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ABSTRACT 

Cast-in-drilled hole (CIDH) shafts are frequently used to support reinforced 

concrete bridge columns because they have smaller footprints as compared to spread 

footings. The use of enlarged (Type II) pile shafts has additional advantages in that they 

provide more tolerance in pile positioning and also prevent the formation of below-

surface plastic hinges in the piles in the event of a severe earthquake. The latter will lead 

to easier post-earthquake damage inspection. According to the specifications of the 

California Department of Transportation (Caltrans), the diameter of a Type II shaft shall 

be at least 610 mm (2 ft) larger than the cross-section dimension of the column. Hence, 

the column reinforcement extended into a pile shaft forms a non-contact splice with the 

shaft reinforcement. Because of the lack of information on the performance of these 

splices, the seismic design specifications of Caltrans on the embedment length of column 

reinforcement terminating in a Type II shaft are very conservative, especially for large-

diameter columns. This complicates the construction work and increases construction 

costs. 

This report presents an experimental and analytical investigation to determine the 

minimum embedment length required for column longitudinal reinforcement extended 

into a Type II shaft and the transverse reinforcement required in the bar anchorage 

regions of these shafts. Experiments were carried out to investigate the bond strength and 

cyclic bond deterioration of large-diameter bars (No. 11, 14, and 18 bars), which are 

frequently used in large-diameter bridge columns and piles, and to evaluate the adequacy 

of the development length requirements in the AASHTO LRFD Bridge Design 

Specifications for these bars when they are subjected to severe cyclic tensile and 

compressive loads. Such data were not available in the literature and are crucial to 

acquiring a good understanding of the anchorage performance of large-diameter bridge 

columns when they are subjected to a severe earthquake event. The experimental results 

have been used to develop, calibrate, and validate a semi-empirical bond-slip model for 

bars embedded in well-confined concrete. The model can successfully reproduce bond 
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deterioration caused by cyclic bar-slip reversals and the tensile yielding of the bar. It has 

been implemented in an interface element in a finite element program.  

While the development length tests have indicated that the AASHTO 

requirements are adequate to develop the expected yield and tensile strengths of a large-

diameter bar, further numerical studies using finite element models and Monte Carlo 

simulations have indicated that they do not have sufficient reliability to develop the full 

tensile capacity of a bar when uncertainties in material properties and construction quality 

are considered. 

In addition, large-scale tests were conducted on four column-pile shaft 

assemblies. Based on these tests, additional finite element analyses, and the 

aforementioned reliability analysis, new design recommendations on the minimum 

embedment length for column reinforcement extended into enlarge shafts have been 

proposed. Recommendations on the transverse reinforcement required in the bar 

anchorage region of a shaft are also provided. While the amount of transverse 

reinforcement recommended is higher than that required by the current design 

specifications of Caltrans and AASHTO, the required embedment length is reduced by 40 

to 50%. Furthermore, it has also been shown in the tests that engineered steel casing is 

effective in providing the necessary confinement to control tensile splitting cracks 

induced by bar slip in a Type II shaft, which can minimize the need for post-earthquake 

damage repair on these shafts.  
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CHAPTER 1 

INTRODUCTION 

The performance of reinforced concrete (RC) structures depends on the composite 

action of the concrete and reinforcing steel, which relies on the bond between the two 

materials. When RC structures are subjected to earthquake loads, they may experience 

severe bond stress demands in regions where the reinforcement is anchored, e.g., in the 

foundation of a bridge column. Inadequate embedment lengths in these regions can lead 

to anchorage failures, and, thereby, structural collapse. Figure 1.1 shows the collapse of 

large bridge columns during the 1971 San Fernando earthquake due to anchorage 

failures. After this earthquake, the embedment length for large-diameter bars in bridge 

foundations was increased and more confinement steel was provided in bridge footings 

and columns (Yashinsky 2001). 

Large-diameter bars are frequency used in bridge columns and pile shafts. In spite 

of the fact that extensive research has been carried out over the last few decades on the 

bond strength and bond-slip behavior of reinforcing bars, there were little such data 

available on large-diameter (No.11 [36-mm] and larger) bars. The development length 

specifications in ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge Design 

Specifications (AASHTO 2010) are largely based on experimental data obtained from 

No. 11 and smaller bars, and they do not allow lap-splicing of bars larger than No. 11. 

Moreover, no data were available on the cyclic bond-slip behavior for large-diameter 

bars. Most of the experimental data on the cyclic bond-slip behavior of reinforcing bars 

were obtained from No. 8 (25-mm) bars by Eligehausen et al. (1983). Therefore, 

experimental data on the bond strength, cyclic bond deterioration, and development of 
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large-diameter bars are needed to validate current code provisions and improve them if 

necessary. 

While the bond-slip behavior of reinforcing bars can have a strong influence on 

the strength and stiffness of reinforced concrete structures, this aspect has been frequently 

neglected in the finite element analysis of RC structures. Reliable bond-slip models are 

essential to properly capture crack spacing, and the stiffness and deformation capability 

of RC members. Such models are also needed for fundamental studies to determine the 

development and lap-splice lengths required for reinforcing bars in RC members of 

different designs when experimental data are not available, and for the interpretation of 

experimental results. For seismic performance assessments, accurate and efficient models 

that can capture the cyclic bond-slip behavior of reinforcing bars in large and complex 

structures are needed. 

1.1 Embedment length of column reinforcement extending into Type II shafts 

Cast-in-drilled hole (CIDH) piles are used frequently as foundations for RC 

bridge columns because they have smaller footprints as compared to spread footings. 

Two types of pile shafts are used in California: pile shafts that have the same diameter as 

the column (Type I), and pile shafts with diameters at least 0.61 m (2 ft) larger than that 

of the column (Type II), as shown in Figure 1.2. For columns supported on Type I shafts, 

plastic hinges will develop in the shafts underneath the ground surface when the bridge is 

subjected to severe seismic loads (e.g., see Budek et al. 2000, Chai 2002, Chai and 

Hutchinson 2002). Type II shafts are capacity protected elements forcing plastic hinges to 

form at the column base. This leads to easier damage inspection after an earthquake. 

Besides the structural benefits, Type II shafts have more tolerance in positioning without 

affecting the alignment of bridge columns. However, because the column and shaft 

diameters are different, it is not possible to have a continuous reinforcing cage for both 

elements, and the column longitudinal reinforcement extended into the shaft is terminated 

at a certain distance forming a non-contact lap splice with the longitudinal reinforcement 

for the shaft. 
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The Seismic Design Criteria of Caltrans (Caltrans 2010) contains the minimum 

design requirements for Ordinary bridges in California to meet the performance goals. 

Section 8.2.4 of the Seismic Design Criteria requires that column longitudinal 

reinforcement extended into a Type II shaft be terminated in a staggered manner with 

minimum embedment lengths of D c ,max + l d and D c ,max + 2l d , respectively, where Dc ,max 

is the larger cross-sectional dimension of the column and ld is the development length 

required for a straight bar in tension. This requirement was found to be conservative for 

large-diameter columns in an analytical study conducted by Chang and Dameron (2009) 

using finite element models. However, there were no experimental data on the cyclic 

bond-slip behavior of large diameter bars to calibrate the finite element models used in 

that study, and as a result, no definitive conclusions could be drawn on the minimum 

required embedment length.   

1.2 Research objectives and scope 

The main objective of this investigation was to determine the minimum 

embedment length required for column reinforcement extended into Type II shafts and 

develop improved design recommendations on the embedment length and the transverse 

reinforcement required for the bar anchorage zone of a pile shaft. To this end, basic 

experimental data on the cyclic bond-slip behavior of large-diameter (No. 11 [36-mm], 

14 [43-mm], and 18 [57-mm]) reinforcing bars were obtained from 22 bond-slip tests, 

and 3 development length tests were conducted on No. 14 and 18 bars to evaluate the 

adequacy of the current requirements in the AASHTO LRFD Bridge Design 

Specifications (AASHTO 2010). In all these tests, bars were embedded in well-confined 

cylindrical concrete specimens with a confinement level comparable to that required for a 

Type II shaft. A bond-slip law that accounts for the cyclic bond deterioration and the 

radial stress introduced by bond-slip in a semi-empirical fashion has been developed and 

implemented in the finite element analysis program ABAQUS (Simulia 2010). As part of 

this study, the reliability of the development length requirements in the AASHTO LRFD 

Specifications in developing the expected yield and tensile strengths of large-diameter 
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bars in a well-confined situation has been evaluated. With the aforementioned test data 

and detailed finite element analyses of column-shaft assemblies accounting for the bond-

slip phenomenon, the minimum embedment length required for column reinforcement 

extended into an enlarge shaft was determined. This was validated with large-scale tests 

conducted on four column-shaft assemblies. A simplified analytical model has been 

developed to determine the amount of transverse reinforcement required for the bar 

anchorage zone of a shaft to counteract the splitting forces developed by bar slip and 

ensure the development of adequate bond strength. Design recommendations have been 

developed based on results of the numerical, analytical, and experimental studies. 

1.3 Outline of the report 

Chapter 2 presents the fundamental aspects of the bond between a reinforcing bar 

and the surrounding concrete, and a literature review of notable experimental and 

analytical studies in this area. 

Chapter 3 presents an experimental study carried out in this project to investigate 

the bond-slip behavior of large-diameter bars embedded in well-confined concrete. A 

total of 22 monotonic pull-out and cyclic pull-pull tests were conducted on No. 11, 14, 

and 18 bars to study their bond strength and bond stress-vs.-slip relations. The tests 

examined the influence of the load history and loading direction applied to a bar, and the 

concrete strength on the bond strength and bond-slip behavior. The specimen design, test 

setup, and experimental results are presented in detail. Based on these results and studies 

carried out by others, the effects of the bar diameter, concrete strength, pull direction and 

loading history on the bond strength are discussed.  

Chapter 4 presents a newly developed bond-slip model that can be used in finite 

element analysis to capture the bar slip behavior in RC structures. The model adopts a 

semi-empirical law that can accurately reproduce the bond stress-vs.-bar slip behavior 

under monotonic and cyclic load conditions. The bond-slip law has been calibrated with 

the experimental data presented in Chapter 3, and implemented in an interface element in 

the finite element analysis program ABAQUS. The accuracy of the model has been 

validated with finite element analyses using data obtained from bond-slip tests, 
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development length tests, and an RC column test. Even though the model accounts for the 

radial stress introduced by bar slip and the degradation of bond strength due to splitting 

cracks, it is intended for bars embedded in well-confined concrete. 

Chapter 5 presents results of experimental and computational studies on the 

development of large-diameter bars in well-confined concrete. These studies included 

three pull-push tests conducted to evaluate the development length requirements in the 

AASHTO LRFD Bridge Design Specifications (AASHTO 2010) for large-diameter bars 

in tension under a well-confined situation. Finite element analyses have been conducted 

on the test specimens using the bond-slip model presented in Chapter 4. The accuracy of 

the models has been validated by the test results. The models have been used to 

understand the distribution of bond stress during different stages of loading. A parametric 

study has been carried out with finite element models. Based on the numerical results, an 

analytical equation has been derived to relate the tensile capacity of a bar with a straight 

anchorage to the bar diameter, the embedment length, the compressive strength of the 

concrete, and the yield strength of the steel. With this equation, a Monte Carlo simulation 

has been conducted to assess the reliability of the AASHTO development length 

specifications in developing the yield and tensile strengths of a bar in a well-confined 

condition with different uncertainties. 

Chapter 6 presents the specimen design, test setup, instrumentation, and loading 

protocol for four large-scale, quasi-static, cyclic, load tests conducted on RC column-

enlarged pile shaft assemblies. This test program was to determine the minimum 

embedment length required for column reinforcement extended into an enlarged shaft and 

the transverse reinforcement required in the bar anchorage region of a shaft, and to 

validate nonlinear finite element models used for a subsequent parametric study. The 

rationale for the design of the test specimens and the embedment lengths used is 

explained. An analytical model is presented to determine the minimum transverse 

reinforcement required in the bar anchorage region of a shaft. 

Chapter 7 presents the results of the tests conducted on the four large-scale 

column–enlarged pile shaft assemblies.  
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Chapter 8 presents a numerical study conducted to investigate the bond-slip 

behavior in column-pile shaft assemblies using nonlinear finite element analysis. Finite 

element models developed for the column-pile shaft specimens discussed in Chapters 6 

and 7 are described. These models were used for pre-test predictive analyses, and have 

been refined and validated with the test results. The correlations between the numerical 

and experimental results are presented and the bond-stress variations along the anchorage 

zone of a bar at different stages of loading are obtained numerically to assess the reserve 

anchorage capacities in the test specimens. A parametric study has been conducted with 

finite element models to evaluate the adequacy of the minimum embedment length 

requirements deduced from the assembly tests for column-shaft systems of various 

dimensions and with different sizes and quantities of longitudinal bars and different 

confinement conditions. 

In Chapter 9, design recommendations are proposed for the minimum embedment 

length required for column reinforcement extended into an enlarged pile shaft, and the 

quantity of transverse steel required in the bar anchorage zone of a shaft. These 

recommendations are based on the experimental, numerical, and analytical studies 

presented in the previous chapters. 

Chapter 10 presents a summary of the study and the major observations and 

conclusions. Recommendations for future research are also presented. 
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((a) Anchoragge failure forr a column (b) AAnchorage faailure in a briidge footing 
supportted on a pile shaft 

FiFigure 1.1: AAnchorage f failures of brridge columnns during thee 1971 San Fe Fernando 
earthhquake (Yashhinsky 2001)) 

Figure 1.2:: Type I andd Type II shaafts (Caltranss 2010) 
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CHAPTER 2 

BOND OF REINFORCEMENT: A LITERATURE REVIEW 

The stress transfer mechanism between concrete and a reinforcing bar is generally 

referred to as the bond of reinforcement. It is an essential mechanism that engages the 

composite action of concrete and steel in reinforced concrete (RC) structures. The study 

of bond between concrete and a reinforcing bar has attracted the attention of many 

researchers. According to Abrams (1913), tests to study the bond between concrete and 

iron bars were conducted as early as 1876 (only nine years after Joseph Monier had 

obtained his first patent on reinforced concrete) by Thaddeus Hyatt. Bond of deformed 

steel bars, used in modern RC construction, has been extensively studied over the last few 

decades, and comprehensive monographic reports have been published by the 

International Federation for Structural Concrete (fib 2000) and the American Concrete 

Institute (ACI 2003).  

In this chapter, the fundamental mechanisms governing the bond behavior of 

deformed bars as reported in different studies are first discussed, and relevant 

experimental studies of the bond strength and bond-slip behavior of deformed bars are 

summarized. Special attention is given to studies focused on the cyclic deterioration of 

bond resistance and on the bond characteristics of large-diameter bars because they are 

especially relevant to the research presented in this report. Finally, different approaches 

that have been proposed to model the bond-slip behavior of deformed bars are 

summarized.  
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2.1 Bond of deformed bars 

In deformed bars, the term bond refers not only to the chemical adhesion between 

the two materials, but also to the resistance provided by friction forces and the 

interlocking action introduced by the bar deformations (or ribs). The bond behavior of 

deformed bars has been well characterized by the work of a number of researchers, which 

has led to a certain agreement on its fundamental mechanisms, as documented in fib 

(2000) and ACI (2003). The description of the bond behavior presented here is based on 

the findings described in these two reports. This description is limited to deformed bars. 

No reference to plain bars, which correspond to older concrete construction practice, is 

made here. 

2.1.1 Sources of bond resistance and bond-slip behavior 

The bond force between a deformed bar and the surrounding concrete can be 

attributed to the resisting mechanisms shown in Figure 2.1: (a) chemical adhesion 

between the steel and the concrete, (b) friction forces acting at the interface, and (c) 

bearing forces of the bar ribs acting against the concrete. The nature and magnitude of the 

bond force depends on the relative displacement, or slip, between the concrete and the 

bar. Some could argue that there is no such phenomenon as bar slip based on the fact that 

most of the relative displacement of a bar is due to inelastic phenomena (cracking, 

crushing, and shearing) that take place in the concrete surrounding the bar, but not at the 

interface. However, in this report, as in most studies, slip is idealized as the sum of the 

relative displacement at the interface and that due to the above-mentioned inelastic 

deformations. 

At low bond stress demands, bond is mostly due to chemical adhesion, and no slip 

occurs between the bar and the concrete. As the chemical adhesion is overcome by 

increased bond stress demand, the bar starts to slip with respect to the concrete, which 

mobilizes friction forces at the bar surface due to its roughness and bearing forces at the 

ribs against the concrete. The pressure that the ribs exert onto the concrete creates micro-

cracks, commonly referred to as Goto cracks (Goto 1971), starting at the tip of the ribs 

and propagating transversely away from the bar, as shown in Figure 2.2. The opening of 

10 



 
 

              

              

         

              

              

              

         

              

              

 

          

              

              

             

                

         

               

            

               

               

             

            

                 

 

            

           

            

             

                

             

these micro-cracks allows further slippage of the bar with respect to the concrete. As slip 

occurs, the wedging action of the ribs tends to introduce a radial expansion at the 

interface, which activates the passive confinement in the concrete. Radial expansion 

produces a hoop tension in the concrete, which causes splitting cracks to develop at the 

surface in contact with the bar and propagate radially, as shown in Figure 2.2. This hoop 

tension is balanced by the undamaged outer concrete ring as well as the confining 

reinforcement if any. For low confinement conditions, splitting cracks propagate radially 

through the concrete cover and the bond fails abruptly, as shown in Figure 2.3. This type 

of failure is referred to as splitting failure. Figure 2.4 shows a splitting failure obtained 

during a pull-out test by Choi et al. (2011).  

With sufficient cover and confining reinforcement, the opening of splitting cracks 

is prohibited and large normal stresses can be developed at the contact surface between 

the concrete and the steel, which increase the bond resistance. In this case, further slip is 

achieved by crushing the concrete in front of the ribs. The accumulation of crushed 

particles in front of the ribs contributes to the expansion of the interface and increases the 

radial component of the bearing forces. At this stage, the increase of the hoop stresses can 

still result in a splitting failure if the cover and the confining reinforcement are not 

sufficient. When the concrete is well confined, splitting failure is precluded and higher 

bond strengths can be achieved, as shown in Figure 2.3. In this case, the bond fails due to 

loss of the interlocking action caused by the crushing and shearing of the concrete keys 

between the ribs. Finally, the bar is pulled out from the concrete, and only a residual 

frictional resistance remains. This type of failure is referred to as pull-out failure. Figure 

2.5 shows a bar that was pulled out from the concrete during a test presented in Chapter 

3, with crushed concrete particles visible between the ribs. 

The bond-slip mechanism for bars with pull-out failures under cyclic loading has 

been theorized by Eligehausen et al. (1983). Figure 2.6 shows the damage mechanisms 

and bond-slip behavior under cyclic loading as presented by Eligehausen et al. (1983). In 

Figure 2.6a, it is assumed that the slip is reversed before horizontal shear cracks develop. 

After unloading (along path AF in the figure), the gap between the right side of the ribs 

and the adjacent concrete, caused by concrete crushing on the left side of the ribs, 
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remains open with a width equal to the residual slip at point F. Only a small fraction of 

the slip is recovered by the elastic unloading of the concrete. When the slip is reversed 

(along path GH), some frictional resistance is built up. At H, the ribs are in contact again 

with the concrete (but a gap has opened on the left side of the ribs). Because of a resumed 

contact with the concrete, a sharp increase in stiffness occurs (along path HI). With 

increasing load, the opened inclined cracks close, allowing the transfer of compressive 

stresses across them with no noticeable reduction in stiffness (with the monotonic loading 

curve recovered at this point). Inclined cracks perpendicular to the previously opened 

ones appear as the stress increases in this direction. At point I, a gap equal to the distance 

between points F and I has opened. When reversing the slip, the path IKL is similar to 

AFH, described previously. However, the bond resistance starts to increase again at L, 

when the ribs start to press broken pieces of concrete against the previous bearing face. 

With further bar slip, the transverse cracks previously closed are opened and the cracks 

previously opened are closed. At M, the ribs and the concrete are in full contact and the 

monotonic loading curve is recovered. 

If the slip reversal takes place after horizontal shear cracks have initiated, a 

different behavior is obtained as shown in Figure 2.6b. When loading in the opposite 

direction (along path HI), the ribs press against the concrete in between, whose resistance 

has been lowered by the shear cracks. Therefore, the bond resistance is lowered 

compared to the monotonic curve. When reversing the slip again (along path IKLMN), 

the resistance is further lowered compared to that at point I because of the additional 

shearing damage in the concrete. 

When a large slip is imposed during the first cycle, almost all the concrete 

between the ribs can be sheared off and the behavior will be like the one shown in Figure 

2.6c. When moving the bar back (along path GH), the frictional resistance is higher than 

that for the above cases, in which the slip in the first cycle is smaller, because the 

concrete surface along the shear crack is rougher. When reloading in the opposite 

direction, the peak resistance (point I) is lowered. When reversing the slip again, the 

frictional resistance is lowered because the surface has been smoothened (path KL).  
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2.1.2 Factors affecting bond resistance 

The bond between reinforcement and concrete depends on many factors that 

involve not only the characteristics of the contact surface but also the concrete properties, 

bar properties, and structural properties as discussed in ACI (2003). Concrete properties 

that have an important influence on the bond are the compressive and tensile strengths. 

Bar properties that influence the bond include, but are not limited to, the bar size, the rib 

geometry, and the yield strength of the bar. Among the structural properties, the most 

important ones are the cover and spacing of bars, the quantity and spacing of the 

transverse reinforcement, and the bar casting position. The influence of these factors is 

summarized in the following paragraphs. A more exhaustive list of factors and a detailed 

explanation of their effects are provided in ACI (2003).  

Bond resistance is related to the compressive and tensile strengths of concrete 

because it depends on the bearing resistance of the concrete in front of the ribs, the 

shearing resistance of the concrete keys between the ribs, and the tensile strength of the 

concrete to resist splitting stresses (fib 2000). Experimental studies have shown a 

significant increase of the bond strength with the increase of the compressive strength of 

the concrete, fc � . A number of studies, e.g., Eligehausen et al. (1983), have suggested 

1/ 2 that the bond strength can be assumed to be proportional to fc � . This relation has been 

adopted in bond-strength equations (ACI 2003) and in development-length equations 

given in design codes such as ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge 

Design Specifications (AASHTO 2010). However, there are other studies that have 
1/ 3 indicated that the bond strength is proportional to fc � (Rehm 1961) or fc � (Zsutty 

1985). Based on a large number of lap-splice tests, Zuo and Darwin (2000) have 

concluded that for splices not confined by transverse reinforcement, the average bond 
1/ 4 strength is proportional to fc � , and the additional bond strength attributed to the 

presence of transverse reinforcement is proportional to fc �
3/ 4 . Based on these 

observations, the relation between the compressive strength of concrete and the bond 

strength seems to depend on the level of the confinement, which could explain the 
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1/ 2 different conclusions obtained in different studies. ACI (2003) states that fc � may not 

accurately represent the effect of the concrete strength on the bond strength because the 

effect of other parameters has been generally overlooked. In conclusion, even though the 

resisting mechanisms of bond are known to be related to the concrete strength, a general 

theory to relate the compressive and tensile strengths of concrete with the bond strength 

is not available. 

Regarding the effect of the bar size on the bond resistance, it is generally accepted 

that smaller bars have an advantage as compared to larger bars (ACI 2003). Several 

researchers, e.g., Eligehausen et al. (1983), have reported a reduction of the bond strength 

with increasing bar size. As a result, the ACI 318-08 (ACI 2008) and AASHTO LRFD 

(AASHTO 2010) provisions for the development length consider that the bond strength is 

larger for smaller bars. However, Ichinose et al. (2004) have provided experimental 

evidence that the influence of the bar size on the bond strength depends on the level of 

confinement. In their tests, the bond strength decreased with increasing bar size for 

specimens with low levels of confinement and splitting failures, but this effect was 

negligible for specimens with high levels of confinement and pull-out failures. 

