constant axial load of 66.7 kN was applied to the tip of the CFT pile using a 111-

kN actuator to approximately represent gravity load effects. This axial load was applied 

through a steel frame on rollers to accommodate the lateral deflection of the pile during 

testing. 
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Figure 16.  Test setup 
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Figure 16.  Continued 
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The lateral load was applied at the tip of the pile using a 445-kN hydraulic 

actuator.  Load, deflection, and strain were measured and recorded for each test. The 

lateral and axial loads were recorded via load cells attached to the ends of the actuators, 

whereas the deflections were recorded with linear string potentiometers at various 

locations along the height of the CFT. In each test, strains were measured at select 

locations on the steel pile and the reinforcement in the pile cap. Strain gauge locations 

changed between tests, based on the test objectives and experience gained from each 

successive test.  Generally, the strain response was measured on the U-bars, the straight 

longitudinal bars on the bottom cap, and on selected transverse ties (Kappes et al. 2013). 

Loading Schemes 

In each of the monotonic tests (VT1 through VT3), the specimens were initially 

loaded until extensive failure was observed (i.e., a distinct loss in load-carrying capacity). 

The specimens were then typically loaded in the opposite direction until the tip of the pile 

reached the same maximum deflection that was observed on the initial push.  The test 

was generally considered complete after the pile was returned to its starting position, 

although VT1 and VT2 were cycled through a second push cycle before concluding.  

The CFT tip displacement history for the cyclic tests (CT1 and CT2) is shown in 

Figure 17. The tip was cycled at 0.5% drift intervals (with three cycles of fully reversed 

displacement at each interval) until a drift of 4% was reached. At this point, the increase 

in drift was at 1% intervals until 7% drift was reached (again with three cycles of fully 

reversed displacement at each interval). The tests concluded with drift cycles conducted 

at 9 and 11% drift. 
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Figure 17.  Cyclic-loading history for CT1 and CT2 

Results 

A summary of the test results including observed damage states is provided in 

Table 6, and the moment-drift response of each specimen is provided in Figure 18. The 

moments reported in this table and these figures are those in the CFT at the interface 

between the CFT and the pile cap. These moments are calculated from the applied lateral 

load, and are adjusted to include P-D effects from the axial load. Relative to overall 

performance, VT1 failed through the formation of a plastic hinge in the CFT pile, 

whereas the remaining models all failed from fracturing of the concrete pile cap (by 

intention, using an oversized pile). 
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Table 6.  Summary of test results 
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Figure 18.  Force-deflection responses of test specimens: (a) VT1; (b) VT2; (c)VT2.5; (d) 
VT3; (e) CT1; (f) CT2 
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Figure 18.  Continued 
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Figure 18.  Continued 
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In VT1, the ultimate strength of the CFT pile, with a wall thickness of 6.4 mm 

and a diameter-to-thickness ratio of 34.5, was 161.6 kN m. As expected, the ductile 

nature of the plastic hinge in the CFT pile provided a very robust hysteresis response, 

shown in Figure 18(a), identified by a minimal loss in energy dissipation and load 

capacity for each completed load cycle. Figure 19 shows VT1 at maximum deflection, 

demonstrating the large drift possible using this system, while the concrete cap remains 

intact. Although this specimen was able to achieve the desired behavior, the actual 

ultimate capacity of this cap and the attendant absolute effect of the reinforcing scheme 

on cap capacity could not be determined, because the CFT failed before the cap capacity 

was reached.  
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Figure 19.  VT1 test: (a) at maximum drift; (b) plastic-hinge region 
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As intended, the remaining pushover specimens failed in the cap, which was 

marked by a loss of lateral�load-carrying capacity, and was initiated by crushing in the 

compression region adjacent to the CFT pile and the formation of large compression 

struts extending from the steel pile to the outer edges of the concrete cap (Figure 20). The 

less desirable and less ductile behavior of this type of failure is shown in Figure 18(b�d), 

in which the hysteresis is pinched compared with VT1. The monotonic tests VT2, VT2.5, 

and VT3 had ultimate base-moment capacities of 235., 187.8, and 205.7 kN m, 

respectively. The two cyclic tests, CT1 and CT2, which were similar in design to VT2, 

had ultimate base moments of 233.7 and 246.5 kN m, respectively. 

Figure 20.  Typical cap at failure 

Discussion of Results 

Monotonic Test Series: Observed Damage States 

Table 6 provides a summary of test results for the monotonic specimens (VT1, 

VT2, VT2.5, and VT3), and the moment-drift responses for the first push to failure for 
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each specimen is grouped in Figure 21(a�d). In these figures and in Table 6, the various 

damage states that were observed in each test specimen are identified. These observed 

failures correlate with changes in the cap stiffness, as represented by associated changes 

in the slope of each moment-drift response.   

Referring to Figure 21(a�d), some commonalities in basic behavior and associated 

failure mechanisms are apparent across all tests. Generally, the first distress in each 

specimen consisted of thin cracks forming in the cap concrete, followed by the concrete 

in the interior of the cap on the back side of the pile near the embedded tip being 

damaged/crushed (in the region identified in Figure 15). The initial cracking occurred 

across a range of drifts of 0.40�0.60% and moments ranging from 39.5 to 62.3 kN m.  

Interior damage/crushing was characterized by a change in stiffness and rigid body 

rotation that occurred prior to evident damage on the exterior of the concrete cap. This 

internal crushing occurred across a range of drifts of 1.1�1.3% and total moments of 

70.6�92.1 kN m. Although these behaviors (initial cracking and interior crushing) are 

evident in the response from VT1, VT2, and VT3, they are absent in VT2.5. Test VT2.5 

reused the cap from test VT1, which had already experienced these permanent distresses 

in the earlier test. Once again, although VT1 was apparently undamaged on the exterior, 

the distress it experienced in the first test was obvious when it was retested in VT2.5. The 

load displacement response for VT2.5 began with a stiffness consistent with a cracked 

cap with some permanent interior damage, as can be observed in Figure 21(a�c). 
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.
Figure 21.  Pushover moment-drift responses: (a) VT1; (b) VT2; (c) VT2.5; (d) VT3 
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Figure 21.  Continued 
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Following the occurrence of initial cracking and interior crushing/damage, the 

behaviors of VT1, VT2, VT2.5, and VT3 diverged as they were exercised through 

increasing levels of drifts. The moment-drift response of VT1, shown in Figure 21(a), 

subsequently exhibits a long yield plateau, as a plastic hinge formed in the CFT at a 

moment demand of 161.6 kN m. VT2, with an oversize pile, experienced crushing of the 

exterior concrete between the CFT and the U-bars on the front face of the pile at 5.7% 

drift and 218.3 kN m of total applied moment.  Similarly, exterior concrete crushing was 

observed in VT2.5 and VT3 at closely comparable drift levels (5.0 and 5.8%, 

respectively). Such crushing was readily identified by visual observation, but there were 

also other more precise indicators of its occurrence. Typically, the strain gauge on the 

inside of the U-bar was disrupted as the concrete began to crush, and the transverse ties 

immediately next to the compression region transitioned from tension to bending. In 

VT3, longitudinal yielding of the U-bar reinforcement occurred prior to crushing of the 

exterior concrete. This yielding occurred at a drift of 4.8% and a moment of 188.7 kN m.  

As the drift further increased from 6 to 7%, VT2, VT2.5, and VT3 all experienced 

splitting failures. The splitting failure mechanism consisted of a pair of cracks that 

originated at the face of the CFT and propagated out at approximately 30�45° (these 

cracks can be observed in Figure 20). This failure mechanism was assessed as yielding of 

the U-bar in the transverse direction (at the apex of the U) and yielding of the transverse 

reinforcement adjacent to the face of the CFT. For VT2.5, splitting occurred 

simultaneously with yielding of the longitudinal reinforcing steel. Because of the multiple 

failure mechanisms, the moment capacity of VT2.5 then steadily decreased for the 
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remainder of the test [Figure 21(c)]. For VT3, yielding of the longitudinal reinforcement 

occurred slightly before splitting, which occurred coincident with crushing of the exterior 

concrete (at a drift of 5.8%). Once again, because of the multiple failure mechanisms, the 

moment capacity then steadily decreased in a very similar fashion to VT2.5. Returning to 

VT2, following exterior crushing of the cap at a drift of 5.7% as mentioned previously, 

the splitting failure occurred at 7.1% drift and moment demand of 231.3 kN m. As the 

drift further increased, reinforcement in the longitudinal direction eventually yielded at a 

drift of 12% and moment of 235.6 kN m, and the moment capacity began to gradually 

decease as significant damage to the cap was incurred. 

The primary difference between tests in this series was the embedment depth. 

These findings indicate the importance of this parameter on cap performance, as has been 

observed in previous research. Generally, an increase in embedment depth resulted in an 

increase in ultimate moment carrying capacity and an increase in drift and moment at the 

onset of the various damage states. This effect was significant, despite concrete strength 

varying between tests. Compared with the Phase I research, the caps from this phase of 

research performed significantly better than those from the original effort, providing 

increased strength while having significantly less longitudinal reinforcing steel. These 

increased capacities are most likely attributed to the combination of two features of the 

specimens in this test series: an increased embedment depth and a more effective 

reinforcement configuration. All of the specimens from this test series used U-shaped 

reinforcing bars to confine the concrete immediately around the embedded pile and to 

transfer loads away from the connection area. 
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Cyclic Test Series 

Although the discussion of the monotonic test series in a previous section focused 

on the moments and drifts at which various damage states occurred, CT1 and CT2 

provided an opportunity to (1) isolate the effects of cycling, because CT1 is identical to 

VT2 with the exception of loading scheme; (2) identify the initiation of permanent 

degradation in cap performance; and (3) isolate the effects of including an additional U-

bar near the tip of the embedded pile, because this was the only parameter that varied 

between CT1 and CT2 (Figure 15). 

The effects of cycling can be observed by comparing VT2 and CT1, because the 

only difference between these two tests was loading scheme. The moment-drift response 

from VT2 is overlaid on the cyclic moment-drift envelope from CT1 in Figure 22. This 

moment-drift envelope consists of the peak moment and corresponding drift for each 

cycle in one direction for this test. As can be seen in this figure, the responses are very 

similar, with similar initial stiffnesses and ultimate capacities (both with ultimate 

capacities of around 235 kN m). Although the monotonic test did not provide any 

indication of the degradation that occurred under repeated displacement cycles, it did 

envelope the general behavior during the cyclic test, up through and beyond the point at 

which the ultimate capacity was reached. Thus, these similarities indicate that the 

behaviors identified in a monotonic test provide a reasonable assessment of pile-cap 

performance under a more complicated cyclic history. Beyond 8.5% drift, the moment 

carrying capacity of the cap in cyclic test CT1 noticeably decreased compared with that 



58 

of the cap in the monotonic test, VT2. This loss in capacity was attributed to the 

accumulated degradation from the cyclic displacement history. 

Figure 22.  Response comparison between VT2 and CT1 

The onset of degradation in the connection is important because it indicated a 

decrease in elastic behavior and the initiation of a loss of fixity in the connection (i.e., 

onset of pinching in the hysteresis response). For this work, the onset of degradation was 

quantified as the drift step at which the moment generated in the connection obviously 

decreased on each repeated displacement cycle at that same drift level. To evaluate the 

onset of this damage state, the moment-drift envelopes for both specimens in each 

direction are plotted in Figure 23, and the first occurrence of permanent degradation in 
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the cyclic moment carrying ability of the caps is identified at the delineated drift levels. 

Initial degradation began at drift levels of about 1.2 and 2.0%, for CT1 and CT2, 

respectively. This drift level for CT1 is the same drift level at which interior crushing 

occurred in VT2, indicating that loss of fixity may be associated with interior crushing of 

the concrete near the tip of the embedded pile. Further, the delayed onset of this 

degradation in CT2 may be caused by the presence of the additional U-bar in CT2 and the 

subsequent effect this U-bar has on crushing in this region. Also, as can be observed in 

Figure 23, the effects of including an interior U-bar near the tip of the embedded pile 

goes beyond just delaying the onset of degradation: CT2 was stiffer and had a higher 

ultimate capacity than CT1 (247 kN m versus 235 kN m). 

Figure 23.  Cyclic envelopes 
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Proposed Design Methodology 

A design methodology for CFT to concrete pile-cap connections was developed 

based on the results of both phases of this research. The design methodology presented in 

this paper is for the connection only, and it presumes that the initial design of the CFT and 

bridge bent to support global gravity and lateral loads have been completed. Thus, the size 

of the CFT and the general dimensions and global reinforcing scheme of the pile cap will 

be known prior to designing the connection details. The intent of this guide is to provide 

adequate embedment of the CFT in the concrete cap to eliminate crushing of the cap 

concrete immediately adjacent to the CFT, as well as to provide the additional 

longitudinal and transverse reinforcement needed to confine this region of the connection. 

The connection design consists of (1) determining the moment demand to be transmitted 

through the connection, often corresponding to the plastic-moment capacity of the CFT; 

(2) setting the required embedment depth of the CFT based on this moment demand; (3)

sizing the U-bars and designating required locations; and (4) determining the required 

transverse reinforcement. Each of these steps is discussed in further detail in the following 

sections. 

Determining Plastic-Moment Capacity of CFT 

Using the plastic-moment capacity of the CFT as the design demand for the 

connection, its capacity, Mp, is calculated using the AISC plastic-stress distribution 

method (AISC 2011), because this method was shown by Bruneau and Marson (2004) and 

Lehman and Roeder (2012) to provide an efficient and accurate means of predicting this 

capacity. Using this method, the capacity is obtained by first assuming that the steel 
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has fully yielded in compression and tension, that the concrete carries no tension, and that 

the compressive stress in the concrete is uniform and equal to 95% of the unconfined 

compressive strength of the concrete, f �c. Capacity is then solved by enforcing

equilibrium across the CFT cross section. It is important to accurately predict this 

capacity, because it will be used as the maximum moment demand on the connection, Mu, 

and will thus be used to set the embedment depth and size the U-bar reinforcement. 

Embedment Length 

The embedment length of the CFT (Lemb) is set such that the stress in the concrete 

adjacent to the CFT does not exceed the factored bearing capacity of the confined 

concrete in this region, which in terms of stress can be expressed as the product Øb*fu, 

where Øb is the bearing strength reduction factor and fu is the ultimate bearing stress. The 

ultimate bearing stress of the confined concrete can be expressed as the unconfined 

compression strength,  f �c, times a confinement factor,�.

A relationship between the factored bearing capacity of the confined concrete and 

embedment length can be developed by enforcing moment equilibrium in the connection 

using the simplified mechanics model shown in Figure 24. 
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Figure 24.  Simplified mechanics in pile cap 

Equation 1. �� � �����	
�� ����� �� � 
�� � 

Equation 2. ���� � �����	 � � � ���
� �� � 
�� �����
The required embedment depth can be obtained from this equation. 

Equation 3. ��� � � � � ���
� �� � 
�� ������	

where D is the diameter of the CFT; and Øb = 0.7, which is the strength reduction factor 

for bearing on concrete prescribed by AASHTO 5.5.4.2 (AASHTO 2010); and �1 is a 
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parameter for determining the depth of a rectangular stress block that reasonably 

approximates the actual parabolic stress distribution of concrete in compression. This 

parameter was empirically derived for the analysis/design of reinforced concrete beams 

to account for variations in the stress�strain response of different concretes, and in the 

current American Concrete Institute (ACI) methodology decreases with increasing 

compressive strength, because concrete typically becomes stiffer and more brittle with 

increasing compressive strength.  In current ACI 318 (ACI 2011) provisions, �1 is 

prescribed to be 0.85 for concretes up to 30 MPa, decreasing at a rate of 0.08 for each 

increase of 10 MPa, with a lower limit of 0.65. Although this parameter was originally 

developed for compression zones in reinforced concrete beams, it proved to be an 

adequate means of approximating the stress distribution in this case. 

The � factor in this equation is equal to 1.8 and is included to amplify the 

unconfined compressive strength in this region to account for the effects of confinement. 

This parameter was empirically derived with damage data from the Phase I and Phase II 

efforts discussed in this paper, and in particular it was calibrated such that a bearing 

failure would be expected to occur at the moments associated with the external crushing 

damage state observed in the test specimens. Specifically, � was calibrated so that 

moment calculated using Equation 1 (assuming Øb = 1.0) closely matched the observed 

moment in which external crushing was observed to occur. Once the embedment depth is 

set, the connection should be evaluated to ensure that punching shear will not be an issue. 
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U-Bar Size and Configuration

U-shaped reinforcing bars are included in the connection design to assist in

carrying the loads exerted on the cap in this region and to confine the concrete adjacent to 

the CFT. These U-bars are to be included near the tip of the embedded pile and at the 

bottom of the cap near the CFT embedment location [as seen in Figure 15(b)]. They are 

to be sized to carry 30% of the compressive forces developed in the concrete cap due to 

the moment demand exerted by the CFT, which are calculated using the simple 

mechanics model presented in Figure 24. The assumption that the U-bars are designed to 

carry 30% of this load rather than the full amount is empirically derived and is justified 

because the simplified model (1) ignores the longitudinal steel already included in the cap 

for the global response, (2) ignores other load-carrying mechanisms conservatively not 

considered in this model (e.g., longitudinal reinforcing steel present in the cap for global 

bending), and (3) neglects the effects of the increased moment arms that these U-bars 

have relative to the resultant compressive forces. Thus, the required cross-sectional area 

of steel, As, for the U-bars can be calculated with the following equation: 

Equation 4. �� � �����	
�
������� �� ��


� � ��� ��
���� �� � �� �
�

where fy is the yield stress of the U-bar steel. 

Transverse Reinforcement 

The transverse reinforcement for this connection is to be sized/detailed according 

to Section 5.10.11.4.1d of AASHTO LRFD Bridge Specifications (AASHTO 2010), 
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which specifies the transverse reinforcement for core confinement at plastic-hinge zones 

in pile bents, because the demands exerted on these connections are similar to the 

demands exerted in the connections discussed in this paper. For rectangular sections, this 

section of code provides two limits for the required area of transverse steel, Ash, as 

follows: 

Equation 5. ��� � ��� � 	 � 
� � ��


�� � ����� � �� 

Equation 6. ��� � �� � 	 � 
� � ��


��

where s is the spacing of the transverse reinforcement and should not exceed 100 mm; 

and hc is the height of the confined core, which in this connection should be taken as 

height of the cap less the specified clear cover. This area of confinement is to extend one-

half the cap height beyond the pile in each direction. 

Discussion 

Although not all parameters of this design methodology were specifically 

exercised in the experimental research discussed in this paper (e.g., transverse 

reinforcement detailing requirements), it is important to note that the test specimens that 

met the minimum requirements of this methodology did not fail prematurely due to cap 

damage (e.g., external crushing, cap splitting). The proposed design methodology 

provides a good starting point for the design of CFT to concrete pile-cap connections; 
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however, additional research is required to further develop this methodology and verify 

its efficacy for all possible cap configurations and demands. 

Summary and Conclusions 

Concrete-filled steel tube piles connected at the top by a concrete pile cap in 

bridges have been found to be a very efficient bridge support system that offers low 

initial cost, short construction time, a robust force-deflection behavior, and a long 

service life. Although the response of this system under gravity loads is well understood, 

the response of this system under extreme lateral loads is difficult to reliably predict. In 

particular, the behavior of the connection between the CFT pile and the concrete pile cap 

is especially complex and difficult to analyze. This connection was the focus of the 

research presented in this paper.  

In this research, a total of 11 CFT pile-to-pile cap connections were tested, five 

during Phase I and six during Phase II. All of the connections were tested until failure 

under combined axial and lateral loads. Nine of the specimens were tested under 

monotonic loading, providing general information on limit states, ultimate loads, and 

post-failure ductility. Two additional tests were completed using a cyclic-loading scheme 

to capture the performance of the connections under multiple cycles of fully reversed, 

increasing load. A preliminary design guide was developed based on the results of the 

tests. The following conclusions can be drawn from this investigation: 
1. Four key limit states were observed in this type of connection: (1)

formation of a plastic hinge in the CFT, (2) interior and exterior

crushing of the concrete in the cap, (3) yielding of the longitudinal
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reinforcement in the cap, and (4) splitting of the concrete cap.  The 

latter three limit states would result in loss of fixity of the connection, 

resulting in reduced energy dissipation. 

2. The cap limit states, and the subsequent cyclic degradation and loss of

fixity in the connection, may be avoided with an appropriate

embedment length and a simple reinforcing scheme consisting of U-

bars encircling the CFT and tightly spaced transverse reinforcement in

the connection region.

3. The initial degradation in the cyclic response of the connections was

most likely caused by crushing of the concrete near the tip of the

embedded pile. The inclusion of U-bars near the tip of the pile delayed

the onset of this damage state.

4. A preliminary design guide for the connection was developed that

determines the required embedment length, as well as the necessary U-

bar size and configuration, and transverse reinforcement details. The

specimens tested in this research that met the requirements of this

design methodology did not fail due to premature damage of the

concrete caps.

Although this research provides useful information regarding the behavior and 

design of CFT to concrete pile-cap connections, further research is required to more fully 

characterize this behavior and further develop the proposed design methodology. For 

example, several aspects of the design methodology rely on empirical assumptions that 
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may not be valid for all possible cap configurations, thus further testing and/or further 

analytical modeling should be conducted to validate/modify these assumptions. The 

authors are currently conducting such research. It should also be noted that while the 

focus of this research was on the seismic performance of this system, this 

system/methodology may be used to design elements to resist other lateral loads, such as 

wind or ice loading, which may control in areas of low seismicity. 
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Abstract 

This study focused on the development of an analysis methodology for predicting 

the ultimate seismic capacity of concrete-filled steel pipe pile (CFT) to reinforced 

concrete pile cap connections.  This methodology is similar in form to a moment-

curvature analysis.  It begins by discretizing the connection elements into individual 

fibers and then imposing a rotation on the connection.  The strains in the individual fibers 

are then obtained from this rotation based on strain-displacement compatibility, and 

attendant stresses are determined using nonlinear material responses.  Finally, the 

location of the neutral axis is iteratively found by imposing equilibrium on the 

connection.  Once developed, this methodology was calibrated/evaluated with a series of 

experimental tests.  This methodology proved to be an efficient and effective means for 

predicting the ultimate capacity of CFT to concrete pile cap connections.  The average 

ratio of measured to predicted capacities was 0.99 with a coefficient of variation of 5.4 

percent for the nine test specimens in the test series. 

Introduction 

An accelerated bridge construction (ABC) technique commonly used by several 

state departments of transportation for short and medium span bridges uses concrete-

filled steel tube (CFTs) piles as the primary support system.  This system consists of a 

series of circular CFT piles connected at the top by a concrete pile cap (Figure 25).  

Following this technique, the steel pipe piles are driven to their required depth and are 

terminated above grade just below the deck level.  The formwork for the concrete pile 

cap is then placed around the ends of the piles, and the reinforcing cage for the cap is tied 
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within this formwork.  Subsequently, concrete is placed in the hollow steel tubes and the 

cap formwork.  Following this approach, the steel piles extend into the cap; they are not 

terminated at the interface, as is often done.  This method simplifies construction and 

helps facilitate a positive connection between the CFT and concrete cap.   

Using CFTs in this manner helps to reduce construction times, as the steel pipe 

pile serves as the formwork for the columns, and can provide structural capacity while 

the concrete cures and gains strength.  The advantages of using CFTs in this application 

go beyond efficiency, in that CFTs have been shown to have enhanced capacity and ductility 

(Marson and Bruneau, 2004).  This enhanced performance is due to a symbiotic relationship 

between the concrete and steel.  That is, the concrete inside the steel tube not only adds 

stiffness and strength to the cross section, it also delays the onset of buckling in the steel 

tube.  In turn, the steel tube acts to confine the concrete, enhancing its compressive 

strength and ultimate strain. 

In order to take full advantage of the enhanced performance characteristics of the 

CFTs, the reinforced concrete cap must be strong enough to support formation of a 

plastic hinge in the CFT under extreme lateral loads.  This failure mechanism is 

preferable to failure of the concrete cap, due to the enhanced energy-dissipating 

characteristics of the CFT (i.e. more robust hysteresis response under lateral loads).  

The structural performance of CFTs under seismic excitations has been well-

established through a significant amount of research conducted in the past decade (Moon 

et al., 2012, 2013; Roeder et al., 2010; Bruneau and Marson, 2004; McFarlane, 2006).  

However, the performance of the connections between CFTs and various reinforced 
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concrete elements has not been as thoroughly investigated, and thus has been the focus of 

several recent research endeavors (Hsu and Lin, 2006; Marson and Bruneau, 2004; Silva 

et al. 1999; Silva and Seible, 2001; Rollins and Stenlund 2010; Kingsley, 2005; Kingsley 

�� ��� ����	 
������ ����	 ��� ����	 �������� ����	 ������ ��� ������� �����

Stephens et al., 2014).  This research has resulted in a better understanding of the 

interactions between concrete and CFT elements, but a majority has not specifically 

addressed connections between CFTs and concrete pile caps.   

Furthermore, many of the CFT-to-pile cap connection details currently used in 

practice are extremely congested and difficult to construct, and their performance, 

notably during seismic events, are somewhat uncertain.  In order to advance the state of 

practice, research on such connections was recently conducted at Montana State 

University (MSU) (Stephens and McKittrick, 2005; Kappes et al., 2013; Kappes et al., 

2016).  This research involved testing a series of 11 connection specimens, and 

concluded with a preliminary design methodology that included the use of U-shaped 

reinforcing bars encircling the end of the embedded CFT (Figure 25).  This reinforcing 

scheme was shown to be a very effective and efficient method for reinforcing this 

connection and forcing the desired failure mechanism.  That being said, this preliminary 

research stopped short of developing a reliable analysis methodology capable of 

accurately modeling/quantifying the complex interactions between the CFT, the concrete, 

and the reinforcing steel within this connection.  Appropriately quantifying these 

complex interactions is a necessary step for the development of a robust/efficient design 
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Proposed Analysis Methodology 

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

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

the pile, as shown in Figure 26.  The reactive forces in the concrete consist of 

components acting normal to the surface of the pile, friction forces acting parallel to the 

surface between the steel and concrete, and interface shear at the tip of the pile.   The 

analysis methodology is implemented similar to a conventional moment-curvature 

analysis typically used for beams and columns.  The proposed methodology begins by 

discretizing the surface of the concrete surrounding the pile into individual fibers, and 

then imposing a rigid-body rotation to the connection region.  Based on this rotation, a 

compatibility relationship is used to determine the strains in the concrete fibers and U-bar 

reinforcing steel.  Constitutive relationships are then used to determine the subsequent 

stresses in the materials, and ultimately to determine the resultant concrete and steel 

forces.  Equilibrium is then enforced between the internal forces and external moments 

and shears.   The following subsections discuss each of these steps (i.e., enforcement of 

compatibility, constitutive relationships, and equilibrium) in greater detail. 
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Figure 26.  Imposed rotation and resultant internal stresses 

Compatibility 

A compatibility relationship relating a pile rotation to radial concrete strain and 

steel strain is necessary for the proposed moment-rotation methodology.  In this 

methodology, the surface of the cap surrounding the pile is first discretized vertically into 

�����  subdivisions (indexed with ��, and radially into ���	 subdivisions (indexed with 
�, 

as seen in Figure 27.  The embedded pile is assumed to be rigid, and a rotation of the pile 

is assumed to impose a linear distribution of displacements along the length of the 

embedment, with an assumed axis of rotation in which there is no displacement.  For an 

imposed rotation of angle � and assumed location of the axis of rotation (��������), the 

lateral displacement at a given layer (��� a distance �� from the axis of rotation can be 

calculated as follows. 

��� �� � ��� � (Eq 1)
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The lateral strain, ��, in the surrounding concrete at this layer can then be 

estimated from this displacement by dividing it by an assumed effective length factor, 

����.   

�� �
	�


���
(Eq 2) 

The radial strain distribution in the concrete along the surface of the pile at this 

layer can then be approximated by transforming the lateral strains with the following 

equation: 

�� � �� � ������� �
�� � �������

����
�

�� � ���� � �������
����

(Eq 3) 

where, the � index refers to a radial subsection along the surface of the pile, and �  is the 

angle indicated in the figure.   

The longitudinal strains in the U-bar reinforcing steel are estimated from the same 

imposed rotation as used for the concrete by first calculating the displacement at the 

location of the U-bar, ���� , and then dividing this displacement by an assumed effective 

length factor, ����!��� , with the following equation.  This relationship is shown in the 

following equation for which the " index refers to each U-bar in the connection region 

and ���� !# is the distance from the axis of rotation to each indexed U-bar. 

�$%&'() �
	$%&'


���($%&'
�

*$%&'() + ,-./

���($%&'

(Eq 4) 

These radial strains in the concrete and the longitudinal strains in the U-bars are 

used to estimate the stresses, and ultimately the forces exerted on the surface of the 
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embedded pile, as will be discussed in the following sections.  The effective length 

factors are empirically derived in a later section. 

Figure 27.  Pile rotation, displacements, and radial strain distribution 

Constitutive Relationships 

The concrete model proposed by Mander et al. (1988) is used in the proposed 

methodology to model the stress-strain response of the concrete immediately surrounding 

the embedded pile (Figure 28).  The Mander model provides a general stress-strain model 

useful for a variety of applications, such as providing a concrete confinement relationship 

for both circular and rectangular cross-sections.  The formulation of the model relates the 

confinement of the concrete to the strain energy capacity of the surrounding steel.  More 

specifically, the Mander concrete model is based on the premise that the energy stored in 

the surrounding steel, as the concrete attempts to strain outward against the steel due to a 

compressive axial load, is available to balance the energy stored in the compressed 

concrete (Marsh et al., 2014).  The Mander concrete model is very general in its 

formulation, providing methods to adjust the lateral confining stress effects based on the 
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shape of the section, as well as the size and configuration of the confining steel 

reinforcement. 

For the proposed methodology, the various parameters in this model were selected 

based on recommendations by Marsh et al. (2014) and Mander et al. (1988).  The 

concrete within the transverse stirrup reinforcement is assumed to be confined, and thus 

has an increased ultimate stress (����) and ultimate strain (���); whereas, the cover 

concrete outside of the stirrups is assumed to be unconfined.  Guidance for the remaining 

terms (����, ���, ��	, and ���) defining the concrete material models shown in Figure 28, 

are based on commonly accepted values and functions identified in Marsh et al. (2014), 

Mander et al. (1988), and AASHTO Seismic Guide, 2nd ed. (2011).

Figure 28.  Assumed concrete material model (Mander et al., 1988) 

The stress-strain response of the steel is represented using the nonlinear model 

shown in Figure 29, which has components to account for the yield plateau and the onset 

of strain hardening (Chen and Duan, 2014; Barker and Puckett, 2013).  The yield stress 

(�
), the ultimate stress (��), and strain limits for the steel (��, ��, ����, and ���) are
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selected in accordance to the AASHTO Seismic Guide, 2nd ed. (2011).  Similar to the

concrete model, this steel material model is commonly used for bridge design, and these 

important modeling assumptions are consistent with the current state of practice.    

Figure 29.  Assumed stress-strain response of U-bar 

Forces and Equilibrium 

In the proposed methodology, the external moment and shear are assumed to be 

resisted by several internal forces, as was shown in Figure 26.  These forces consist of 

radial concrete forces acting normal to the surface of the embedded pile, friction forces 

acting parallel to the surface of the pile, interface shear at the tip of the pile, and the 

forces from the U-bars encircling the pile.  This section provides an overview of how 

these forces are calculated, and how equilibrium is enforced in the proposed 

methodology.  To facilitate this, the effective surfaces in the cap that resist the rotation of 

the pile are shown in Figure 30, along with the differential areas and key dimensions that 

are used for calculating the above mentioned forces.  The U-bar forces are also shown in 
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this figure, along with the interface shear force between the top of the embedded pile and 

the concrete cap.   

Radial Concrete and Friction Forces.  As discussed previously, the radial concrete 

stresses are calculated for a given rotation using the strains obtained from the assumed 

compatibility relationship (Eq 3) and concrete material model (Figure 28).  The forces 

resulting from these radial concrete stresses are then calculated by multiplying these 

stresses (���) by the area (���) over which they act, as is shown in differential form (Eq 5) 

and discrete (Eq 6) form below.  Recall that subscripts � and � refer to the discretized 

vertical layers and discretized radial subsections, respectively, of the connection region.   

Additionally, these forces act on two separate surfaces labeled the exterior and interior 

compression surfaces as shown in Figure 30. 

�� 	 
�� � �� (Eq 5) 

��� 	 
�� � ��� (Eq 6) 

The resultant radial concrete force can then be obtained by accumulating these 

forces over the surface of the embedded pile.  The magnitudes of the surface-friction 

forces (�������������� and �������������� in Figure 30) are obtained as the product of the 

radial forces and the effective coefficient of friction between the pile steel and the cap 

concrete, �, assuming impending slip of the surfaces when the ultimate strength of the 

connection is approached.  The radial concrete forces and the surface friction forces can 

be decomposed into components acting in the longitudinal (x-direction) and transverse 

directions (y-direction) for a given layer, as shown in Figure 31.  The forces in the 

longitudinal direction are of particular interest in the proposed methodology as they resist 
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the external moment (�����) and shear (������, while the forces in the transverse 

direction may be useful in the design of the transverse reinforcement, although this is 

beyond the scope of this paper and will be investigated in a later study. 

Figure 30.  Effective areas and dimensions 

The resultant forces in the x-direction from the radial concrete stresses (��	
������) 

and friction forces (�����������) are obtained by accumulating the x-component of the 

differential forces over the surface of the embedded pile, as follows. 

��	
������ � � ��� � � �� � � � ��� �� � ���

���

� !


"#�$

� !%
(Eq 7) 
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��������	
�� � � � ��� � � ��� � � � ����� �  � ���
����

���

�����

���
 

(Eq 8) 

The moments around the point of rotation resulting from the radial forces ( !��"��) 

and friction forces ( !������) can be calculated with the following equations. 

 !��"�� � �# � �$% � � &'� � � � #� � �$% �� � ���
����

���

�����

���
(Eq 9) 

 !������ � �� �  � ��� � � ��� � � � #� � ��� �� �  � ���
����

���

�����

���
 

(Eq 10) 



86 

Figure 31.  Internal force components 

U-Bar Reinforcement Forces.  The stresses in the U-bars for a given rotation are

calculated using the strains obtained from the compatibility relationship (Eq 4) and steel 

material model (Figure 29).  The forces from the U-bars (�������� are then calculated from 

these stresses by multiplying by their respective areas, as is done in the following 

equation. 
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������� � 	 
 ������� 
 ������� (Eq 11) 

The resultant force from the U-bars (�����) is then obtained as follows. 

����� � � 	 
 ������� 
 �������
�����

���
 

(Eq 12) 

Similarly, the moments are calculated with the following equation. 

������� � � ��������������
�����

���
 

(Eq 13) 

The area of the U-bar must be doubled to account for both ends of a single U-bar 

undergoing strain, introducing the factor of two in Eq 11 and Eq 12. 

Interface Shear Force.  In this methodology, the interface shear component at the top of 

the pile (���������� � ���) is calculated according to AASHTO LRFD, 7th ed., Article 5.8.4,

assuming a concrete area equal to half the area of the cross-section of the pile (Figure 

30).  Only half of the cross-sectional area is used due to an assumption that under large 

lateral loads, half of the tip of the pile will be in compression, while the other half will lift 

away from the tip concrete (thus shear cannot be transferred across this part of the 

interface).  The interface shear force is assumed to be fully engaged as the ultimate 

strength of the connection is approached.  The moment due to the interface shear force 

can be determined by subtracting the distance to the rotation axis (!"#$%&'()) from the 

embedment length of the pile in the cap (*+,-) as shown in the following equation. 

��� ��� � ���������� � ���./�0� 1 2�3�4�567 
(Eq 14) 



88 

Equilibrium.  As stated previously, the internal forces and moments are calculated for an 

assumed angle of rotation, �, and an assumed rotation axis location �������	
.  These 

forces, and the resultant moments, must be in equilibrium with the external shear and 

moment, as shown in the following equations. 

��������	� � ���	������	� � ������ � ��������� ����� � ��� (Eq 15) 

������ � �����	��	� � ������� � ���
���� � �������� ��	
 � ��� 
(Eq 16) 

If these forces and moments are not in equilibrium, the assumed rotation angle or axis 

location must be adjusted accordingly until the system is in equilibrium.  A further 

constraint in this situation is that the external shear and moment are related through an 

assumed inflection point location, as shown in Eq 17 and Figure 32.  This relationship 

requires a double iterative procedure in which both rotation angle and rotation location 

are varied accordingly, until equilibrium is met. 

���  !
"��  

#$%&'() *&+

(Eq 17) 
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Figure 32.  External loads and assumed inflection point 

This entire process is carried out for increasing angles of rotation, �, until the 

ultimate capacity is reached, while recording the moment, rotation, and location of the 

rotation axis. 

Calibration and �valuation of �roposed �ethodology

The experimental tests conducted on CFT pile to pile cap connections at MSU 

provide a valuable array of data to exercise/calibrate the proposed analysis methodology.  

In this section, a brief overview of this dataset is provided, followed by a discussion of 

modeling assumptions and parameter calibration.  This modeling strategy is then applied 

first to a single specimen, and then to the full dataset.  The results of this analysis are then 

discussed. 

Experimental Dataset 

The research completed at MSU on a series of CFT pile-to-pile cap connections 

consisted of two main phases.  The first phase (Stephens and McKittrick, 2005) consisted 
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of a total of five tests, and the second phase (Kappes, et al., 2013; Kappes, et al., 2016) 

tested six additional connection specimens.  Two of these test specimens failed through a 

plastic hinge mechanism in the CFT; thus, nine of these eleven tests are useful for the 

evaluation of the proposed methodology.  

These specimens were approximately half-size models of a typical bridge bent 

subsection, constructed with CFT piles, joined by a reinforced concrete pile cap.  The 

models were designed to represent an interior section of such a bent, centerline-to-

centerline between pile supports; thus, each model consisted of a single pile and an 

attendant length of pile cap (Figure 33).  The CFT-to-pile cap connections were tested so 

as to generate the deflected shape expected in this subsection of the bent subjected to a 

lateral load, as shown in Figure 33.  A typical test specimen is illustrated in Figure 34. 

Figure 33.  CFT piles and concrete pile cap 
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Figure 34. Typical test specimen 

Each model was subjected to gradually increasing lateral load applied to the tip of 

the pile, while the pile cap was held stationary.  Coincident with the lateral load, a 

constant axial force was applied to represent gravity load effects.  The majority of the 

tests consisted of a primary load event for each model, in which the lateral load was 

monotonically increased until the lateral capacity of the connection was achieved.  In 

some cases, the model was additionally subjected to reversed load cycles, to assess the 

residual strength and energy dissipation characteristics of the connection.  The final two 

tests incorporated a cyclic loading scheme to compare the effect of the two different load 

regimes (sequential cycles of increasing full reversed loads, versus single monotonic test 

to failure).  During each test, the load and displacement response of the connection was 

measured and recorded.  Measurements were also made of the strains in the CFT pile and 

in the cap concrete.  In select tests, strains in various bars of the reinforcing cage were 

also measured.   
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Connection strength is influenced by  a variety of factors related to its 

configuration, including the embedment length of the pile into the cap, the strength of the 

concrete, the size and location of any U-bar reinforcement encircling the pile, and the 

spacing and size of the transverse reinforcement.  Table 7 provides a summary of the test 

specimens and key test parameters for both phases of the research (Phase I � PC test 

series; Phase II � VT/CT test series).   

Application of Modeling Strategy 
to Dataset and Parameter Calibration 

The proposed methodology was implemented in Python (Python Software 

Foundation), and applied to the dataset discussed above to evaluate its effectiveness and 

to calibrate the key modeling parameters (e.g., �, ����).   Based on this analysis, it was 

determined that �=0.55 was an appropriate value for the coefficient of friction between 

the concrete cap and the surface of the steel pile, which is consistent with what other 

researchers have found for this coefficient (Rabbat and Russell, 1985).  It was determined 

that the assumed effective length factors ���� and ��������	, did not have a significant 

effect on the predicted ultimate capacities of the connections; however, and as was 

expected, they did have a significant effect on the predicted rotations associated with 

these ultimate capacities.  Note that comparing estimated rotations to observed rotations 

was difficult for this dataset, since rotations of the embedded ends of the piles were not 

directly measured during testing.  For this research, ���� 
 �� �  and ��������	 
 �� � 

were used because they provided reasonable estimates of ultimate capacity and estimated 

pile rotations.  
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The capacity of each test specimen was estimated using the proposed moment-

rotation methodology with the parameters discussed above.  Table 8 provides a 

comparison of the measured and calculated capacities of these specimens.  As can be 

seen in this table, the proposed methodology closely predicts the actual capacity across 

the wide range of reinforcing schemes (including configurations without U-bars, with U-

bars, and with a double set of U-bars), concrete strengths and embedment depths 

considered in the tests, with an average measured to predicted ratio of 0.99 with a 

coefficient of variation of 5.4%. 