As explained earlier, the bond resistance of deformed bars depends to a large 

extent on the wedging action of the ribs. Therefore, the geometry of the ribs can be 

regarded as an important parameter affecting bond strength. Some studies have shown 

that the rib pattern has a strong influence on the bond strength, but others have shown 

that this influence is very small (ACI 2003). Current ASTM standards for reinforcing 

bars, e.g., ASTM A706 (ASTM 2009), have specifications on the height and spacing of 

the ribs, which are based on test results obtained by Clark (1946, 1950) for bars with 

different deformation patterns. Studies by Clark have shown that bond performance tends 

to improve as the relative rib area ( Rr ) increases. The relative rib area is defined as the 

ratio of the projected rib area normal to the bar axis ( AR ) to the bar perimeter times the 

center-to-center rib spacing ( sR C ), i.e., , 

R r 
A R 

= 
� d s b R C , 

(2.1) 
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in which db is the bar diameter. Typical values of Rr for bars used in the US are between 

0.057 and 0.087 (Choi et al. 1990). Based on the results of an experimental investigation, 

Darwin and Graham (1993) have concluded that under conditions of relatively low 

confinement, in which bond is governed by the splitting of concrete, the bond strength is 

not influenced by the rib pattern, but the bond strength increases as the relative rib area 

increases (regardless of the rib height and rib spacing) when additional confinement is 

provided by transverse reinforcement or larger concrete covers. 

Bond resistance is also affected by the strain in the reinforcing bar. This influence 

is small as long as the steel remains in the elastic range (fib 2000). Experimental studies 

by Viwathanatepa et al. (1979) and Shima et al. (1987b) have shown that bond resistance 

can be considerably reduced after a reinforcing bar yields in tension. In the pull-out tests 

carried out by Shima et al. (1987b), the bond stress-vs.-slip relations were estimated at 

different locations along the embedment length of a bar being pulled out from a concrete 

block. As shown in Figure 2.7, their results have indicated that the bond resistance 

dropped rapidly to 25% of the peak stress once a bar yielded regardless of the amount of 

bar slip. 

The concrete cover and bar spacing are important parameters that affect the bond 

resistance and bond failure mode. With the increase of the cover and spacing, the failure 

mode changes from concrete splitting to bar pull-out resulting in an increased bond 

strength. Additional confinement can be provided by transverse reinforcement. The 

confining effect of concrete and transverse steel is accounted for in the development-

length equations of most design codes. For example, the development length required in 

ACI 318-08 (ACI 2008) is inversely proportional to a confinement index defined as 

(cb + 40Atr / str n)/ db , in which cb is the smaller of the cover of the bar measured from 

its center and half of the center-to-center spacing of the bars, str is the spacing of the 

transverse reinforcement, Atr is the transverse reinforcement area within distance str , and 

n is the number of bars being spliced or developed at the plane of splitting. According to 

ACI 318-08, when (c + 40A / sn)/ d is less than 2.5, a splitting failure is likely, and for b tr b 

values above 2.5, a pull-out failure is expected. 
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Finally, the position of the bar during concrete casting affects the bond 

performance. Horizontal bars located near the top face of a concrete member have lower 

bond strengths than horizontal bars lower in the member. This is because the higher the 

location of a horizontal bar is, the more is the paste settlement and the accumulation of 

bleed water underneath the bar (ACI 2003). This effect is taken into account in the ACI 

318-08 provisions on the development length of bars. For bars that are vertical during 

casting, bond performance is better when the bars are loaded upward than when they are 

loaded downward because the qualities of the concrete above and below a rib are 

different for similar reasons (fib 2000). 

2.2 Experimental characterization of bond of reinforcement 

2.2.1 Basic bond-slip tests 

Pull-out tests of bars with short embedment lengths (typically equal to or less than 

five times the bar diameter) are commonly used to study the bond strength and bond 

stress-vs.-slip relations. Test specimens and setups used in different studies are all very 

similar to those shown in Figure 2.8, which was proposed by Rehm (1961). With this 

type of setup, the concrete is placed in compression when the bar is pulled, which does 

not represent the actual stress state in concrete in real structures. However, this is 

adequate for the assessment of the local bond behavior of a bar. In these tests, the bonded 

area of the bar is located away from the surface on which the compressive force is 

applied to reduce the arching effect that may unrealistically increase the bond strength.  

Many researchers have conducted pull-out tests to obtain the bond strength and 

bond stress-vs.-slip relations of bars subjected to monotonically increasing slip. However, 

few studies have focused on the cyclic bond-slip behavior of bars. The study by 

Eligehausen et al. (1983) has been the only major effort that has provided most of our 

understanding of the cyclic bond-slip behavior of reinforcing bars. Their experimental 

investigation focused on the bond deterioration of deformed bars under fully reversed 

cyclic loading with confinement conditions similar to those in beam-column joints. A 

typical specimen and the test setup are shown in Figure 2.9. A total of 125 pull-out tests 
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were carried out to study the influence of different parameters, such as the loading 

history, the level of confinement, and the bar size, on the bond-slip behavior. Most of the 

tests were carried out with 25-mm (1-in.) diameter bars, and some tests were done with 

32-mm (1.25-in.) bars. The bond stress-vs.-slip relations obtained from some of these 

tests are shown in Figure 2.10. 

2.2.2 Effect of confinement on bond strength and radial dilatation 

A few researchers have investigated experimentally the interaction between the 

tangential (bond) stress-displacement (slip) relations and the normal (confining) 

stress/displacement (radial dilatation) along a bar-concrete interface. They carried out 

pull-out tests with short embedment lengths and employed special setups to control 

and/or monitor the confining stress and radial dilatation. These studies have provided 

very valuable data to understand the effect of confinement on the bond-slip behavior of 

bars. 

Gambarova et al. (1989, 1996) carried out pull-out tests on bars in pre-splitted 

concrete specimens subjected to external confinement, as shown in Figure 2.11. Most of 

the specimens were tested by maintaining the crack opening constant during the test. The 

bond stress-vs.-slip and confining stress-vs.-slip relations were obtained for different 

values of crack opening. With increasing crack opening, both the bond strength and 

stiffness decreased, as shown in Figure 2.12. Gambarova et al. (1996) conducted a second 

set of tests on specimens that were subjected to a constant confining stress. Results of 

these tests show that the bond strength varied almost linearly with the confining stress. 

Malvar (1992) carried out a set of pull-out tests on bars in pre-splitted concrete 

cylinders under a constant confining stress. Relations between the bond stress, the bar 

slip, and the radial displacement were obtained for different levels of confining stress, as 

shown in Figure 2.13. They showed that the bond strength increased significantly with 

increasing confining stress. As the bar slip continued to increase, the radial dilatation 

increased up to a value, which was dependent on the confining stress, and then decreased 

due to the smoothening of the interface. The higher the confinement is, the lower is the 

radial dilatation. 
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Lundgren (2000) carried out monotonic pull-out and cyclic pull-pull tests on bars 

embedded in concrete cylinders confined by a thin steel tube. Relations between the 

hoop strains in the tube, the applied load, and the slip were obtained, as shown in Figure 

2.14.  

2.2.3 Development length and lap splice tests 

Beam specimens, like those presented in Figure 2.15, have been used to study the 

required development and lap-splice lengths for reinforcing bars. A database of results 

from this type of tests is maintained by the ACI 408 Committee (ACI 2003). Based on 

this database, several equations have been proposed to determine the required 

development and lap-splice lengths. The equations developed by Orangun et al. (1975, 

1977) have been adopted by ACI 318-08 (ACI 2008). More recently, new design 

equations have been recommended by the ACI 408 Committee (ACI 2003) based on the 

work of Zuo and Darwin (2000). 

2.2.4 Tests on large-diameter bars 

In spite of the extensive experimental work on the bond of reinforcement, data on 

the bond strength and bond-slip behavior of large-diameter bars is scarce. As shown in 

Figure 2.16, there are very few test results available in the ACI 408 Committee database 

(ACI 2003) for bars larger than No. 11 (36 mm in diameter). For this reason, the 

development length requirements in ACI 318-08 (ACI 2008) and the AASHTO LRFD 

Bridge Design Specifications (AASHTO 2010) are largely based on experimental data 

obtained from No. 11 and smaller bars, and they do not allow lap-splicing of bars larger 

than No. 11.  

Recently, pull-out and lap-splice tests were conducted on large-diameter bars 

(Ichinose et al. 2004, Plizzari and Mettelli 2009, and Steuck et al. 2009). Ichinose et al. 

(2004) carried out such tests on bars up to 52 mm (2 in.) in diameter. In their pull-out and 

lap-splice tests conducted on specimens with no stirrups, bond failures were governed by 

concrete splitting and the bond strength decreased significantly with the increase of the 

bar size. Even though lap splices in specimens confined by stirrups also failed by the 
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splitting of concrete, the effect of the bar size was not so significant. However, in the 

pull-out tests conducted on specimens confined by stirrups, bond failures were caused by 

the localized crushing of concrete in front of the bar ribs and the effect of the bar size on 

the bond strength was not noticeable. Plizzari and Mettelli (2009) carried out pull-out 

tests on 40-mm (1.6-in.) and 50-mm (2-in.) diameter bars under low confinement 

conditions. Bond failures in all these tests were caused by the splitting of concrete, and 

the resulting bond strengths were significantly lower than those obtained for smaller bars 

tested by the same researchers. Steuck et al. (2009) carried out pull-out tests on No.10 

(32-mm), 14 (43-mm), and 18 (57-mm) bars embedded in well-confined high-strength 

grout. All specimens failed by the pull-out of the bars and no significant variation in the 

bond strengths was observed for the different bar sizes. All the tests on large-diameter 

bars mentioned in these studies were carried out under monotonically increasing slip. No 

data have been reported on the cyclic bond-slip behavior of large-diameter bars. 

2.3 Modeling of bond-slip behavior 

Modeling of the bond-slip behavior of reinforcement is needed to properly 

capture crack spacing, and the stiffness and deformation capability of RC members. It 

can also be used to study the anchorage capacity of bars, and determine the minimum 

development lengths required. Cox and Herrmann (1998) have classified bond-slip 

models into three categories depending on their scale: rib scale, bar scale, and member 

scale. In rib-scale models, the interaction between the deformed bar and the concrete is 

accounted for by explicitly modeling in a detailed manner the concrete and the steel bar 

including the ribs. In bar-scale models, the concrete-steel interaction is represented by a 

law that relates the stresses and relative displacements at their interface. In member-scale 

models, the effect of bond-slip is accounted for with rotational springs or special 

structural element formulations. The literature review presented in this section is 

organized based on this classification. 
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2.3.1 Rib-scale models 

Several researchers, e.g., Reinhardt et al. (1984a), Maekawa et al. (2003), Daoud 

et al. (2012), have used rib-scale finite element models to study the interaction between a 

deformed bar and the surrounding concrete. In these models, both the concrete and the 

bar including the ribs were represented with continuum elements, e.g., see Figure 2.17. 

The explicit modeling of the ribs is what ultimately provides the interaction between the 

reinforcement and concrete. These models require a detailed definition of the bar 

geometry and the use of appropriate constitutive laws for steel and concrete. Some 

studies have included modeling features like the contact conditions (Reinhardt et al. 

1984a, Maekawa et al. 2003), the steel-concrete transition zone (Maekawa et al. 2003), or 

the internal structure of concrete consisting of cement matrix and aggregate (Daoud et al. 

2012). 

Detailed models like these can be used to investigate the basic characteristics of 

the bond of reinforcement, but are not deemed suitable for the analysis of RC structures 

because they are computationally very demanding. Furthermore, they may not necessarily 

yield more reliable results because of the uncertainties related to the bar surface 

deformation, friction, and adhesion, and the various simplifying assumptions used in the 

constitutive models for concrete, which may not allow a precise simulation of the 

localized failure mechanism. 

2.3.2 Bar-scale models 

Bar-scale models express the force transfer between the reinforcement and the 

concrete in terms of the average stresses and relative displacements along an interface 

parallel to the longitudinal axis of the bar, as shown in Figure 2.18 and Figure 2.19. This 

modeling strategy is computationally more efficient than rib-scale models, and is 

appropriate for studying the effect of bond-slip on crack spacing in structural members or 

the required development and lap-splice lengths for reinforcing bars. The idealized 

interface has no ribs, and the relative displacements are assumed to occur between the bar 

surface and a layer of concrete not subjected to any of the inelastic phenomena induced 

by the local action of the ribs: crushing, shearing, and transverse cracking. The term bar 
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slip is usually considered as the relative tangential displacement defined under these 

terms. The bond forces acting between two consecutive ribs (due to the adhesion and 

friction forces at the steel surface, and bearing forces at the rib) are homogenized as a 

tangential (bond) stress and a normal stress at this idealized interface. Coupling between 

the tangential and normal components of stresses and displacements due to the wedging 

action of the ribs can also be considered in an approximate fashion. 

When studying the interaction between the reinforcement and the concrete, most 

of the interest is focused on the bond stress and the slip of a bar. For this reason, a 

number of models have been proposed to relate the bond stress and the slip, but ignoring 

the interaction between the normal and tangential directions. The bond stress-vs.-slip 

relations provided by these models are only valid for specific levels of confinement and 

failure modes. More advanced models have been proposed to account for the coupling 

between the tangential and normal stresses and displacements by incorporating the shear 

dilatation of the interface. These models have the capability of predicting different failure 

modes and providing appropriate bond stress-vs.-slip relations for different levels of 

confinement. Examples of these two types of models are described below. 

Bond stress-vs.-slip models 

Most of the models proposed for the bond stress-vs.-slip relations are limited to 

relatively well-confined conditions for which bar pullout failure is expected. Typically, 

they are phenomenological models, in which the bond stress is defined as a nonlinear 

function of the monotonically increasing slip. The resulting function is scaled to the bond 

strength, which is related to the compressive strength of concrete empirically. The first 

model of this type was proposed by Rehm (1961), while the most widely used is that 

proposed by Eligehausen et al. (1983), which is shown in Figure 2.20, based on extensive 

experimental data obtained from No. 8 bars. Some models of this type have factors that 

modify the bond stress to account for the axial strain in the reinforcement (Shima et al. 

1989a, Fernandez Ruiz et al. 2007, Lowes et al. 2004), or to account for the confining 

pressure (Lowes et al. 2004).  

Some of these models can also predict the bond stress-slip relation under severe 

cyclic slip demands. In Eligehausen et al.’s model, the monotonic bond stress-slip 
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relation is reduced at each slip reversal using a damage parameter that depends on the 

energy dissipated by bond-slip. In addition, unloading and reloading rules are defined. 

Other models have been proposed based on similar concepts but with different 

improvements. The main variation in these models is the way the monotonic envelope is 

scaled to account for cyclic bond deterioration. The scaling factor proposed by Lowes et 

al. (2004) depends on the maximum slip and the number of cycles. Pochanart and 

Harmon (1989) and Yankelevski et al. (1992) have proposed to scale the bearing and 

friction contributions to the total bond resistance independently based on the maximum 

slip and the number of load cycles. 

The local bond stress-vs.-slip relation can be viewed as a constitutive model for 

the bond behavior of reinforcing bars. Combining such a model with material models for 

steel and concrete, and applying the necessary equilibrium and kinematic conditions, one 

can derive a governing differential equation for the bond-slip behavior of a bar embedded 

in concrete. Closed-form solutions have been found for simple bond stress-vs.-slip 

relations (Raynor 2000), but, in general, numerical methods are required to solve such 

problems. Ciampi et al. (1982) have solved the differential equation based on the bond-

slip law proposed by Eligehausen et al. (1983) using a finite difference scheme to study 

the behavior of an anchored bar that is being pulled and pushed at one of its ends (see 

Figure 2.21). Filippou et al. (1983) have proposed a weighted residual method to study 

the same problem using different shape functions to approximate the displacement and 

stress fields in the bar. Monti et al. (1997) have found it to be more advantageous to 

approximate the bond and bar stress fields, and have proposed a flexibility-based finite 

element formulation to solve this problem. Other researchers have opted to incorporate 

local bond-slip laws in interface elements to connect steel and concrete elements in 

general-purpose finite element programs. Lowes (2004) has formulated a four-node zero-

thickness bond-slip element to be used for two-dimensional finite element modeling of 

reinforced concrete structures (see Figure 2.22). The model is defined by a normalized 

bond stress-vs.-slip relation and a relationship between the maximum bond strength and 

the concrete confining pressure, the concrete damage state, and the steel strain in the 

vicinity of the concrete-steel interface. A nonlocal modeling technique has been used to 
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relate the bond strength to the steel strain and concrete damage attained in the 

surrounding elements. Santos and Henriques (2012) have implemented the bond stress-

vs.-slip law proposed in Model Code 2010 (fib 2012) in an orthotropic four-node plane 

stress element to model the steel-concrete interface using the commercial finite element 

program DIANA. 

Dilatant interface formulations 

In these models, the wedging action between the ribs of a bar and the concrete can 

be captured in terms of the shear dilatation of the interface. Dilatant interface 

formulations have been proposed to model the bond-slip behavior of deformed bars by 

Herrmann and Cox (1994), Cox and Herrmann (1998, 1999), Lundgren and Magnusson 

(2001), and Serpieri and Alfano (2011).  

Herrmann and Cox (1994) and Cox and Herrmann (1998) have used an elasto-

plastic formulation with a non-associative flow rule to control shear dilatation. The 

evolution of the yield surface and the flow rule is shown in Figure 2.23. It is based on the 

experimental data obtained by Malvar (1992). The model requires the calibration of a few 

physical properties and shows acceptable accuracy as compared to experimental results 

corresponding to different levels of confinement obtained from different studies. Tests 

with monotonically increasing slip and pull-out failures have been used to validate the 

model (Cox and Herrmann 1999). In Herrmann and Cox (1994), an extension of this 

model was proposed for cyclic loading using ad-hoc reloading rules. 

A similar plasticity model has been proposed by Lundgren and Magnusson (2001) 

for monotonic loading. In this model, a Mohr-Coulomb yield criterion with a non-

associated flow rule is used to represent the frictional behavior at the interface, and a 

second yield surface with associated plasticity is used as a cap for pull-out failure, as 

shown in Figure 2.24. Lundgren (2005) has extended the model to account for cyclic 

behavior using ad-hoc reloading rules. The model has been successful in reproducing 

experimental results from a limited number of monotonic and cyclic tests. 

The formulation proposed by Serpieri and Alfano (2011) represents the periodic 

geometry of the steel-concrete interface by three planes with different inclinations, as 

shown in Figure 2.25. The interaction within each of these surfaces is governed by a 
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damage-friction interface formulation modeling adhesion and friction. The dilatation and 

wedging mechanism are obtained as a result of the prescribed surface geometry. The 

model is capable of qualitatively reproducing the bond stress-vs.-slip behaviors under 

monotonic and cyclic loading. However, the concrete crushing mechanism that dominates 

the pull-out failure of a bar is not simulated. The model has shown reasonably good 

agreement with results from a monotonic pull-out test. No attempt has been made to 

validate the model with experimental data from cyclic tests. 

2.3.3 Member-scale models 

Several researchers have proposed special beam-column elements or used simple 

macro-models that inherently account for the bond-slip behavior without the explicit 

definition of steel-concrete interfaces. This type of models is useful in the analysis of 

large structures. 

Monti and Spacone (2000) have proposed a force-based fiber-section beam-

column element that accounts for slip between the longitudinal reinforcement and the 

concrete. In this element, a bar model with bond-slip proposed by Monti et al. (1997) is 

introduced into the force-based fiber-section element developed by Spacone et al. (1996). 

The beam section is assumed to remain plane, but the steel fiber strains are computed as 

the sum of two contributions: the bar strain and anchorage slip. A similar model has been 

proposed by Ayoub (2006) based on a two-field mixed formulation with independent 

approximations of forces and displacements. 

Simple macro models have been proposed to simulate the end rotation of RC 

beams and columns due to the slip of the reinforcement anchored in connected members. 

In these models, bars are assumed to be well-anchored and bar slip is entirely due to 

strain penetration in the anchorage zone. Sritharan et al. (2000) have proposed the use of 

a set of springs in finite element analysis to represent the opening of a joint due to bar 

slip. Tension springs are used to represent bar elongation due to strain penetration in the 

anchorage zone and compression springs are used to represent the contact between 

concrete surfaces. Based on experimental data, Zhao and Sritharan (2007) have proposed 

a law to relate the bar stress and bar slip at the end of the anchorage in a footing-column 

24 



 
 

           

               

            

             

 

 

  

or beam-column connection. This law has been used as a constitutive relation for the steel 

fibers in a zero-length fiber-section element to simulate the end rotation of an RC column 

represented by a fiber-section beam-column element, as shown in Figure 2.26. Berry and 

Eberhard (2007) have used the same modeling strategy, but they have obtained the bar 

stress-vs.-slip law analytically based on a simple bond stress-vs.-slip relation.  
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Figure 2.1: Mechanismms of bond reesistance (ACCI 2003) 

Figure 2.2: Cracks introoduced by boond slip (ACCI 2003) 
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Figuree 2.3: Bond stress vs. sliip for differeent confinemment conditioons 

Figure 2..4: Bond faillure by splittting of concrrete (Choi ett al. 2011) 
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FiFigure 2.5: CCrushing and shearing of concrete betetween ribs inn a bar pull--out failure 

FiFigure 2.6: CCyclic bond-sslip behavioor in pull-outt failures (ElEligehausen ett al. 1983) 
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 Figure 2..7: Bond-slipp relations o obtained by Sh Shima et al. (. (1987b) for bars yieldinng 
inn tension 

Figgure 2.8: Boond-slip test specimen annd setup useed by Rehm ((1961) 
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(aa) Specimen (bb) Setup 

Figure 2 2.9: Bond-sliip test specimmen and setuup used by El Eligehausen et al. (1983)) 

Figurure 2.10: Cyyclic bond sttress-vs.-slipp relations obbtained by El Eligehausen e et al. (1983)) 
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Figuree 2.11: Bondd-slip test sppecimen withh different crrack openinggs used by 
Gambaroova et al. (19989) 

Figurure 2.12: Bonnd stress-vs.--slip and connfining stresss-vs.-slip rellations for 
diffferent crack openings obbtained by GGambarova eet al. (1989) 
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Figurure 2.13: Bonnd stress-vs..-slip and bonnd stress-vs..-radial displlacement 
rellations obtaiined by Malvvar (1992) 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 Figure 2..14: Load-vss.-slip and looad-vs.- bar sstrain relatioons obtainedd by Lundgreen 
(2000) 

(a) De evelopment t  tests (b) La Lap splice test ts 

Figuree 2.15: Sketcch of typicall developmeent and lap-spplice tests (AACI 2003) 
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Figure 2.116: Experimmental databaase of ACI 4008 Committtee 

Figure 2 2.17: Finite e element moddel used by R Reinhardt ett al. (1984a) to study thee 
bond-slipp behavior off bars 
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FiFigure 2.18: (a) Actual vvs. (b) Idealiized force trransfer (Coxx and Herrmaann 1998) 

FiFigure 2.19: (a) Actual vvs. (b) Idealizzed deformaations in the contact zonee (Cox and 
Herrrmann 1998)) 

Figure 2..20: Analyticcal bond streess-vs.-slip m model propoosed by Eligeehausen et a al. 
(1983) 
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Figuree 2.21: Diffeerential equaation describbing bond sliip and finite difference 
discreetization of aa bar (Ciamppi et al. 19822) 

Figure 2.222: Bond-slip element by Lowes et all. (2004) 
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Figurure 2.23: Yieeld surface e evolution forr the bond-sllip model of Cox and 
Herrrmann (19988) 

Figure 2..24: Yield suurfaces for thhe bond-slipp model of LuLundgren andd Magnussonn 
(2001) 
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 Figure 2 2.25: Surfacee geometry aassumed in tthe interfacee element of Serpieri andd 
Alffano (2011) 

Figuree 2.26: Zero--length elemeent proposedd by Zhao annd Sritharann (2007) 
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CHAPTER 3 

EXPERIMENTAL STUDY ON THE BOND-SLIP 

BEHAVIOR OF LARGE-DIAMETER BARS IN WELL-

CONFINED CONCRETE 

This chapter presents an experimental study on the bond strength and cyclic bond 

deterioration of large-diameter reinforcing bars embedded in well-confined concrete. For 

large RC components, such as large bridge columns and piles, the use of reinforcing bars 

with diameters greater than 25 mm (No. 8) is common. However, data on the bond 

strength and bond-slip behavior of large-diameter bars is scarce. Because of the lack of 

experimental data, the development length requirements in ACI 318-08 (ACI 2008) and 

the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) are largely based on 

experimental data obtained from No. 11 (36-mm) and smaller bars, and these codes do 

not allow lap-splicing of bars larger than No. 11. 