Application to VT2 

To further evaluate the proposed methodology and assist in visualizing the 

resultant forces at play, its application to the VT2 test are reviewed here in greater detail.  

The VT2 specimen had an embedment length of 11.75 in, a concrete strength of 3.8 ksi, 

and had two sets of U-bars encircling the pile in the exterior compression region of the 

connection.  The respective size and spacing of the transverse reinforcement was #3 

stirrups at 1.75 in. 

To illustrate the forces in the connection region, the predicted resultant 3D forces 

in the connection are shown in Figure 35 for VT2 at 145 ft-kips of applied moment.  

Additionally, the distribution of forces along the embedment length is shown in Figure 36 

at various load stages.  In this figure, the total resultant load is shown along with the 

contributions from the various load carrying mechanisms (i.e. concrete normal force, 

interface shear, friction, and U-bar force).  Also shown in the upper left corner of each 
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figure is the overall predicted moment-rotation relationship for the specimen, along with 

an indication of where the respective load falls in this relationship. 

Table 7.  MSU testing summary of pile-to-pile cap connections 
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Table 8.  Measured and predicted ultimate capacities 

Figure 35.  3D representation of internal forces in VT2 at Moment = 145ft-kip 

Specimen
Predicted������
(ft-kips)

Measured��������
(ft-kips)

Measured/Predic
ted

Comments

PC1 80 82 1.03 Single�Hoop�Ignored

PC2 86 74 0.86 Single�Hoop�Ignored

PC3 80 76 0.95 Full�Length�Spiral�Approx.�By�Averaging�Dia.

PC3a 102.7 102 0.99 Full�Length�Spiral�Approx.�By�Averaging�Dia.

VT1/VT2.5 134.2 138.5 1.03

VT2 171.1 173.8 1.02

VT3 148.6 151.7 1.02

CT1 175.2 174.2 0.99 Cyclic�Test:��Actual��avg.�of�172.4�and�176.0

CT2 190.2 185.8 0.98 Cyclic�Test:�"Actual"�avg�of�181.8�and�189.5

Average 0.99
Coefficient�of�Variation 5.4%
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Referring to Figure 36, as would be expected, the concrete forces begin elastic, 

and become nonlinear with increasing lateral load.  At 100 ft-kips of applied moment 

(Figure 36b), note the dip in the concrete forces near the bottom face of the cap.  This dip 

occurs because the concrete at this location (near a free surface) is considered 

unconfined, and thus loses capacity (crushes) at a relatively lower compression stress 

(Figure 28).  At 145 ft-kips, the cover concrete near the exterior of the cap further loses 

strength and the U-bars yield, which in turn results in the initiation of softening of the 

overall moment-rotation relationship.  This also corresponds to a potential decrease of 

fixity of the connection, which would result in a loss of energy dissipation capacity.  In 

Figure 36d, at an applied moment of 160 ft-k, the pile has rotated beyond the ultimate 

capacity of the connection, corresponding to significant damage in the cap, with almost 

complete crushing of the unconfined concrete near the surface of the cap and initiation of 

crushing damage in the adjacent confined concrete toward the interior of the cap. 



97 

(a) 40 ft-kip (b) 100 ft-kip

(c) 145 ft-kip (d) 160 ft-kip (Past Ultimate)

Figure 36.  Summary of forces at each layer along the embedment depth at various 
applied moments � VT2 

Summary and Conclusions 

The behavior and performance of CFT pile-to-pile cap connections is often 

uncertain, leaving a designer to include large margins of safety when implementing these 

types of connections.  In some cases, due to these uncertainties, this type of connection 

may ���� �� ������� ��	
��� ��� 		����	 �������� ��� ���	�������� �������	� In this 

study, a simple moment-rotation methodology to determine the behavior and ultimate 

strength of such connections was developed.  For an assumed rotation of the embedded 

pile in the pile cap, corresponding internal strains in the concrete are calculated based on 
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strain-displacement compatibility, attendant stresses are determined using nonlinear 

constitutive stress-strain relationships, and equilibrium is enforced between the associated 

internal force resultants and external applied demands.   An iterative process is used until 

a solution is reached that is consistent with all constraints. 

This methodology proved to be an effective and efficient means of predicting the 

ultimate capacity of such connections, an important component in their design to ensure 

the desired failure response of the overall system.  The proposed methodology was 

applied to a dataset of 9 CFT to concrete pile cap connection specimens to predict their 

ultimate capacity.  The average ratio of measured/predicted capacity was 0.99 with a 

coefficient of variation of 5.4%.  In addition to accurately predicting the ultimate capacity 

of the connection, output from this methodology lends itself to predicting intermediate 

damage states in the connection that may lead to loss of energy dissipation capacity, such 

as extent of concrete spalling/crushing and loss of fixity.   

While in the absence of proven design approaches for this connection, the 

proposed methodology may be found useful in its current form, and it will continue to be 

developed in future research.  Specifically, the proposed methodology will be further 

developed by applying it to a larger dataset of connection test specimens to determine its 

effectiveness over a wider array of connection details and geometry.  Future connection 

specimens may be tested as part of this work.  Further, the ability of this methodology to 

predict the onset of intermediate damage will be investigated by comparing progressive 

model behavior to damage states observed in the test data.  In particular, the onset of 

spalling/crushing will be investigated along with splitting of the concrete cap.  Once the 
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accuracy of this methodology is confirmed, a parametric study will be carried out to 

investigate the importance/effectiveness of various design parameters (e.g., embedment 

depth, transverse reinforcement details, U-bar size and placement).   Further, use of the 

forces in the transverse direction will be studied relative to reinforcing requirements in 

this direction.  This research is expected to lead to the development of a more formal 

design methodology for such connections, and, accordingly to more widespread usage of 

the connection. 
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UNIT CONVERSIONS 

Measurement Metric English 

Length 

1 cm 0.394 in 

1 m 3.281 ft 

1 km 0.621 mile 

Area 
1 cm2 0.155 in2

1 m2 1.196 yd2

Volume 
1 m3 1.308 yd3

1 ml 0.034 oz 

Force 
1 N 0.225 lbf 

1 kN 0.225 kip 

Stress 
1 MPa 145 psi 

1 GPa 145 ksi 

Unit Weight 1 kg/m3 1.685 lbs/yd3

Velocity 1 kph 0.621 mph 
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EXECUTIVE SUMMARY 
The Montana Department of Transportation (MDT) has found concrete-filled steel tube 
(CFT) piles connected at the top by a concrete pile cap to be a very cost effective support 
system for short and medium span bridges. This type of system offers low initial cost, 
short construction time, low maintenance requirements, and a long service life. From a 
structural engineering perspective, these systems must provide acceptable performance 
under gravity (i.e., self weight and vehicle loads) and lateral loads (i.e., extreme ice, 
wind, and seismic events). While the gravity load performance of these systems is well 
understood, their strength and ductility under extreme lateral loads is more difficult to 
reliably predict using conventional design procedures. Therefore, MDT sponsored a 
research project at Montana State University (MSU), completed in 2005, to investigate 
the performance of these systems under extreme lateral loads. As part of this 
investigation, MSU conducted five physical tests on half-size models of the CFT to 
concrete pile cap connection. The models were designed to replicate the behavior of full- 
size connections under reversed seismic loads. Four different reinforcing schemes within 
the connection zone were evaluated. 

Based on the results of the tests conducted at MSU in 2005, in conjunction with 
established structural engineering principles, MDT developed a new design procedure to 
determine the reinforcing steel required in the pile cap to produce the desired system 
performance under lateral loads. While the layout of the reinforcing steel generated by 
this design procedure is generally similar to the successful layout that was evaluated in 
the final pile cap test, there are several differences between the reinforcing configuration 
that was tested and what the design procedure generates. Notably, the design procedure 
provides for a simpler arrangement of the reinforcement (single set of U-shaped bars) that 
offers some advantages relative to the constructability of the pile cap, and this specific 
arrangement had not been tested. 

���������� ��� �	
����� �� ���� ���
��� ��� �� ������� ������� ����� ��� ��� ��

concrete pile cap connection design methodology by physically testing connections 
designed according to this new procedure.  A total of six half-size connection specimens 
were tested under axial and lateral load until failure.  Specifically, four different 
configurations were tested under monotonic and cyclic loads.  Three of these 
configurations were designed in accordance with the design guide; the fourth 
configuration incorporated a second set of U-bars encircling the pile in the interior of the 
cap (close to the tip of the embedded pile).  
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In the first four tests (VT1, VT2, VT2.5, and VT3), the connection configurations were 
subjected to monotonic loading, capturing the ultimate strength of each configuration and 
providing general information on limit states of concern and post-failure ductility.  Two 
more tests were completed using a cyclic load scheme (CT1 and CT2) to capture 
performance characteristics of the connections under multiple cycles of fully reversed, 
increasing load.  The second of these two cyclic-load tests was conducted on the cap 
configuration consisting of two sets of U-bars.   

Each specimen consisted of a single CFT pile and an attendant length of pile cap. The 
pile cap was held in position on each end (at the theoretical points of inflection in the cap 
of a full bent when subjected to a lateral load), while a lateral load was applied to the tip 
of the pile. In addition to subjecting the connections to a lateral load, a constant axial 
force was applied during the tests to generate the gravity load effects that were expected 
to be present in the real structures during a lateral load event. Measurements were 
subsequently made during each test of the loads applied to the connection, and of the 
global displacements and internal strains that resulted from these loads. 

Four key limit states were observed in these tests: (1) formation of a plastic hinge in the 
CFT, (2) internal and exterior concrete crushing, (3) yielding of the longitudinal 
reinforcement, and (4) splitting of the concrete cap.  Based on the results of this 
investigation, the following conclusions were made regarding the efficacy of the MDT 
design methodology at addressing these limit states. 

1. The MDT design methodology predicts the capacity of the CFT solely based on
properties of the steel pipe, and ignores the effects of concrete and axial load.  In
many design scenarios, this simplification would be conservative; however, this
simplification would be unconservative if the design of the connection assumes
that plastic hinging limits the maximum moment transferred to the cap.  One
�������� ���	�
����� ���� �� �� ����� ������ ���������� ��	 ���������� ���

plastic-moment capacity of CFTs, as this methodology has been shown to be
accurate at axial load ratios (i.e., ratio of applied axial load to ultimate axial
capacity) common in bridge applications.

2. While the design guide accurately predicts/delays the limit state of exterior
crushing of the cap concrete in the connection zone (which signifies/initiates
ultimate failure), it is not effective at predicting the onset of crushing of the
concrete in the interior of the cap, which was shown to reduce connection fixity
(resulting in a pinched hysteresis response) and increase degradation under cyclic
loads.  This concern could be addressed by reducing allowed concrete
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compressive strengths and/or including interior U-bars near the tip of the 
embedded pile, which were shown to delay the onset of this limit state. 

3. Yielding of the longitudinal reinforcement was predicted well by the design
guide; however, this provision may still merit further review and revision.  The
design methodology primarily addresses this limit state by including additional
steel beyond that which is required from a normal design of the cap for global
bending.  This process is dependent upon a calibration factor (75 percent
reduction in required steel from a mechanics model) based on empirical data from
the test series completed for MDT at MSU in 2005 (Stephens and McKittrick,
2005).  Although this methodology was shown to be effective in this test series,
the efficacy of this calibration factor has not been verified across all possible cap
configurations.  To address the possibility that this factor could vary with various
connection characteristics, it may be desirable to develop a mechanics model to
better describe the effect of U-bars on this limit state, and reduce reliance upon
empirical factors.

4. The splitting limit state (marked by yielding of the transverse reinforcement, and
formation of splitting cracks) was observed in all test specimens, but not until
after other limit states had been reached.  While this limit state was not directly a
focus of this investigation, this positive performance indicates that the MDT
������ ���	
�
�
�� 
 ����� �������� ����������
�� 
� �������

reinforcement in plastic-hinge zones, and including U-bars, is effective at
delaying it.  That being said, however, the amount of transverse reinforcement
specified following this approach is not directly based on the moment demand the
connection must carry.  Development of a more robust analytical model may be
merited to reduce reliability on empirical factors and improve design efficiency.

5. In executing this project, a thorough review of the design guide beyond just those
parameters directly exercised in this test series was completed.  This review
revealed a specific aspect of the design guide that apparently could yield
unconservative results, and thus should be addressed. The provision of concern
determines whether the connection will be specifically designed to carry the
moment demand on it, or if the reinforcing provided in a normal flexural design
for global bending is sufficient. �	�� �����	��� �� ����� 
� �	� �
���� ��������

relation to the plastic-moment capacity of the CFT, and is reliant on an
assumption that the dimensions and reinforcing of the cap cross-section
proportionally increase with increased pile capacity.  However, this assumption
may not be valid, as some bent configurations may fall outside of those typically



120 

����������� 	� ��
����	� ��	� ���
	�	��� �� ������� ��	� �	����	��� ��	� ��������

in the design guide could be removed.  If it were removed, the connection would 
always be designed to include additional reinforcement based on the moment 
demand in the form of U-bars. 

Developing a robust design methodology for any structural system is a serious 
undertaking that often involves several iterations of review and revision.  The current 
MDT guide has started well down this path for designing CFT pile to concrete pile cap 
connections.   As time and resources permit, consideration should be given to further 
testing and analysis to address the various issues identified in this project, as they have 
been summarized above.  
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1 INTRODUCTION 

1.1 Background Information 
As implemented by the Montana Department of Transportation (MDT), a series of 
concrete-filled steel pipe piles embedded in a concrete pile cap can be a desirable solution 
for supporting small to mid-span bridges.  This system is fast and efficient to construct 
and, with proper design, improves the ductile response and overall strength of the 
structure.  A typical bent constructed using this system is shown in Figure 1, which in this 
case specifically consists of seven concrete-filled steel piles embedded in a concrete pile 
cap.  

Figure 1: Typical MDT concrete-filled steel pile and concrete pile cap bridge substructure 
support system (Pryor Creek Bridge near Huntley, MT - courtesy of MDT (2012)) 
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The structural benefits of a concrete-filled steel tube (CFT) are well known.  In the case 
of the concrete-filled steel pile, the flexural capacity and ductility of the steel tube when 
subjected to lateral loads (e.g., during a seismic event) is enhanced by the concrete. The 
concrete inside the tube not only adds stiffness and strength to the cross section, it also 
delays the onset of buckling of the steel tube.  Further, the compression strength of the 
concrete is also enhanced by the confinement provided by the steel tube.  The basic 
ductility provided by the steel tube may be very beneficial to the overall response of the 
structure if sufficient strength is provided by the concrete pile cap to ensure the formation 
of a plastic hinge in the CFT.  This failure mechanism is preferable to failure of the 
concrete cap due to its enhanced energy-dissipating characteristics (i.e. more robust 
hysteresis response under lateral loads).  Thus, proper design of the cap and notably the 
connection to the CFT is essential to ensure the design loads can be carried by these 
elements without failure.   

While a significant amount of research has been focused on the structural performance of 
CFTs, fewer projects have focused on the details of their connection to reinforced 
concrete elements, i.e. pile caps; thus, the need for more research in this area.  
Furthermore, many of the CFT-to-pile cap connection details currently used in practice 
are extremely congested and difficult to construct, and their performance, notably during 
seismic events, may be somewhat uncertain.  In light of this situation, research was 
conducted on this connection at Montana State University (MSU) in 2005 under the 
sponsorship of MDT.  Data collected during this effort was subsequently used by MDT to 
formulate a design guide for a concrete-filled steel pipe-to-pile cap connection (Stephens 
and McKittrick 2005). 

The MDT design guide essentially provides a method to design CFT-to-concrete pile cap 
connections such that the concrete pile cap can withstand the design moment delivered by 
the CFT pile without experiencing significant damage.  The basic connection 
configuration used by MDT is shown in Figure 2.  Based on the design moment the cap 
must withstand, the guide can be used to determine the minimum embedment depth of 
the CFT in the cap, as well as to provide guidance on placing additional reinforcing steel 
around the embedded CFT.  This additional reinforcing steel is further specified to be in 
the form of U-bars, which encircle each embedded CFT (Figure 2), or a combination of 
U-bars and longitudinal bars inserted through the pile.

While based on engineering principles and the results of various physical tests completed 
in the 2005 research conducted at MSU (Stephens and McKittrick, 2005), the reinforcing 
configurations used in the MDT design guide were not specifically tested, making it 
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Two more tests were completed using a cyclic load scheme to capture performance 
characteristics of the connections under multiple cycles of fully reversed, increasing load. 
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2 PREVIOUS RESEARCH 
As mentioned previously, there are numerous benefits realized in using CFTs in 
structural applications. To realize many of these benefits, however, the connections 
between CFTs and other structural elements, such as pile caps and foundations, need to 
be designed and detailed such that the full moment of the CFT can be achieved.  
Therefore, it is essential to be able to reasonably predict the strength of the CFT and the 
behavior and capacity of the connection.    This chapter presents a summary of recent 
research in this area.  This chapter first discusses methods for calculating CFT strength, 
followed by a discussion on previous research on various CFT connections.  This chapter 
concludes with a discussion of previous MDT funded research at MSU in this area. 

2.1 Methods for Calculating CFT Strength 
One of the more prominent studies focused on determining the plastic-moment capacities 
of CFTs was completed by Bruneau & Marson (2004).  The objective of this research 
was to determine the adequacy of current design practices for predicting the plastic-
moment capacity of CFTs (i.e. CAN/CSA-S16.1-M94, AISC LRFD 1994, and Eurocode 
4 1994 standards), as compared to experimental data gathered from test specimens that 
were evaluated in a laboratory setting.  The research team found that all methods 
evaluated were conservative to varying degrees.  Although providing extra strength in a 
structural element (beyond that explicitly considered in design) is often viewed as a 
positive and conservative practice, this is not always the case.   For seismic design of 
bridge substructures, a capacity protected design method is used for sizing elements 
adjoining to bridge piers where plastic hinges may form.  Thus, an underestimation of the 
moment capacity of the bridge pier could lead to unwanted damage in the less-ductile 
concrete cap (Bruneau and Marson 2004).  Therefore, the researchers developed new 
design equations to better represent the observed test results.  Since completion of their 
study these design equations have been implemented in the 2001 edition of the Canadian 
CSA-S16-�� ������ ��	�
 �
��� �� ��

� ��������
�� ��	��	���� 

The American Institute of Steel Construction identifies two methods for determining the 
strength of CFTs, assuming certain conditions are met (AISC 2011).  The first method is 
the plastic stress distribution method.  The second method identified by AISC (2011) is 
the strain compatibility method, which assumes a linear strain distribution across the 

cross section.  The concrete strain for this method is limited to ����� ��
��� .  AISC (2011)

states that for both of these methods, the tensile capacity of the concrete is assumed to be 
zero.  
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Kingsley (2005) compared both the plastic stress distribution method and the strain 
compatibility method to published results of 22 CFT tests with a multitude of CFT 
diameter to tube thickness (D/t) ratios, axial-load ratios (P/Po), and concrete and steel 
strengths.  A summary plot from this research is provided in Figure 3, which plots the 
ratio of calculated flexural strength to experimental flexural strength (Mn/Mexp) versus the 
axial-load ratio, P/Po.  

Figure 3: Ratio of predicted to experimental flexural strengths (Kingsley, 2005) 

As can be seen in this figure, the plastic stress distribution method predicted the flexural 
strength fairly well with the average Mn/Mexp very near 1.0.  The strain compatibility 
method was much more conservative than the plastic distribution method, with the 
majority of Mn/Mexp values much less than 1.0.  Kingsley (2005) further points out that 
the strain compatibility method becomes increasingly conservative as P/Po increases.  The 
researcher attributes the conservativeness of the strain compatibility method to the code 

prescribed 0.003 �� ���  strain limit on the concrete, which is typically associated with

limiting spalling on conventional reinforced concrete sections.  This limit is not 
applicable to CFTs due to the effect of confinement provided by the steel tube.  
Furthermore, the effectiveness of the confinement may increase and the 0.003 strain limit 
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may be more conservative at higher axial loads due to the tri-axial stress state of the 
concrete.   

Kingsley also points out that due to other design considerations (e.g., slenderness), CFT 
columns are rarely subjected to axial loads with P/Po ratios greater than 0.3.  This limit is 
represented in Figure 3 with the vertical dashed line.  As can be seen in this figure, the 
accuracy of both methods is improved in this region.   

2.2 CFT Connections 
One issue that has hindered the usage of CFTs in structural applications is the lack of 
connection design methods.  Several research projects have been conducted on this topic, 
many of which are discussed in an extensive literature review done by Kingsley (2005) as 
part of a study focused on CFT to foundation connections.  Kingsley categorized the 
connections using four general types: exposed base plate, embedded, structural steel 
embedded in concrete, and semi-embedded, as seen in Figure 4.  This section reviews 
���� �� ��� ��	 �
��������� ���� �������	�� ��������� ������� �� ���� ��	 ��������

���� �������	�� �������� ����������	� ���� ������� ������� several studies not 
discussed �� �������	�� ������� �����	� ���� ������� ��������� ����  ���������� ��

previous MDT funded research conducted at MSU (Stephens and McKittrick, 2005) on 
these connections. 
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Figure 4: CFT-to-concrete connections (Kingsley 2005) 

2.2.1 Kingsley (2005) Review and Observations 
Kingsley completed an extensive literature review and conducted her own research as 
well on CFT connections, as is summarized below.  The exposed base-plate connection 
shown in Figure 4a consists of a steel plate welded to a CFT column.  The base plate is 
then bolted to the concrete; therefore, the bolts, or anchor rods, provide the resistance 
needed to withstand a moment demand in the connection from a lateral load placed on the 
CFT column.  Kingsley (2005) relates the rotational stiffness of the connection to the 
dimensions and thickness of the base plate as well as the tensile resistance provided by 
the anchor rods.  Typically, this type of connection only provides a partially-fixed end 
condition, and unsatisfactory performance of base plate connections during recent 
earthquake events have necessitated improvements with regard to the seismic 
performance of CFT-to-concrete connections (Kingsley 2005).  Additionally, the exposed 
base plate connection may require special consideration with regard to shear transfer 
across the connection.  Gomez et al., (2009) detail tests in which the shear is transferred 
through friction between the base plate and the grouted footing through anchor rod 
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bearing and shear key bearing.  Each of these mechanisms typically adds complexity to 
the design and constructability of the connection compared to other connections that 
embed the CFT. 

An embedded (as opposed to exposed) base plate connection is shown in Figure 4b.  This 
connection is typically more rigid than the exposed base plate configuration and 
approaches a fully fixed end condition (Kingsley 2005).  The rotation of the column is 
resisted by both the length it is embedded in the concrete and bearing on the base plate.  
In addition, the anchor rods (similar to the ones shown for the exposed base plate) could 
also be included, but for a sufficiently embedded CFT the moment, axial forces, and 
shear at the connection are mostly resisted by the bearing of the column and the base 
plate against the concrete, while the anchor rods are typically designed for construction 
loads (Grauvilardell, et al. 2005).  Kingsley (2005) states that an embedment length equal 
to twice the diameter of the column cross-section is recommended to ensure a fixed end 
condition.  Due to the deep embedment, bearing on the column is the predominant 
mechanism resisting the moment demand on the connection; therefore, the researcher 
points out that additional consideration of the steel reinforcement is necessary to prevent 
excessive damage and strength deterioration in the concrete.  Furthermore, Kingsley 
(2005) notes that when the CFT has a shallow embedment depth in the concrete, bearing 
on the column is not adequate for developing the full moment strength of the column and 
plastification is achieved only when large, thick base plates and numerous anchor rods 
are used.  Therefore, while this connection type can be designed so that a plastic hinge 
forms in the CFT prior to degradation of the concrete base, it has limitations including the 
requirement of deep embedment depths and potentially including additional anchor bolts.  
The detail necessitates a welded connection between the end plate and the CFT, and the 
inclusion of the embedded anchor bolts will often require the concrete to be placed in two 
lifts, further complicating construction. 

While the embedded base plate connection provides adequate connection response as 
previously discussed, if maximum fixity of the connection and high seismic forces are of 
concern, structural steel can be fixed to the end of the tube, as shown in Figure 4c.  
Typically, a plate is first welded to the CFT, which is then connected to the structural 
elements (i.e. two channels).  Another plate may be attached to the underside of the 
structural elements.  All of the steel is then embedded in the concrete.  Kingsley (2005) 
noted that the steel is only subjected to insignificant stresses, while the concrete 
foundation likely provides most of the resistance to the moment demand of the column.   
����� ���� ����	
�� ���	����� �� �		
� �	������������� ��
 �	�� �� 	���	��

disadvantages to this connection method. 
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The final method discussed by Kingsley is the semi-embedded connection shown in 
Figure 4d.  While this connection is more complex than the embedded base plate 
configuration discussed previously, it has increased moment resistance.  Kingsley (2005) 
describes three force resisting mechanisms for the semi-embedded connection which are: 
the bearing capacity provided by the couple from the CFT embedded in the concrete; 
anchor rod tensile capacity between the exterior base plate and the interior base plate; and 
an increased capacity inhibiting column pullout due to vertical reinforcement in the 
connection region.  Even with the increased number of load paths resisting the column 
rotation, embedment length was still a controlling factor for the performance of the 
connection.  For short embedments (i.e. 0.1 to 0.5 times the diameter of the pile), the steel 
tube remained elastic and yielding in the anchor bolts controlled the ultimate strength 
(Kingsley 2005).  Kingsley (2005) noted that for intermediate embedments (i.e. 0.5 to 1.0 
times the diameter of the pile), there was significant strength deterioration during cyclic 
loading due to heavy cracking of the concrete cap, and severe damage in the concrete cap 
controlled the maximum strength of the specimens.  For an embedment of 2.0 times the 
diameter of the pile, it was also reported that no concrete cracking was observed, and the 
maximum strength of the specimen was limited by column yielding and local buckling.  

Very similar to the embedded base plate connection previously discussed, Kingsley 
(2005) researched CFT-to-concrete connections using an annular ring welded to the end 
of the steel tube of the CFT.  The CFT and annular ring were then embedded in the 
concrete at varying embedment depths.  Embedment depths were either 0.6 or 0.9 of the 
diameter of the CFT.  Pertinent results from this study include: 

1. Connections with less embedment sustained more damage in the concrete, leading
to significant deteriorations in strength;

2. The presence of vertical reinforcement did not increase the strength or stiffness of
the connection, but concrete damage was reduced;

3. For the shallower embedment, the drift due to damage of the footing was
approximately 90 percent of the total drift, while for the deeper embedment, the
drift due to damage of the footing did not exceed 50 percent;

4. The longer embedment was necessary to provide the desired energy dissipation
and deformation capacity required for high seismic demands (Kingsley 2005).

While the annular ring provides additional resistance to the moment demand, the results 
above suggest that the moment arm of compression regions on the CFT due to the 
embedment of the CFT in the concrete cap play an integral role in the overall response.  
Therefore, confinement of the concrete in these compression regions is an important 
parameter for improving the performance of the connection, as this confinement will 
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increase strength of the cap, helping to delay the damage to the concrete in the 
compression regions.  

For all of these connections, the embedment length of the CFT in the concrete cap was 
found to be a very important parameter controlling the connection response.  Kingsley 
(2005) reported that embedment lengths exceeding one and two times the diameter of the 
pile are necessary to ensure that the column strength can be developed.   

Other connection methods outside of those described by Kingsley (2005) have been 
recently researched, and are covered in the following sections. 

2.2.2 Silva et al. (1999) Research 
Silva, et al. (1999) investigated the design and performance of three full-size bridge bents 
for the State of Alaska Department of Transportation and Public Facilities.  These full-
size bridge bents were designed using CFT-to-concrete pile cap connections in which the 
steel casing of the CFT column was not embedded into the concrete pile cap.  Instead, 
internal reinforcing steel was used inside the steel casing of the CFT and extended into 
the concrete pile cap providing the tensile capacity for the connection.  A typical 
reinforcing scheme for this type of connection is shown in Figure 5.  The figure also 
shows a plan view of the CFT, detailing the amount of longitudinal steel that extends into 
the concrete pile cap.  

The researchers found that the connection performed well under cyclic loading without 
any significant degradation to its lateral load resisting ability.  Furthermore, the 
researchers stated that the development of plastic hinges in the columns (each full-size 
bent had three columns) confirmed that the anchorage details of the column bars were 
adequate as the concrete pile cap remained elastic with only evenly distributed cracking 
evident.  
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Figure 5: Reinforcing scheme for (Silva, et al. 1999) 

Silva, et al. (1999) provided several design recommendations for this type of connection, 
including design equations for specifying the amount of steel needed for the connection 
area in the form of additional vertical stirrups, steel hoops, and additional top and bottom 
longitudinal steel.  Separate design methods were developed for the tee-joints formed by 
interior columns and the knee-joints formed by exterior columns for the bent.   

While the researchers where successful in obtaining the desired seismic design objective 
of maximizing energy dissipation in the bent during a seismic event for the 
aforementioned connection, the design methodology and connection resulting from this 
research is fairly complex and results in a significant amount of reinforcing steel 
spanning between the CFT and into the column connection.  This additional steel is 
typically not specified in connections in which the CFT is embedded into the pile cap. 

2.2.3 Rollins and Stenlund (2010)  
Researchers at Brigham Young University teamed with the Utah Department of 
Transportation to complete a study in 2010 focused on characterizing the response of on-
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grade concrete pile cap-to-steel pile connections.  Lateral-load tests were performed on 
four pile caps, each with two 40-foot fully embedded piles for support.  The 
reinforcement details were varied for two of the tests with embedment lengths of 6 and 
12-inches, while the remaining two test specimens relied solely on deeper embedment
lengths (12 and 24-inches) and no reinforcement to resist the lateral loads applied to the 
connection.  The caps were loaded laterally until failure, and the force and deflection 
were monitored throughout the test.  Similar to other research results, testing indicated 
that the connection can obtain the full moment capacity of the pile solely through 
embedment length, with no reinforcement required.  The reinforced connections with 
reduced embedment lengths achieved between 40 and 60 percent of their pile moment 
capacity, which was still significantly higher than the moment capacity predicted by PCI 
equations.  The reinforcement used for some of the connections included spirally-tied 
cages extending down into the concrete-filled pile and up into the concrete cap.  On a 
separate note, load-��������	�
� ����� �
������� ���� � ������-����� ����	����
 ��

appropriate when modeling the pile (Rollins and Stenlund 2010). 

2.3 Previous Pile Cap Testing at Montana State University  
Stephens and McKittrick (2005) tested five embedded CFT to pile cap connections.  All 
specimens used the same basic reinforcing scheme (Figure 6) in the pile cap.  The 
intended variable between the tests was the specific amount and placement of this 
reinforcement in the pile cap, although the strength of the steel pipe pile and of the 
concrete also incidentally varied in some tests.  Figure 7 shows the basic test setup, and 
Table 1 provides the experimental parameters and material properties used in this 
research. As the project advanced, the configuration of each successive model was 
adjusted based on the results of the preceding test.  In general, the amount of 
reinforcement in the cap was increased in each test, starting with a model depicting 
current practice, up to a model with seven times the original amount of longitudinal and 
transverse reinforcing steel.  In addition to the amount of reinforcement increasing with 
each test, the configuration of the reinforcing steel also varied, with the final test using a 
combination of spirals and U-shaped bars to confine the embedded pile.    
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Figure 6: Basic Cap Configuration 

Figure 7: Test Setup (Stephens and McKittrick 2005) 

Closed Stirrups
Open Stirrups:
Used in pile region

Confined Region

Longitudinal
Reinforcement

U-bar if included
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Table 1: Experimental Parameters and Material Properties (Stephens and McKittrick 2005) 

These CFT to pile cap connections were all loaded with a monotonically increasing 
lateral load until failure, and then in some cases cycled to evaluate the post-peak energy 
dissipation characteristics of the specimen. Table 2 summarizes the results from this 
series, including the observed failure mechanism and maximum moment observed in 
each test.  Referring to Table 2, all of the specimens, with the exception of PC-4, failed 
due to crushing of the pile cap directly behind the pile and the formation of large cracks 
apparently along two compression struts (Figure 8) extending outward from the pile (in 
the direction of the applied load) to the faces of the cap.  As can be seen in Table 2, the 
capacity of the caps generally increased with increasing amounts of longitudinal and 
transverse reinforcing steel.  Of these specimens, PC-4 was the only specimen to achieve 
the desired failure mechanism (the formation of a plastic hinge in the CFT pile).  This 
was achieved using a large amount of longitudinal and transverse reinforcement (seven 
times that of the original specimen) in a significantly congested reinforcing scheme 
(Figure 9) that included spirals and U-shaped bars around the embedded pile.  Although 
this specimen was able to achieve the desired capacity, the actual ultimate capacity of this 
heavily reinforced cap and the attendant absolute effect of the reinforcing scheme on cap 
capacity could not be determined, as the pile failed before the cap capacity was reached.   
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Table 2: Test Results (Stephens and McKittrick 2005) 

Figure 8: Typical Failure Mechanism seen in PC-1 through PC-3a (Stephens and 
McKittrick 2005) 
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Figure 9: Reinforcing Steel for PC-4
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3 SUMMARY OF MDT DESIGN GUIDE 

3.1 Overview 
Based in part on the results of the tests conducted by Stephens and McKittrick (2005), 
MDT developed a method for designing pile-to-pile cap connections, which is 
summarized in a MDT design guide.  The MDT design process steps through the CFT 
pile-to-pile cap connection starting with determination of the embedment length required 
to carry the design moment demand between the CFT pile and the cap.  The intent of the 
guide essentially is to provide adequate embedment of the CFT in the concrete cap to 
eliminate crushing of the cap concrete immediately adjacent to the CFT.  Then, the 
moment required to generate a plastic hinge in the CFT is determined.  If the design 
moment demand is equal to or approaches the plastic moment capacity of the CFT, 
reinforcing beyond the minimum amount required based on normal flexural design is 
added to ensure the cap can carry the design moment delivered from the CFT without 
experiencing excessive distress.  The additional steel is specified to be either all U-shaped 
reinforcing steel (i.e., longitudinal bars that are bent 180 degrees to encircle the 
embedded pile) or a combination of U-shaped reinforcing steel and reinforcing steel 
placed through the pile.  Finally, the guide specifies transverse reinforcement in the cap 
based on concrete confinement considerations. 

These steps are reviewed in this chapter, followed by a discussion of critical areas of the 
design guide that require empirical verification.  Note that a summary of the MDT design 
guide is included in Appendix A. 

3.2 MDT Design Guide Methodology 

3.2.1 Embedment Length 
The MDT design guide assumes that the size of the pile (i.e., its diameter, �) as well as 

the required moment demand, ��, are known prior to designing the pile-to-pile cap 
connection details. The required embedment length and reinforcing steel for the cap are 
then determined by modeling stress conditions in the concrete adjacent to the pile using a 
simple Whitney stress block approach (Figure 10).  Such an approach is often used in 
modeling flexural behavior in reinforced concrete members.  The connection model is 
solely focused on the moment demand to be transferred through the connection zone; 
effects of the axial load and shear force carried by the CFT on stress conditions are 
neglected relative to the magnitude and importance of the moment induced effects.     
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� � ���� � � Equation 3.3 

Also, by enforcing moment equilibrium of the forces shown in Figure 10, the moment 

demand, 	
, can be related to the compression force resultant, �,  

	
 � � � � Equation 3.4 

Further, the concrete compression resultant, �, can calculated as the magnitude of the 

stress in the concrete, 
, multiplied by the projected area it acts over, which is equal to 

the pile diameter, �, multiplied by the depth of the stress block, �, 

� � 
 � � � � Equation 3.5 

Thus, for a given moment demand, 	
, the associated stress demand in the concrete, 
, 
can be solved by substituting Equation 3.5 into Equation 3.4, and rearranging terms,  


 � 	

� � � � � Equation 3.6 

Equation 3.6 can be re-expressed in terms of the ������� ���������� �� ��� ������� 
namely, the embedment length, ����, the pile diameter, D, and the design moment 
demand, Mu, 


 � ! � 	

� � "# � $% � "#! & � ����' Equation 3.7 

Finally, the concrete compression stress demand, 
, can be compared to the design 

concrete compression strength, (, to determine the adequacy of the assumed embedment 

length, ����.  The factored compression strength, (, is taken as the unconfined 

compression strength, )*, multiplied by a confinement factor, +, and a strength reduction

factor, ,�,  


 - .( � ,� � + � )*/ Equation 3.8 

The ,� factor is defined as 0.7 in AASHTO 5.5.4.2 for bearing on concrete. The + 
parameter is a factor used to increase the strength of the concrete based on confinement 

considerations. The MDT design guide defines the + parameter to be 1.8, based on the 
previous work completed by Stephens and McKittrick (2005).  
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Referring to Equation 3.7, increasing the embedment length of the pile will decrease the 
crushing demand on the concrete, within a practical limit as other load and cover 

concerns may limit the embedment. Therefore, an appropriate embedment length, ����, 
can be determined, with the intent to eliminate concrete crushing as the controlling failure 
mechanism. 

3.2.2 Plastic Moment Capacity of the Pile 
After determining the necessary embedment length of the pile in the pile cap, the plastic 
moment capacity of the concrete-filled steel pile is calculated. 

The MDT design guide simplifies this calculation by basing the plastic moment capacity 
of the CFT solely on the plastic section modulus of the steel pile, Z, and ignoring any 
increase in capacity due to the concrete fill.  The plastic section modulus of the steel pile 

can be determined simply from the pile diameter, �, and the pile wall thickness, ��, 

� 	
�


�
�
� � � � ���




�
Equation 3.9 

.  

The plastic moment capacity of the steel pile is then simply calculated as, 

������ 	 �� � � Equation 3.10 

where �� is the yield strength of the steel pile.  The yield strength, ��, is specified with 

over-strength considerations taken into account and should not be the specified minimum 
yield strength of the steel pile. 

As previously mentioned, the increased plastic moment capacity of the CFT due to the 
concrete-fill is not considered in Equation 3.10; the design guide uses an additional over-
strength factor of 1.25 to account for this and other uncertainties in the design approach. 

The final plastic-moment capacity, ��, of the concrete-filled steel pile is thus defined by 

the design guide as:  

�� 	 ���� � ������ Equation 3.11 

The calculated plastic moment capacity of the pile, ��, is then used as part of a limit 

state check for additional steel. 

3.2.3 Comparison of Demand and Pile Capacity 
The MDT design guide provides a check to determine whether additional reinforcement 
is necessary in the cap (beyond the minimum required reinforcement described in Section 
3.2.4 below) to ensure the cap can carry the design moment demand. It accomplishes this 
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by comparing the required moment demand specified for the connection, ��, with a 

percentage of the plastic-moment capacity of the pile, ��, which was calculated in the 

previous section. The guide specifies that additional reinforcement is necessary in the cap 

when �� � ���� � ��; otherwise, the minimum required reinforcement is expected to 

be adequate to transfer the design moment Mu.  A damage threshold at an applied 
moment of 0.75 Mp was seen in the tests conducted by Stephens and McKittrick (2005).  
To conservatively address this situation a threshold value of 0.60 is used.  

3.2.4 Normal Flexural Design 
The normal flexural design procedure for the concrete cap includes designing the 
longitudinal reinforcing steel in a member to ensure: adequate flexural strength 
(AASHTO LRFD 5.7.2.2.), that the cracking moment does not exceed the ultimate post-
crack capacity (AASHTO LRFD 5.7.3.3.2), that longitudinal cracking due to splitting 
	
�� �� 	

�� ������� ���� �������� ��! "� "� #	�	#�# �#$�� $% 
��& $ '(�)��

shrinkage and temperature cracks is included (AASHTO LRFD 5.10.8).  Typical flexural 
reinforcement is shown in Figure 11. 

Figure 11: Minimum longitudinal steel implementation 
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3.2.6 Transverse Steel 
The MDT design guide prescribes the amount of transverse steel necessary in the cap 
basically using the requirements of section 5.10.11.4.1d of AASHTO LRFD Bridge 
Specifications. This code section specifies the transverse reinforcement for core 
confinement at plastic-hinge zones in pile bents (AASHTO 2011).  For a rectangular 
cross section, it identifies two limit states for defining the area of the transverse steel, 

���.  Both of these limit states are functions of the spacing of the transverse steel. 
Therefore, by assuming a stirrup (hoop) spacing, the necessary steel area can be 
determined.   

The first limit state, shown in Equation 3.13, is a function of the gross area of the section, 

��, and the core area of the section, ��, as well as the ratio of the compression strength of 

the concrete and the yield stress of the steel, ��� and ��, respectively.

��� 	 
��
  �  ��  ��
�

��  ����� � �� Equation 3.13 

Note that � is the spacing of the hoops and shall not exceed 4.0 in as specified in 

AASHTO LRFD 5.10.11.4.1d. The �� parameter is the core dimension in the direction 
under consideration and the design guide further specifies this to be the width of the core, 

�����. Therefore, in the design guide, Equation 3.13 is shown as Equation 3.14 (MDT 
2005). 