Recently, pull-out and lap-splice tests were conducted on large-diameter bars by 

Ichinose et al. (2004), Plizzari and Mettelli (2009), and Steuck et al. (2009), as discussed 

in Chapter 2. However, all these tests were conducted by subjecting bars to 

monotonically increasing slip. No tests were reported on the cyclic bond-slip behavior of 

large-diameter bars. It was not certain that data on the cyclic bond-slip behavior of No. 8 

bars obtained by Eligehausen et al. (1983) would be applicable to larger bars. 

This chapter presents the monotonic pull-out and cyclic pull-pull tests that were 

conducted on No. 11, 14, and 18 (36, 43, and 57-mm diameter) bars to obtain the bond 

strengths and cyclic bond stress-slip relations of these bars. The confinement level 
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considered in the tests is representative of that used in Type II shafts designed according 

to the Caltrans Bridge Design Specifications (Caltrans 2008) and Seismic Design Criteria 

(Caltrans 2010). Based on these tests and on studies carried out by others, the effects of 

the bar diameter, concrete strength, pull direction (for a vertically cast bar), and loading 

history on the bond strength are determined. 

3.1 Test program, specimen design, test setup, and instrumentation 

Four series of pull-out tests were conducted on large-diameter reinforcing bars 

embedded in well-confined concrete. Three of them were conducted to study the bond-

slip behavior of No. 11, 14, and 18 bars under different loading histories, and the fourth 

was conducted to study the influence of the compressive strength of concrete on the bond 

strength. A total of 22 specimens were tested, of which 8 were subjected to a 

monotonically increasing slip and 14 to cyclic loading. The specimen properties, type of 

loading, and the bond strengths obtained are summarized in Table 3.1. These tests were 

conducted to identify the fundamental bond stress-vs.-slip relation of a bar. In all the 

tests, bond failure was governed by the pull-out of the bars from the concrete rather than 

concrete splitting. 

The design of a typical specimen and the test setup are shown in Figure 3.1. Each 

specimen consisted of a reinforcing bar embedded in a 914-mm (3-ft) diameter concrete 

cylinder that had a height 15 times the nominal bar diameter, db . The bar was bonded 

only in the mid-height region of the concrete cylinder over a length of 5db , and PVC 

tubes were used to create unbonded regions of 5db in length on each end of the bonded 

zone to minimize any local disturbance to the bond stress that could be caused by the load 

application. This short embedment length was intended to provide a fairly uniform bond 

stress distribution and to prevent the yielding of the steel so that the fundamental bond 

stress-vs.-slip relation could be obtained.  

Bars with a specified yield strength of 414 MPa (60 ksi) were used. The No. 11, 

14, and 18 bars had relative rib areas (ratio of the projected rib area normal to the bar axis 

to the bar surface area between the ribs) ranging from 0.068 to 0.095. The geometric 
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properties of the bars are summarized in Table 3.2. Each end of a bar had a T-headed 

anchor, which provided a reaction for the application of the pulling force during a test. 

The diameter of the cylinder and the quantity of the spiral reinforcement were 

selected to mimic the concrete cover and confinement level for the vertical reinforcing 

bars extending from a bridge column into an enlarged pile shaft designed according to the 

Caltrans Bridge Design Specifications (Caltrans 2008) and the AASHTO LRFD Bridge 

Design Specifications (AASHTO 2010). The concrete cylinder was confined with No. 4 

(13-mm) spiral reinforcement having a pitch of 61 mm (2.4 in.) on center and an outer 

diameter of 813 mm (32 in.). This resulted in a confinement volumetric ratio of 1%. 

Two concrete mixes with different compressive strengths were used. Series 1 

through 3 tests had a concrete with a targeted compressive strength of 34.5MPa (5 ksi), 

maximum aggregate size of 9.5 mm (3/8 in.), water-to-cement ratio of 0.45, and specified 

slump of 178 mm (7 in.). Series 4 had a concrete with a targeted compressive strength of 

55 MPa (8 ksi), maximum aggregate size of 12.7 mm (0.5 in.), water-to-cement ratio of 

0.32, and slump of 203 mm (8 in.). The aggregate size and high slump used in these two 

mixes represent what is typically used for CIDH (Cast-In-Drilled-Hole) piles. All 

specimens in each series were fabricated with the construction sequence shown in Figure 

3.2. They were cast together in an upright position. The test numbering in Table 3.1 

reflects the order in which the specimens were tested. The tests started on a day when the 

concrete strength was close to the targeted value. Setting up a test, testing, and 

dismantling took one to two days per specimen. The compressive and tensile splitting 

strengths of the concrete on the first and last days of testing for each test series are shown 

in Table 3.1. 

The test setup is shown in Figure 3.1b. This setup was designed to allow the bar to 

be pulled upward or downward using center-hole hydraulic jacks that were positioned 

one at each end of the bar. The bar was pulled out from the concrete cylinder when one of 

the hydraulic jacks pushed against the adjacent anchor head while the other jack was de-

pressurized to allow the opposite end of the bar to move freely. To reverse the pull 

direction, the jack initially pushing against the anchor head was de-pressurized before the 

other jack started to push against the anchor head at the opposite end. This was a self-
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reacting system; thus, the concrete was subjected to compression when the bar was being 

pulled out. 

3.2 Instrumentation and loading protocol 

A load cell was placed between a hydraulic jack and the adjacent bearing head to 

measure the pull-out force during the test. Two strain gages were attached on the opposite 

sides of the bar right outside the bonded region at each end to measure the bar 

deformation, as shown in Figure 3.1a. In Series 3, four strain gages were attached on the 

opposite sides of the spiral with two at each elevation to monitor the strain that could be 

introduced by the dilatation of the concrete during bar slip. Bar slip was measured with 

two linear potentiometers mounted at each end on the opposite sides of the bar, as shown 

in Figure 3.1b. Each pair of potentiometers measured the displacement of the attachment 

point on the bar with respect to the bearing head. A picture of one of the specimens and 

the test setup is shown in Figure 3.3. 

For all but one specimens that were tested with a monotonically increasing slip, 

the bar was pulled upward. Several load histories were used for the cyclic tests, with 

variables including the increment size of the slip amplitude in each loading cycle, the 

number of cycles per amplitude, and the type of cyclic reversals. Two types of cyclic 

reversals were considered: (a) full cycles with the same slip amplitudes in both directions 

for each cycle; and (b) half cycles with slips mainly in one direction and slightly passing 

the origin in the other. In most of the tests, only a single cycle was applied for each slip 

amplitude. However, in two tests, each amplitude had two cycles. The type of loading 

protocol used for each specimen is given in Table 3.1.   

3.3 Monotonic test results 

The local bond stress (� ) - slip ( s ) relations have been obtained as the average 

bond stress vs. the average of the slips at the two ends of the bonded zone. The average 

bond stress was calculated by dividing the pull-out force, F, by the nominal contact area 

between the bar and the concrete as shown in the following equation. 
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F 
� = (3.1) 

d l � b e 

in which le  is the bonded length of the bar. 

The slip at each end was calculated as the average of the slips measured by the 

pair of linear potentiometers. At the loaded end, the bar elongation between the 

attachment point of the linear potentiometers and the end of the bonded zone was 

subtracted from the potentiometer reading to get the actual slip. The bar elongation was 

calculated from strain gage readings. Figure 3.4 shows the pull force vs. the slips at the 

loaded and unloaded ends, and the average slip for one of the monotonic tests. Based on 

the small differences in bar slips observed at the two ends, the average values provide a 

good approximation of the local bond stress-slip relations. 

The bond stress-slip relations obtained from monotonic pull-out tests in Series 1 

to 3, which had concrete strengths around 34.5 MPa (5 ksi), are plotted in Figure 3.5. For 

comparison, the curve obtained by Eligehausen et al. (1983) for a No. 8 (25-mm) bar and 

30-MPa (4.35-ksi) concrete is also included in Figure 3.5. All the bond stress-slip curves 

show similar patterns. The slip at the peak strength was around 1.8 mm (0.07 in.) for the 

No. 8 bar, and around 3.0 mm (0.12 in.) for the No. 11, 14, and 18 bars. With increasing 

slip, the bond resistance dropped and tended to stabilize at a residual value that was 

approximately 20-30% of the peak resistance. Eligehausen et al. (1983) pointed out that a 

practically constant residual resistance was achieved when the value of the slip was 

approximately equal to the clear rib spacing of the bar, sR . This can be explained by the 

total damage of the concrete between the ribs. Beyond this point, the resistance to slip 

was provided solely by friction. Figure 3.5 and the sR values given in Table 3.2 confirm 

this observation for the large-diameter bars. However, the transition between the peak 

and the residual resistance seems to be more gradual for large-diameter bars as compared 

to the No. 8 bars tested by Eligehausen et al. (1983). 

The bond strengths, �u , obtained from the tests are summarized in Table 3.1. 

Results from Test Series 1 through 3 show that �u increases slightly with the increase of 

the bar diameter. It is15.2 MPa (2.2 ksi) for No. 11 bars and has an average value of 17.6 
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MPa (2.55 ksi) for No. 18 bars. The tests conducted by Eligehausen et al. (1983) on No. 8 

bars showed an average bond strength of 13.8 MPa (2.0 ksi). However, a direct 

comparison cannot be made for the two test programs because Eligehausen et al.’s tests 

had a lower concrete compressive strength and a lower level of confinement. 

Furthermore, as Figure 3.5 shows, the bond strength obtained for a No. 11 bar that was 

pulled downward (Test 2 in Series 1) was 20% lower than that for a bar that was pulled 

upward (Test 1 in Series 1). For the bar that was pulled downward, the initial stiffness 

was also reduced and the peak strength was reached at a slightly higher slip of 4.6 mm 

(0.18 in.). 

Results from Series 4 tests on No. 14 bars with 55-MPa (8-ksi) concrete have 

shown a 45% increase of the average bond strength as compared to that obtained from 

Series 2, which had the same bar size but 34.5-MPa (5-ksi) concrete. Owing to the high 

bond strengths developed in Series 4, the bars subjected to a monotonically increasing 

load (Tests 1 and 2) yielded at the pulled end. As shown in Figure 3.6, the difference in 

slips at the loaded and unloaded ends of the bonded region was very large once the bar 

yielded at the loaded end, which implies that yielding penetrated to some extent into the 

bonded region. As a result, the slip and the bond stress distribution cannot be assumed 

uniform and meaningful bond stress-slip curves cannot be obtained from the test data. As 

mentioned in Chapter 2, studies have shown that bond resistance could be reduced in 

regions where a bar yielded. Hence, the bond strength for the bars would have been 

higher than the average strength calculated from the results of this test series if the bars 

had not yielded. However, this influence does not appear to be significant because the 

ratio of the average bond strength obtained from these two tests to that obtained from the 

cyclic tests (Test 3 and 4 of Series 4), in which the bars did not yield, is comparable to 

the strength ratios obtained for the other test series. 

The strain gages placed in the confining spirals registered small tensile strains 
− (with the maximum being 2 �10 5 ), as shown in Figure 3.7. The tension in the spirals 

indicates that the concrete expanded slightly in the lateral direction as the bar was being 

pulled out. This can be explained in part by the dilatation caused by the wedging action 

of the bar ribs when the bar slipped. Another cause is the Poisson effect induced by the 
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vertical compressive force exerted on the concrete cylinder as the bar was pulled. Figure 

3.7 also shows the estimated strain due to the Poisson effect. The small strain readings 

indicate that the lateral dilatation of the concrete cylinder induced by bar slip is 

negligible. This is because a very good confinement was provided by the large concrete 

cover. 

3.4 Cyclic test results 

The bond stress-slip relations obtained from the cyclic tests are presented and 

compared to the monotonic test results in Figure 3.8 through Figure 3.14. The hysteresis 

curves from the tests show a consistent trend. Upon the reversal of the slip direction, a 

small resistance immediately developed in the other direction. This resistance started to 

increase when the slip approached the previously attained maximum slip. After this point, 

the resistance followed a curve similar in shape to the monotonic bond stress-slip curve. 

However, the stress level attained by this new curve is lower than that by the monotonic 

bond stress-slip curve due to bond deterioration induced by cyclic slip reversals. In 

addition, the absolute value of the slip at which the peak stress developed in each cycle 

increased as the cumulative slip increased. 

The maximum bond resistance obtained from a cyclic test is between 75% and 

95% of that obtained from a monotonic load test, as shown in Table 3.1. The residual 

bond resistance diminishes to almost zero after severe cyclic slip reversals, as shown in 

Figure 3.8 through Figure 3.14. Moreover, the results presented in Figure 3.9 and Figure 

3.10 indicate that full cycles induced a more severe deterioration of the bond resistance 

than half cycles. Likewise, Figure 3.11 and Figure 3.14 show that a second cycle of the 

same slip amplitude produced an additional reduction of the bond stress. Overall, the 

observed hysteretic bond stress-slip relation for large diameter bars is similar to that 

obtained by Eligehausen et al. (1983) for No. 8 bars. 

Figure 3.15 shows the tensile strain registered in the confining spirals during one 

of the cyclic tests, and the estimated contribution of the Poisson effect to this strain. The 

magnitude of the strain is small and is comparable to that obtained from the monotonic 

tests. 
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3.5 Discussion on factors affecting bond strength 

The tests presented here have provided useful information on the influence of the 

compressive strength of concrete, bar size, pull direction (for a vertically cast bar), and 

slip history on the bond strength. A review of previous findings in the literature related to 

these effects has been presented in Chapter 2. The observations made here and by others 

are compared, and these effects are analyzed and quantified based on the test results and 

the additional data available in the literature. 

3.5.1 Effect of compressive strength of concrete 

The tests presented in this chapter have shown that the compressive strength of 

concrete, fc � , has an important effect on the bond strength. These tests have shown that 

the bond strength was increased by about 45% when 55-MPa (8-ksi) concrete was used 

instead of 34.5-MPa (5-ksi) concrete. This implies that the bond strength is more or less 
3/ 4 

proportional to fc � , although it is possible that this effect could be slightly under-

estimated here because, as mentioned in Section 3.3, the bond strength calculated for the 

8-ksi (55-MPa) concrete could be influenced by the yielding of the bars. In any case, this 

effect is stronger than what has been reported by Eligehausen et al. (1983) and what is 
1/ 2 

assumed in most codes, which suggest that the bond strength is proportional to fc � .  

As mentioned in Chapter 2, the relation between the compressive strength of 

concrete and the bond strength can be influenced by the level of the confinement, as 

indicated by empirical equations proposed by Zuo and Darwin (2000) to calculate the 

strength of lap splices. The level of confinement in the tests presented here is higher than 

that used by Eligehausen et al. (1983). Therefore, it can be expected that the influence of 

the compressive strength of concrete on the bond strength should be higher here. This 

difference can be explained by the failure mechanisms associated with different levels of 

confinement. For low levels of confinement, bond failure is caused by the splitting of the 

concrete surrounding the bar, and the bond strength is, thereby, governed by the tensile 
1/ 2 

strength of the concrete, which tends to be proportional to fc � (ACI 2003). For high 
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levels of confinement, bond failure is caused by the pull-out of the bar associated with the 

crushing of the concrete in front of the ribs, and, therefore, the bond strength tends to be 

proportional to fc � .  

3.5.2 Effect of bar size 

The test results show a slight increase of the bond strength with increasing bar 

size. The bond strength for No. 14 bars is approximately 7% higher than that for No. 11 

bars, and that for No. 18 is about 8% higher than that for No. 14. However, the ACI 318-

08 (2008) and AASHTO LRFD (2010) provisions for the development length imply that 

the bond strength is reduced with increasing bar size. As mentioned in Chapter 2, 

Ichinose et al. (2004) have shown that the influence of the bar size on the bond strength 

depends on the level of confinement. To interpret and compare results from different tests 

with different confinement levels, a factor used in ACI 318-08 (ACI 2008) to calculate 

the required development length of deformed bars in tension is used as a confinement 

index. This index, which is denoted as CI here, is expressed as (c + 40A / s n)/ d , in b tr tr b 

which cb is the distance of the center of a bar to the nearest concrete surface, str is the 

spacing of the transverse reinforcement, Atr is the transverse reinforcement area within 

distance str, and n is the number of bars being spliced or developed at the plane of 

splitting. According to ACI 318-08, when CI is less than 2.5, splitting failure is likely, 

and for values above 2.5, pull-out failure is expected. Some studies have shown that 

when the confinement level was low enough that bond failure was governed by concrete 

splitting, the bond strength would increase significantly with the decrease of the bar size 

(Ichinose et al. 2004, Plizzari and Mettelli 2009). The value of CI considered in these 

studies ranges from 2 to 5. For pull-out tests with CI between 5 and 16 (Ichinose et al. 

2004, Steuck et al. 2009), splitting failure was prohibited and the effect of the bar size 

was negligible. The tests reported in this chapter had CI between 11 and 17. A small 

increase in the bond strength with the bar size observed here is consistent with the 

observation made by Ichinose et al. (2004) for tests with CI greater than 5. 

47 



 
 

            

           

               

            

               

            

           

          

                

                

             

                

               

  

               

                

               

              

              

               

 

  

           

              

              

               

                

An explanation for the aforementioned observations is that larger bars have larger 

ribs, which induce a more severe wedging action and, thereby, a larger concrete splitting 

stress as a bar slips. With little or no confinement, this would result in an earlier splitting 

failure. With a high confinement level, not only splitting failure would be prohibited but 

the dilatation effect induced by the wedging action of the ribs would induce a higher 

passive confinement pressure. An increase of the confining pressure would result in a 

higher bond stress, based on results shown by other studies, e.g., Malvar (1991). 

Nevertheless, in the studies of Eligehausen et al. (1983) and Viwathanatepa et al. (1979), 

even though the specimens were well confined and the bond failed by the pull-out of the 

bars, there was a slight increase of the bond strength for smaller bars. It should be noted 

that the specimens used by Eligehausen et al. (1983) and Viwinathapea et al. (1979) had 

CI between 3 and 13, and 9 and 14, respectively, which are on average a little lower than 

that considered in the present study and the study of Steuck et al. (2009), which had CI 

between 9 and 16.  

3.5.3 Effect of pull direction 

The influence of the pull direction on the bond strength was examined in the tests 

of No. 11 bars, which have shown a lower bond strength and bond stiffness when a bar 

was pulled downward instead of upward (see Table 3.1 and Figure 3.5). This is consistent 

with what has been observed in other studies as discussed in Chapter 2, and it is related to 

the different qualities of the concrete above and beneath the ribs for bars casted 

vertically. The concrete right beneath a bar rib can be weaker due to the accumulation of 

bleed water. 

3.5.4 Effect of slip history 

The experimental results presented here have confirmed the observation made by 

Eligehausen et al. (1983) that the peak bond strength was reduced when a prior load cycle 

went beyond 70% to 80% of the peak of the monotonic bond stress-slip curve, indicating 

the damage of the concrete between the bar ribs. In addition, these tests have also shown 

that the decay of the bond resistance depends on the pattern of the load cycles (e.g., with 
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slip in one direction mainly or with fully-reversed cyclic slip reversals), the cumulative 

slip, and the number of slip reversals. A law to express the bond resistance as a function 

of the slip and slip history is presented in Chapter 4. 

3.6 Summary and conclusions 

The bond strength and bond-slip behavior of large-diameter bars embedded in 

well-confined concrete have been examined. Monotonic pull-out tests and cyclic pull-pull 

tests were conducted on No. 11 (36-mm), 14 (43-mm), and 18 (57-mm) bars. All the 

specimens failed by the pull-out of the bars from the concrete. The large-diameter bars 

exhibited a bond stress-slip relation similar to that of No. 8 (25-mm) and smaller bars, 

including the bond deterioration behavior under monotonic and cyclic loads. These tests 

have also shown that the bond strength tends to increase slightly with increasing bar size, 

and that the compressive strength of concrete has a notable effect on the bond strength. 
3/ 4 

The bond strength observed here is proportional to fc � . Results from this and other 

studies have indicated that the influence of the concrete strength and bar size on the bond 

strength depends on the level of confinement in the concrete specimen. However, data on 

this are limited, and a systematic and comprehensive investigation of the effects of the 

bar size and concrete strength on the bond strength under a wide range of confinement 

levels is needed to further confirm this observation and arrive at more definitive 

conclusions. Finally, for a bar positioned vertically during casting, the bond strength is 

smaller when the bar slips downward than when it slips upward. This observation is 

consistent with other studies. 
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Table 3.1: Test matrix and specimen properties 

Concrete Tensile 

Series 
no. 

Test 
no. 

Bar 
size 

compressive 
strength1 

f � c 

MPa (ksi) 

splitting 
strength1 

f cs 

MPa (ksi) 

Loading history 
Peak bond 
strength �u 

 MPa (ksi) 

1 

2 

1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 

No. 11 

No. 14 

33.8-36.5 
(4.9-5.3) 

33.8-37.2
 (4.9-5.4) 

3.2-3.2 
(0.46-
0.46) 

2.8-2.9 
(0.40-
0.42) 

Monotonic up 
Monotonic down 

Half cycles 
Half cycles 
Half cycles 
Full cycles 

Monotonic up 
Half cycles 
Full cycles 

Monotonic up 
Half cycles 

Double half cycles 

15.2 (2.2) 
12.4 (1.8) 
13.8 (2.0) 
14.5 (2.1) 
11.7 (1.7) 
12.4 (1.8) 
19.3 (2.8)2 

15.2 (2.2) 
15.2 (2.2) 
16.5 (2.4) 
15.2 (2.2) 
15.2 (2.2) 

1 Monotonic up 17.2 (2.5) 
2 Full cycles 13.1 (1.9) 3.0-3.5 3 No. 18 34.5-40.7 Full cycles 13.8 (2.0) 3 (0.44-4  (5.0-5.9) Monotonic up 17.9 (2.6) 0.50) 5 Half cycles 14.5 (2.1) 
6 Half cycles 15.2 (2.2) 
1 Monotonic up 24.1 (3.5) 3.7-3.8 2 No. 14 54.5-56.5 Monotonic up 22.8 (3.3) 4 (0.54-3 (7.9-8.2) Double full cycles 19.3 (2.8) 0.55) 4 Full cycles 20.0 (2.9) 

1 Strengths measured on the first and last day of testing for each series. 
2 Sealing in a PVC tube failed during construction resulting in a little concrete accumulated 
at the end of the tube and, thereby, an increase of the bonded length. Since the actual 
embedment length is unknown, the bond strength has been calculated with the specified 
embedment length of 5db. 