��� 	 
��
  �  �����  ��
�

��
 ����� � �� 

Equation 3.14 

The second limit essentially provides a lower bound on the ratio of ��/�� in Equation 

3.20; therefore, the second limit state will specify a minimum amount of confinement 
steel for situations when the core area is close to the gross area of the section.   The 
design guide form of this equation is,  

��� 	 
���  �  �����  ��
�

�� Equation 3.15 

and as previously mentioned in the description of the first limit state, the �� parameter in 

the AASHTO equation is equal to the width of the core, �����, shown here.   A typical 
transverse reinforcement scheme is shown in Figure 13. Several intricacies that are 
important and may not be immediately apparent relative to this transverse steel 
arrangement shown in Figure 13 are: 
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1. Open stirrups are only used in the pile region; closed stirrups are used in all other
regions;

2. The region in which confining steel is required extends one-half the cap height
beyond the pile in each direction;

3. The stirrup spacing in the confined region is defined by Equations 3.14 and 3.15;

4. The maximum stirrup spacing is not to exceed one-quarter of the minimum
member dimension or 4.0 in center-to-center.

5. The details of the closed stirrup configurations are governed by AASHTO LRFD
5.10.11.4.1d recommendations.

Figure 13: Transverse steel representation 

3.3 Discussion 
As described above, the MDT design guide outlines a methodology for the design of 
CFT-to-concrete pile cap connections that generates the pile embedment depth and 
minimum cap reinforcement required to ensure the cap can carry the bending moment 
imparted to it by the pile without experiencing extensive degradation.  This methodology 
is unique in its simplicity and results when compared to other designs for pile-to-pile cap 
connections.  To emphasize this point, Figure 14a shows the amount of steel used to 
obtain a plastic hinge in the concrete-filled steel pipe pile following a more conventional 
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reinforcing design methodology as was done by Stephens and McKittrick (2005).  In 
contrast, Figure 14b shows the reinforcing cage, which results from using the MDT 
design guide for the same moment demand.  The MDT approach reduces the amount of 
longitudinal and confining steel required to maintain the integrity of the connection 
region in the cap by using U-shaped bars encircling the pile to obtain the desired capacity 
and performance.  

While the MDT methodology is based on the testing completed by Stephens and 
McKittrick (2005), in the interest of providing the best possible and most complete 
guidance on connection design, it includes innovations and elements that were not 
specifically evaluated in that test program.  Some of these features of the methodology 
are discussed in more detail below.   

First and foremost, configuring the primary longitudinal reinforcing steel in the 
connection zone in a U-shape encircling the embedded pile as a singular means of 
increasing the capacity of the cap was not specifically tested in that program. The closest 
configuration tested by Stephens and McKittrick (2005) did include U-shaped 
reinforcement encircling the pile, but it also included a spiral around the pile through 
which the longitudinal bars were hooked (see Figure 14a).  While the U-bar configuration 
used by itself was expected to perform well, this expectation can only be confirmed 
through testing.  On a related matter, the guide uses a concrete confinement factor in 
establishing the useable compression strength of the concrete in the cap of 1.8, as directly 
suggested by the test results (Stephens and McKittrick, 2005).  Due to the expected 
efficiency of the U-bar reinforcement configuration that was adopted in the design guide, 
however, the amount of confining steel in the cap is generally reduced relative to that 
used in the test program.  This change could affect the physical level of confinement 
provided by the reinforcing steel and the attendant concrete confinement factor that 
should be used in the design process.    

The MDT design guide also uses a simplified approach to determine the amount of 
additional longitudinal steel that may be required (above minimum standard thresholds) 
to develop the design capacity of the cap in the connection zone.  While this approach is 
based on observations made in the test program, it appears to be more empirical than 
mechanistic in nature, and its robustness in addressing various design situations (i.e., a 
variety of cap and pile geometries and applied loads) needs to be further evaluated.  In 
developing the design guide, MDT also needed to determine a formal methodology to 
systematically design the transverse steel required in the pile cap.  The guide uses the 
AASHTO requirements for confinement of the core concrete in columns at plastic-hinge 
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zones in pile bents (AASHTO, 2011) for this purpose, which once again is expected to be 
adequate, but can only be verified through testing.     

From an analytical perspective, the MDT methodology uses a relatively simple model to 
represent conditions in the pile cap adjacent to the steel pipe pile.  This model is based on 
the well-accepted Whitney stress block approach to representing flexural compression 
behavior in concrete.  In applying this approach, however, many assumptions must be 
made, and only a few tests are available on a few connection configurations to judge the 
accuracy of these assumptions.  

In light of these various observations, MDT made the decision to conduct the additional 
series of CFT pile-to-pile cap connection tests described in the next Chapter of this 
report.  The connections tested were directly designed following the guide with the intent 
of further evaluating its performance.     

Figure 14: Comparison of reinforcement schemes 
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configuration incorporated a second set of U-bars encircling the pile in the interior of the 
cap (close to the tip of the embedded pile).  With the exception of the first test, all tests 
were purposefully designed so that failure would occur in the pile cap rather than the 
CFT pile.  This outcome was forced by deliberately using oversized pipe piles in the 
tests.  As previously mentioned, the connection element of primary concern in this 
investigation was the pile cap rather than the CFT pile.  Considerable work has been done 
studying the capacity and behavior of CFTs, while only limited research has been done 
on cap configurations pertinent to this study.       

Figure 16: Typical test specimen 

In the first four tests (VT1, VT2, VT2.5, and VT3), the connection configurations were 
subjected to monotonic loading, capturing the ultimate strength of each configuration and 
providing general information on post-failure ductility.  Two more tests were completed 
using a cyclic load scheme (CT1 and CT2) to capture performance characteristics of the 
connections under multiple cycles of fully reversed, increasing load.  The second of these 
two cyclic load tests was conducted on the cap configuration consisting of two sets of U-
bars.   
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4.1 Fundamental Test Specimen Design 
The primary variables from the MDT design guide equations evaluated in this 
investigation were CFT embedment length and pile cap concrete strength.  Following the 
design guide, the moment capacity of the cap in the connection zone is controlled by one 
of three limit states: 1) crushing of the concrete adjacent to the embedded pile (addressed 
by Equation 3���� �� ���	
��� � ��� ������ 	�����
���	 ���������� ���el (addressed by 
Equation 3.12), and yielding of the transverse confining steel (addressed by Equations 
3.14 and 3.15).  For a given CFT and pile cap geometry, the first limit state is dependent 
on CFT embedment length and cap concrete strength; the second, embedment length, 
concrete strength, and steel yield strength; and the third, concrete strength and steel yield 
strength.  Thus, in this investigation, the pile cap and CFT geometry were held constant, 
while the concrete strength and embedment length were varied.   

The concrete pile cap used in all tests was 18-by-18-by-68 inches, with an 8.625 inch 
(outside diameter) CFT embedded in ��� ������ � ��� ������ ����� These dimensions 
are approximately one-half the dimensions of the pile and pile cap used in the Timber 
Creek Bridge, which MDT indicated was representative of this type of substructure 
construction.  The first limit state equation referred to above (for crushing of the cap 
concrete) was used with these dimensions to calculate the expected moment capacity of 
the pile cap as a function of embedment length for various concrete strengths.  The results 
of these calculations are presented in Figure 17.  Also shown on Figure 17 are the 
specific combinations of embedment length and design concrete strength for the models 
tested in this investigation. Additional features of the models tested in this investigation 
are summarized in Tables 3 and 4 for the monotonic and cyclic tests to failure, 
respectively.  The information in these tables is grouped and ordered by row to 
successively follow the major steps in the design guide. In the sections that follow, a 
detailed review of the design of the first test specimen is presented followed by more 
cursory descriptions of the design of the remaining test specimens focusing on their 
differences from the first specimen. All of the original design calculations are included in 
Appendix B. 
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Figure 17: Capacities from crushing limit state per the MDT design guide 
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Table 3: Summary of design parameters, monotonic tests 
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Table 4: Summary of design parameters, cyclic tests 
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4.2 Specimen VT1 Design 
The following section steps through the MDT design methodology described in Chapter 3 
as applied to specimen VT1.  As previously mentioned, the moment demand a connection 

needs to carry typically is known (i.e., ��, with �� often set equal to �� of the CFT to 

ensure a ductile failure mechanism for the connection).  Indeed, for the first test, VT1, the 
moment demand was assumed to be the plastic-moment capacity of the CFT.  The basic 
cross section was predetermined as 18 in by 18 in to fit in the existing testing frame and 
to be consistent with the earlier tests conducted at MSU (Stephens and McKittrick, 2005). 

Figure 18: General design parameters established from previous testing 

4.2.1 Plastic Moment Capacity of the Pile 
The specific size of the steel pile used in VT1 was based on the previous research by 
Stephens and McKittrick (2005).  In the earlier tests, the outer diameters of the steel pipe 
piles were all 8.625 in, and it was determined that a wall thickness of 0.25 in provided a 
similar diameter-to-thickness ratio (34.5) as a full-size pile used by MDT.  Therefore, the 
first step in designing test specimen VT1 was to calculate the plastic-moment capacity of 
a concrete-filled steel pile with these dimensions.  The steel pipe was specified to be 
ASTM A53 Grade B steel, which has a minimum yield stress of 35,000 psi.  Prior testing 
by Stephens and McKittrick (2005) indicated that the actual pile yield stress averaged 
about 53,000 psi.  Therefore, the higher yield strength value of 53,000 psi was used in 
calculating ��� ��	�
� �	����-moment capacity. 

The three equations used in the MDT design guide to calculate the plastic-moment 
capacity of the concrete-filled steel pile were presented in Chapter 3, and are repeated 
here for convenience as Equations 4.1 through 4.3. 
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� �
��

�
�

�� � � 	 
��
�

�
Equation 4.1 

����� � �� � � Equation 4.2 

� � � � ���� � ����� Equation 4.3 

Recall from Chapter 3 that � and 
� are the outside diameter and wall thickness of the 

steel pile, respectively, and that the 1.25 factor in Equation 4.3 accounts for the 
contribution of increased capacity due to the concrete-fill in the steel pipe, as well as 
other factors. Thus, for the first test specimen the demand placed on the pile-to-pile cap 

connection from the concrete-filled steel pile was calculated to be �= 96.8 ft·kip. 

4.2.2 Embedment Length 
The next step in the design process was to calculate the necessary embedment length of 

the CFT so that the cap could carry the design moment demand, �, without crushing of 
the concrete pile cap.  As outlined in Chapter 3, this is calculated based on a model that 
uses a simple Whitney stress block approach to represent the stresses in the concrete. The 
crushing limit state was checked using the equations for stress demand and capacity 
previously described in Chapter 3 and repeated here as Equation 4.4. 

�� � ��� � �� � � � � 
!" Equation 4.4 

The compressive stress demand, ��, is a function of � and #$%�, as shown in Equation 
3.7.  To be consistent with prior testing completed by Stephens and McKittrick (2005), an 

embedment length of 9 in was used. For the compression strength, �� was set to 1.0 
instead of 0.7 because the model was being built in laboratory conditions where 
construction was precise and the material parameters were well known. The concrete 

confinement factor, �, was set at 1.8.  The final parameter in the equation, � 
! of the

concrete, was set at a target value of 4,000 psi, although the actual concrete strength at 
the time of testing was 6,250 psi. Therefore, and as shown in more detail in Appendix B, 

the demand on the concrete, �� = 6.8 ksi, was less than the capacity of the concrete, �� = 
7.2 ksi, which verified that the 9-in embedment length was adequate. 

4.2.3 Pile Cap Reinforcement 
As previously described in Chapter 3, the design guide evaluates the reinforcing steel 
required in the cap in two steps:  the longitudinal steel required &' (&)* +, -./0' 1+)2&3

flexural design, followed by calculation of any additional steel in the connection zone 
necessary to carry the full moment demand from the CFT.  Additional steel is required if 
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the design demand exceeds 60 percent of the plastic-moment capacity of the pile, which 
is obviously the situation in this case (recall that Mu was assumed to be equal to Mp).    

Beginning with the longitudinal steel requirements from a normal flexural design, the 
decision was made to use the reinforcing required to carry the cracking moment as a 
baseline for these designs. The cracking moment of the cap can be determined from 

Equation 4.5, where �� is the modulus of rupture and is equal to 727 psi for the design 

compression strength, � �� , of 4,000 psi concrete (������	�, AASHTO 5.4.2.6). 


�� � �� �  � ��
� Equation 4.5 

The calculated cracking moment for this specimen was 58.9 ft·kip.  The design guide 

further specifies that the design capacity, 
�, should be taken as ��� � 
�� (consistent 
with AASHTO requirements), from which the minimum area of steel can be calculated 
using Equation 4.6. 


� � �� � �� � �� � ����
� �� � ����� � � 

Equation 4.6 

Recall that � is the distance from the compression surface to the center of the 

longitudinal steel, �� is the yield strength of the longitudinal steel, and  is the width of 

the cap. These parameters were defined as shown in Figure 19. Therefore, for VT1 the 

required area of steel, ��, was found to be 0.9 in2, for which two #4 and two #5 bars (As
� ��  in2) were chosen.  This configuration of steel was placed in both the top and bottom
surfaces of the cap to cover fully reversed bending.  Note that four #3 bars were also 
placed on the sides of the cap, which are also shown in Figure 19, as such bars were 
similarly placed in the full-size example detail provided with the MDT design guide (see 
Appendix A).  
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Figure 19: Longitudinal steel design and placement 

Relative to additional steel, the MDT design guide specifies that 25 percent of the area of 
steel calculated by Equation 3.12, reproduced below as Equation 4.7 for convenience, 
should be used.  Furthermore, the guide specifies the additional steel to be in a U-shaped 
configuration or a through-bar configuration. All of the tests in this study used only U-
bars as additional reinforcement. 

����� � ���	 

��

� 
 � 
 ��
Equation 4.7 

In evaluating this equation, �� was set at 96.8 ������ ���� �������-moment capacity of the 

CFT), � was set at 0.9, and � was solved from Equations 3.1 through 3.3 using � !" of 

9.0 in.  The additional steel to add, ����� , for VT1 was calculated to be 1.04 in2.

Therefore, a #7 U-bar was selected as additional reinforcement in each direction, as it 
provided 1.20 in2 (1 #7 has a cross sectional area of 0.60 in2, which is doubled when used
as a U-bar) of steel in each direction.  Note that a single #6 U-bar in each direction was 
too light (0.88 in2), and while a #4 U-bar in combination with a #5 U-bar in each
direction was a very good fit (1.01 in2), it was judged undesirable to stack the U-bar
reinforcement in the first test (although this was implemented in VT2). 
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The U-bar configuration for VT1 is shown in Figure 20. Note that the U-bars were 
located as close to the exterior of the cap as physically allowed, maximizing the moment 
arm resisting the pile moment. 

Figure 20: Additional longitudinal steel design and placement 

The stirrup configuration for VT1 is also shown in Figure 20, which also represents the 
complete steel cage used for VT1.  In the transverse direction, the design guide (again 
following AASHTO) specifies two equations which control the design of the 
reinforcement, as previously described in Chapter 3, which are repeated here as 
Equations 4.8 and 4.9. 

��� � ���� � 	 � 
��� � ��
�

�� � ����� � �� Equation 4.8 

��� � ���� � 	 � 
��� � ��
�

�� Equation 4.9 

Recall, that 	 is the spacing of the transverse reinforcement, and 
��� is the width of the 

concrete core. Also, �� and �� are the gross area and the core area of the concrete cap 

cross section, respectively. While there was some design choice in the spacing, 	, 1.75 in 
was chosen to keep consistent with previous testing.  For the design of VT1, a cover of 1 
in was used, which was consistent with previous testing completed by Stephens and 

McKittrick (2005) and resulted in using 16 in for the width of the core, 
���, and in the 

calculation for the core area, ��. Thus, for a design compression strength of concrete, ���,
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of 4,000 psi and a steel yield stress, ��, of 60,000 psi, the amount of steel area needed, 

���, was 0.22 in2. This is approximately the area that two legs of a #3 stirrup provide.
The stirrups that fall in the pile location are open and designed to leave 1.5 in of 
clearance around the embedded steel pile.  In accordance with the design guide, the 
stirrup spacing of 1.75 in was maintained a distance equal to the half of the height of the 
cap beyond each face of the pipe pile in the longitudinal direction.  Outside of this region, 
the stirrup spacing was set at 6.0 in. 

A detail of the resulting reinforcing cage is shown in Figure 21. 

 Figure 21: Steel reinforcement scheme for VT1 
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4.3 Specimen VT2 Design 
Test specimen VT2 was configured to exercise the design guide at a higher level of 
moment demand than was used in VT1.  The design moment was increased by 25 percent 
over VT1 to 122.0 ���kip, with this increased demand being accommodated by increasing 

the pile embedment length.  Based on this moment demand and with a �� � ��	 (�� was 
set to 1.0 for VT1), an embedment length of 11.75 in was determined for VT2 following 
the design guide (see Appendix B).  Besides the embedment length change, the only other 
change in the design parameters for VT2 was the specific configuration of the U-bars.  
Following the design guide, the additional area of steel required for the VT2 design 
moment demand was calculated to be 1.002 in2, nearly identical to what was required by
VT1 (Table 3). A change in design strategy was implemented at this point with the goal 
of more closely matching the calculated U-bar steel area with the selected bars.  Thus, a 
combination of a #4 and a #5 U-bar was used, rather than the single #7 U-bar used in test 

�� ��� �������� �-bars were placed staggered in opposing directions as shown in 
Figure 22. 

Figure 22: Stacked U-bar configuration used in VT2 

Also beginning with VT2, a change in test strategy was introduced, which was to increase 
the wall thickness of the CFT to force connection failure to occur in the concrete pile cap. 
In the first test, VT1, failure consisted of the formation of a plastic hinge in the concrete-
filled steel pile; to avoid limiting the results of all the tests to this failure mechanism, the 
wall thickness of the steel pipe pile was increased in all subsequent tests to purposely 
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increase the moment capacity of the CFT pile beyond the capacity of the concrete pile 
cap.  This test strategy reflected that all the parameters varied in this series of tests 
affected the design and performance of the concrete pile cap, rather than the CFT pile.  A 
pipe pile wall thickness of 0.5 in was used in VT2. 

4.4 Specimen VT2.5 Design 
VT2.5 was constructed by simply inserting the undamaged CFT from VT2 into the 
generally undamaged concrete cap from test VT1.  In test VT1, a plastic hinge formed in 
the CFT before any significant distress occurred in the pile cap; thus, to a large extent, 
this test only provided a conservative lower bound on the capacity of this cap 
configuration.  Therefore, the VT1 cap was retested (as VT2.5) using the stronger CFT 
from VT2.  The first step in assembling VT2.5 using the cap from VT1 and the CFT from 
VT2 was to remove the original pipe pile from VT1.  While the cap from VT1 was 
����������	 ��
��� ��� ����� �� ���� ��� ������ ��� ����
��� �
�� �� ���� �������� ��

be readily withdrawn from the cap following the test.  Similarly, the VT2 CFT easily slid 
���� �� 
�������� ������ ��� � 
��������� �����	 ��� ������� �� ���� ��� ���� ��� ���

grout or other filler/bonding material was used).   

Note that Table 3 shows slight differences in certain test parameters between VT1 and 

VT2.5, such as the moment arm length, �, and the crushing strength, ��, even though it is 
the exact same pile cap. VT1 was designed with a concrete compression strength of 4,000 
psi, while the physical test specimen had a concrete compression strength of 6,250 psi; 
therefore, in the design of test VT2.5, the known compression strength of the pile cap was 
used, resulting in certain design values deviating from VT1.  Notably, in light of this 
difference in concrete compressive strength, the moment capacity predicted by the MDT 

design guide for cap specimen VT2.5 was 107 ft���� �� !"  ft���� with #$set to unity).  

4.5 Specimen VT3 Design 
Specimen VT3 was very similar in design to VT1 except that instead of specifying a 
design moment, the embedment length was chosen to be 10.375 in, midway between the 
embedment lengths of 9.0 in and 11.75 in used in VT1 (and VT2.5) and VT2, 
respectively.  At this embedment length, the pile cap capacity was calculated to be 112 

ft·kip (160 ft·kip with #$set to unity) using the MDT design guide.  Note that in 

designing VT3, the decision was made to set #% to unity (compared to #% of 0.9 used in 

test VT1). This resulted in a required U-bar area of 1.141 in2 for VT3, which is an
increase of 10 percent when compared to VT1, but a single #7 U-bar in each direction 
still provided sufficient additional reinforcement. Similar to VT2 and VT2.5, this test also 



162 

used the oversized concrete-filled steel pile (wall thickness of 0.5 in) to assure that the 
ultimate capacity of the cap was realized. 