Table 3.2: Geometric properties of the bars 

Bar size db 
mm (in.) Rib area ratio Clear rib spacing 

mm (in.) 
No. 11 36 (1.41) 0.070 19.1 (0.75) 
No. 14 43 (1.69) 0.068 24.9 (0.98) 
No. 18 57 (2.26) 0.095 24.4 (0.96) 
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(a) Typpical test speccimen and s sttrain gage loocations 

(b) Test setup and linnear potentioometer locattions 

Figure 3.1:: Test specimmen, setup, a, and instrumeentation 
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 (a) Placingg strain gagess on test barss (b)) Assemblinng steel cagess and placingg 
straain gages on spiral 

(cc) Centeringg test bar, annd placing PVPVC (d) Concrete poour 
tubes and f form 

Figurure 3.2: Connstruction seequence for e each series o of specimenss 
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Figure 3.3: Test seetup 
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Figure 3.44: Pull forcee vs. slip for Test 1 of Se Series 3 
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Figure 3.5: Average bond stress vs. slip from monotonic load tests 
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Figure 3.7: Strains in spiral at mid-height of the specimen for Test 1 of Series 3 
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Figure 3.8: Tests on No. 11 bars (Series 1) under monotonic loads (Test 1 and Test 2) 
and cyclic loads with half cycles (Test 3 and Test 4) 
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Figure 3.9: Tests on No. 11 bars (Series 1) under monotonic loads (Test 1 and Test 2) 
and cyclic loads with half cycles (Test 5) and full cycles (Test 6) 
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Figure 3.10: Tests on No. 14 bars (Series 2) under monotonic load (Test 4) and cyclic 
loads with full cycles (Test 2) and half cycles (Test 3) 
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Figure 3.11: Tests on No. 14 bar (Series 2) under monotonic load (Test 4) and cyclic 
loads with single half cycles (Test 5) and double half cycles (Test 6) 
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Figure 3.12: Tests on No. 18 bars (Series 3) under monotonic load (Test 1) and cyclic 
loads with full cycles (Test 2 and Test 3) 
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Figure 3.13: Tests on No. 18 bars (Series 3) under monotonic load (Test 2) and cyclic 
loads with half cycles (Test 5 and Test 6) 
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Figure 3.14: Tests on No. 14 bars (Series 4) under cyclic loads with single full cycles 
(Test 4) and double full cycles (Test 3) 
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Figure 3.15: Strains in spiral at mid-height of the specimen for Test 3 of Series 3 
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CHAPTER 4 

PHENOMENOLOGICAL BOND-SLIP MODEL FOR 

FINITE ELEMENT ANALYSIS 

In this chapter, a newly developed model to simulate the bond-slip behavior of 

bars for the finite element analysis of reinforced concrete (RC) structures is presented. It 

is an enhanced version of a model presented in Murcia-Delso et al. (2013). This model is 

based on a semi-empirical phenomenological law and was originally developed to predict 

the bond stress-slip relations of bars embedded in well-confined concrete. It has been 

extended here to account for low confinement situations. However, its accuracy for very 

lightly confined situations is not expected to be as good. This law has been calibrated 

with the bond-slip test data presented in Chapter 3, as well as data obtained by others.  

The model has been implemented as a constitutive law in a dedicated interface element in 

the finite element (FE) program ABAQUS (Simulia 2010), and it has been validated by 

using it in the finite element analyses of various RC components tested in laboratories. 

These include bond-slip, development length, and RC column tests. The constitutive 

models for concrete and steel that are available in ABAQUS have been calibrated for 

these FE analyses. 

4.1 Bond stress-vs.-slip law for bars in well-confined concrete 

A phenomenological bond stress-vs.-slip law for bars embedded in well-confined 

concrete has been developed based on the experimental data presented in Chapter 3 and 

on concepts originally proposed by Eligehausen et al. (1983) and further extended by 
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others (Pochanart and Harmon 1989, Yankelevsky et al. 1992, and Lowes et al. 2004). 

However, it is distinct from other models in that it requires the calibration of only three 

parameters and can applied to bars of different sizes and concrete of different strengths.    

In this model, the relation between the bond stress and slip for monotonic loading 

is described by a set of polynomial functions. For cyclic loading, a similar relation is used 

but the bond strength is reduced at each slip reversal by using two damage parameters, 

whose values are based on the slip history, to account for cyclic bond deterioration. In 

addition, cyclic unloading and reloading rules similar to those proposed by Eligehausen 

et al. (1983) are adopted to describe bond resistance right after slip reversal. The model is 

described in detail in the following sections. 

4.1.1 Monotonic bond stress-slip relation 

The monotonic bond stress (� ) - slip ( s ) relation assumed in this model is shown 

in Figure 4.1a. It is defined piecewise in terms of five polynomial functions, which 

depend on three governing parameters: the peak bond strength (�u ) for an elastic bar, the 

slip at which the peak strength is attained ( ), and the clear spacing between the ribs speak 

( s R ). These functions are given below. 

� � 4 max s for 0 � s < 0.1speak speak 
��� 4 

� �   s − speak � � 
� 1− 0.6 for 0.1s � s < s max peak peak 0.9s � peak 

� (s) = � � � � � 
�max for speak � s < 1.1speak (4.1) 

s −1.1speak − (� max −� ) − 0.75 for 1.1speak � s < sR 

������ 

�max res s −1.1s R peak 

� � res for s � sR 

in which �max and � res are the maximum and residual bond strengths for the monotonic 

curve. For a bar that has not yielded, � =� and � = 0.25� . Their relation to � for max u res u u 

a yielded bar will be formulated later in this section. Until reaching 40% of the maximum 

strength, � max , (point A in Figure 4.1a), the bond stress increases linearly with the slip. 
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The nonlinear hardening behavior is represented by a fourth-order polynomial (line A-B 

in Figure 4.1a), followed by a plateau at �max (B-C). The bond strength decay is 

described by a linear descending branch (C-D). When the slip equals the clear rib 

spacing, s R , of the bar (point D), a residual bond strength is reached and this value 

remains constant for larger slip values. 

The use of the proposed law requires the determination of the values of the three 

governing parameters. The value of s R  is a known geometric property of the bar, and it is 

usually between 40 to 60% of the bar diameter. As discussed in Chapter 3, �u depends on 

many factors and no theoretical formulas are available to accurately estimate its value. 

The same situation applies to speak . Therefore, these values have to be determined 

experimentally for each case if possible. Table 4.1 shows the values of these parameters 

obtained from the bond-slip tests conducted on No. 11, 14, and 18 bars embedded in 

34.5-MPa (5-ksi) concrete as presented in Chapter 3. The values of the bond strengths are 

the average values obtained from the monotonic pull-out tests. Values for smaller bars 

obtained in other studies are also shown. 

When no experimental data are available, the following approximations, based on 

data obtained in this study and by others, can be used to determine �u and speak . The 

bond strength can be assumed to be 16.5 MPa (2.4 ksi) for 34.5-MPa (5-ksi) concrete 

regardless of the bar size. This is based on the average �u  value obtained from Test Series 

1 to 3, as shown in Table 4.1. The slight increase of the bond strength with the increase of 

the bar size observed in these tests can be ignored in the absence of comprehensive data 

that cover a broad range of bar sizes. For concrete strengths other than 34.5 MPa (5 ksi), 
3/ 4 �u can be scaled accordingly with the assumption that it is proportional to fc � . As 

shown in Table 4.1, for the No. 11, 14, and 18 bars is about 1.7 times that for No. 8 speak 

(25-mm) bars (Eligehausen et al. 1983) and three times that for No.5 (16-mm) bars 

(Lundgren 2000). This seems to indicate a scale effect with respect to the bar size, but 

these values could also be influenced by other factors such as the confinement, concrete 

properties, and loading conditions. In addition, some studies (Eligehausen et al. 1983, 
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Pochanart and Harmon 1989) have indicated that that also depends on the relative speak 

rib area. Owing to the lack of more conclusive data, it is recommended that be taken speak 

to be 7% of the bar diameter, which is obtained by taking the average of the 

experimentally obtained values, presented in Table 4.1, normalized by the bar speak 

respective bar diameters.  

The experimental results presented here and those obtained by Lundgren (2000) 

have shown that the bond strength and the bond stiffness are reduced when a vertically 

cast bar is pulled downward. Based on this data, the monotonic bond stress-slip relation 

for a vertically cast bar pulled downward is described by Equation 4.2. Note that for a bar 

pulled downward, the slip and bond stress have a negative sign here. 

�max −2.3 s for − 0.15speak � s < 0 
speak 

����� 
4 � � s −1.5speak  � 

−� �0.85 − 0.505 for −1.5s � s < −0.15s max peak peak 1.35s �� peak 
� (s) = � ����� 

−0.85� max for −1.6speak � s < −1.5speak (4.2) 
s −1.6speak −0.85� + (0.85� −� ) for − s � s < −1.6s max max res R peak ��� 
sR −1.6speak 

� −� res for s < −sR 

As mentioned in Chapter 2, the bond resistance can be considerably reduced after 

a reinforcing bar yields in tension. This behavior could not be quantified in this study 

although the bars yielded in two of the monotonically loaded specimens. The reason is 

that in these two cases, the concrete had a compressive strength of 55 MPa (8 ksi), and 

there were no other specimens tested monotonically that had the same concrete strength 

but no bar yielding. In addition, in these specimens, yielding occurred at the loaded end 

of the bar while the other end remained unstrained. As a result, yielding might have 

occurred only in the upper portion of the bonded region and the total bond force was 

probably only slightly affected by this. As discussed in Chapter 2, in pull-out tests carried 

out by Shima et al. (1987b) on bars with a long embedment length, the bond resistance 

dropped to approximately 25% of the peak bond strength at bar yielding, and it continued 

to decrease gradually as the inelastic deformation of the bar increased. To account for this 

64 



 
 

               

               

                

                

              

               

              

  

 

  

  

	 
� 	 
�     

  

  

     

 

              

           

               

                  

                

 

                

            

                 

               

�

effect in the model, �max and � res are defined as a function of the steel strain, �s , as 

shown in Equation 4.3. This equation assumes that once the bar yields in tension, the 

peak of the monotonic envelope will decrease linearly with respect to �s at such a rate 

that it reaches 25% of the peak bond strength, �u , of an unyielded bar when the bar strain 

attains the value �sh , which corresponds to the initiation of strain hardening and can be 

assumed to be 1%. As the bar strain further increases, both the peak and the residual 

resistances decrease linearly to zero, which is the point when the bar strain reaches the 

ultimate strain of the steel, �u , which can be assumed to be 15%. 

�� � u for � s � � y � 
� � s − � y � 

� (� )  �� 1 − 0.75 for � < � � � max s u y s sh 
� sh − � y (4.3a) �� �u − � � 0.25� for � > � u s sh �� �u − � sh 

0.25� for � � � u s sh 

= 
�� 

� res (� s ) � �u − � 0.25� for �   � u s sh � � � u − � sh (4.3b) 

4.1.2 Cyclic law 

The extension of the bond stress-slip law to cyclic loading is based on the 

experimental evidence presented in this study and the bond-slip mechanism hypothesized 

by Eligehausen et al. (1983). It is assumed that at a large slip, part of the concrete in 

contact with the ribs on the bearing side is crushed and a gap has been created on the 

other side of the ribs. This gap needs to be closed before the bearing resistance in the 

opposite direction can be activated. Hence, the initial bond resistance developed upon slip 

reversal after a large slip can be attributed solely to friction. Once contact is resumed on 

the bearing side of the rib, the bond resistance increases. However, this resistance is 

lower than that under a monotonic load for the same level of slip due to the deterioration 

of the concrete around the ribs. The bond-slip law for cyclic loading is shown in Figure 

4.1b. 
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In most phenomenological models, bond deterioration under cyclic slip reversals 

is simulated by scaling the monotonic bond stress-slip relation, and the scale factors are 

updated upon each slip reversal. Some of these models adopt a single damage parameter 

that is a function of the energy dissipated by bond-slip (Eligehausen et al. 1983) or of the 

slip history (Lowes et al. 2004) to determine a scale factor. Some models (Pochanart and 

Harmon 1989, Yankelevsky et al. 1992, and Lowes et al. 2004) distinguish the bearing 

and friction resistances. Pochanart and Harmon (1989) and Yankelevsky et al. (1992) 

scale independently these two contributions. The latter approach has been adopted here 

based on the experimental evidence that the reduction of the peak strength is in general 

more rapid than that of the residual strength. The peak strength in a monotonic bond 

stress-slip curve is mainly contributed by the bearing resistance, while the residual 

strength is entirely due to friction. Friction deterioration is caused by the smoothening of 

the interface between the steel and concrete, and, therefore, can be assumed to be 

dependent on the total cumulative slip. The deterioration of the bearing resistance is 

caused by the crushing and/or shearing of the concrete between the ribs. Therefore, it can 

be assumed to be dependent only on the maximum slips attained in the two loading 

directions. For sliding between previously attained levels of slip, there will be no bearing 

contact between the concrete and the ribs, and, therefore, no further crushing and 

shearing of concrete can occur. These mechanisms are consistent with the cyclic behavior 

observed in the tests presented in Chapter 3. Fully-reversed cycles are more damaging 

than half cycles because the maximum slip excursion and the total slip accumulated are 

larger, causing more deterioration in both the bearing and the friction resistances. Double 

cycles between the same slip levels induce slightly more damage than single cycles 

because the second cycle causes a further reduction of the friction resistance. 

Based on the reasoning presented above, the monotonic bond stress-slip relation 

in this model is separated into a bearing component and a friction component as shown in 

Figure 4.1a. From the origin to the end of the plateau at the peak of the curve (point C), 

the bearing resistance, � b , is assumed to be 75% of the total bond resistance, and the 

remaining 25% is assumed to be contributed by the friction resistance, � f . After the 

peak, � b is assumed to decay linearly to zero, which corresponds to the point when the 
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slip is equal to sR , i.e., when the concrete between the ribs has been completely crushed 

or sheared off. The friction resistance, � f , is assumed to remain constant as slip 

continues to increase after the peak. The maximum bearing and friction resistances are 

therefore � = 0.75� and � = 0.25� , respectively. To model the cyclic bond b,max max f ,max max 

deterioration, the following damage law is used. 

� =� +� red b,red f ,red 

ˆ � = (1− d )�� (4.4) b,red b b 
ˆ � = (1− d )�� f ,red f f 

in which � is the reduced bond resistance, � is the reduced bearing resistance, red b,red 

� is the reduced friction resistance, d̂ is the damage parameter for the bearing f ,red b 

resistance, and d̂ 
f is the damage parameter for the friction resistance. The bond stress-

slip relation is updated using Equation 4.4 when the load is reversed. The damage laws 

have been calibrated using the experimental data from Test Series 1, 2 and 3. Data from 

Series 4 cannot be used because the bars in the monotonic bond-slip tests yielded, and, 

therefore, it does not provide a direct comparison of the monotonic bond-slip behavior 

with the cyclic behavior. 

The damage parameter for the bearing resistance, d̂ 
b , is defined as a function of 

the maximum slip.  

1.2 e 
  2.7 

��
� 

smax 

sR 

��
� 

0.8 

� 0 (4.5a) d̂ ( − b max s ) 1 = 

where 
+ − + − s = 0.75max(s , s ) + 0.25(s + s ) (4.5b) max max max max max 

in which s+ and s− are the absolute values of the maximum slips reached in the max max 

positive and negative directions. Since full cycles produce more damage than half cycles, 

the maximum slip smax considered here is a weighted average of the absolute maximum 

slip reached in any of the two directions and the sum of the maximum slips in the two 

directions. As mentioned previously, cyclic deterioration starts to become apparent after 
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��

the maximum bond stress in a previous cycle has reached 70% to 80% of the peak bond 

strength developed under a monotonic load. This is accounted for in the above damage 

index in the following way. Equation 4.1 stipulates that under monotonic loading, the 

bond stress reaches 70% of the peak bond strength when the slip s = 0.034 sR if 

s peak = 0.07db and sR = 0.5db as assumed here. Hence, Equation 4.5a is so formulated 

that d̂  starts to increase only when s s > 0.034 . b max R 

The friction resistance decreases progressively as a result of the smoothening of 

the bond interface, which depends on the total cumulative slip. However, more severe 

deterioration has been observed in the residual bond strength as the maximum slip 

increases in a subsequent cycle. Therefore, the damage parameter for the friction 

resistance, d̂ 
f , is assumed to be a function of both the absolute maximum slip attained in 

each loading direction and the cumulative slip, sacc .  
0.75 

sacc 

+   max max R � R � d̂ 
f (sacc , smax , smax ) = min(s+ + s  , s )�

��
�1   e 

 0.45�� 
s 

�� �
��
� (4.6) 

sR � � 

To avoid an overestimation of damage that could otherwise be caused by a large number 

of small cycles, sacc is considered zero before the slip displacement has exceeded the slip 

at the peak stress, , for the first time. This is a reasonable assumption if one agrees speak 

that friction should play a minor role at the beginning when bearing resistance is 

significant. 

As shown in Figure 4.1b, right after each slip reversal, unloading follows the 

initial stiffness of the monotonic curve until the friction resistance limit � rev in the 

opposite direction is reached. If the maximum slip ever achieved exceeds the slip at the 

peak resistance, speak , the resistance � rev right after slip reversal is equal to the reduced 

friction, � , given in Equation 4.4. Otherwise, it is a fraction of the reduced friction as f ,red 

shown in Equation 4.7, which is a modification of that suggested by Eligehausen et al. 

(1983). 

� rev = krev� f ,red (4.7a) 
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 where 

max(s+ , s− ) max max krev = � 1 (4.7b) 
speak 

At slip reversal, � = � until the maximum slip previously attained in that direction ( s+ rev max 

or s− ) is reached. After this point, the bond stress-slip relation will be governed by the max 

reduced bond strength in Equation 4.4. The reloading branch from the horizontal line 

(� = � rev ) to the reduced envelope follows the initial stiffness of the monotonic curve. 

4.1.3 Comparison of analytical and experimental results 

The ability of the analytical model to reproduce the bond stress-slip relations 

obtained from the experiments presented in Chapter 3 and by others has been evaluated. 

The experimental and analytical results for two monotonic load tests from Chapter 3, and 

for No. 8 (25-mm) bars tested by Eligehausen et al. (1983) are presented in Figure 4.2. 

Two sets of analytical curves have been generated. The first set is based on the values of 

�u and speak directly obtained from the monotonic tests while the second set is based on 

the values estimated with the recommendations provided in Section 4.1.1. The values of 

�u and speak for both sets of curves are presented in Table 4.1. The results in Figure 4.2 

show that once the values of �u and speak have been determined with experimental data, 

the ascending and descending branches are well represented by the proposed polynomial 

functions. The curves based on the estimated values also provide a satisfactory match in 

spite of the simplicity of the rules used to derive these values. 

The cyclic bond stress-slip relations have been reproduced analytically using the 

parameters calibrated with the monotonic tests. The analytical and experimental results 

for selected tests in Series 1, 3, and 4 are compared in Figure 4.3. The model accurately 

reproduces the cyclic bond stress-slip relations, including the bond strength decay. 

Experiments by Eligehausen et al. (1983) and Lundgren (2000), which had smaller bars, 

more cycles per amplitude level, and cycles with finer amplitude increments, are also 

well reproduced by the analytical model, as shown in Figure 4.4. 
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4.2 Steel-concrete interface model for bond-slip 

The bond stress-vs.-slip law presented in Section 4.1 has been implemented in an 

interface model to simulate the interaction between steel and concrete for the finite 

element analysis of reinforced concrete members. In the interface model, the relative 
~ displacement at the concrete-steel interface has three components: one normal, u1 , and 

~ ~ two tangential components, u2 and u3 , as shown in Figure 4.5. Likewise, the stress 

transfer at the interface is decomposed into one normal,�1 , and two shear components, � 2 

and �3 . The constitutive relations for the interface model are presented in Equations 4.8 

through 4.10.  

In Equation 4.8, the bond stress-vs.-slip law proposed in Section 4.1 is used to 

define the relation between the tangential relative displacement and shear stress in the 
~ longitudinal direction of the bar, i.e., between u2 and � 2 . However, to introduce the 

capability of modeling bond resistance in low confinement situations and splitting failure, 

a bond stress reduction factor, �, has been introduced so that 

� = �(u ~ ) �� (u ~ ,� ) (4.8a) 2 1 2 s 

in which the relation between � and ( % ,� ) are defined by the constitutive law presented u2 s 

in Section 4.1 with u%2 representing the bar slip s . The reduction factor � depends on the 

~ normal opening of the interface, u1 , with respect to the bar rib height, hR , as follows. 

1 for u%1 � 0.5hR 

= 
�� �(u% ) 2(1− u% / h ) for 0.5h < u% � h (4.8b) 1 1 R R 1 R  � for u% h 0 1 > R 

When the opening of the interface is small as compared to the rib height, � is equal to 

one, which will be the case if the concrete surrounding the bar is well confined. If the 

interface opening is larger than the rib height, the bond resistance disappears, which will 

be the case when the confinement is low and the concrete splitting cracks open. A smooth 

transition is assumed between these two situations. 

As shown in Equation 4.9, the normal stress is defined to be proportional to the 

bond stress with the assumption that the resultant bond force has a fixed angle of 
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inclination � with respect to the longitudinal axis of the bar. A similar assumption was 

used in the bond-slip model proposed by Lowes et al. (2004). In addition, a penalty factor 

in terms of a stiffness parameter, K , which is active only in compression, has been pen,1 

added to introduce the necessary normal resistance to minimize interpenetration between 

the steel and concrete. 

�1 = − �2 tan� + K min(u% ,0) (4.9) pen,1 1 

For three-dimensional models, the rotation of the bar about its longitudinal axis is 

restrained by a penalty stiffness parameter, K , as presented in Equation 4.10. pen,3 

~ � 3 = (4.10) K pen ,3u3 

The steel-concrete model has been implemented in a user-defined interface 

element in ABAQUS (Simulia 2010). The element has linear shape functions and two 

integration points located at the ends of the element (see Figure 4.5). The force per unit 

length of the interface is obtained by multiplying the interface stresses by the tributary 

perimeter of the bar that the interface element represents. Finally, the axial strain of the 

bar required in the constitutive equations is calculated from the nodal displacements 

parallel to the bar axis at the nodes connected to the bar (nodes A and B in Figure 4.5) 

and the length of the element, Le , as 

u − u 2B 2A � s = (4.11) 
Le 

4.3 Three-dimensional modeling of plain concrete 

In the finite element analyses presented in this study, plain concrete has been 

modeled with continuum elements and a plastic-damage constitutive model available in 

ABAQUS (Simulia 2000). Plastic-damage models are attractive to simulate the behavior 

of concrete because they combine salient features of plasticity theory and damage 

mechanics to account for plastic deformations and stiffness degradation. The model 

available in ABAQUS, called the concrete damaged plasticity, is based on the 

formulations proposed by Lubliner et al. (1989) and Lee and Fenves (1998). In this 
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section, the formulation of the plastic-damage model available in ABAQUS is briefly 

reviewed, and the model is validated and calibrated by experimental data. 

4.3.1 Plastic-damage model formulation 

Following the classical theory of plasticity, the strain tensor is decomposed into 

an elastic part and a plastic part, and the stress tensor is obtained as the double 

contraction of the elastic stiffness tensor and the elastic strain tensor. 

� = � e + � p (4.12a) 
e � = E : � = E : (� − � p ) (4.12b) 

To account for stiffness degradation, the elastic stiffness tensor is related to the initial 

stiffness tensor as 

E = (1− d)E0 (4.12c) 

where d is a scalar parameter that controls the stiffness degradation. In damage theory, 

d represents the ratio of the damaged area to the original area. The effective stress in the 

undamaged area is given as 
e � = E : � = E : (� − � p ) (4.12d) 0 0 

The yield surface for the damaged plasticity model is based on that proposed by 

Lubliner et al. (1989) with the modifications introduced by Lee and Fenves (1998) to 

account for the different behavior in tension and compression. The initial shape of the 

yield surface in the principal stress plane for a plane-stress situation is shown in Figure 

4.6. The yield function is defined in terms of the invariants I1  and J 2  as 

1 p ~ p p F = � 
[�I1 + 3J 2 + � (~ �c , �t ) < �̂ max > −� < −�̂ max >]− cc (~ �c ) (4.13) 

1− 

in which <� > is the Macaulay bracket, �̂max is the maximum principal stress, � and � 

~ p are constants, and � and cc are parameters that depend on two history variables, �c and 

~ p 
�t , representing the equivalent plastic strains in compression and tension, respectively. 

These variables are later on defined in Equation 4.15. 
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�

A non-associated plastic potential, G , is adopted and the plastic strain rate is 

p �G 
& obtained as �& = � , where �& is the plastic multiplier. The plastic potential is defined 

d� 

in Equation 4.14 using the Drucker-Prager criterion. 

I1 G = 3J2 + tan� (4.14) 
3 

in which �  is the dilation angle for concrete. 

~ p ~ The history variables �c and �t
p  are related to the plastic flow as follows: 

& p & p �% = r (�̂ ) �̂ (4.15a) t max 

& ˆ & �% c
p 
= (1− r (�)) �̂ p (4.15b) min 

& & in which �̂ p  and �̂ p  are obtained from the principal plastic strains rates ( �&1 
p , �&2 

p , �&3 
p ) as max min 

p p p p p 
�&̂ p 
= �&  and �&̂ p 

= �&  with �& � �& � �& , and max 1 min 3 1 2 3 

ˆ � 0 if � = 0 

�̂ r (�̂ ) 
�
� 
i 

3 

i (4.15c) 
=1 otherwise 

= ������ 

3 
ˆ � �i 

i=1 

where �̂ i are the principal effective stresses. 

The parameter �  is defined as 

cc (~ �c
p ) � = p (1− � )− (1+ � ) (4.16) 

ct (~ �c ) 

in which the functions ct (~ �& t
p ) and cc (~ �& c

p ) represent the tensile and compressive 

cohesions, and are calibrated from the uniaxial compression and tension test data. 

The damage parameter d is a function of both the damage parameter in tension, 

d t (�&%t
p ) , and the damage parameter in compression, d c (�&% c p ) , as follows: 

(1− d) = (1− s d )(1− s d ) (4.17a) t c c t 

where 
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s = 1 − w r(�̂ ) (4.17b) t t 

ˆ sc = 1− w (1− r(� )) (4.17c) c 

In Equation 4.17, wt and wc are constants that control stiffness degradation in tension 

and compression, respectively. The functions d t (�&%t
p ) and d (�&% c p ) are calibrated from c 

cyclic uniaxial tension and compression tests, respectively. The uniaxial tension and 

compression stress-strain curves for this model are shown in Figure 4.7. 

4.3.2 Validation and calibration of the plastic-damage model 

Lee and Fenves (1998) validated the model for monotonic uniaxial and biaxial 

compression and tension. The model available in ABAQUS (Simulia 2010) has been 

calibrated and further validated here for the cyclic compression-tension behavior and 

compression under lateral confinement. Since cracks are modeled in a smeared fashion, 

the post-crack behavior of concrete is expressed in terms of a stress-strain relation with 

appropriate post-peak uniaxial stress-strain curves in tension and compression reflecting 

the fracture energies released in the failure processes. The yield function of the model, as 

given in Equation 4.13, accounts for the influence of the hydrostatic pressure on the yield 

and failure strengths of concrete. Together with a properly calibrated plastic potential, the 

yield function is able to represent the increase in the compressive strength of concrete due 

to lateral confinement. However, the model is not able to properly represent the post-peak 

compressive behavior of confined concrete, which is one limitation of the model. The 

approach taken in this study to overcome this limitation will be explained later in this 

section. 

To calibrate the concrete model, one needs to input the uniaxial compressive 

stress-strain relation for the concrete. In this study, the stress-strain relation proposed by 

Karthik and Mander (2011) has been used. The tensile strength of the concrete also needs 

to be specified. In addition, there are other parameters that govern the properties of the 

yield function and plastic potential, and the evolution of the damage parameter. It is 

assumed that their values are independent of the concrete strength. The values of the key 
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parameters used in this study are presented in Table 4.2. They have been kept constant 

for all the analyses conducted in this study. 

Figure 4.8 shows that the cyclic tension-compression tests carried out by 

Reinhardt (1984b) are sufficiently well reproduced by the model. The plastic-damage 

model is able to simulate the closing and opening of a tensile crack with reduced 

stiffness. However, with a large inelastic tensile strain, the complete closure of the crack 

requires a very large stiffness degradation (with the value of the damage parameter very 

close to one), which has led to irresolvable numerical problems. Hence, the model is not 

capable of simulating the closure of a crack in a realistic manner resulting in a large 

residual crack opening upon unloading. This can be observed in Figure 4.8 for the larger 

amplitude displacement cycles. To circumvent this problem, contact interfaces in 

ABAQUS can be introduced to represent cracks in a discrete manner. This is not entirely 

satisfactory in that the cohesive strength of concrete is completely ignored. 

The parameters governing the yield function and plastic potential have been 

calibrated to match experimental results obtained by Hurblut (1985) and Mander et al. 

(1989) so that the model will be able to capture the behavior of confined concrete in 

compression. As shown in Figure 4.9, the model is capable of reproducing the effect of 

the lateral confining stress on the compressive strength and lateral expansion of concrete 

observed in the tests of Hurblut (1985). However, as mentioned previously, the model is 

not able to account for the influence of the confining pressure on the post-peak 

compressive stress-strain of concrete. This has also been observed when attempting to 

reproduce the experimental results obtained by Mander et al. (1989) on concrete 

cylinders that had different amounts of confining steel. To overcome this limitation, the 

decaying slope of the input uniaxial compressive stress-strain curve has been modified a 

priori for each case based on the level of the confining steel present, as shown in Figure 

4.10a. This modification is based on the formula proposed by Karthik and Mander 

(2011). With this ad hoc approach, the model is capable of reproducing the tests results 

of Mander et al. (1989) reasonably well, as shown in Figure 4.10b. 
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4.4 Modeling of steel reinforcement 

A rate-independent elasto-plastic model with kinematic hardening available in 

ABAQUS (Simulia 2010) has been used to simulate the behavior of steel reinforcement. 

This model uses the Von Mises yield condition with an associated flow rule. The yield 

surface and plastic potential are defined by the following function. 

3 F(�,�) = (�'−�') : (�'−�') −� (4.18) 
2 y 

in which �' and � ' are the deviatoric part of the stress tensor, � , and backstress tensor, 

� , respectively, and � y is the yield strength. The backstress tensor controls the 

translation of the yield surface in the stress space due to kinematic hardening. Two types 

of kinematic hardening laws are available in ABAQUS: linear and exponential. The 

evolution of � for linear kinematic hardening is defined as 

�& = C �& p 

� 
1 

y 

(�'−�') (4.19) l 

in which Cl is the linear hardening parameter and �& p is the equivalent plastic strain rate, 

3 p p defined as �& p 
= �& :�& . This law requires the calibration of two parameters: � y and 

2 

Cl . For exponential kinematic hardening, the hardening rate decreases exponentially with 

increasing strain, and the evolution of � is defined as 

p 1 p & & �& = Ce� (�'−�')−� e�� (4.20) � y 

in which Ce and �e are the exponential kinematic hardening parameters. This law 

requires the calibration of three parameters: � y , Ce , and � . e 

The ability of the steel model with linear and exponential kinematic hardening to 

simulate the monotonic and cyclic test results of Restrepo-Posada et al. (1993) for 

reinforcing bar coupons is shown in Figure 4.11. The exponential hardening law provides 

a better approximation of the strain hardening behavior of steel, without unlimited stress 

increase, as shown in Figure 4.11a. There is no stress limit in the linear kinematic 
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hardening law. However, none of the hardening laws simulates the yield plateau, the 

strength decay, and the bar rupture. As shown in Figure 4.11b, the model can capture the 

cyclic stress-strain relation well with either hardening law, but not the Bauschinger effect. 

In this study, reinforcing bars are modeled with either truss or beam elements 

using the elasto-plastic constitutive model presented above. For cases where the bending 

of the reinforcement is negligible, truss elements are used; otherwise, beam elements are 

used. For truss elements, the exponential kinematic hardening law has been adopted 

because it provides a slightly better approximation of the strain-stress relation. For beam 

elements, the exponential hardening law is not available. Hence, the linear kinematic 

hardening law has to be employed. 

4.5 Verification examples with finite element models 

Finite element (FE) models employing the bond-slip interface element presented 

in this chapter and the concrete and steel models described above have been constructed 

to examine their ability to reproduce results of different RC component tests. For this 

purpose, the bond-slip tests presented in Chapter 3 and other tests reported in the 

literature including bond-slip tests, development length tests, and a test on a RC column 

are considered. For the bond-slip and development length tests, the reinforcing bars are 

modeled with truss elements, and for the RC column, the vertical bars are modeled with 

beam elements. In the bond-slip law, the inclination angle of the bond force, � , is 

assumed to be 60 degrees unless indicated otherwise. While it is often assumed that the 

resultant of the bond resistance has a 45-degree angle with respect to the bar longitudinal 

axis (Cairns and Jones 1996), Tepfers and Olsson (1992) have observed from pull-out 

tests that this angle varied between 35 and 65 degrees, depending on the rib geometry and 

the intensity of the bond force. The use of a 60-degree angle is recommended based on 

the cases considered below.  

Two of the basic bond-slip tests presented in Chapter 3 have been replicated with 

FE models. As shown in Figure 4.12a, only one fourth of a specimen is modeled by 

taking advantage of the axial symmetry of the specimen. The experimental and numerical 

results are compared in Figure 4.12b and Figure 4.12c. It can be seen that the force-vs.-
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displacement relations measured during the monotonic and cyclic tests are well 

reproduced in the FE analysis. 

To evaluate the capability of the bond-slip law to simulate the radial dilatation 

caused by the wedging action of the ribs, bond-slip tests carried out by Lundgren (2000) 

and Plizzari and Mettelli (2009) have been modeled. Figure 4.13 plots the comparison 

between the FE model and experimental results for the pull-out tests conducted by 

Lundgren (2000) on bars embedded in concrete cylinders confined by a steel casing. The 

FE analysis results show a good correlation with experimental results not only for the 

force-displacement relations, but also for the strains measured in the steel casing when 

the inclination angle of the bond forces, � , is taken as 45 degrees. If � is equal to 60 

degrees, the force-displacement relations do not vary, but the steel strains increase 

significantly. As shown in Figure 4.14a, the FE analysis is also able to reproduce the 

splitting failure of a large-diameter bar in a poorly confined specimen tested by Plizzari 

and Mettelli (2009) when � is equal to 60 degrees. The splitting crack caused by the 

expansion of the steel-concrete interface can be observed from the maximum principal 

strain in the concrete, as shown in Figure 4.14b. However, if � is taken as 45 degrees, a 

higher bond strength is obtained and the bond fails by the pull-out of the bar from the 

concrete rather than concrete splitting. In conclusion, the model is capable of 

reproducing the radial dilatation of the concrete-steel interface in an approximate manner. 

Based on these results and on the range of values provided in the literature, it is 

recommended that � be equal to 60 degrees. This is a more conservative assumption 

because it increases the chances of inducing a splitting failure.

 The development length test results obtained by Shima et al. (1989b) on a bar 

with a long embedment length subjected to a pull action have also been well replicated by 

the FE model. Figure 4.15 compares the FE analysis and experimental results in terms of 

the force-displacement relations at the loaded end of the bar, and the bar strain 

distribution along the embedment length. The small differences observed are related to 

the absence of a plateau in the stress-strain relation of the steel model, which 

characterizes the behavior of mild steel right after yielding. 

Finally, the FE model shown in Figure 4.16 has been created to simulate the 
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behavior of an RC column tested by Lehman and Moehle (2000) with quasi-static lateral 

loading. In this model, the vertical bars are modeled with beam elements. The finite 

element meshes for the column and the footing are independently created and a contact 

condition has been imposed at their interface (see Figure 4.16b). This is a simple way in 

ABAQUS to introduce a discrete crack in the model at a location where large cracking is 

expected, and to overcome the limitation of the concrete model to simulate the opening 

and closing of cracks, as discussed in Section 4.3.2. The results presented in 

Figure 4.17a show that the model is successful in predicting the lateral load 

capacity and force-displacement envelope. The hysteretic behavior is fairly well captured, 

even though the reloading branches are stiffer in the model. This difference is caused by 

the early resumption of contact in crack closing because of the insufficient stiffness 

degradation introduced in the damage model as shown in Section 4.3.2. This problem is 

only partially mitigated by the introduction of the contact condition at the column base 

but not at other locations in the column. The load decay observed at the end of the test 

was caused by the buckling and fracture of vertical bars at the base of the column, where 

a plastic hinge had formed. The model predicts the formation of the plastic hinge at the 

column base, but does not simulate bar buckling and fracture. Hence, the load drop 

observed in the test is not captured by the model.  

Figure 4.17b shows that the FE model provides a good prediction of the strain 

penetration along the development length inside the footing, which indicates that the 

bond-slip behavior of these bars is well captured. However, the steel strains at the 

column-footing interface are overestimated. These differences are considered acceptable 

knowing that a small difference in bar stress can produce a large variation in strain in the 

post-yield regime, and that the post-yield stress-strain relation is approximated by a 

straight line in the model.  

4.6 Summary and conclusions 

A semi-empirical phenomenological bond stress-vs.-slip model has been 

presented in this chapter. This model requires the calibration of only three parameters and 

can be applied to any bar size and concrete strength. The model successfully reproduces 
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the monotonic and cyclic bond-slip behavior of the large-diameter bars tested in this 

study, as well as that of smaller bars tested by others. Implemented in an interface 

element in ABAQUS, it has shown good accuracy in simulating the bond-slip behavior of 

bars in well-confined concrete members. Also, through a simple representation of the 

wedging action of the ribs, it can capture splitting failures and bond decay due to the lack 

of confinement in an approximate manner. 
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Table 4.1: Bond-slip model parameters 

Test Bar size 
(No.) 

� f � 3 u 
c MPa (ksi) MPa 

(ksi) from tests estimated 

speak sR 

mm (in.) mm (in.) 
from estimated measured tests 

Series 1 11 34.5 
(5) 

15.2 
(2.20) 

16.5 
(2.40) 

3.0 
(0.12) 

2.5 
(0.10) 

19.1 
(0.75) 

Series 2 14 34.5 
(5) 

16.5 
(2.40) 

16.5 
(2.40) 

2.8 
(0.11) 

3.0 
(0.12) 

24.9 
(0.98) 

Series 3 18 34.5 
(5) 

17.6 
(2.55) 

16.5 
(2.40) 

3.0 
(0.12) 

4.0 
(0.16) 

24.4 
(0.96) 

Series 4 14 55.2 
(8) 

23.8 
(3.45) 

23.4 
(3.40) - 1 3.0 

(0.12) 
24.9

 (0.98) 

Eligehausen et al. 

Lundgren 

8 

5 

30 
(4.35) 

36 
(5.2) 

13.9 
(2.00) 
20.0 

(2.90) 

14.8 
(2.15) 
17.2 

(2.50) 

1.8 
(0.07) 

1.0 
(0.04) 

1.8 
(0.07) 

1.1 
(0.04)

10.2 
(0.40) 
  7.6 2 

(0.30) 
1 Monotonic bond stress-slip curve not available. 
2 Value estimated. 
3 For Series 1 through 4, it is based on the specified strength, which is very close to the average of 
the actual strengths measured. 

Table 4.2: Plastic-damage model calibration 

Parameter Description Values 
� Controls biaxial compressive strength 0.12 
� Dilation angle 20º 
� Controls shape of the yield surface 1.91 
w c Compression recovery factor 0 
w t Tension recovery factor 1 
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(b) Cyyclic responsse 

Figurure 4.1: Analyytical bond s stress-slip laaw 
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Figure 4.2: Analytical and experimental results for monotonic loading 
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Figure 4.3: Analytical and experimental results for cyclic loading 
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Figure 4.10: Compression tests by Mander et al. (1989) on RC columns with different 
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Figure 4.13: FE analysis of bond-slip tests by Lundgren (2000) 
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CHAPTER 5 

DEVELOPMENT OF LARGE-DIAMETER BARS IN WELL-

CONFINED CONCRETE 

The development of large-diameter reinforcing bars embedded in well-confined 

concrete is studied in this chapter. Results of quasi-static pull-push tests conducted on 

No. 14 (43-mm) and 18 (57-mm) bars embedded in well-confined cylindrical concrete 

specimens are reported. These tests were to evaluate whether the tension development 

requirements stipulated in the AASHTO LRFD Bridge Design Specifications (AASHTO 

2010) were adequate to develop the yield and tensile strengths of the bars under severe 

cyclic loading. These tests were also used to further evaluate the ability of a finite 

element (FE) model using the bond-slip element presented in Chapter 4 to capture the 

bond-slip behavior and predict the anchorage capacity of a bar. Once validated, additional 

FE analyses have been carried out in a parametric study to investigate how the tension 

capacity of bars anchored in well-confined concrete varies with the embedment length for 

bars of different sizes and steel and concrete of different strengths. Finally, a Monte Carlo 

simulation has been conducted to determine the reliability level of the AASHTO LRFD 

specifications on the development of large-diameter bars in well-confined concrete 

considering uncertainties in material properties and construction quality. Based on this 

study, a possible code improvement has been suggested. 
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5.1 Pull-push tests on large-diameter bars 

Three cyclic pull-push tests were conducted on No. 14 (43-mm) and 18 (57-mm) 

bars embedded in well-confined cylindrical concrete specimens to check whether the 

development length requirements stipulated in the AASHTO LRFD Bridge Design 

Specifications (AASHTO 2010) were adequate to develop the yield and tensile strengths 

of the bars when they were subjected to severe cyclic tension and compression. Two 

tests, one for each bar size, were conducted with development lengths complying with the 

AASHTO specifications. An additional test was conducted on a No. 18 bar with a shorter 

embedment length. In these tests, the axial strains developed along the embedded 

portions of the bars were measured to deduce the extent of bond deterioration and to 

validate finite element models. 

5.1.1 Test setup, instrumentation, and loading protocol 

The geometries, reinforcing details, and instrumentation of the test specimens are 

shown in Figure 5.1. The same types of reinforcing bars, concrete mix design, and 

confinement level used in the basic bond-slip tests presented in Chapter 3 were 

employed. Tests No. 1 and 2 were conducted on a No. 14 bar and a No. 18 bar, 

respectively, with embedment lengths, le , equal to the tension development lengths 

required by the AASHTO LRFD Bridge Design Specifications (AASHTO 2010). The 

development lengths were determined based on the targeted concrete compressive 

strength of 34.5 MPa (5 ksi). They were obtained by multiplying the basic tension 

development lengths by a compounded reduction factor of 0.6 as permitted by AASHTO 

since the specimens met all the necessary conditions on the minimum clear concrete 

cover for the loaded bars, and the minimum diameter and maximum spacing of the 

transverse reinforcement. Test No. 3 was done on a No. 18 bar with an embedment length 

equal to 60% the development length required by the AASHTO specifications. This 

length was determined to be sufficient to yield the bar and sustain a small amount of 

strain hardening based on a pre-test FE analysis with a model that will be presented with 

more details in Section 5.2. Specimens 2 and 3 were tested when the compressive 
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strength of the concrete was very close to 34.5 MPa (5 ksi). For Specimen 1, the 

compressive strength of concrete was only 29.3 MPa (4.25 ksi) on the day of the test. The 

bar size, embedment length, actual material strengths, and test results for each specimen 

are summarized in Table 5.1. The yield strength ( f y ) and tensile strength ( fu) of the bars 

were obtained from material tests on bar specimens. 

All the specimens were cast with the bars in an upright position. However, 

Specimen 1 was later rotated and anchored to a strong wall to be tested horizontally. The 

bar was pulled from and pushed into the concrete using a servo-controlled hydraulic 

actuator attached to a reaction block, which was anchored to the strong floor. This test 

setup is shown in Figure 5.2a. The test setup was changed for Specimens 2 and 3, as 

shown in Figure 5.2b. These specimens were cast and tested in an upright position for the 

sake of convenience. In this setup, the actuator was attached to a steel reaction frame 

secured to the footing of the specimens. In both test setups, the reaction of the pull-push 

force was not transferred to the concrete surrounding the bar, which closely represented 

the situation for bar slip in a real structure. 

The instrumentation of these specimens is presented in Figure 5.1. Strain gages 

were attached to the bar at different heights to obtain the longitudinal strain distribution 

along the embedded length during the test. In Specimens 1 and 2, strain gages were also 

placed in two perimeter bars to monitor the transfer of the tensile force from the pulled 

bar to these bars. In Specimen 3, strain gages were attached to the transverse 

reinforcement at two locations to monitor the hoops strains introduced by bar slip. The 

exact locations of the strain gages for each specimen are given in Table 5.2. In addition, 

the displacement of the bar at the loaded end was monitored during the test. Since the top 

concrete surface was expected to be damaged during the test, this displacement was 

measured relative to a point 150 mm (6 in.) below the top of the concrete cylinder. For 

this purpose, two displacement transducers were secured to the two opposite sides of the 

concrete cylinder at this elevation. The other end of each transducer was attached to a 

horizontal metal rod welded to a collar, which was secured to the bar at a position right 

above the concrete surface. Pictures of the setup to measure bar slip are shown Figure 

5.2c and Figure 5.2d. Pictures of specimen construction are provided in Appendix A. 
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The loading protocol is presented in Table 5.3. The bars were subjected to load 

cycles of increasing displacements in tension with two cycles at each amplitude. The first 

six cycles of each test were under force control. The amplitudes of the tensile and 

compressive forces applied in each cycle were set to be fractions of the expected yield 

force of the bar, which was based on the expected yield strength of 469 MPa (68 ksi), 

while the maximum compressive force applied was limited to 50% of the expected yield 

to avoid bar buckling. After the tensile force applied to the bar reached 75% of the 

expected yield force, the test was switched to displacement control but with the 

maximum compressive force limited to 50% of the expected yield. In each cycle, the 

displacement amplitude in tension was specified in terms of an integer multiple of the 

maximum displacement reached in Cycle 5 (the first cycle at 75% of the yield force). 

Failures of the specimens occurred with either bar fracture or the pull-out of the bar from 

the concrete. 

5.1.2 Test results 

Plots of the bar stress against the displacement of the bar at the top of the 

anchorage zone for Tests No. 1 through 3 are presented in Figure 5.3 and Figure 5.4. In 

Test No. 1, the No. 14 bar yielded in tension and sustained significant inelastic 

deformation before it was pulled out from the concrete cylinder. As shown in Figure 

5.3b, the stiffnesses exhibited by the stress-displacement relations in tension and 

compression were very similar before the bar yielded in tension at a displacement of 1 

mm (0.04 in.). After yielding, the displacement at the loaded end increased with little 

increase in the pull force. The maximum pull force was reached at a displacement of 76 

mm (3.0 in.). This load corresponds to 98% of the tensile strength of the bar, which was 

obtained from material tests. After this point, the load dropped with increasing 

displacement due to the failure of the anchorage. The load tended to stabilize at a residual 

resistance that was one third of the peak load when the displacement reached 140 mm 

(5.5 in.). This residual resistance was contributed by the friction bond strength of the bar 

as explained in Chapters 3 and 4. At this point, the test was stopped. As the bar was being 

pulled out from the cylinder, pulverized concrete remained attached to the bar between 
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the ribs, as shown in Figure 5.5. Furthermore, a cone-shaped concrete piece, 

approximately 50-mm (2-in.) deep and 125 mm (5 in.) in maximum diameter was 

detached from the top of the concrete cylinder as shown in Figure 5.5a. 