4.6 Specimen CT1 Design 
Specimen CT1 was largely identical in design to VT2; the only difference between the 
two models was that the thickness of the steel pile was increased in CT1 to 0.75 in to 
ensure a cap failure in both cyclic test specimens (it was believed CT2 might have an 
increased capacity over other the other connection models tested, as it contained 
additional U-bars as described below).  From a testing perspective, CT1 was loaded 
cyclically, while VT2 was loaded monotonically to failure, as previously discussed.   

4.7 Specimen CT2 Design 
Specimen CT2 was very similar to CT1, with the addition of an interior set of U-bars 
located approximately 0.75 in below the embedded pile tip as shown in Figure 23.  
Previous testing indicated that localized crushing of the concrete was occurring in this 
interior region around the pile prior to reaching the design moment of the cap.  To better 
control test parameters between CT1 and CT2, they were cast from a single batch of 
concrete.   

Figure 23: Exterior and interior U-bars for CT2 
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4.8 Specimen Construction 
The test specimens were constructed in the Structures Laboratory at MSU.  Out of 
convenience, the specimens were cast in an inverted position, as shown in Figure 24.  For 
each specimen, the steel reinforcement cage was constructed per the specifications 
discussed in the previous section (Figure 25).  Strain gages were placed in strategic 
locations on the reinforcing bars (as is discussed in more detail in Appendix C).  The 
completed cage was placed in the pile cap form, after which the steel pipe pile was 
positioned in the cage in the cap.  A local batch plant supplied concrete.  Consolidation of 
the concrete was achieved using a vibratory stinger. The open side of the pile cap was 
finished using hand trowels to achieve a smooth finish. Fifty 4x8 cylinders were cast as 
well as three 6x12 cylinders for each concrete pile cap. Most of these cylinders were 
stored in a moist cure room and used to determine the progressing strength of the 
concrete over time.  For all the tests, the concrete strength for the test specimen was 
based on the average of three or more moist cured 4x8 test cylinders.  
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Figure 24: Structural elements ready for concrete placement 
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Figure 25: Typical steel reinforcement cage construction (VT1 shown) 
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Figure 27: An overview of the test specimen, frame, and hydraulic elements 

5.1 Instrumentation 
Load, deflection, and strain were measured and recorded for each test. The locations of 
the load and deflection measurements are shown in Figure 28. Both the axial and lateral 
loads were monitored.  Deflection was measured in six places along the length of the pile. 
Five of the six displacements were obtained through the Celesco displacement gages 
shown in the figure, while the remaining displacement measurement was via a transducer 
on the lateral hydraulic jack; therefore, the sixth displacement is located at the tip of the 
pile. Measuring along the CFT from the face of the concrete pile cap as shown in Figure 
28, the gages were located at: (1) 2.875 in, (2) 6.0 in, (3) 18 in, (4) 29.75 in, (5) 47.8125 
in, (6) 67.5 in (pile tip). 

In each test, strains were measured at selected locations on the steel pile and/or the 
reinforcement in the pile cap.  Strain gage locations changed between tests, based on the 
test objectives and experience gained from each successive test.  For example, the strain 
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of the steel pile was measured in the first test, VT1, when the expected outcome was the 
formation of a plastic hinge in the pile. In later tests, when an oversized steel pile was 
used, more strain gages were placed on the steel reinforcement inside the concrete pile 
cap.  Therefore, specific strain gage locations are identified in Chapter 6 and in Appendix 
C, where the strain results are presented.  That being said, in general the strain response 
was measured on the U-bars, the straight longitudinal bars on the bottom cap, as well as 
on selected transverse ties.   

The steel reinforcement to be strain gaged was held out of the reinforcement cage until 
after the gages were installed.  For example, strains were measured at three locations on 
the exterior most U-bar in VT1 as shown in Figure 29.  All gages were installed 
following standard strain gaging procedures. 
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Figure 28: Load and displacement locations (all lengths in units of inches) 
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Figure 29: Typical strain gage placement on U-bar 

5.2 Test Conduct 
All tests were conducted in the MSU Structures Laboratory. Due to the different nature of 
the monotonic and cyclic tests, they are discussed separately below. 

5.2.1 Monotonic Test Conduct 
In each of the monotonic tests (VT1 to VT3), the specimens were initially loaded in the 
positive direction (defined as away from the hydraulic ram in Figure 27) until extensive 
failure was observed (i.e., a distinct loss in load carrying capacity).  The specimens were 
then unloaded and the pile pulled back to its starting position.  Then the specimen was 
loaded in the negative direction (defined as toward the hydraulic ram in Figure 27) until 
the tip of the pile reached the same deflection as the first positive cycle.  The test was 
generally considered finished after the pile was returned to its starting position, although 
on the first and second test (VT1 and VT2), the test specimen was cycled through a 
second positive cycle before finishing the test.   

The specimens were generally loaded in increments between 2,000 to 5,000 lbf of applied 
lateral tip load, at which point the load was held and any observed distress (e.g., 
cracking) was documented.    After the relevant documentation was obtained, the load 
was increased until the next load increment was reached.  Also, when significant 
structural damage and changes in behavior in the test specimen were noticed, loading was 
stopped so that notes, pictures and cracking in the concrete could be recorded.  This 
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strategy helped ascertain behavioral changes as the test specimen began to fail, 
independent of the nature and type of failures encountered. 

As previously mentioned, lateral and axial load, pile deflection, and strain information 
were recorded.  The sampling rate at which this information was captured was between 
0.5 and 1.0 samples per second for the monotonic tests.   

5.2.2 Cyclic Test Conduct 
The displacement history for CT1 and CT2 is shown in Figure 30.  The pile tip drift was 
cycled at 0.5 percent intervals (with three cycles of fully reversed displacement at each 
interval) until a drift of 4.0 percent was reached.  At this point, the increase in pile tip 
drift was at 1.0 percent intervals until 7.0 percent drift was reached (again with three 
cycles of fully reversed displacement at each interval).  The tests concluded with drift 
cycles conducted at 9.0 percent drift and 11.0 percent drift. 

Figure 30: Cyclic loading history for CT1 and CT2 

Similar to the monotonic tests, load, pile deflection, and strain were all recorded 
throughout each test.  The sampling rate was changed to 0.25 samples per second (from 
0.5 - 1.0 samples per second used in the monotonic test) to increase resolution.   
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6 TEST RESULTS 
The results of the monotonic and cyclic tests conducted on the six CFT pile-to-concrete 
pile cap connections described in Chapter 4 are reported in this chapter.  An overview of 
the important parameters characterizing each test along with the corresponding test 
results is presented in Table 5.  Referring to this table, significant items that varied from 
test to test are the U-bar configuration, the pile embedment length and the concrete 
compression strength. Relative to general performance, VT1 failed through the formation 
of a plastic hinge in the CFT pile, while the remaining tests all failed by fracturing the 
concrete pile cap.  The change in failure mechanisms was intentional and was achieved 
through a change in test methodology, in which a purposely over-sized steel pile was 
used to ensure the capacity of the cap was achieved.  In VT1, the ultimate strength of the 
CFT pile, with a wall thickness of 0.25 in and a D/t of 34.5, was 119.2 ft·kip.  In the 
remaining monotonic tests (VT2, VT2.5, and VT3), failure occurred by fracturing of the 
concrete pile caps.  The ultimate strengths of the concrete pile caps in each of these tests 
were 173.8 ft·kip, 138.5 ft·kip, and 151.7 ft·kip, respectively.  The two cyclic tests, CT1 
and CT2, which were similar in design to VT2, had ultimate strengths of 172.4 ft·kip and 
181.8 ft·kip, respectively.    

The results of each of the tests are presented in more detail in the following sections. 
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Table 5: Summary of test results 

6.1 Verification Test 1 � VT1 
The purpose of the first test, VT1, was to create a baseline for a CFT pile-to-pile cap 
design completed with the MDT design guide, while maintaining consistency with the 
previous testing completed by Stephens and McKittrick (2005); therefore, the two key 
design features of VT1 included a 9.0 in pile embedment length and a design moment 
capacity of 96.8 ft·kip based on a steel pile with a wall thickness of 0.25 in as detailed in 
Chapter 4. The outcome of this test, as shown in Table 5, was the formation of a plastic 
hinge in the CFT pile; therefore, the focus of this section is directed more towards the 
response of the plastic hinge in the CFT pile. The concrete pile cap is analyzed in more 
detail when its capacity is realized in VT2.5, which reused the undamaged pile cap from 
this test. 

The entire moment-drift response for this specimen is shown in Figure 31, while the first 
push is shown in Figure 32. Referring to these figures, percent drift was calculated as a 
ratio of the tip deflection to the length of the non-embedded portion of the steel pile. The 
reported total moment applied to the pile during the test includes the moment associated 
with the application of the lateral load as well as the moment due to P-delta effects from 
the axial load.  As shown in the figures, the CFT pile tip was pushed in one direction until 
failure was evident at a load of 119.2 ft·kip.  The tip of the pile was then returned back to 
zero drift. Due to a problem with instrumentation, a portion of the load data for the return 
of the first push was not measured, which is identified in the figure. The steel pile tip was 
then pulled in the opposite direction until approximately the same amount of drift had 
been reached as the first push. The tip of the pile was returned to zero drift. Finally, a 
second push and return to zero drift was completed. 
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Figure 31: VT1 Applied Moment (w/P-Delta) vs. Lateral Drift 

Figure 32: VT1 Applied Moment (w/ P-Delta) vs. Lateral Drift - First Push Only 
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As expected, the ductile nature of the plastic hinge in the CFT pile provided a very robust 
hysteresis response, identified by a minimal loss in energy dissipation and load capacity 
for each completed load cycle.  

Figure 33a shows VT1 at the maximum positive deflection achieved during the test. For 
reference, in this figure the steel pile tip is deflected about 9.25 in from its original 
position in the positive (extension) direction of the hydraulic ram applying the lateral 
load.  A top view of the plastic hinge in the pile at the maximum positive deflection is 
shown in Figure 33b.  Two lines were added in the figure on either side of the pile to 
better show the rotation of the pile across the plastic hinge zone.  Figure 34a shows the 
state of the pile cap at the maximum negative deflection.  Note that the concrete pile cap 
appears undamaged except for some minor cracking in the concrete. A close-up of the 
plastic hinge zone for the negative cycle is shown in Figure 34b.  Typical for a CFT 
failure, the steel tube is buckling outwards in this figure. 

Figure 33: VT1 failure: plastic hinge in the steel pile in the positive direction 
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Figure 34: VT1 failure: plastic hinge in the steel pile in the negative direction 

6.2 Verification Test 2 � VT2 
The second test, VT2, was designed to further exercise the MDT design guide by 
increasing the moment demand on the concrete pile cap by approximately 25 percent, 
which resulted in an increased embedment length of 11.75 in.  Additionally, an overly 
stiff and strong steel pile was used in this test, to force the failure into the concrete pile 
cap.  

Similar to VT1, the load and deflection at the tip of the pile are presented in terms of 
moment and percent drift in Figure 35 and Figure 36. The steel pile tip was initially 
pushed monotonically until the concrete pile cap fractured at a moment of 173.8 ft·kip. 
The pile tip was then pulled to a similar negative displacement. The pile tip was then 
cycled through a positive displacement and returned to its original position to complete 
the test.  

As expected, in VT2 the concrete pile cap fractured while the CFT pile remained 
relatively undamaged.  Accordingly, several important behaviors are apparent in the 
moment-drift response of VT2.  The first noticeable difference between VT2 and VT1 is 
the degradation of the response as each load cycle was completed in VT2.  The ultimate 
strength of the first negative cycle relative to the first positive cycle for VT2 shows a 
decrease in capacity of 17 percent, while in VT1 this decrease was only 2 percent.  The 
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ultimate strength of the second push relative to the first push for VT2 shows a decrease of 
55 percent, which is due to the significant amount of permanent damage evident in the 
concrete pile cap in Figure 37 and Figure 38.  Further examination of Figure 35 shows a 
��������	 �
������� �������� ���� ��� � ����������� ������ of energy dissipation capacity 
is lost during each cycle because of the decreased capability of the concrete pile cap to 
resist the moment at lower drift levels after it has been fractured. Thus, the comparison of 
the moment-drift curves for VT1 and VT2 clearly indicates the desirable improvement in 
behavior offered by plastic hinging in the steel pile (VT1) compared to fracture of the 
pile cap (VT2).  

Note that in these moment-drift figures (Figure 35 and Figure 36)� ��� �����	 �� ���

response are due to a faulty hydraulic line on the main ram that was applying the lateral 
load to the pile tip. During testing, it was advantageous to stop applying load to the steel 
pile tip as testing proceeded to allow for documentation of the condition of the cap as a 
function of load step. For VT2, each time the pump driving the hydraulic ram was 
stopped, pressure in the hydraulic system dropped (due to a leak in the hydraulic line), 
resulting in a drop in load. The deflection did not decrease accordingly, because the 15 
kip axial load was always applied, which due to the deflection of the pile and friction in 
the system, effectively held it in place. 

VT2 is shown in Figure 37 and Figure 38 when the CFT pile was at its maximum 
deflection of 10.5 in in the positive and negative direction, respectively. In both of these 
figures, crushing of the concrete in the cap immediately alongside the pile in the exterior 
compression region was evident as well as significant cracking from the pile to the edges 
of the pile cap at approximately 20-degree angles.  
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Figure 35: VT2 Applied Moment (w/ P-Delta) vs. Lateral Drift 
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Figure 36: VT2 Applied Moment (w/ P-Delta) vs. Lateral Drift - First Push 

Figure 37: VT2 Failure at maximum deflection on initial push 
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Figure 38: VT2 Failure at maximum deflection on return pull 

6.3 Verification Test 2.5 - VT2.5 
VT2.5 was a combination of structural components from VT1 and VT2, as previously 
introduced.  It consisted of the concrete pile cap from VT1 and the over-sized steel pile 
used in VT2; thus, all of the concrete pile cap parameters identified for VT1 remain 
similar, including the concrete strength, embedment length and U-bar configuration. The 
goal of the test was to determine the ultimate capacity of the concrete cap used in VT1, as 
only the plastic-moment capacity of the CFT pile was determined in that test. This is of 

particular interest mainly to determine the effects of higher strength concrete (recall ��
� =

6,250 psi for VT1/VT2.5 versus ��
� = 4,000 psi for VT2 and VT3) on pile cap response.

The moment-drift response for VT2.5 is reported in Figure 39 and Figure 40. As with the 
previous tests, the pile was pushed until failure in the cap and then returned to its zero 
drift position. The ultimate capacity of this pile cap was 138.5 ft·kip. This is lower than 
VT2, which had an ultimate capacity of 173.8 ft·kip, and was likely due to a shorter 
embedment length of the steel pile of 9.0 in for VT2.5 compared to 11.75 in for VT2.  
The pile was then pulled in the opposite direction until approximately the same drift was 
achieved and then returned back to the zero drift position.  Similar to the concrete pile 
cap failure in VT2, the ov����� ���	
��� �
� ���� �� ���� �	�������� ������� ���� ���

fracturing of the concrete cap resulted in a large reduction in energy dissipation capacity, 
especially at lower drift levels. Also, the second cycle shows a reduction in the concrete 
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cap capacity of 38 percent when compared to the initial push, which further suggests 
degradation of the concrete pile cap. 

Recall that VT2.5 is made up of the pile cap from VT1 and the CFT pile from VT2; 
therefore, the pile was not cast into the concrete pile cap for this test.  A small test load 
was placed on the pile at the start of the test in the opposite direction of the first push 
cycle as shown in Figure 39.  The response in this initial test loading indicates a small 
amount of inelastic behavior is already evident, likely due to permanent damage 
sustained to the interior of the concrete cap during test VT1.  Note that once the play was 
removed by moving the pile from one side to another, the rest of the moment-drift curve 
represents the response of the concrete cap when resisting the movement of the pile.  A 
more detailed discussion of this behavior is included in Chapter 7. 

Another irregularity in the moment-drift response for VT2.5 is the large load drop visible 
just after the ultimate capacity was achieved. During the test, the hydraulic pump 
supplying pressure to the lateral hydraulic ram was inadvertently turned off and, thus, this 
large dip is not of structural significance when analyzing the response for VT2.5. 

Figure 39: VT2.5 Applied Moment (w/P-Delta) vs. Lateral Drift 
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Figure 40: VT2.5 Applied Moment (w/ P-Delta) vs. Lateral Drift - First Push Only 

The failed condition of the VT2.5 cap for the first monotonic push is shown in Figure 41, 
and was very similar in appearance to the cap failure of VT2.  There are visual signs of 
concrete crushing in the compression region adjacent to the steel pile and large 
compression struts extending from the steel pile to the outer edges of the concrete cap. 
Additionally, the first push resulted in rupture of the concrete to the left of the pile.  
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Figure 41: VT2.5 Failure at maximum positive deflection 

The return of the pile in the opposite (negative) direction to its maximum tip 
displacement is shown in Figure 42. This failure had signs of crushing of the concrete on 
the exterior face of the cap, as well as the formation of the compression struts from the 
pile to the edge of the cap, which is similar to the first push.  One difference between the 
push and pull failures is the lack of the rupture type failure on the return negative cycle 
that was evident on the first positive cycle. 
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Figure 42: VT2.5 Failure at maximum negative deflection 

6.4 Verification Test 3 � VT3 
��� ��� ��	�
���� � ������ ��	������ �� ������ ������� �eatment of embedment 
length by using a length midway between those used in the previous tests.  VT1/VT2.5 
had an embedment length of 9.0 in, while VT2 had an embedment length of 11.75 in; 
therefore, VT3 had an embedment length of 10.375 in. Similar to VT2 and VT2.5, this 
test also utilized an over-sized steel pile to force the connection failure to occur in the 
concrete cap. VT3 was tested when the concrete strength was approximately 4,000 psi. 

Consistent with the previous tests, the moment-drift response for the pile-to-pile cap 
connection in VT3 is reported in Figure 43 and Figure 44.  The ultimate capacity of this 
pile cap was 151.7 ft·kip, which occurred at approximately 6 percent drift. The pile was 
pushed until failure in the cap was evident and then returned to its zero drift position. The 
pile was then pulled in the opposite direction until approximately the same drift was 
achieved and then returned back to the zero drift position. Note that a portion of the 
response of the second cycle was lost due to problems during acquisition.  Therefore, the 
ultimate strength of the second cycle is unknown, but based on the general shape and 
magnitude of the data that is available during this cycle, a significant loss in strength is 
expected to have occurred between the two cycles.  Similar to the concrete pile cap 
failures in VT2 and VT2.5, the overall response for VT3 is very pinched, meaning that 
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the fracturing of the concrete cap resulted in a large reduction in energy absorption 
capacity, especially at lower drift levels.  

Figure 43: VT3 Applied Moment (w/ P-Delta) vs. Lateral Drift 
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Figure 44: VT3 Applied Moment (w/ P-Delta) vs. Lateral Drift - First Push 

The ultimate strength of VT3 (151.7 ft·kip) is between the ultimate strengths of VT2 
(173.8 ft·kip) and VT2.5 (138.5 ft·kip), which was expected due to the embedment length 
of VT3 (10.35 in) being bounded by the embedment lengths of VT2 and VT2.5. The 
overall shape of the moment-drift response (Figure 43) is closer to that of VT2.5 (Figure 
39), with a sudden small decrease in load capacity after the ultimate strength was 
achieved and a more immediate decrease in capacity. In contrast, VT2 had a much more 
subtle and gradual decrease in load capacity (Figure 35). 

The condition of VT3 after the first monotonic push is shown in Figure 45.  This is very 
similar to the failure of observed for VT2. There are visual signs of concrete crushing in 
the compression region adjacent to the CFT pile and large compression struts extending 
from the steel pile to the outer edges of the concrete cap.  
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Figure 45: VT3 Failure at maximum deflection on initial push 

The return of the pile in the opposite (negative) direction to its maximum tip 
displacement is shown in Figure 46.  This failure had signs of exterior concrete crushing 
as well as the formation of the compression struts from the pile to the edge of the cap, 
which is similar to the first push. 

Figure 46: VT3 Failure at maximum deflection on initial pull 
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6.5 Cyclic Test 1 � CT1 
CT1 was designed to determine if the behavior of the connection (more specifically the 
pile cap component of the connection) is different under monotonic versus cyclic loads.  
CT1 was constructed to replicate VT2.  As previously introduced in the test conduct 
section of this report, it was subjected to a series of fully reversed displacement cycles of 
increasing magnitude, rather than being pushed to its ultimate capacity in a single event.     
While the loading scheme changed, almost all other test variables were kept the same 
between CT1 and VT2 (e.g., concrete strength, reinforcing scheme).  The wall thickness 
of the CFT pile was slightly larger for CT1; however, the concept of using an oversized 
pile to purposely force the failure into the pile cap was the same.  

Similar to the previous monotonic tests, the load-displacement response is represented in 
terms of the total applied moment at the connection (which includes P-delta effects) and 
the drift at the tip of the pile.  The complete cyclic response for CT1 is shown in Figure 
47. Additionally, the peak load and corresponding drift for each cycle are plotted
separately in Figure 48.  As previously noted, the cyclic response includes three cycles at 
each drift level before the drift was increased. As expected, the ultimate failure of this 
specimen was due to fracturing of the concrete pile cap. The maximum total moment 
carried by the cap was 176 ft·kip, and was experienced during a negative cycle at a drift 
of -4.9 percent.  The maximum moment carried during the positive cycles was 172.4 
ft·kip, and occurred at a drift of 4.2 percent.  While the negative cycles demonstrated a 
higher maximum moment capacity than the positive cycles, this capacity tapered off 
more sharply upon subsequently cycling at higher drift levels than was seen for the 
positive cycles.  For displacement cycles applied in both directions, the stiffest and 
strongest response was seen during the first displacement cycle of each displacement 
step, particularly as the displacement magnitudes increased.   This degradation of strength 
with each successive cycle at the same displacement level is particularly evident in 
Figure 48.  These behaviors are discussed in more detail in the following chapter.   
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Figure 47: CT1 cyclic response 

Figure 48: CT1 Cyclic Load Peaks vs. Percent Drift 

As the displacement cycles increased in magnitude, CT1 eventually failed through 
crushing and fracture of the concrete pile cap, as was expected with the use of the 
oversized pile. Figure 49 shows CT1 near the completion of testing.  While there is much 
interest in the response leading up to failure as cycling proceeded, CT1 ultimately failed 
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in a manner visually similar to the companion monotonic test VT2.  Referring to Figure 
49, the overall failure response of the cap included significant crushing on each side of 
the pile region, permanent elongation of the cap hole, as well as significant cracking in 
the concrete, including the compression struts as previously identified.   

Figure 49: CT1 near the completion of testing 
. 

6.6 Cyclic Test 2 � CT2 
CT2 was designed to evaluate the effect on cap performance of including internal U-bars 
located near the tip of the embedded pile. Aside from these additional interior U-bars, all 
other test parameters were kept as close as test conditions allowed to those of CT1 (and 
thus also VT2), including the applied displacement history.   

Similar to the previous tests, the load vs. displacement is represented in terms of the total 
applied moment at the connection (which includes P-delta effects) and the drift at the tip 
of the pile.  As previously noted, the cyclic response consists of three repeated 
displacement cycles at each increasing drift level. The complete hysteresis for CT2 is 
shown in Figure 50.  Additionally, the peak resistance and corresponding drift for each 
displacement cycle are plotted in Figure 51.  As expected, the specimen ultimately failed 
in the concrete cap in a manner similar to that observed in CT1 and VT2: crushing and 
splitting in the concrete pile cap.  
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Figure 50: CT2 complete cyclic response 

Figure 51: CT2 cyclic load peaks vs. drift 

As expected for this type of failure, the response is very pinched, indicating reduced 
energy dissipation.  Additionally, degradation in moment capacity between subsequent 
cycles at the same drift level is evident, but is delayed when compared to CT1.  Finally, 
as the drift increases, the ultimate moment is reached at 181.8 ft·kip in the positive 
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direction, and 189.8 ft·kip in the negative direction.   Note that this response is more 
balanced when compared to CT1.   The condition of the specimen near the completion of 
testing is shown in Figure 52.  While test CT2 was cyclic in nature and thus there is much 
interest in its response as cycling proceeded, the ultimate failure condition in most 
regards resembles that seen in the monotonic tests. 

Figure 52: CT2 near the completion of testing 
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7 DISCUSSION OF RESULTS 
Further insight on connection performance was realized by reviewing the tests results 
comparatively rather than individually as was done in the previous chapter of this report.   
Recall, four monotonic tests -- VT1, VT2, VT2.5 and VT3 -- and two cyclic tests -- CT1 
and CT2 -- were conducted in this program.  The monotonic tests were well suited for 
identifying different failure mechanisms as the connection was pushed in a single stroke 
to failure, while the two cyclic tests were useful in identifying early degradation in 
connection performance under repeated loadings.  These comparative analyses revealed 
some trends in connection performance that the MDT design guide could more 
thoroughly address, as commented on below.  The majority of these observations are 
related to the pile cap, as the test program was purposefully designed to focus on this 
element of the connection.  That being said, in one test (VT1) a plastic hinge formed in 
the CFT, allowing for at least some comment on how the design guide treats this element 
of the connection.  

7.1 Overview 

7.1.1 Monotonic Test Series 
The force-displacement responses (i.e., total moment as a function of drift) for the first 
push to failure in monotonic tests VT1, VT2, VT2.5, and VT3 are grouped in Figure 53 
for comparison purposes.  In this figure, the various failure mechanisms that were 
successively experienced by each test specimen are identified.  These failures correlate 
with changes in the cap stiffness, as represented by associated changes in the slope of 
each moment-drift response.  At each such major change in slope, vertical lines have 
been inserted on the figure marking the drift values and the corresponding moment values 
at which they occurred.   

Referring to Figure 53, some commonalities in basic behavior and associated failure 
mechanisms are apparent across all tests.  In general, the first distress in each specimen 
consisted of thin cracks forming in the cap concrete, followed by the concrete in the 
�������� �� ��� 	
� �� ��� �
	� ����� �� ��� ���� ��
� ��� ������� ��� ���� �
�
���

(Figure 54).  Initial cracking occurred across a range of drifts of 0.30 to 0.60 percent and 
moments ranging from 32 to 46 ft·kip.  Interior damage/crushing was characterized by a 
change in stiffness that occurred prior to evident damage on the exterior of the concrete 
cap.  This internal crushing occurred across a range of drifts of 1.11 to 1.32 percent and 
total moments of 52.1 to 67.2 ft·kip.  While these behaviors (initial cracking and interior 
crushing) are evident in the response from VT1, VT2, and VT3, they are absent in VT2.5.  
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Test VT2.5 reused the cap from test VT1, which had already experienced these 
permanent distresses in that earlier test.  Once again, while VT1 was apparently 
undamaged on the exterior, the distress it experienced in the first test was obvious when it 
was retested in VT2.5.  The load displacement response for VT2.5 began with a stiffness 
consistent with a cracked cap with some permanent interior damage, as can be observed 
in Figure 53a and Figure 53c.  The slope of the initial section of the load displacement 
response for VT2.5 closely matches the slope of the load displacement response in each 
of the other tests following the advent of initial interior concrete damage.   

Following the occurrence of initial cracking and interior damage, the behaviors of VT1, 
VT2, VT2.5 and VT3 diverged as they were exercised through increasing levels of drifts.   
The load displacement response of VT1, shown in Figure 53a, subsequently exhibits a 
long yield plateau, as a plastic hinge formed in the CFT at a moment demand of 99.2 
ft·kip.  VT2, with an oversize pile, went on to next fail through crushing of the exterior 
concrete on the front face of the pile (Figure 54) at 5.7 percent drift and 161 ft·kip of total 
applied moment (Figure 53b).  Similarly, crushing of the concrete between the CFT and 
the U-bar was also seen in VT2.5 and VT3 at closely comparable drift levels (5.0 and 5.8 
percent, respectively).  Such crushing was readily identified by visual observation, but 
there were also other more precise indicators of its occurrence.  Typically, the signal from 
the strain gage on the inside of the U-bar was disrupted as the concrete began to crush, 
and the transverse ties immediately next to the compression region transitioned from 
tension to bending (see Appendix C).  In the case of VT2 and VT2.5, crushing of the 
exterior concrete immediately followed crushing of the interior concrete adjacent to the 
pile, as the drift demand on the pile was increased.  In VT3, longitudinal yielding of the 
U-bar reinforcement occurred prior to crushing of the exterior concrete.   This yielding
occurred at a drift of 4.8 percent and a moment of 139.2 ft·kip. 

As the drift further increased from 6 to 7 percent, VT2, VT2.5 and VT3 all experienced 
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with yielding of the longitudinal reinforcing steel.  Due to the multiple failure 
mechanisms, the moment capacity of VT2.5 then steadily decreased for the remainder of 
the test (Figure 53c).  In the case of VT3, yielding of the longitudinal reinforcement 
occurred slightly before splitting, which occurred coincident with crushing of the exterior 
concrete (at a drift of 5.8 percent).  Once again, due to the multiple failure mechanisms, 
the moment capacity then steadily decreased in a very similar fashion to VT2.5.  
Returning to VT2, following exterior crushing of the cap at a drift of 5.70 percent as 
mentioned above, the splitting failure occurred at 7.1 percent drift and moment demand 
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of 170.6 ft·kip.  As the drift further increased, reinforcement in the longitudinal direction 
eventually yielded at a drift of 12.0 percent and moment of 167 ft·kip, and the moment 
capacity began to gradually decease as significant damage to the cap was incurred.    
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(a) VT1 (b) VT2

(c) VT2.5 (d) VT3

Figure 53: Overview of results for monotonic tests (VT1, VT2, VT2.5, VT3)
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Figure 54: Exterior and interior crushing regions in the concrete cap 
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7.1.2 Cyclic Test Series 
Envelopes of the maximum moments and drifts experienced in each displacement cycle in 
tests CT1 and CT2 are presented in Figure 55.  While the discussion of the monotonic test 
series in the previous section focused on the moments and drifts at which various failure 
mechanisms occurred, the cyclic responses of CT1 and CT2 are better suited for identifying 
the initiation of permanent degradation in cap performance and then quantifying this 
degradation as cycling proceeded.  Notably, the initial occurrence of permanent degradation 
under cyclic loading was determined to be that drift step at which the moment generated in 
the connection obviously decreased on each repeated displacement cycle at that same drift 
level (see Figure 55b).  Further, this degradation in moment response had to then occur 
across the repeated displacement cycles at all remaining drift steps.  Using these criteria, the 
first occurrence of permanent degradation in the cyclic moment carrying ability of the cap 
was identified at the drift levels delineated in Figure 55.  These drift values and associated 
moments are also reported in Table 6.  Thus, initial degradation began at drift levels from of 
0.9 to 2.0 percent, and resulted in an average loss in moment demand at a these drift levels 
of approximately 3 percent, when expressed as a fraction of the maximum ultimate moment 
capacity of each specimen (these ultimate moment capacities are also shown in Figure 55 
and reported in Table 6).     

Substantial cyclic degradation of the cap performance was somewhat arbitrarily defined as a 
decrease of at least 10 percent or more in moment response across the three repeated 
displacement cycles at a given drift level.  This level of degradation was reached at 
approximately the same drift level in all cases, nominally 3 percent.  The corresponding 
maximum cap moments ranged from 159.8 to 185.7 ft·kip and are listed in Table 6.   

Finally, the ultimate capacity of each cap and corresponding drift levels at which they were 
achieved are also shown in Figure 55 and listed in Table 6.  Moment capacities ranged from 
172.4 to 189.8 ft·kip and were realized at drifts ranging from 172.4 to 189.8 ft·kip.   

Table 6: Summary of cyclic response 
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(a) CT1 � Positive Cycles (b) CT1 � Negative Cycles

(c) CT2 � Positive Cycles
(d) CT2 � Negative Cycles

Figure 55: Overview of results, maximum moment in each displacement cycle for CT1 and 
CT2  
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7.2 Cyclic Behaviors 

7.2.1 Cyclic vs. Monotonic Behavior 
The cyclic test specimens were similar in design and construction to VT2, which was 
pushed monotonically to failure.  Notably, CT1 closely replicated VT2 with respect to 
CFT embedment length, concrete strength, and reinforcing layout, providing an 
opportunity to compare monotonic versus cyclic behavior of the pile cap.  The moment-
drift response from VT2 is overlaid on the cyclic moment-drift envelope from CT1 (for 
��� ���� ��	��
 �������� �� �������� �� Figure 56.  The responses are very similar, 
especially until approximately 8.5 percent drift.  While the monotonic test did not provide 
any indication of the degradation that occurred under repeated displacement cycles, it did 
envelope the general behavior during the cyclic test, up through and beyond the point at 
which the ultimate capacity was reached.  Furthermore, the initiation of cyclic 
degradation identified in CT1 at a drift of 1.21 percent (see Figure 55a) is reasonably 
close to the drift of 1.21 percent at which interior crushing is thought to have occurred in 
VT2 (see Figure 53b).  Thus, these similarities indicate that the behaviors identified in a 
monotonic test provide a reasonable assessment of pile cap performance under a more 
complicated cyclic history.  Beyond 8.5 percent drift, the moment carrying capacity of 
the cap in cyclic test CT1 noticeably decreased compared to that of the cap in the 
monotonic test, VT2.  This loss in capacity was attributed to the accumulated degradation 
from the cyclic displacement history.  
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Figure 56: Response comparison between VT2 and CT1 

7.2.2 Effect of Additional Interior U-bar 
CT2 was constructed similar to CT1 but with the addition of interior U-bars encircling 
the tip of the embedded CFT; by comparing the responses for CT1 and CT2, the effect of 
these interior U-bars was characterized.  To help visualize this comparison, the envelopes 
of the maximum moment and corresponding drifts during each cycle of response were 
modified as shown in Figure 57 and Figure 58.  In these figures, the maximum moment at 
each drift step are connected by solid lines, and the degradation in moment response at 
each drift step is both delineated, as well as reflected by the size of the circle at each step.  
As before, the degradation across the three displacement cycles at each drift step is 
simply given as the change in moment across the three displacement cycles divided by 
the ultimate moment capacity of the cap.   

Referring to Figure 57 and Figure 58, CT2, which had the additional interior U-bars, 
clearly performed better than CT1, which only had the exterior U-bars.  At all drift levels, 
CT2 exhibited a stiffer response and greater moment resistance than CT1.  The difference 
in stiffness and resistance was more pronounced between the two specimens for negative 
versus positive cycle events.  This disparity is believed to be related to the specific 
arrangement of the U-bars in the models.  When there is only one set of U-bars as shown 
in Figure 59a (as in CT1), the connection will have different responses associated with 
���� �������	
 ��� �	 ��� �
���
��� �	��
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configuration.  When both internal and external sets of U-bars are included (as in CT2), if 
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properly laid out, the moment arm of the connection will be the same in both directions 
as shown in Figure 59b.  

Further, initial degradation due to cyclic loading occurred in CT1 at drifts of 1.21 and 
0.87 percent (positive and negative cycle directions, respectively), while the 
corresponding drift levels at which this damage initiated in CT2 were substantially higher 
at 2.0 and 1.85 percent.  Correspondingly, the increase in moment capacity between CT1 
and CT2 relating to the initial degradation point was substantial; CT2, with the additional 
set of U-bars, had an increased moment capacity over CT1 of 40.4 and 35.0 percent in the 
positive and negative directions, respectively.  This increase in capacity prior to initial 
degradation for CT2 is likely due to the elimination of the interior crushing failure 
associated with the initial degradation for CT1.  Similarly, although somewhat closer in 
occurrence, while the onset of substantial cyclic degradation in CT1 was seen at drifts of 
3.3 and 3.61 percent (positive and negative load directions, respectively), the 
corresponding drifts at which this damage was seen in CT2 were 3.9 and 3.8 percent.  
Generally as cyclic degradation initiated the degree of degradation was larger at each 
drift step in CT1 versus CT2; once substantial degradation occurred, the magnitude of 
this degradation was generally similar in both CT1 and CT2.   

Figure 57: CT1 and CT2 cyclic degradation comparison � positive cycles 
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Figure 58: CT1 and CT2 cyclic degradation comparison � negative cycles 

(a) CT1 U-bar Reinforcing (b) CT2 U-bar Reinforcing

Figure 59: Comparison of U-bar reinforcing schemes, CT1 and CT2 

7.3 MDT Design Guide 
The MDT design guide directly or indirectly addresses all of the various failure 
mechanisms observed throughout this test series: (1) the formation of a plastic-hinge in 
the CFT, (2) interior and exterior concrete crushing, (3) yielding of the longitudinal 
reinforcement, and (4) splitting of the concrete due to transverse loads introduced from 
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the embedded CFT.  This section discusses the efficacy of the design guide at 
predicting/preventing these mechanisms, as well as possible areas for improvement. 

7.3.1 Plastic-Moment Capacity of CFT 
While the focus of this test series was on the capacity of the concrete pile cap, a plastic 
hinge did form in the CFT in test VT1 (in all other tests, an oversized CFT was used to 
purposely force failure in to the pile cap).  Plastic hinging in VT1 occurred at a moment 
of 119.2 ft·kip, which significantly exceeded the predicted capacity from the design guide 
of 96.8 ft·kip (with the 1.25 overstrength factor).  As previously mentioned, the design 
guide equation ignores the presence of the concrete infill in the tube, which typically 
significantly increases the plastic moment capacity of the CFT.  The method commended 
by AISC (introduced in Chapter 2) has been shown to closely predict the plastic moment 
capacity of CFTs. Therefore, it is suggested that the AISC method be considered by the 
design guide.  Notably, there are two major concerns with underestimating the plastic 
moment capacity of the CFT: 

1. if the design assumes plastic hinging of the CFT will limit the maximum moment
demand that the pile cap needs to be designed for, it is unconservative to
underestimate this parameter, and

2. while the current design guide methodology was calibrated to this approach for
determining the plastic moment capacity of the CFT, if this value can be better
established, it would seem reasonable to do so and modify the calibration process
accordingly.

7.3.2 Concrete Crushing Limit State 
The MDT design guide addresses the issue of concrete crushing by varying the 
embedment length of the embedded CFT to reduce the stresses on the concrete resulting 
from the applied moment.  The relationship between embedment length, concrete 
strength, and moment capacity, previously defined in equation 4.1 is presented 
graphically in Figure 60 and repeated in Figure 61, for both compressive strengths used 
in this test series (4,000 psi and 6,250 psi).  As expected, the moment capacity increases 
with increasing embedment length, and increasing concrete strength.  

Overlaid on the predicted moment capacities in Figure 60 and Figure 61, respectively, are 
the actual applied moments at which exterior and interior crushing of the concrete 
adjacent to the CFT is estimated to have occurred in each test.  Note that this behavior 
could only be readily evaluated in monotonic tests in which the cap failed, i.e., VT2, 
VT2.5 and VT3.  In the mechanics model used by the design guide methodology (see 
Figure 10), concrete crushing is a possibility both in the compression stress block that 
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develops in the interior of the pile cap, as well as in the compression block near the 
exterior surface of the cap.  In light of the basic unconfined nature of the concrete in the 
���������� 	�
������� ���	� ��� ��� �����	� �� ��� 	��� ������� � ��� ������� ����

series by Stephens and McKittrick was focused on preventing this failure mechanism by 
confining the concrete in this block using U-bars.  Concrete crushing in the interior of the 
cap near the embedded tip of the pile was not seen as a concern, due to the mass of 
surrounding concrete in this area.   

Referring to Figure 60, the MDT design guide reasonably predicted the occurrence of 
crushing of the concrete in the exterior compression block, although in two out of the 
three tests in which this behavior could be evaluated (VT2, VT2.5 and VT3), the 
predicted crushing moment was nominally greater than that predicted.  More specifically, 
in VT2.5 and VT3, exterior concrete crushing occurred within approximately 10 percent  
of predicted values, while in VT2, exterior concrete crushing occurred  approximately 20 
percent below the predicted value.  In two of the three tests, the crushing load was over 
predicted by the design guide.  An important parameter in predicting the onset of exterior 
crushing is the concrete confinement factor, which was determined based on the model 
configurations tested by Stephens and McKittrick (2005).  The U-bar configuration 
adopted by MDT in the design guide may not offer the same level of concrete 
confinement as was present in those earlier tests.  This situation could possibly be 
addressed by re-evaluating this factor (i.e., decreasing it) based on a thorough analysis of 
all the data collected to date.   