In Test No. 2, the No. 18 bar yielded and reached its ultimate strength, which was 

followed by bar necking and fracture. The bar yielded in tension at a displacement of 1.5 

mm (0.06 in), which is higher than that for the No. 14 bar. The tensile strength of the bar 

was reached at a displacement of 60 mm (2.35 in.). After this, the load dropped, which 

was not caused by the failure of the anchorage, but due to bar necking. The bar fractured 

at a location right below the surface of the concrete cylinder when the displacement was 

93 mm (3.66 in.). Even though there was no anchorage failure, widely-open splitting 

cracks were visible at the top surface of the concrete cylinder, as shown in Figure 5.6. 

These cracks radiated from the bar to the outer surface of the concrete cylinder and 

extended vertically 125 mm (5 in.) down from the top surface (see Figure 5.6a). In 

addition, a circumferential horizontal crack was observed at this depth. Post-test 

inspection of the specimen revealed that this horizontal crack was an extension of a 200-

mm (8-in.) deep cone-shaped crack. Figure 5.6c shows the shape of the crack surface 

after the upper concrete piece was removed. The use of a larger bar with larger ribs 

generates larger splitting forces in the concrete. This explains the more severe damage 

induced on the concrete specimen in Test No. 2. Results from these two tests indicate that 

the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) on the development 

lengths of these bars are appropriate. The bars were able to yield and develop significant 

strain hardening with bar fracture occurring in Test No. 2.  

 Even though the bar in Test No. 3 had an embedment length significantly shorter 

than the development length required by the AASHTO specifications, it was able to yield 

and experience a small amount of strain hardening before the bar anchorage failed. The 

response before the bar yielded in tension was very similar to that of Test No. 2. 

However, the bar yielded in tension at a displacement of 1.9 mm (0.075 in), which is 25% 

larger than that in Test No. 2. This reduction in stiffness was caused by the shorter 

embedment length in Test No. 3. The maximum pull force was reached at a displacement 

of 5.9 mm (0.23 in.) when the bar stress was 10% higher than its actual yield strength 
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with a tensile strain of 1.7% at the pulled end. There was extensive bond failure, which 

resulted in larger displacements in compression as compared to Test No. 2, and a steady 

reduction of the load capacity in tension until the bar was completely pulled out from the 

concrete cylinder. Pictures of the specimen at the end of the test are shown in Figure 5.7. 

Pulverized concrete was observed between the ribs of the bar as it was being pulled out 

from the concrete cylinder. A crack pattern similar to that in Test No. 2 was observed in 

the upper portion of the concrete specimen, with widely-opened splitting cracks and a 

large concrete cone detached from the top of the specimen. 

The strains measured in the loaded bars provide useful information to understand 

the bond deterioration along the embedment length. The strains at different locations 

along the length and at different stages of the tests are plotted in Figure 5.8. In this and 

subsequent figures, the reference position for the strain gages is the top surface of the 

concrete specimen (see Table 5.2), which is referred to as the “loaded end”. The 

displacement at the loaded end of a bar is due to the strain penetration inside the 

embedment zone. After the anchorage failed in Tests No. 1 and 3, the displacement was 

mainly contributed by the rigid body displacement of the bar. Results obtained from the 

tests indicate that there was a significant penetration of plastic strain inside the 

embedment zone. As explained in Chapter 4, bond resistance will drop significantly at 

locations where the bar has yielded, which will exacerbate the plastic strain penetration as 

the bar undergoes strain hardening. For Test No. 1, plastic strains were measured up to a 

depth of 18 db at a slip of 75mm (3 in.), prior to the anchorage failure, as shown in Figure 

5.8a. With the total embedment length of 26 db , this means that the lowest 8 db of the 

embedment length was sufficient to develop the yield stress in the bar. In Test No. 2, the 

maximum plastic strain penetration was at least 11 or 44% of the total embedment db , 

length, which is 25 db . Despite this significant plastic penetration, the bar was able to 

reach its tensile strength and fracture. In Test No. 3, the maximum plastic strain 

penetration was at least 3.5 db , or 30% of the total embedment length, which is 14 db , 

before the anchorage failed. This means that the lowest 10.5 db of the embedment length 

was sufficient to develop the yield force but not the tensile strength. The bond resistance 
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in this region had probably suffered significant deterioration because of the more severe 

bar slip as compared to the other two specimens. 

The strains measured in the perimeter bars provide further information to 

understand the damage observed in the test specimens and the transfer of the tensile force 

in the pulled bar to the surrounding concrete and reinforcing bars. The strains measured 

at two different heights of a perimeter bar at different stages of Tests No. 1 and 2 are 

plotted in Figure 5.9. These results show that the tensile strains in these bars increased 

with the depth. This was caused by the progressive transfer of the tensile force from the 

central bar with respect to the depth. These strains were much larger in Test No. 2 than in 

Test No. 1, as shown in Figure 5.9. To understand this difference, the strains measured in 

these bars close to the end of the tests are compared with the strain distributions 

calculated with two simple analytical models in Figure 5.10. In both models, the bond 

stress on the bar being pulled out is assumed uniform for simplicity. The first model 

assumes that the concrete is uncracked and that both the concrete and the perimeter bars 

remain linearly elastic. The tension force from the pulled bar is transferred to the concrete 

and perimeter bars, which experience the same axial strain at a given cross section. For 

this model, the modulus of elasticity of the concrete is estimated with the ACI 318-08 

(ACI 2008) formula. In the second model, the tension force from the pulled bar is 

transferred to the perimeter bars through a truss mechanism as adopted by McLean and 

Smith (1997) and others. The force transfer mechanism in this model is shown in Figure 

5.11. The struts in Figure 5.11 are assumed to have a 45-degree inclination and transmit a 

uniform force. As shown in Figure 5.10a, the strains in the perimeter bar for Test No. 1 

show a better match with the first model. According to this model, the concrete would be 

subjected to a maximum vertical tensile stress of 1.2 MPa (0.18 ksi), which is half of the 

tensile strength of 2.5 MPa (0.36 ksi) obtained from split-cylinder tests. This is in 

agreement with the fact that no cracks perpendicular to the bars were observed in the 

concrete specimen. In Test No. 2, horizontal cracks were actually observed at different 

heights along the concrete cylinder. For this reason, the first model, which assumes that 

the concrete behaves elastically, significantly underestimates the strains in the perimeter 

bars, as shown in Figure 5.10b. For Test No. 2, the truss analogy results in a strain 
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variation that matches well the strain reading from the upper gage, but overestimates the 

strain at the lower gage. This can be explained by the fact that the bond stress and, 

thereby, the strut force along the splice length is not uniform in reality. Hence, results 

from these two tests indicate that the truss analogy assuming a uniform bond stress, as it 

has been often assumed, may not provide a good representation of the tensile force 

transfer in a non-contact lap splice.  

The strains measured in the spiral reinforcement in Test No. 3 indicate that 

significant hoop strains were induced by bar slip. As shown in Figure 5.12, the tensile 

strains in the spiral reached 10-3 and 4·10-4 at depths of 1.8 db and 7.1 db , respectively, 

when the slip of the bar was 25 mm (1 in.). At a slip of 50 mm (2 in.), the strains dropped 

significantly because the concrete between the bar ribs was completed sheared off thus 

eliminating the wedging action of the ribs. 

5.2 Finite element modeling of pull-push tests 

Finite element analyses have been conducted to simulate the pull-push tests 

presented in Section 5.1. The purpose of these analyses is to validate the bond-slip 

constitutive law presented in Chapter 4 and gain more insight into the bond-slip behavior 

in the pull-push tests. For these analyses, three-dimensional models presenting one 

quarter of a test specimen have been employed by taking advantage of the axial 

symmetry of the specimens. Figure 5.13 shows the FE model for Test No. 3. The 

constitutive models for the concrete, steel, and bond-slip behavior used here are the same 

as those presented in Chapter 4. The reinforcing bars are modeled with elasto-plastic truss 

elements with the exponential hardening law. The concrete and steel models are 

calibrated to the material strengths obtained from the material samples of the respective 

specimens, while the bond-slip model is calibrated according to the method 

recommended in Chapter 4. 

Results from the FE analyses for Tests No. 1, 2, and 3 are compared to the 

experimental results in Figure 5.14 in terms of the bar stress-vs.-displacement relations at 

the loaded end of the bar. Not only the experimentally obtained relations are well 
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replicated by the models, but the failure modes are also captured. For Test No. 1, the pull-

out of the bar is predicted by the model. For Test No. 2, the model shows that the bar 

reaches its tensile strength as it actually happened in the test. However, the load 

degradation due to bar necking and bar fracture is not captured by the FE model because 

the steel model does not account for these features. For Test No. 3, the early pull-out of 

the bar after yielding and the cyclic deterioration of the anchorage capacity are well 

replicated. 

The match between the FE analysis and experimental results in terms of the 

distributions of the tensile strain in the bar along the embedment zone at different stages 

of the tests is reasonably good, as shown in Figure 5.8. The analysis results complement 

the discrete data points obtained from the tests and provide a better estimation of the 

plastic strain penetration in the bars. These results show that the extents of the plastic 

strain penetration developed in Tests No. 1, 2, and 3 at the peak loads are 18 db , 13 db , 

and 4 db , respectively. For Test No. 2, in which the full tensile strength of the steel was 

reached, the extent of plastic strain penetration represents 52% of the total embedment 

length, while it is 69% for Test No. 1, in which the bar stress reached 98% of its tensile 

strength. This can be attributed to the fact that Test No. 1 has a weaker concrete and, 

thereby, a lower bond strength, which leads to a larger plastic strain penetration. 

The distributions of the axial stresses in the bars along the embedment zones 

obtained from the FE analyses are plotted in Figure 5.15 through Figure 5.17. The bond 

stresses are calculated from the gradient of the axial stress distributions, and are plotted in 

Figure 5.18 through Figure 5.20. Tests No. 1 and 2, in which the bars had the embedment 

lengths satisfying the AASHTO LRFD Bride Design Specifications (AASHTO 2010), 

the bond stress distributions are highly nonlinear. The maximum bond stress develops at 

a location slightly below the top of the embedment zone when the bar behaves elastically. 

Once the bar yields in tension, the plastic strain penetrates inside the embedment zone 

and the location of the peak bond stress moves downward. The maximum bond stresses 

shown in Figure 5.18 through Figure 5.20 are smaller than the peak bond strength 

obtained in the basic bond-slip tests presented in Chapter 3. The reason is that the bars 

yield in tension before this peak strength has been reached. The yielding of the bars 
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introduces significant lateral contraction, which weakens the bond capacity. This is 

accounted for in an empirical fashion in the bond-slip law. In compression, the maximum 

bond stress is also smaller than the specified peak value due to the limited downward slip 

of the bar and the bond deterioration introduced by the large upward slip. Figure 5.18b 

and Figure 5.19b show that even though the compressive forces in the bar in the first and 

last cycles are the same, the bond stresses are quite different due to the progressive bond 

deterioration.  

The bond stress distributions for Test No. 3, as plotted in Figure 5.20, are more 

uniform than those for the previous cases. This stems from the fact that the slip of the bar 

becomes more uniform once it starts to be pulled out from the concrete. Towards the end 

of the test, the bond resistance is very low due to the complete loss of the bearing 

resistance and the deterioration of the frictional resistance. Despite this severe 

deterioration, the bar is still able to develop 50% of the yield strength in compression at 

this stage (see Figure 5.20b) primarily due to the bearing of the tip of bar against the 

concrete at the bottom of the anchorage. The model is also successful in reproducing the 

dilatation caused by bar slip in a satisfactory way. As shown in Figure 5.12, the strains in 

the transverse reinforcement in Test No. 3 from FE analysis match the experimental 

measurements relatively well. However, the reduction of the dilatation effect observed 

experimentally at very large slips is not well captured due to the inability of the concrete 

model to adequately simulate the closing of the splitting cracks, as pointed out in Chapter 

4. The FE model can reproduce the axial strain variation along the perimeter bars in Test 

No. 1, as shown in Figure 5.9a. These strains were very small in the test because the 

concrete was capable of carrying the tensile force developed by the pulled force. 

However, as shown in Figure 5.9b, the model underestimates the strains in the perimeter 

bars in Test No. 2 because it overestimates the tensile capacity of the concrete and, 

therefore, it does not capture the horizontal cracking of the concrete specimen. 

5.3 Tension capacity of bars in well-confined concrete 

Finite element analyses have been conducted to investigate how the tension 

capacity of bars anchored in well-confined concrete varies with the embedment length for 
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bars of different sizes and steel and concrete of different strengths, and to identify the 

minimum embedment length required to develop the yield and tensile strengths of a bar. 

For this purpose, a total of 120 pull-push tests have been simulated with FE models. The 

models have the same concrete cylinder dimensions and confining reinforcement as the 

test specimens presented in Section 5.1. The bar sizes considered are No. 11, 14, and 18 

bars. For each bar size, ten different embedment lengths, namely, lengths equal to 4, 8, 

12, 16, 20, 24, 28, 32, 36, and 40 times the bar diameter, have been considered. Three 

different compressive strengths of concrete have been used: 24.1 MPa (3.5 ksi), 34.5 

MPa (5 ksi), and 48.3 MPa (7 ksi). The tensile strength of the concrete has been assumed 

to be equal to 10% of the compressive strength. The bond strength has been assumed to 
3/ 4 be 16.5 MPa (2.4 ksi) for 34.5-MPa (5-ksi) concrete and proportional to fc � for the 

other concrete strengths, as proposed in Chapter 4. Steel bars with yield strengths of 469 

MPa (68 ksi) and 586 MPa (85 ksi) have been considered. The tensile strength of the 

steel has been assumed to be equal to 1.4 times the yield strength. The embedment length, 

bar size, and the concrete and steel strengths for each of the analyses are presented in 

Table 5.4. 

The loading protocol used in the parametric study is presented in Table 5.5. This 

protocol is slightly different from that used in the tests. Since bars are not expected to 

yield in tension in some of the analyses, which have short embedment lengths, the 

positive (pull direction) displacement amplitude of each cycle is prescribed as a fraction 

or an integer multiple of the displacement at which the bar of the same size yielded in the 

actual test specimen that had the development length complying with the AASHTO 

LRFD specifications. For the No. 11 bar, which was not tested, this value has been 

estimated with a finite element analysis. The amplitude in compression is defined as a 

fraction of the expected yield force of the bar in the first few cycles; but for the later 

cycles, the compressive force imposed exceeds the yield force to have a more demanding 

situation. 

Table 5.4 shows the ratios of the maximum tensile stress developed at the pulled 

end of the bar, � max , to the yield strength of the steel, f y , obtained from the analyses. 

These results show that the yielding of a bar can be achieved with an embedment length 
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as short as 8 to 12 times the bar diameter, and the tensile strength of the steel can be 

developed with an embedment length that is 20 to 32 times the bar diameter, depending 

on the compressive strength of the concrete and the yield strength of the bar. Figure 5.21 

shows the plot of the � / f ratio against the normalized embedment length le / db . max y 

While there is a general tendency that the normalized tensile strength increases with the 

increase of the normalized embedment length, there is a large scatter in the tensile 

capacities for a given normalized embedment length due to the variation in the 

compressive strength of the concrete and the yield strength of the steel. As expected, 

increasing the steel strength and decreasing the concrete strength decreases the � / f max y 

ratio. 

The relation between the tension capacity of a bar embedded in concrete and the 

embedment length, bar size, compressive strength of concrete, and yield strength of steel 

can be established as follows. For a bar of diameter db subjected to a tensile force at the 

free end, the following equilibrium condition holds when a pull-out failure occurs. 

�d 2 

� b 
= � �d l (5.1) max u ,av b e 4 

in which �max is the maximum tensile stress developed in the bar, and � u ,av is the average 

bond stress along the embedment length, le . Dividing both sides of Equation 5.1 by the 

yield strength of steel and rearranging the terms, one has 

� 4� l u ,av e max 
= (5.2) 

f f d y y b 

Assuming that the average bond stress is proportional to the compressive strength of the 

concrete to the power � , one can rewrite Equation 5.2 as 
� � f � l max c e = � = �� (5.3) 

f y f y db 
e 

in which �  is a proportionality constant and �e is defined as: 
� f c � �e = le (5.4) 

f d y b 
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Note that neither � nor �e is dimensionless, and that the value of � may vary with the 

embedment length and, thereby, �e because the bond stress distribution along the 

embedment zone may change as the embedment length changes. Therefore, it is more 

appropriate to express Equation 5.3 in the following general form. 

�max 
= f (� e ) (5.5) 

f y 

To characterize the above relation, the values of � max / f y obtained from the FE 

analyses are plotted against �e assuming different values of � . Most design codes assume 

1/ 2 that the average bond strength is proportional to fc � , while the local bond strength 

3/ 4 assumed in the FE models is proportional to fc � . Figure 5.22 through Figure 5.24 show 

the plots of � / f against � for values of � equal to 0.5, 0.75, and 1, respectively. It max y e 

can be seen for all three cases that a tri-linear relation ending with a horizontal line 

provides a good correlation with the numerical results. The horizontal line corresponds to 

the tensile strength of the bars, which is assumed to be 1.4 times the yield strength in the 

analyses. The expressions for the other two lines that provide a best fit of the data are 

determined with the least-squares method. The goodness of fit is measured by the 

coefficient of determination, R 2 , which is calculated for the lines obtained for the 

R 2 different values of � . The values are shown in Figure 5.22 through Figure 5.24. It 

R 2 can be seen that � equal to 0.75 results in the values of closest to one, which 

represents a perfect fit. This can be largely attributed to the fact that the local bond 
3/ 4 strength assumed in the FE models is proportional to fc � . Based on the findings in 

Chapter 3 and the fact that this investigation focuses on the development length required 

for well-confined cases, for which the above assumption is appropriate, a tri-linear 

relation that has � equal to 0.75 has been chosen to represent the normalized tensile 

strength as a function of the normalized embedment length. This relation is expressed as 

follows: 

� 3.25� for � � 0.375 max = 
�� 

e e (5.6a) 
f y  (0.45�e +1.05) � 1.4 for �e > 0.375 
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where 
3/4 fc � �e = le (5.6b) 

f d y b 

in which f c �  and f y  are in MPa. With US customary units, this relation becomes 

� 2.0�e for �e � 0.61 = 
�� max (5.7) 

f y  (0.275�e +1.05) � 1.4 for �e > 0.61 

in which f c �  and f y  are in ksi. 

Based on Equation 5.6, the minimum values of �e required to develop the yield 

and tensile strengths of a bar are 0.31 and 0.78, respectively. These lead to the conclusion 

that for a reinforcing bar with an expected yield strength of 469 MPa (68 ksi) and 

embedded in 34.5-MPa (5-ksi) concrete, the minimum embedment lengths required to 

develop the yield and tensile strengths are 10.3db and 25.8db, respectively. It should be 

noted that it is for a well-confined situation. Equation 5.6 also reveals that the tension 

capacity of a bar is linearly proportional to the embedment length up to a bar stress that is 

slightly beyond the yield point. This observation confirms the provisions in Article 12.2.5 

of ACI 318-08 (ACI 2008) and Article 5.11.2.2.2 of the AASHTO LRFD Bridge Design 

Specifications (AASHTO 2010) that the development length can be reduced in 

proportion to the ratio of the required bar stress to the yield strength of the bar. However, 

the equation also shows that the ratio of the minimum embedment length required to 

develop the tensile strength of a bar to that required to develop the yield strength is 2.5, 

while the tensile strength is only 1.4 times the yield strength. 

5.4 Reliability analysis of the tension capacity of bars anchored in well-confined 
concrete 

The minimum embedment length required to develop the yield and ultimate 

capacities of a bar can be determined with Equation 5.6 based on the actual strengths of 

the concrete and steel. However, for design, one needs to ensure that an acceptable level 

of safety can be achieved under uncertainties related to the material properties, the 

geometry of the structure, the analytical models, etc. For this purpose, a probabilistic 
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analysis has been carried out using the analytical expression given in Equation 5.6 to (a) 

assess the level of reliability of the AASHTO LRFD Bridge Design Specifications 

(AASHTO 2010) in developing the yield and tensile strengths of large-diameter bars 

embedded in well-confined concrete; and (b) determine the minimum embedment length 

required for bars with the confinement condition considered here to develop their 

ultimate tensile capacity with an acceptable reliability level. The reliability analysis is 

based on the best estimates of the probability distributions for the compressive strength of 

concrete, the yield strength of steel, the embedment length, and the analytical prediction 

error. This analysis considers No. 11, 14, and 18 Grade 60 bars, and concrete with 

specified strengths of 24.8 MPa (3.6 ksi) and 34.5 MPa (5 ksi), which represent typical 

concrete strengths used for cast-in-place bridge structures. 

The probability distributions of the random variables considered in the reliability 

analysis are provided in Table 5.6. The distributions of the material properties are 

obtained from the literature. The yield strength of steel is assumed to be normally 

distributed with a mean equal to 1.145 times the specified value and a coefficient of 

variation of 0.05, as reported by Nowak and Szerszen (2003). The compressive strength 

of concrete is also assumed to be normally distributed based on the study carried out by 

Unanwa and Mahan (2012) on concrete properties of recently constructed highway 

bridges in California. Based on that study, for 24.8-MPa (3.6-ksi) concrete, the mean is 

equal to 1.45 times the specified strength, and the coefficient of variation is 0.19. For 

34.5-MPa (5-ksi) concrete, the mean is equal to 1.33 times the specified strength, and the 

coefficient of variation is 0.13. To account for construction errors, the actual embedment 

length is also treated as a normally distributed random variable with a mean equal to the 

specified length and a standard deviation equal to 16 mm (0.61 in.), as suggested by 

Darwin et al. (1998). The uncertainties related to the use of Equation 5.6 and FE analysis 

to predict the tensile capacity of a bar also need to be considered. To account for the 

uncertainty in using Equation 5.6, the difference between the value of � / f calculated max y 

with the equation and that with a FE model is represented by a random error, e , which is 

assumed to have a normal distribution. Based on the data presented in Figure 5.23, the 

mean and standard deviation of e are calculated to be 0.0 and 0.05, respectively. In 
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addition, the ratio of the actual tensile capacity of an embedded bar to that predicted by a 

FE model is represented by a random variable r , which is also assumed to have a normal 

distribution. Due to the lack of sufficient experimental data, the mean value of r is taken 

to be 1.0 and the dispersion is determined with the following consideration. Based on the 

observation that the errors in the FE analysis results when compared to the three pull-

push tests presented previously are less than 3%, it is deemed conservative to assume that 

there is a 90% probability that the error introduced by a FE model is no more than 10%. 

With this assumption, the standard deviation of r turns out to be 0.06. All random 

variables are statistically independent. The ratio of the ultimate to the yield strength of 

steel has been assumed to be a deterministic parameter.  

For the reliability analysis, the limit-state functions, g y and gu , for the yield 

strength and the ultimate strength of a bar are defined in Equations 5.8 and 5.9, 

respectively. These functions are derived from Equation 5.6, and are defined in terms of 

the above-mentioned random variables and one deterministic variable, db. 

3/4 3/4 � � fc � � fc � �� 
r 3.25l + e −1.0 for l   0.375 e f ydb 

e f ydb 
g (5.8) y = � � 3/4 3/4 � fc � fc � r 0.45le + 1.05 + e −1.0 for le > 0.375 �� f d 

� 
f d y b y b 

3/4 3/4 � � fc � � fc � �� 
r 3.25l + e −1.4 for l   0.375 e f d e f d y b y b 

g (5.9) u = � � 3/4 3/4 � r 0.45le 
fc � +1.05 + e 

� −1.4 for le 
fc � > 0.375 �� f d f d y b y b 

in which f c �  and f y  are in MPa.  

The reliability of the AASHTO LRFD specifications in developing the yield and 

tensile strengths of bars have been studied with the limit-state functions presented in 

Equations 5.8 and 5.9. The development lengths required by the AASHTO specifications 

for No.11, 14, and 18 Grade 60 bars and a specified concrete strength of 24.8 MPa (3.6 

ksi) are 26 db , 31 db , and 30 db , respectively, for the best confined scenario. For a 
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specified concrete strength of 34.5 MPa (5 ksi), these lengths are 22db, 26db, and 25db, 

respectively. These development lengths have been used as the median value of le .  

The probabilities of failing to reach these two limit states, pF , i.e., the 

probabilities of having g y < 0 and gu < 0 , respectively, have been calculated through 

Monte Carlo simulations using the program CALREL (Liu et al. 1989). The probability 

of failing to reach a limit state is related to the reliability index, � , through the definition 

that pF = �(− � ), in which � is the cumulative probability function of the standard 

normal distribution. A higher reliability index means a higher safety level. 

Results of the Monte Carlo simulations are presented in Table 5.7 and Table 5.8. 

The probabilities of not reaching bar yielding are between 3·10-6 and 3.5·10-5 . Darwin et 

al. (1998) have suggested that the reliability index � for developing the yield strength of 

a bar should be around 3.5. This is equivalent to a probability of bond failure of no more 

than 2·10-4 , which is one fifth of that accepted for the failure of beams in bending and the 

failure of columns in combined bending and compression. Hence, the development length 

requirements in the AASHTO LRFD specifications for well-confined situations are 

clearly adequate for developing the yield strength of a bar. Nevertheless, the results in 

Table 5.7 and Table 5.8 have shown that the probabilities of not reaching the ultimate 

strengths of the bars are extremely high, between 24% and 47%. The lack of a safety 

margin in the AASHTO LRFD specifications to develop the full tensile capacity of a bar 

is also evident from the fact that the first specimen in the development length tests 

reported in Section 5.1 had a bond failure because the compressive strength of the 

concrete was 15% lower than that used to determine the development length. 

Under severe seismic loading, the longitudinal reinforcement of an RC column is 

expected to yield and enter the strain-hardening regime. However it may experience low-

cycle fatigue failure prior to reaching the ultimate tensile strength of the steel as a result 

of concrete cover spalling and bar buckling. The Caltrans Seismic Design Criteria 

(Caltrans 2010) defines the failure limit state for flexure as the state at which either the 

concrete reaches its ultimate compressive strain or the longitudinal reinforcement reaches 

a reduced ultimate tensile strain, which is 33% less than the expected ultimate tensile 
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strain. The tensile stress developed at the reduced ultimate strain is about 1.35 times the 

actual yield strength of a reinforcing bar, based on the tensile tests conducted in this study 

on the large-diameter bars. This can be considered as the minimum strength that needs to 

be developed in longitudinal reinforcing bars in a hinging column. Hence, a third limit-

state, gru , as presented below, is introduced. 

3/4 3/4 f � � 
c � � fc � �� 

r 3.25le + e −1.35 for le   0.375 
f ydb f ydb 

g (5.10) ru = � � 3/4 3/4 � r 0.45le 
fc � +1.05 + e 

� −1.35 for le 
fc � > 0.375 �� f ydb f ydb 

in which f c �  and f y  are in MPa.  

Monte Carlo simulations have been repeated using Equation 5.10 to study the 

reliability of the AASHTO LRFD specifications in developing the reduced ultimate 

tensile strength of a bar for specified concrete strengths of 24.8 MPa (3.6 ksi) and 34.5 

MPa (5 ksi). As shown in Table 5.7 and Table 5.8, the probabilities of not reaching the 

reduced ultimate tensile strength vary between 12 and 30%. If one adopts a reliability 

level of � = 1.75 ( pF = 4% ) as suggested by Ellingwood et al. (1980) for earthquake 

loads, these development lengths are not adequate.  

Reliability analysis has been conducted to solve an inverse problem, i.e., given a 

target level of reliability, the minimum embedment lengths required to develop the yield 

and reduced ultimate tensile strengths of a bar is to be determined. For developing the 

yield strength, the desired reliability index is � = 3.5 as suggested by Darwin et al. 

(1998) for ordinary loading conditions. For developing the reduced ultimate strength, the 

desired reliability index is � = 1.75 , as suggested by Ellingwood et al. (1980) for 

earthquake loads. Monte Carlo simulations have been performed for different embedment 

lengths until the target value of � has been attained. The results have shown that 

embedment lengths of 21 db and 17 db satisfy the minimum reliability level of � = 3.5 

for a bar to reach its yield strength when the specified compressive strengths of the 

concrete are 24.8 MPa (3.6 ksi) and 34.5 MPa (5 ksi), respectively. To develop the 

reduced ultimate tensile strength of a bar with a reliability level of � = 1.75, the 
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embedment length has to be increased to 38 db and 31 db , respectively, for the above-

considered concrete strengths. Considering that the required development length is 
3/4 proportional to f y and inversely proportional to fc � , as implied in Equation (5.6b), the 

minimum embedment length required to develop the reduced ultimate tensile strength of 

a bar can be expressed as 

d f b y le,min = �e,min fc 
3/4 (5.11a) � 

in which � is 1.05 based on the above results, f is the specified yield strength of the e,min y 

steel (in MPa), and fc � is the specified compressive strengths of the concrete (in MPa). 

With US customary units, Equation 5.11a becomes 

d f b y le,min = �e,min 3/4 (5.11b) 
fc � 

in which � is 1.70, and f and f � are in ksi. Equation (5.11) provides a more e,min y c 

adequate reliability level than the AASHTO LRFD specifications to develop the reduced 

tensile strength of a bar. 

Even though only No. 11, 14, and 18 bars are considered in this study, the 

formulas derived should also be applicable to smaller bars. The parametric study 

presented here has shown that the bar size has a negligible influence on the constants in 

the limit-state functions, and the bond-slip test data presented in Chapter 3 have shown 

that the bar size has a very small influence on the bond strength for well-confined 

situations. 

5.5 Summary and conclusions 

The development length tests presented in this chapter have shown that the 

AASHTO LRFD Bridge Design Specifications (AASHTO 2010) are adequate to develop 

the yield strengths of large-diameter bars subjected to severe cyclic loads with a large 

margin of safety. The test specimens had bars embedded in well-confined concrete, 
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which is representative of the confinement condition in a Type II shaft. They are also 

adequate to develop tensile stresses up to or very close to the tensile strengths of the bars. 

A formula to calculate the tensile capacity of a bar, based on the given 

embedment length, and the specified concrete and steel strengths, has been derived using 

results of a parametric study conducted with a FE model. Monte Carlo simulations 

conducted with this formula have confirmed that the margin of safety of the AASHTO 

specifications is sufficient to develop tensile yielding, but insufficient to develop the full 

tensile capacity of a bar when uncertainties in material strengths and construction quality 

are introduced. Furthermore, it has been shown that to develop the reduced ultimate 

tensile strength of the longitudinal reinforcement in a hinging column (defined in 

Caltrans Seismic Design Criteria) with an adequate reliability level, the development 

lengths specified in the AASHTO specifications have to be increased. To this end, a new 

development length formula for bars in well-confined concrete has been proposed. The 

formulas derived in this chapter are also applicable to bars of smaller diameters. 

The experimental and FE analysis results presented in this chapter have provided 

a better understanding of the bond-slip behavior in the anchorage zone of a bar under 

severe cyclic loading. These results have shown that bar slip and plastic strain penetration 

can be significant even for a well-anchored bar. The FE analysis results have shown that 

the bond stress distributions along the anchorage length are highly nonlinear. 
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Table 5.1: Specimen properties, actual material strengths, and test results 
Specimen properties Test results 

Bar Slip at Bar Slip at 
le 

fc � f cs f y fu peak peak Test diameter bar yield Failure stress stress MPa MPa MPa MPa no. mm (db) mm mode 
(ksi) (ksi)  (ksi) (ksi) MPa mm (in.) (in.) (ksi) (in.) 

Bar 

1 43 
(1.41) 26 29.3 

(4.25) 
2.5 

(0.36) 
450 
(65) 

630 
(91.5) 

1 
(0.04) 

616 
(89) 

76 
(3.0) 

pullout 
after 

yielding 

2 57
 (1.69) 25 35.9 

(5.2) 
3.0 

(0.44) 
470 
(68) 

655 
(95) 

1.5 
(0.06) 

655 
(95) 

60 
(2.35) 

Bar 
fracture 

Bar 

3 57 
(2.25) 14 34.5 

(5.0) 
2.8 

(0.40) 
470 
(68) 

655
 (95) 

1.9 
(0.075) 

513 
(74) 

5.9 
(0.23) 

pullout 
after 

yielding 
l : embedment length, f � : compressive strength of concrete, f : tensile splitting strength of e c cs 

concrete, f y : yield strength of steel, fu: tensile strength of steel. 

Table 5.2: Distance of strain gages from top surface of concrete specimen in mm (in.) 

Specimen 1 Specimen 2 Specimen 3 
North and North and North and south south Center bar Center bar Center bar south sides perimeter perimeter of spiral bars bars 

  25 (1)   25 (1)   25 (1) 
-203 (-8) -203 (-8) -203 (-8) -203 (-8) -102 (-4) 

-508 (-20) -508 (-20) -406 (-16) -508 (-20) -406 (-16) -508 (-20) 
-812 (-32) -610 (-24) -610 (-24) 

-914 (-36) -914 (-36) 
-1219 (-48) 

Note: positive distance indicates that the strain gage is located above the concrete surface, 
i.e., outside the anchorage. 
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Table 5.3: Pull-push tests loading protocol 

Specimen 1 Specimens 2 and 3 
Cycle no. + peak - peak Cycle no. + peak - peak 

1,2 0.25 F y 0.25 F y 1,2 0.25 F y 0.25 F y
3,4 0.50 F y 0.50 F y 3,4 0.50 F y 0.50 F y
5,6 0.75 F y 0.50 F y 5,6 0.75 F y 0.50 F y
7,8 2u5 0.50 F y 7,8 2u5 0.50 F y

9,10 4u5 0.50 F y 9,10 4u5 0.50 F y
11,12 8u5 0.50 F y 11,12 8u5 0.50 F y
13,14 12u5 0.50 F y 13,14 12u5 0.50 F y
15,16 20u5 0.50 F y 15,16 16u5 0.50 F y
17,18 32u5 0.50 F y 17,18 20u5 0.50 F y

19 Load to failure 19,20 32u5 0.50 F y
21 Load to failure 

F : expected yield force of the bar. y 

u5: displacement measured at the positive peak of Cycle 5. 
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Table 5.4: Parametric study variables and results 

Model parameters Analysis results, � max / f y 

le fc � f y No. 11 No. 14 No. 18 
( d b ) MPa (ksi) MPa (ksi) bar bar bar 

4 0.35 0.31 0.33 
8 0.79 0.82 0.71 

12 1.18 1.23 1.02 
16 1.26 1.27 1.28 
20 1.31 1.33 1.33 34.5 (5) 469 (68) 24 1.38 1.38 1.38 
28 1.40 1.40 1.40 
32 1.40 1.40 1.40 
36 1.40 1.40 1.40 
40 1.40 1.40 1.40 
4 0.47 0.44 0.46 
8 1.07 1.13 0.98 

12 1.29 1.29 1.29 
16 1.34 1.34 1.36 
20 1.39 1.39 1.39 48.3 (7) 469 (68) 24 1.40 1.40 1.39 
28 1.40 1.40 1.40 
32 1.40 1.40 1.40 
36 1.40 1.40 1.40 
40 1.40 1.40 1.40 
4 0.29 0.23 0.29 
8 0.59 0.54 0.63 

12 0.97 1.02 0.93 
16 1.22 1.25 1.26 
20 1.31 1.25 1.26 23.1 (3.5) 469 (68) 24 1.32 1.32 1.31 
28 1.36 1.37 1.37 
32 1.38 1.39 1.37 
36 1.38 1.40 1.39 
40 1.40 1.40 1.40 
4 0.28 0.25 0.26 
8 0.63 0.65 0.56 

12 1.04 1.04 0.80 
16 1.26 1.28 1.14 
20 1.28 1.29 1.29 34.5 (5) 586 (85) 24 1.31 1.34 1.32 
28 1.38 1.38 1.37 
32 1.39 1.39 1.40 
36 1.40 1.40 1.40 
40 1.40 1.40 1.40 
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Table 5.5: Loading protocol for parametric study 

Cycle no. + peak - peak 
1 0.25 u y 0.25 F y
2 0.50 u y 0.50 F y
3 0.75 u y 0.75 F y

4,5 u y 1.0 F y
6,7 2 u y 1.0 F y
8,9 4 u y 1.0 F y

10,11 8 u y 1.1 F y
12,13 12 u y 1. 1 F y
14,15 16 u y 1.1 F y
16,17 20 u y 1.2 F y
18,19 32 u y 1.2 F y

20 50 u y
F : expected yield force of the bar. y 

u : displacement at first tension yielding with le =ld,AASHTO. y 

Table 5.6: Random variables used in Monte Carlo simulations 

Variable Symbol Probability 
distribution Mean Standard 

deviation 
Compressive strength of concrete, 

specified = 24.8 MPa (3.6 ksi) 
f � c Normal 36.0 MPa 

(5.22 ksi) 
6.84 MPa 
(0.99 ksi) 

Compressive strength of concrete, 
specified = 34.5 MPa (5 ksi) 

f � c Normal 45.9MPa 
(6.65 ksi) 

5.97 MPa 
(0.86 ksi) 

Yield strength of steel,   
specified = 414 MPa (60 ksi) 

f y Normal 474 MPa 
(68.7 ksi) 

23.7 MPa 
(3.44 ksi) 

Embedment length l e Normal Specified 
length 

15.5 mm 
(0.61 in.) 

Error in analytical equation as 
compared to FE analysis e Normal 0.0 0.05 

Ratio of the actual tensile capacity to 
FE prediction r Normal 1.0 0.06 
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Table 5.7: Probabilistic analysis results for le = ld ,AASHTO and specified concrete strength 
of 24.8 MPa (3.6 ksi) 

Probability of not Probability of not Bar Probability of not reaching ultimate tensile reaching reduced ultimate size yielding the bar strength of the bar tensile strength of the bar 
No. 11 3.5·10-5 0.47 0.30 
No. 14 7·10-6 0.26 0.14 
No. 18 8·10-6 0.29 0.16 

Table 5.8: Probabilistic analysis results for le = ld ,AASHTO and specified concrete strength 
of 34.5 MPa (5 ksi) 

Bar 
size 

Probability of not 
yielding the bar 

Probability of not 
reaching ultimate tensile 

strength of the bar 

Probability of not 
reaching reduced ultimate 
tensile strength of the bar 

No. 11 1.9·10-5 0.44 0.27 
No. 14 3·10-6 0.24 0.12 
No. 18 4·10-6 0.28 0.14 
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(a) Sp Specimen 1 (b) Speciimens 2 and 3 

Figure 5.1:: Test specimmens and insstrumentatioon (1’=304.8.8 mm, 1”=255.4 mm) 
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Figuree 5.2: Test seetup 
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Figure 5.4: Results of Tests 2 and 3 
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(a) Pulll-out and coone failure (b) Concrette powder beetween ribs 

Figgure 5.5: Baar pull-out inn Test No. 1 

(bb) Bar fracturre and damaage atop of 
the conncrete specimmen 

(a) Splittingg and circulaar cracks in ((c) Cone-shaaped fracturee surface 
the cooncrete speciimen 

Figure 5 5.6: Bar fraccture and dammage in conccrete specimmen in Test N No. 2 
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(bb) Bar pull-ouut and damaage atop of 
the conncrete specimmen 

(a) Splittingg and circulaar cracks in ((c) Cone-shaaped fracturee surface 
the cooncrete speciimen 

Figure 5 5.7: Bar pulll-out and dammage in conccrete specimmen in Test N No. 3 
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(a) Test No. 1 (b) Test No. 2 

(c) Test No. 3 

Figure 5.8: Strain penetration in tests and FE analyses (loaded end is the top surface of 
the concrete specimen) 

(a) Test No. 1 (b) Test No. 2 

Figure 5.9: Strain in perimeter bars in tests and FE analyses 
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(a) Test No. 1 (slip==40mm) (b) Test N No. 2 (slip==50mm) 

Figure 5.100: Strains in perimeter b bars from teststs and simplle analytical models 

FiFigure 5.11: Truss analoggy used by M McLean andd Smith (199977) for non-ccontact lap 
splices 

FiFigure 5.12: StStrains in hooops in Test No. 3 and FE aFE analysis 
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Figure 5.15: Bar axial stress distributions from FE analysis for Test No. 1 
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Figure 5.16: Bar axial stress distributions from FE analysis for Test No. 2 

Bar stress(ksi) Bar stress(ksi) 

0 20 40 60 80 100 -50 -40 -30 -20 -10 0 
0 

slip=1 mm 
slip=5 mm 

slip=10 mm 
slip=25 mm D

is
ta

nc
e f

ro
m

 lo
ad

ed
 en

d 
(d

 ) b 0 

-5 

-10 
5 0% y ield (1 st cy cle) 

5 0% y ield (last cy cle) 

0 200 400 600 -400 -300 -200 -100 
Bar stress (MPa) Bar stress (MPa)

 (a) Tension  (b) Compression 

Figure 5.17: Bar axial stress distributions from FE analysis for Test No. 3 
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Figure 5.18: Bond stress distributions from FE analysis for Test No. 1 
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Figure 5.19: Bond stress distributions from FE analysis for Test No. 2
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Figure 5.20: Bond stress distributions from FE analysis for Test No. 3 
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Figure 5.221: Normalizzed tensile caapacity vs. nnormalized ddevelopmentt length 

Figgure 5.22: NNormalized t tensile capaccity vs. deveelopment lenngth index wwith � = 0.5 
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 Figgure 5.23: NNormalized teensile capaciity vs. develloopment lenggth index witth � = 0.75 

FiFigure 5.24: Normalized tensile capaacity vs. devevelopment lenngth index wwith � =1 
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CHAPTER 6 

LARGE-SCALE LABORATORY TESTING OF COLUMN – 

ENLARGED PILE SHAFT ASSEMBLIES: TEST 

PROGRAM 

Prior to 2010, Section 8.2.4 of the Caltrans Seismic Design Criteria (SDC) 

required that column longitudinal reinforcement extended into enlarged (Type II) CIDH 

shafts be terminated in a staggered manner with the minimum embedment lengths of 

2Dc ,max and 3D , where D is the larger cross-sectional dimension of the column. c ,max c,max 

This was to ensure adequate anchorage of the reinforcement when a plastic hinge forms 

at the bottom of the column. With this specification, the longitudinal reinforcement in 

columns with cross-sectional dimensions more than 2.14 m (7 ft) would require 

embedment lengths over 6.4 m (21 ft). This would significantly increase the construction 

costs in that for workers working in drilled holes more than 6.1 m (20 ft) deep, the 

stringent Cal/OSHA safety requirements needs to be followed. That embedment length 

requirement was recognized by Caltrans engineers to be over-conservative, and a new 

requirement was introduced in 2010, which specifies that the minimum embedment 

lengths for the staggered bars be D + l and D + 2l , respectively, where l is c ,max d c,max d d 

the required development length for a straight bar in tension. According to the Caltrans 

SDC, this development length is the basic tension development length ldb specified in the 

AASHTO LRFD Bridge Design Specifications (AASHTO 2010) multiplied by a 

compounded modification factor of 0.9 for epoxy-coated bars and 0.6 for non epoxy-
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coated bars. To calculate ldb , the SDC specifies that the expected yield strength of 469 

MPa (68 ksi) for Grade 60 bars and the expected concrete compressive strength of 34.5 

MPa (5 ksi) shall be used. This new requirement reduces the required embedment lengths 

to be within 6.1 m (20 ft) for columns with cross-sectional dimensions as large as 3.05 m 

(10 ft) and bars as large as No. 14 (43 mm), and it is still considered conservative 

according to the analytical study conducted by Chang and Dameron (2009). 

In the Caltrans SDC, the required embedment length is governed by the column 

dimension D to account for possible damage penetration into the embedment zone, c,max 

which could shorten the effective development length. However, there has been no 

convincing justification for this addition, which makes the requirement very conservative. 

A study by McLean and Smith (1997) has shown that non-contact lap splices in enlarged 

shafts can perform satisfactorily with splice lengths equal to ls + s , where s is the bar 

spacing in the non-contact splice, and l s is the splice length required for Class C lap 

splices in AASHTO (2010), which is 1.7ld . This recommendation has been derived by 

idealizing the force transfer in a non-contact slip with a truss model, as illustrated in 

Figure 6.1. Assuming that this force transfer is through 45-degree angle struts, the lap 

splice length has to be increased by s to make up for the ineffective force transfer 

region. However, McLean and Smith (1997) considered only No. 4 and 8 (12-mm and 

25-mm) bars and reduced-scale specimens in their study; hence, it has not been clear as to 

whether their conclusion applies to larger bars. Based on the truss analogy, the transverse 

reinforcement in a shaft should be sufficient to resist the horizontal component of the 

strut forces. To this end, the spacing of the transfer reinforcement should not be more 

than that calculated with the following equation. 

2�A f l tr y,tr s str ,max = (6.1) 
Al fu 

in which s , A , and f are the maximum spacing, cross-sectional area, and yield tr ,max tr y ,tr 

strength of the transverse reinforcement, respectively; and Al and fu are the total cross-
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sectional area and ultimate tensile strength of the longitudinal reinforcement, 

respectively. 

As compared to the recommendation of McLean and Smith (1997), the minimum 

embedment length required by the Caltrans SDC is very conservative. To acquire the 

necessary data to improve the current SDC specifications, four large-scale column-shaft 

assemblies were tested. The design of these tests was supported by the basic experimental 

data on bond-slip and development lengths, which have been presented in previous 

chapters, and by nonlinear finite element analyses using the constitutive models presented 

in Chapter 4. This chapter presents the test program, including the specimen design, test 

setup, instrumentation, and loading protocol. The test results and finite element modeling 

of the test specimens are discussed in Chapters 7 and 8, respectively. 

6.1 Design of test specimens 

Four full-scale reinforced concrete bridge column - enlarged shaft assemblies 

were tested with quasi-static cyclic lateral loading in the Powell Structural Systems 

Laboratory at UCSD. The main differences among the test specimens were the 

longitudinal reinforcement in the columns, the embedment lengths of the column cages, 

and the transverse reinforcement in the shafts. For Specimen 1, an embedment length of 

D + l was used, which is very similar to the Caltrans requirement, but the specimen c ,max d 

had all the column longitudinal bars terminated at the same distance and ld was 

determined according to AASHTO (2010). Specimens 2 through 4 had an embedment 

length of ld + s + c , in which s is the center-to-center spacing between the longitudinal 

bars extending from the column and those of the shaft, and c is the concrete cover at the 

top of the shaft. This differs from the recommendation of McLean and Smith (1997) in 

that 1.7ld was replaced by ld . The rationale for arriving at these embedment lengths will 

be explained later. 

Each test specimen consisted of a bridge column and the bar anchorage region of 

a pile shaft. It was subjected to fully-reversed cyclic lateral loading applied at the top of 

the column with the base of the shaft fixed onto the strong floor in the laboratory. The 
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portion of a shaft to be included in the specimens was determined with the following 

considerations. First, it should be sufficient to accommodate the specified embedment 

length, and second, the moment and shear demand on the shaft would be close to that on 

an actual shaft embedded in soil. To access the moment and shear demand, Liu (2012) 

conducted nonlinear pushover analyses on column-pile-soil systems with different 

dimensions and soil conditions. The column and the shaft were modeled with fiber-

section beam-column elements and the soil was modeled with p-y springs using the 

software platform OpenSees (PEER 2012). Results of these analyses have shown that 

inelastic deformation will concentrate at the base of the column, and that the maximum 

bending moment will occur in the shaft at a depth of about two times the column 

diameter from the soil surface. Figure 6.2 compares a sketch of a moment diagram from 

the analysis to that for a cantilever test specimen. It can be seen that having a shaft height 

larger than two times the column diameter in a test specimen might induce an unduly 

large moment demand on the shaft. Hence, it was decided that a shaft height of about two 

times the column diameter or less would be appropriate. It would still result in a slightly 

higher moment and shear demand in the lap splice region of the specimen as compared to 

reality. However, this was not expected to induce any inelastic deformation in the shaft 

but would put the test results on the conservative side. 