Relative to crushing/damage to the concrete in the interior compression block within the 
cap, the estimated moment at which this damage occurred in each test is overlaid on the 
predicted crushing moment from the design guide in Figure 61.   Referring to this figure, 
crushing/damage to the interior concrete in the cap occurred at applied moments 36.7, 
34.2 and 49.4 percent of the predicted capacities in VT2, VT2.5 and VT3.  Additionally, 
the point identified as initial degradation for CT1 (78.6 ft·kip, see Figure 56b), which is 
believed to be internal crushing as well, was at 45.0 percent of the predicted capacity 
(same predicted capacity as VT2 of 174.6 ft·kip).  Thus, while it would appear that the 
strategy of using U-bars to control crushing of the concrete in the exterior compression 
zone adjacent to the CFT has been successful, some degree of concrete 
degradation/crushing now is seen at relatively lower demand levels in the interior 
compression zone near the tip of the CFT.  The effect of this interior crushing on 
connection performance was less obvious than that of external crushing.  This internal 
crushing resulted in a reduction in cap stiffness (seen, for example, in Figure 53a), 
increased degradation with each repeated displacement cycle (highlighted in Figure 55b), 
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loss of energy dissipation capacity (see Figure 58), but little loss of ultimate load carrying 
capacity (see Figure 57).  One method to control this behavior is to use a second set of U-
bars circling the tip of the embedded pile in the interior of the cap, as was done in CT2; 
Figure 61 shows that initial degradation for CT2 was delayed when compared to VT2 and 
CT1, which did not have internal U-bars.  Further note that the possibility has been raised 
and is under continued investigation that when initial distress was observed in CT2, it 
was related to longitudinal yielding of the U-bars rather than interior concrete crushing. 

Figure 60: Crushing limit state - Predicted vs. Exterior Crushing Observed Values 
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Figure 61: Crushing limit state - Predicted vs. Interior Crushing Observed Values 

7.3.3 Yielding of Longitudinal Reinforcement 
As was done for concrete crushing in the cap, the expected moment at which yielding of 
the longitudinal steel in the cap would be expected in each test based on the MDT design 
guide methodology is presented in Figure 62.  The design guide addresses this demand on 
the cap by including additional longitudinal reinforcement in the form of U-bars if the 
design moment is sufficiently large to require such reinforcement.  The amount of 
additional longitudinal reinforcing is dependent on several factors including the 
embedment length, ����, and the steel yield stress, ��.  Typically, the embedment length 

is known from the crushing limit state; therefore, the moment capacity for this limit state 
mainly depends on the amount of reinforcing added (in the form of U-bars).  For the three 
embedment lengths tested, Equation 3.12 was used (including the suggested 25 percent 
calibration factor discussed in section 3.2.5), creating a relationship for the moment 
capacity and the additional longitudinal reinforcement required as shown in Figure 62.   

In this test series, yielding of the longitudinal steel reinforcement was observed for VT2.5 
and VT3 prior to the cap reaching its ultimate capacity, and the moments in which this 
limit state was reached for each of these specimens and the applied moments at which 
this yielding occurred are shown in Figure 62.  While yielding of the longitudinal steel 
was also reported for VT2, this limit state was reached well after other limit states and 
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thus VT2 may not have behaved in a representative fashion.  Both VT2.5 and VT3 had #7 
U-bars, providing an equivalent area of reinforcing steel added of 1.2 in. Although the
embedment length varied between the two tests (consisting of 9.0 and 10.375 in in tests 
VT2.5  and VT3, respectively), yield of the longitudinal U-bars happened at 
approximately 139 ft·kip in both tests.  This value is reasonably close to the values 
predicted by the design guide, with VT2.5 10.1 percent above and VT3 3.1 percent below 
the expected results. 

Despite the relatively close agreement in the actual and predicted moments at which the 
longitudinal steel yielded in these two tests, further review and revision of this part of the 
design guide may be merited.  The present methodology is calibrated to the previous 
testing completed by Stephens and McKittrick (2005).  Notably, the area of longitudinal 
steel required is calculated based on the design moment and then reduced by 75 percent; 
this reduction, empirically determined from test results, acknowledges the presence of 
minimum longitudinal steel already sized and placed in the cap, as well as the action of 
load carrying mechanisms not explicitly represented in the simple analytical model used 
in the design process.  However, the basic connection configuration in VT2.5 and VT3 
resembles in many regards (e.g., basic cap cross-section and pile diameter) that used in 
the calibration process, so these two tests may not offer a robust evaluation of the 
efficacy of the design methodology across all possible cap configurations.  For example, 
the calibration factor of 75 percent may not be adequate as cap cross-section sizes are 
changed (which will also change the amount of normal reinforcement used) in relation to 
different design moments based on different controlling design criteria.  It would be 
desirable to develop an analytical model that better describes the role of the U-bar 
reinforcement in the immediate area of the CFT pile to reduce reliance on empirical 
factors that may only be appropriate across a certain range of connection configurations.   
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Figure 62: Additional longitudinal steel limit state 

7.3.4 Splitting 
Splitting of the cap is the final limit state that was observed in this test series, and this 
limit state was reached after or as other limit states were experienced.  The design guide 
does not offer an analytical basis to determine a specific splitting capacity in terms of the 
configuration of the cap and reinforcing provided (i.e., the transverse ties and the U-bars).  
The design guide defines the amount of transverse steel in the cap using the AASHTO 
equations to calculate the transverse steel area and spacing required in plastic hinge zones 
of columns.  These equations (reproduced as equations 3.13 and 3.14 in this report) are 
based simply on the geometry of the cap cross-section, the spacing of the stirrups, the 
compressive strength of the concrete, and the steel strength.  This approach appears to be 
adequate, because as mentioned above, in all tests, other failure limits were experienced 
before splitting of the cap occurred.  Nonetheless, sufficient test results may now be 
available to begin to develop and calibrate a simple analytical model to allow the 
transverse steel and U-bars to be sized for this limit state based on the design moment 
demand and cap configuration.  The area of steel generated by this approach could then 
simply be compared with a minimum steel area determined by the current equations.  

7.3.5 Other Observations 
One outcome of this project has been a fairly thorough review of the MDT design guide 
methodology beyond just those provisions directly exercised in the test series.  Notably in 
this regard, one step that may merit further review is the branching of the design process 
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based on the whether the design moment, ��, exceeds 60 percent of the plastic moment 

capacity of the CFT pile, �� (see Appendix A).  In the earlier tests done by Stephens and 

McKittrick (2005), cap failure in the connection zone in lightly reinforced sections (i.e., 
no additional U-bar steel was used) only occurred when the applied moment exceeded 75 
percent of the plastic-moment capacity of the CFT pile.  Thus, with the intent of being 
conservative, a limit was implemented in the design guide requiring additional 
reinforcement adjacent to the pile in the form of U-bars when the design moment to be 
�����	
��
� ������ ��
 ���
���� 
��

�� �� �
��
�� 	 ��
 ���
�� ������� ��
��

capacity.  This approach would appear to rely on there being a consistent relationship 
between the plastic-moment capacity of the pipe pile and the moment capacity of the 
connection zone of the cap in which it is inserted.  Such a relationship may exist for 
commonly used bent configurations. That is, in such configurations if pile strength is 
increased by increasing the pile diameter, the contact area between the pile and the cap 
will increase, thus keeping the compression stresses in the concrete adjacent to the pipe 
���
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 �hat the dimensions of the cap cross-section proportionally increase, 
thus generally providing increased resistance to other failure mechanisms in the cap in 
the connection zone (e.g., splitting).    

The primary concern with the above described branching in ��
 ����
�� �
���� ���
�� ��

with possible bent configurations that fall outside those typically encountered and outside 
those used in developing this provision.  If, for example, the pile wall thickness had been 
increased in the earlier test program, its moment capacity would have increased, and cap 
failure would have occurred at an applied moment less than 75 percent of the plastic 
moment capacity of the pile.  In the current test series, this situation was purposefully 
�
�
���
� �! ����� �"
���#
� ��les in most of the tests to force failure into the concrete 
caps.   

Consider the pile used in VT2 of this test series, which had a plastic-moment capacity of 
182 ft·kip (as calculated using the design guide approach).  The current branch in the 
design guide would have indicated that significant distress in the connection region of the 
cap was unlikely to occur until the applied moment reached 109 ft·kip (60 percent of the 
plastic-moment capacity of the pile), and would actually not be expected until the applied 
moment reached 137 ft·kip (75 percent of plastic moment capacity of the pile).   Thus, if 
VT2 was being designed, for example, for a moment of 105 ft·kip, the design guide 

would have indicated that no additional U-bar steel was necessary (�� = 105 ft·kip < 

$%& ' �� = 109 ft·kip).  The resulting cap configuration would have been very similar to 
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that of the lightly reinforced sections tested by Stephens and McKittrick (2005) that did 
not have U-bars, which failed at moment demands of only 74 to 102 ft·kip (see Table 2).   

Thus, the example above demonstrates that the design process needs to consider the 
strength of the concrete cap in the connection zone relative to the design moment it has to 
carry, regardless of the plastic moment capacity of the CFT pile (which possibly could be 
highly conservative in some cases for various reasons).  One manner to ensure this 
happens in the context of the current design guide would be to simply remove that branch 
from the design process that allows additional reinforcing requirements to be bypassed if 
the design moment is less than 60 percent of the plastic moment capacity of the pile.  
This modification would result in some amount of additional reinforcement in the form of 
U-bars being part of all pile cap designs.   Presuming U-bars are easily installed, the
potential benefits of such a change in improved and more certain cap performance would 
outweigh the costs. 
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8 SUMMARY AND CONCLUSIONS 
The Montana Department of Transportation commonly uses CFT piles connected at the 
top by a concrete pile cap in short/medium span bridges.   They have found this system to 
be very efficient in that it offers low initial cost, short construction time, and a long 
service life with minimal maintenance.  While the response of this system under gravity 
loads is well understood, its response of this system under extreme lateral loads is 
difficult to reliably predict.  In particular, the behavior of the connection between the 
CFT pile and the concrete pile cap is especially complex and difficult to analyze.  This 
connection has been the focus of many research projects over the past decade, and was 
the focus of an MDT funded study completed in 2005 (Stephens and McKittrick, 2005).  
Based on the results of that investigation, MDT developed a design methodology for this 
connection.  While the connections generated with this methodology were similar to 
those tested in 2005, key differences were observed.  Therefore, the objective of this 
study was to validate the MDT design guide by physically testing scaled CFT pile-to-pile 
cap connections designed following its provisions. 

In this research, a total of six CFT pile-to-pile cap connections designed according to the 
MDT design methodology were tested until failure under lateral loads.  Four specimens 
(three unique designs) were tested under monotonic loading, providing general 
information on limit states, ultimate loads, and post-failure ductility.  Two additional tests 
were completed using a cyclic-loading scheme to capture the performance of the 
connections under multiple cycles of fully reversed, increasing load. 

Four key limit states were observed in this test program: (1) formation of a plastic hinge 
in the CFT, (2) interior and exterior crushing of the concrete in the cap, (3) yielding of 
the longitudinal reinforcement in the cap, and (4) splitting of the concrete cap.  Based on 
the results of this investigation, the following conclusions can be made regarding the 
efficacy of the MDT design methodology at addressing these limit states.  

1. The MDT design methodology for predicting the plastic-moment capacity of the CFT
only uses the properties of the steel pipe in this calculation, and simply ignores the
effects that the concrete and axial load have on this capacity.  In many applications,
this simplification would be conservative; however, if the design assumes that plastic
hinging will limit the maximum moment demand that the pile cap needs to be
designed for, it is unconservative to underestimate this parameter.  The methodology
proposed by AISC (2011) to predict the plastic-moment capacity of CFTs has been
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shown to accurately predict this capacity at axial-load ratios common in bridge 
applications, and may be suitable for use in the MDT design guide.  

2. While the model used by the MDT design guide to predict/prevent concrete crushing
is effective at predicting exterior crushing of the pile cap (which signifies the onset of
ultimate failure), interior crushing occurs at a load significantly less than that
predicted by the design guide.  This interior crushing limit state results in a reduction
in connection fixity and an increase in degradation under cyclic loading, both of
which are undesirable in this application.  This issue could be addressed by further
reducing the allowed concrete compressive strengths (resulting in increased
embedment depths) or by the inclusion of internal U-bars located near the tip of the
embedded pile.

3. The longitudinal yielding limit state was well predicted by the MDT design guide;
however, further review and revision of this provision may still be merited.  This limit
state is primarily addressed by the inclusion of additional longitudinal reinforcement
in the pile cap, typically in the form of U-bars encircling the embedded pile.  The
design methodology sizes this additional steel based on the design moment, reduced
by 75 percent.  This reduction is empirically based on the limited set of test results
from Stephens and McKittrick (2005), and was demonstrated to be sufficient in the
specimens tested in the current study; however, this data set may not offer a robust
evaluation of the efficacy of the design methodology across all possible cap
configurations.  To address this concern, it may be desirable to develop an analytical
model that better describes the effect of the U-bar on this limit state, and reduce the
reliance on empirical factors.

4. Splitting of the concrete cap was observed in all test specimens; however, it was not
observed until after the other limit states were reached, indicating that the approach
taken by the design guide (i.e., providing minimum transverse steel specified by
AASHTO for plastic-hinge zones, and including U-bars) is sufficient at addressing
this limit state.  However, following this methodology, the amount of transverse
reinforcement that is needed is not based on the specific design moment to be
transferred through the connection, but rather simply on the connection geometry.
While this limit state was not specifically studied in this or previous test series,
sufficient data may now be available from these tests to begin developing an
analytical model for splitting based on the moment demand and cap configuration.
As with the longitudinal yielding limit state, this model would reduce reliance on
empirical factors, and provide a more robust prediction for this limit state.



214 

5. While the suggestions mentioned above are important for accurately predicting the
limit states of this connection and ensuring efficient designs, the current design guide
provisions appear to typically produce conservative designs across the limit states
considered with respect to ultimate capacity.  However, an incidental review of the
design guide beyond just those provisions directly exercised in the test series revealed
one aspect that appears to merit further review, in that it could yield unconservative
results: the branching in the design process based on whether the design moment
exceeds 60 percent of the plastic-moment capacity of the CFT.  Following this
provision, if the design moment is below this limit, no additional reinforcement is
required immediately adjacent to the pile to ensure the integrity of the cap concrete in
the connection zone.   This branch is based on previous tests in which this limit was
observed to be conservative.  However, this provision is fundamentally based on the
assumption that the dimensions and reinforcing of the cap proportionally increase
with increased pile capacity, thus generally providing increased resistance to other
limit states in the cap connection zone.  However, possible bent configurations may
fall outside of those typically encountered and outside those used in developing this
provision.  Thus, this fundamental assumption may not always be true, and this
provision could yield an unconservative result in which the cap concrete in the
connection zone is insufficient to carry the moment demand placed upon it.  One
manner to address this situation would be to remove this branch from the design
methodology and to simply always calculate and provide some additional reinforcing
in the form of U-bars.

Relative to the effect of cyclic loads on connection performance, the ultimate capacity of 
the cap was not significantly affected by whether the displacement at ultimate load was 
reached in a single monotonic stroke to failure, or if it was reached through a sequence of 
steps of increasing magnitude, with each step consisting of several cycles of fully 
reversed displacement at a constant amplitude.  That being said, at relatively low loads in 
the cyclic tests, the response of the connection degraded across successive displacement 
cycles at each load step, as previously mentioned.  This degradation consisted of 
softening of the force deformation response, and a loss of energy dissipation capacity in 
the connection.  The onset of this degradation under cyclic loads was delayed 
considerably by adding a second set of U-bars encircling the tip of the embedded pile.   

Developing a robust design methodology for any structural system is a serious 
undertaking that often involves several iterations of review and revision.  The current 
MDT guide has started well down this path for designing CFT pile to concrete pile cap 
connections.   As time and resources permit, further testing and analysis should be done 
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to further address the various issues identified in this project, as they have been 
summarized above.  
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APPENDIX A � MDT DESIGN GUIDE 
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APPENDIX B � TEST SPECIMEN DESIGN CALCULATIONS 
B.1 DESIGN OVERVIEW
Table 7 and Table 8 show summaries of the design parameters for the monotonic testing 
and the cycle testing, respectively.  The actual calculations for each are shown in the 
following sections.  Note that CT1 and CT2 are based on the same configuration and 
calculations completed for VT2. 
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Table 7: Summary of design parameters - monotonic tests 
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Table 8: Summary of design parameters � cyclic tests 
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B.2 VT1 DESIGN CALCULATIONS
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B.3 VT2 DESIGN CALCULATIONS
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B.4 VT2.5 DESIGN CALCULATIONS
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B.5 VT3 DESIGN CALCULATIONS
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APPENDIX C � STRAIN GAGE DATA 

Strain data is first shown for the monotonic tests (VT1, VT2, VT2.5, and VT3) and then 
for the two cyclic tests (CT1 and CT2).  For all strain figures, tension is shown as a 
positive value and compression is shown as negative value.  The location for each strain 
gage is shown graphically on each figure.   

Typically, each strain gage location consisted of two strain gages placed on opposite 
sides of the reinforcing bar; hence, the strain plots shown in the following figures have 
two dashed lines showing the strain output for each strain gage, while the solid line 
represents the average of the two gages.  This average strain value provides a sense of the 
global strain of the section at that point.  Furthermore, by examining the strain response 
for each of the actual strain gages, the amount of bending behavior vs. the amount of 
tension behavior can be estimated.  The strain response for a bar resisting a pure tensile 
action, will result in a plot with the two strain responses falling very close to each other 
for a given drift value at any specific time.  If the strain response of the two gages differs 
greatly, and often times one gage may show a tensile behavior while the opposite gage 
shows a compressive behavior, then it is likely that the strain location is predominantly in 
bending.  Strain plots in which there are no dashed lines and only one solid line indicates 
that there was only one strain gage placed at that location. 
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C.1 VT1 STRAIN GAGE DATA

Figure 63: VT1 � Strain Gage Location 1 
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Figure 64: VT1 - Strain Location 2 

 

Figure 65: VT1 � Strain Gage Location 3 
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Figure 66: VT1 � Strain Gage Location 4 

 

Figure 67: VT1 � Strain Gage Location 5 
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Figure 68: VT1 � Strain Gage Location 6 
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C.2 VT2 STRAIN GAGE DATA 

 

Figure 69: VT2 - Strain Gage Location 1 
 



  245 
 

 

 

Figure 70: VT2 - Strain Gage Location 2 

 

Figure 71: VT2 - Strain Gage Location 3 
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Figure 72: VT2 - Strain Gage Location 4 
 

 

Figure 73: VT2 - Strain Gage Location 5 
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Figure 74: VT2 - Strain Gage Location 6 
 

 

Figure 75: VT2 - Strain Gage Location 7 
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Figure 76: VT2 - Strain Gage Location 8 
 

 

Figure 77: VT2 - Strain Gage Location 9 
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C.3 VT2.5 STRAIN GAGE DATA 

 

Figure 78: VT2.5 - Strain Gage Location 1 
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Figure 79: VT2.5 - Strain Gage Location 2 
 

 

Figure 80: VT2.5 - Strain Gage Location 3 
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C.4 VT3 STRAIN GAGE DATA 

 

Figure 81: VT3 - Strain Gage Location 1 
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Figure 82: VT3 - Strain Gage Location 2 
 

 

Figure 83: VT3 - Strain Gage Location 3 
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Figure 84: VT3 - Strain Gage Location 4 
 

 

Figure 85: VT3 - Strain Gage Location 5 
 



  254 
 

 

 

Figure 86: VT3 - Strain Gage Location 6 
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C.6 CT2 STRAIN GAGE DATA 

 

Figure 87: CT1 - Strain Gage Location 1 
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Figure 88: CT1 - Strain Gage Location 2 
 

 

Figure 89: CT1 - Strain Gage Location 3 
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Figure 90: CT1 - Strain Gage Location 4 

 

Figure 91: CT1 - Strain Gage Location 5 
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Figure 92: CT1 - Strain Gage Location 6 

 

Figure 93: CT1 - Strain Gage Location 7 
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Figure 94: CT1 - Strain Gage Location 8 

 

Figure 95: CT1 - Strain Gage Location 9 
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Figure 96: CT1 - Strain Gage Location 10 

Figure 97: CT1 - Strain Gage Location 11 
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Figure 98: CT1 - Strain Gage Location 12 
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C.6 CT2 STRAIN GAGE DATA 

 

Figure 99: CT2 - Strain Gage Location 1 
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Figure 100: CT2 - Strain Gage Location 2 

Figure 101: CT2 - Strain Gage Location 3 
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Figure 102: CT2 - Strain Gage Location 4 

 

Figure 103: CT2 - Strain Gage Location 5 
 



  265 
 

 

 

Figure 104: CT2 - Strain Gage Location 6 

 

Figure 105: CT2 - Strain Gage Location 7 
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Figure 106: CT2 - Strain Gage Location 8 

Figure 107: CT2 - Strain Gage Location 9 



267 

Figure 108: CT2 - Strain Gage Location 10 

Figure 109: CT2 - Strain Gage Location 11 
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Figure 110: CT2 - Strain Gage Location 12 