As to the reinforcing details, the column and the shaft in Specimen 1 were 

designed to represent existing bridges in California and they complied with the Caltrans 

Bridge Design Specifications (Caltrans 2008) and Caltrans SDC (Caltrans 2010), with the 

exception of the embedment length of the column cage inside the shaft as mentioned 

previosuly. Specimens 2 through 4 were designed to represent the current practice of 

Caltrans, which follows the AASHTO LRFD Bridge Design Specifications (AASHTO 

2010) and the Caltrans SDC (Caltrans 2010), with the exception of the embedment length 

of the column cage and the transverse reinforcement in the lap splice region of the shaft. 

Details on the embedment lengths and transverse reinforcement are provided in the 

following sections. The moment capacities of the shafts satisfy Section 7.7.3.2 of the 

Caltrans SDC, which requires that the ratio of the expected nominal moment capacity of 

a pile shaft to the moment demand generated by the over-strength moment applied at the 
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base of the column be greater than 1.25 at any section. This ratio calculated at the base of 

the shaft is 1.67 for Specimen 1, 1.98 for Specimens 2 and 3, and 1.26 for Specimen 4. 

6.1.1 Determination of embedment lengths of column reinforcement 

For Specimen 1, the embedment length of the column cage inside the shaft was 

D + l , in which l was determined with the AASHTO LRFD Bridge Design c ,max d d 

Specifications (2010) and AASHTO LRFD Seismic Bridge Design Specifications (2011) 

rather than the Caltrans SDC (2010). The current SDC requirement to terminate half of 

the bars at Dc,max + 2ld was not followed. This reduction in embedment length was 

considered safe based on a pre-test nonlinear finite element analysis of the column-shaft 

assembly.  

Specimens 2 through 4 had an embedment length of ld + s + c , which is 

significantly less than that used in Specimen 1. The development length ld was 

determined with the AASHTO LRFD BDS (2010) and AASHTO LRFD Seismic BDS 

(2011). As shown in Chapter 5, without the consideration of uncertainties in material 

properties and construction quality, the development lengths specified in AASHTO 

(2010) for large-diameter bars are appropriate to develop the tensile capacity of a bar. 

Based on this, the embedment length of 1.7ld + s as recommend by McLean and Smith 

(1997) was considered unwarranted. This assertion was supported by the bond-slip data 

obtained from the column-shaft Specimen 1 and additional finite element analysis. 

Hence, it was subsequently decided that ld + s + c  be first tried in Specimen 2. 

6.1.2 Determination of transverse reinforcement in bar anchorage region of a shaft 

For Specimen 1, the transverse reinforcement in the lap splice region of the shaft 

was no different from that in the rest of the shaft, which was determined according to the 

design requirements for compression members in Article 5.7.4.6 of the AASHTO LRFD 

BDS. 
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For Specimen 2, the amount of transverse reinforcement in the lap splice region of 

the shaft was based on Equation 6.1, proposed by McLean and Smith (1997), but with l s 

replaced by ld  to be consistent with the actual embedment length used.  

The transverse reinforcement in Specimens 3 and 4 was determined with an 

analytical model developed in this study, which is presented below. The transverse 

reinforcement in Specimen 4 was calculated with Equation 6.9 derived below to 

counteract the splitting forces introduced by bar slip, and prevent the tensile splitting 

failure of the bar anchorage. For Specimen 3, a more stringent criterion presented in 

Equation 6.14 was followed not only to prevent the tensile splitting failure but also limit 

the width of the tensile splitting cracks. The derivation of these formulas is presented 

below. 

Splitting and confining forces in lap splice region 

The transverse steel in the lap splice region has to counteract the splitting forces 

caused by the slip of the longitudinal bars. A bar that is being developed exerts a uniform 

pressure, � , on the surrounding concrete due to the wedging action of the bar ribs, as 

shown in Figure 6.3a. The uniform radial stress for a unit length of the bar can be 

represented by a set of four splitting forces, as suggested by Cairns and Jones (1996) and 

shown in Figure 6.3b. Each force is calculated as f = �db . 

The confining pressure (hoop stress) required to develop the bond resistance after 

the occurrence of tensile splitting in the surrounding concrete can be determined with the 

following equilibrium considerations. Figure 6.4 presents a typical cross section of a pile 

shaft and the splitting forces induced by the longitudinal bars. It has two sets of bars. One 

consists of the longitudinal bars close to the perimeter of the shaft and the other consists 

of bars extending from the column. For simplicity, it is assumed that all the column bars 

are subjected to uniform tension. In reality, some could be in compression, and 

compression bars could also induce splitting forces as they slip. Hence, it can be assumed 

that both sets of bars can slip and generate splitting forces. 

Assuming that the magnitude of the radial stress � is equal to the bond stress � , 

as suggested by Tepfers (1973), one can express the splitting force per unit length of the 
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bar as f = � col d for the column bars and f '= � sh d for the shaft bars. Since the b,col b,sh 

forces from the column longitudinal bars have to be transferred to the shaft longitudinal 

bars, the total bond force per unit length of the column bars and that of the shaft bars 

have to be equal over the lap splice region. Hence, 

Ncol � �d = N � sh �d (6.2) col b,col sh b,sh 

in which N   is the total number of bars in the column and N  is the number of bars in col sh 

the shaft. The above equation results in 

Ncol f '= � col db,col (6.3) 
Nsh 

Equilibrium is considered for the free bodies represented by the ABCD and CDEF 

portions of the pile shaft section shown in Figure 6.4. The free-body diagrams of these 

portions are presented in Figure 6.5. The forces acting on the two free bodies are the 

splitting forces of the bars being spliced ( f and f ' ) and the tensile forces in the shaft 

and column (outer and inner) hoops ( text and ). The line AB is a free surface with no tint 

loads applied, and the concrete is assumed to be splitted along the lines AD, DC, CB, DE, 

EF, and FC (marked as dashed lines in Figure 6.5). Therefore, the concrete cannot 

transfer any forces along these lines. 

For the free body ABCD, the splitting forces in the tangential direction can be 

ignored because these forces from two adjacent bars practically cancel each other since 

they have the same magnitude and the same direction but with opposite signs. The 

splitting forces pointing in the radial direction result in an equivalent pressure, pext , 

which is given by Equation 6.4.  

p = ext 
N f ' sh = 

D � ext 

N � d col col b col , 

D � ext 

(6.4) 

in which Dext is the diameter of the outer (shaft) reinforcing hoops. Based on the 

equilibrium of the free body ABCD, the tensile force, text , to be provided by the hoops 

per unit length of the shaft to balance pext  is 
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N � col d Dext col b,col t = p = (6.5) ext ext 2 2� 

In the free body CDEF, the splitting forces in the tangential direction can be ignored 

based on the same argument presented for ABCD. Based on the equilibrium of the free 

body CDEF, the tensile force, , to be provided by the hoops to compensate for the tint 

difference in pressures, p and , generated by the splitting radial forces of the inner ext pint 

bars and outer bars, respectively, is 

D Dint ext t = p − p int int ext (6.6) 
2 2 

in which Dint is the diameter of the inner (column) reinforcing hoops. The internal 

pressure, pint, generated by the slip of the column bars, is given by 

d N f ' Ncol �col b,col pint = col = (6.7) 
�Dint �Dext 

Substituting Equations 6.4 and 6.7 in Equation 6.6, we have 

d D N �col t = 
Ncol �col b,col int col db,col Dext − int = 0 (6.8) 

�D 2 �D 2 int ext 

Hence, the inner hoops will not develop tension, and can be considered ineffective for 

confining the lap splices. For this reason, they will be ignored here. 

Minimum transverse reinforcement to prevent tensile splitting failure 

The transverse steel in the lap splice region of a shaft should provide the tensile 

hoop force given by Equation 6.5 for a unit length of the shaft. As shown by the FE 

analysis results, the bond stress distribution along the development length of a bar is not 

uniform and the location of the peak stress depends on the extent of the plastic strain 

penetration. However, the maximum bond stress cannot exceed the ultimate bond 

strength �u obtained from monotonic bond-slip tests. Hence, to determine the quantity of 

the transverse steel required to provide the hoop force, it is conservative to assume that 

the peak bond stress be �u . This is conservative because the actual bond stress will be 

much lower due to the tensile yielding of the bars. With the above-mentioned 

assumption, the following equation can be obtained from Equation 6.5 to determine the 
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quantity of transverse reinforcement required to balance the splitting force and, thereby, 

maintain the bond resistance. 

1 N � d s col u b,col tr Atr = (6.9) 
2� f y,tr 

in which str is the spacing of the transverse reinforcement, Atr is the cross-sectional area 

of transverse reinforcing within spacing str ,�u  is the ultimate bond strength of the column 

longitudinal reinforcement, which can be assumed to be 16.5 MPa (2.4 ksi) for a 34.5-

MPa (5-ksi) concrete, f is the nominal yield stress of the transverse reinforcement, y,tr 

db,col is the diameter of the longitudinal bars in the column, and Ncol is the number of 

longitudinal bars in the column. For concrete strengths other than 34.5 MPa (5 ksi), �u 

3/ 4 can be scaled with the assumption that it is proportional to fc � , as suggested in Chapter 

4. 

Given the uncertainty in the location of the peak bond stress, it is suggested that 

the transverse steel calculated with Equation 6.9 be distributed along the entire lap splice 

length. This equation remains valid when bundled bars are used. In the case that the shaft 

has a steel casing, the tensile forces developed in the transverse reinforcement and steel 

casing should satisfy Equation 6.10. 

Atr 1 f y,tr + tcas f y,cas = Ncol� u db,col (6.10) 
str 2� 

in which tcas is the thickness of the casing and f is the nominal yield strength of the y ,cas 

steel casing. 

Transverse reinforcement to limit crack opening 

The quantity of the transverse reinforcement determined by Equation 6.9 or 

Equation 6.10 is to prevent the degradation of the bond strength after the development of 

tensile splitting cracks and, thereby, prevent premature bar anchorage failure. However, it 

does not necessarily provide an adequate control of the opening of a splitting crack, 

which can be significant as observed in some of the tests described in Chapter 7. Hence, 

an additional requirement is proposed here to control the opening of the splitting cracks. 
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In this development, it is assumed that a radial splitting crack develops along every shaft 

longitudinal bar. As it will be seen in Chapter 7, this assumption is consistent with the 

splitting crack patterns observed in the column-shaft tests. The opening of this crack will 

induce strain in the transverse reinforcement. As shown in Figure 6.6, assuming that the 

strain in a transverse reinforcing hoop is uniform and all the cracks have the same widths, 

we have the following relation between the strain in the transverse reinforcement and the 

opening of a radial crack, ucr : 

�Dext u = � (6.11) cr N s 
sh 

The maximum allowable strain, � , in the transverse reinforcement is then related to s ,max 

the maximum allowable crack opening as follows: 

u N cr,max sh � s,max = (6.12) 
�Dext 

The transverse reinforcement required to control the crack width can then be 

established with Equation 6.9 by replacing f y,tr  with � s,max f y,tr /� y � f y,tr .  This results in 

N � d s 1 col u b,col tr Atr = (6.13a) 
2� �f y,tr 

where 

� u N s,max cr ,max sh 
� = = � 1 (6.13b) 

� �D � y ext y 

Here, the maximum allowable crack opening is taken to be 0.3 mm (0.012 in.), 

which is based on the recommendation from ACI (2001) for RC members in constant 

contact with soil. For the case that the shaft has a steel casing, we have 

A 1 tr f y,tr�1 + tcas f y,cas� 2 = Ncol� u db,col (6.14a) 
str 2� 

where 

ucr ,max N sh 
�1 = � 1 (6.14b) 

�Dext � y ,tr 
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cr ,max sh 
� = 

u N 
� 1 (6.14c) 2 

�D � s cas 

in which � cas is the nominal yield strain of the steel casing. In the above equation, the 

diameter of the casing is assumed to be the same as that of the shaft, which is denoted by 

Ds . 

6.2 Specimen dimensions, reinforcing details, and materials 

The dimensions and reinforcing details of the test specimens are summarized in 

Table 6.1. 

6.2.1 Specimen 1 

The design details of Specimen 1 are shown in Figure 6.7. It consisted of a 1219-

mm (4-ft) diameter column that had a height of 4877 mm (16 ft), measured from the 

column base to the point of the horizontal load application, resulting in an aspect ratio 

(H/D) of 4. The pile shaft was 1829 mm (6 ft) in diameter and 2743-mm (9-ft) tall. The 

development length required for the column bars was 30 . Hence, the embedment l d d b 

length of the column cage, given by + ld , was 2286 mm (7 ft - 6 in.), which is 762 Dc ,max 

mm (2 ft - 4 in.) shorter than that what would have been required per Caltrans SDC. The 

column longitudinal reinforcement consisted of 18 No. 11 (36-mm) bars (with a 

reinforcement ratio of 1.55%), and the transverse reinforcement consisted of double No. 

5 (16-mm) hoops spaced at 165 mm (6.5 in.) on center (with a volumetric reinforcement 

ratio of 0.87%). The transverse reinforcement of the column cage embedded in the shaft 

consisted of single No. 5 hoops spaced at 165 mm (6.5 in.) on center. The shaft 

longitudinal reinforcement consisted of 28 No. 14 (43-mm) bars (with a reinforcement 

ratio of 1.55%), and the transverse reinforcement consisted of double No. 6 (19-mm) 

hoops spaced at 165 mm (6.5 in.) on center (with a volumetric reinforcement ratio of 

0.82%). The transverse reinforcement complies with the design requirements for 

compression members in Article 5.7.4.6 of the AASHTO LRFD BDS. 
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6.2.2 Specimen 2 

Specimen 2 consisted of a 1219-mm (4-ft) diameter and 6486-mm (18-ft) tall 

column (with an aspect ratio of 4.5), and a 1829-mm (6-ft) diameter and 2337-mm (8-ft) 

tall pile shaft, as shown in Figure 6.8. The column longitudinal reinforcement consisted 

of 18 No. 14 bars (with a reinforcement ratio of 2.25%), and the transverse reinforcement 

consisted of double No. 5 hoops spaced at 102 mm (4 in.) on center in the plastic-hinge 

region (with a volumetric reinforcement ratio of 1.41%), and single No. 5 hoops spaced 

at 152 mm (6 in.) on center in the rest of the column (with a volumetric reinforcement 

ratio of 0.94%). The development length l d required for the column bars was 34 d b . 

Hence, the embedment length of the column cage, given by ld + s + c , was 1829 mm (6 

ft), which is half of that what would have been required per Caltrans SDC. In the top 610 

mm (2 ft) of the shaft, the transverse reinforcement for the column cage was the same as 

that for the plastic-hinge region of the column, and for the rest of the embedment length, 

single No. 5 hoops spaced at 152 mm (6 in.) on center were used. The shaft longitudinal 

reinforcement consisted of 26 No. 18 (57-mm) bars (with a reinforcement ratio of 

2.55%), and the transverse reinforcement consisted of double No. 7 (22-mm) hoops 

spaced at 178 mm (7 in.) on center (with a volumetric reinforcement ratio of 1.01%). The 

quantity of the transfer reinforcement was determined with Equation 6.1, but with l s 

replaced by ld  to be consistent with the actual embedment length used. 

6.2.3 Specimen 3 

Specimen 3 had the same geometry and reinforcement as Specimen 2, including 

the embedment length of the column reinforcement in the shaft, but it had different 

quantity of transverse reinforcement for the shaft, as shown in Figure 6.9. The shaft 

transverse reinforcement consisted of No. 8 (25-mm) hoops spaced at 165 mm (6.5 in.) 

on center (with a volumetric reinforcement ratio of 0.74%), complying with the 

transverse reinforcement requirements for compression members in Article 5.7.4.6 of the 

AASHTO LRFD BDS. In addition to the hoops, a 0.25-in.-thick steel casing made of 
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A36 steel was provided to comply with Equation 6.14 to resist the splitting forces 

generated in the anchorage region and control the width of the splitting cracks.  

6.2.4 Specimen 4 

Specimen 4 consisted of a 1219-mm (4-ft) diameter and 4877-mm (16-ft) tall 

column (with an aspect ratio of 4), and a 1524-mm (5-ft) diameter and 1829-mm (6-ft) 

tall shaft, as shown in Figure 6.10. The column longitudinal reinforcement consisted of 

16 pairs of bundled No. 8 bars (with a reinforcement ratio of 1.40 %), and the transverse 

reinforcement consisted of No. 6 hoops spaced at 102 mm (4 in.) on center in the plastic-

hinge region (with a volumetric reinforcement ratio of 1.0 %), and single No. 6 hoops 

spaced at 140 mm (5.5 in.) on center in the rest of the column (with a volumetric 

reinforcement ratio of 0.73%). The development length l d required for the column bars 

was 29 d b . The embedment length of the column cage was 940 mm (3 ft - 1 in. ), which is 

ld + s + c . In the top 610 mm (2 ft) of the shaft, the transverse reinforcement for the 

column cage was the same as that for the plastic-hinge region of the column, and for the 

rest of the embedment length, No. 6 hoops spaced at 152 mm (6 in.) on center were used. 

The shaft longitudinal reinforcement consisted of 20 pairs of bundled No. 11 (43-mm) 

bars (with a reinforcement ratio of 2.21%), and the transverse reinforcement consisted of 

double No. 7 (22-mm) hoops spaced at 140 mm (5.5 in.) on center (with a volumetric 

reinforcement ratio of 1.62%) in the anchorage region to comply with Equation 6.13. In 

the rest of the shaft, the transverse reinforcement consisted of double No. 7 (22-mm) 

hoops spaced at 178 mm (7 in.) on center (with a volumetric reinforcement ratio of 

1.27%). 

6.2.5 Footings and load stubs 

Each specimen had a 4267-mm x 2438-mm x 1219-mm (14-ft x 8-ft x 4-ft) 

footing to anchor the shaft onto the strong floor. On top of the column, a 2438-mm x 

2438-mm x 610-mm (8-ft x 8-ft x 2-ft) load stub was constructed for the application of 

the vertical and horizontal loads. The reinforcement in the footing and load stub was 

designed to sustain the maximum loads expected during the tests without damage. 
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6.2.6 Material Properties 

Concrete with a specified compressive strength of 31 MPa (4500 psi) at 28 days, a 

slump of 178 mm (7 in.), and a maximum aggregate size of 9.5 mm (3/8 in.) was used in 

the shafts of all four specimens. Concrete with a specified compressive strength of 31 

MPa (4.5 ksi) at 28 days, a slump of 102 mm (4 in.), and a maximum aggregate size of 25 

mm (1 in.) was used in the columns. The specimens were to be tested after the concrete 

strength in the column and the shaft had reached 34.5 MPa (5.0 ksi). The actual strengths 

of the concrete measured on the days of the structural tests are presented in Table 6.2. All 

the reinforcement was Grade 60 complying with the ASTM A706 standards. Results 

from material tests on the steel reinforcement are presented in Table 6.3. The yield and 

tensile strengths of the A36 steel used for the casing of Specimen 3 are 324 MPa (47.0 

ksi) and 472 MPa (68.4 ksi), respectively, based on material testing, 

6.3 Construction 

The specimens were casted in five stages: footing, lower portion of the shaft, 

upper portion of the shaft, column, and load stub. After each pour, some roughness was 

introduced to the cold joint with chisels. Before the following pour, steel brushing was 

applied to the joint to partially expose the aggregates. The joint was cleaned from debris 

and dust, and wetted immediately before receiving the fresh concrete. Pictures of the 

construction of the specimen are presented in Appendix B. 

6.4 Instrumentation 

The specimens were internally and externally instrumented to monitor the 

deformations during testing. Internal instrumentation consisted of electrical resistance 

strain gages attached to the longitudinal and transverse reinforcement in the shaft and the 

column. For Specimen 3, strain gages were also placed on the steel casing. External 

instrumentation consisted of displacement transducers attached to the specimens to 

measure the lateral displacements and different deformations, namely, the flexure 
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deformation, shear deformation, base rotation, and sliding at the interfaces. Pictures of 

the instrumentation are shown in Appendix B. 

Strain gages were placed at different elevations in selected column and shaft 

longitudinal bars near the north and south faces of the specimens (the specimens were 

loaded in the north-south direction) to monitor the strain distributions along these bars, 

including the strains in the lap splice regions inside the shafts. The strain gages were 

placed on the longitudinal ribs of the bars to avoid disturbing the transverse ribs, which 

could affect the bond characteristics. In addition, strain gages were attached on selected 

column and shaft hoops, with special attention to the anchorage region in the shaft to 

monitor the concrete dilatation caused by bar slip. For Specimen 3, gages were also 

installed on the steel casing to measure its vertical and hoop strains. Drawings on the 

exact locations of the strain gages are shown in Appendix C.  

For each specimen, the curvature distribution along the height of the column and 

of the shaft was measured with vertical displacement transducers mounted along two 

parallel lines on the east and west faces of each specimen. These transducers measured 

the vertical elongation between two rods embedded in the column and shaft concrete at 

different heights. The same rods were used as reference points to measure the horizontal 

and diagonal elongation on one side of the specimen to estimate the shear deformation of 

the column. Vertical displacement transducers were mounted at the base of the column to 

measure the base rotation with respect to the top of the shaft. Similar measurements were 

made on the base rotation of the shaft with respect to the footing. In addition, transducers 

were mounted to measure potential sliding between the different components of the 

specimen (which include the footing, shaft, column, and load stub), and potential sliding 

and uplift at the footing with respect to the strong floor. Drawings on the exact locations 

of the displacement transducers are shown in Appendix C.  

6.5 Test setup and loading protocol 

The test setup is shown in Figure 6.11. The specimens were secured onto the 

strong floor using 16 rods post-tensioned to a force of 1334 kN (300 kips) each. This 

force was determined to avoid sliding and decompression at any point in the floor-footing 
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interface during a test. In a test, the column was subjected to a constant vertical load of 

3559 kN (800 kips). Together with the self-weight of the specimen, this load subjected 

the base section of the column to an axial stress equal to 9.4% of the targeted 

compressive strength of the concrete (which is 5,000 psi). The vertical load was applied 

on top of the specimen using four post-tensioned rods placed symmetrically around the 

column. Anchored at the top of the load stub, these rods passed through holes in the load 

stub, the footing, and the strong floor, and were subjected to a constant force using four 

center-hole hydraulic jacks located beneath the strong floor. The hole in the footing was 

trapezoid-shaped to allow the free rotation of the rod as it moved at its top end together 

with the load stub. Pictures of the test setup are presented in Appendix B. 

The specimens were subjected to cyclic lateral displacements in the north-south 

direction using two 979-kN (220-kip) capacity, 1219-mm (48-in.) stroke actuators placed 

at the mid-height of the load stub on the north side of the specimen. The actuators were 

attached to a strong wall at a height of 8.84 m (29 ft) for Specimen 1, 9.1 m (30 ft) for 

Specimens 2 and 3, and 7.9 m (26 ft) for Specimen 4. The loading protocol used for the 

tests is shown in Figure 6.12a. Initially, each specimen was subjected to four fully-

reversed force-controlled load cycles, with load amplitudes of 25, 50, 75, and 100% of 

the lateral load, Fy � , that corresponds to the theoretical first yield of the longitudinal 

reinforcement at the base of the column. The specimen was then subjected to fully-

reversed displacement-controlled load cycles with increasing system ductility demands of 

1, 2, 3, 4, and so forth until the lateral load resistance dropped significantly due to the 

fracture of the longitudinal bars in the column. There were two cycles at each ductility 

level. The system ductility demand is defined as µ = � / � y , in which � is the lateral 

displacement of the specimen at the level of the horizontal actuators, and �y is the 

effective yield displacement. As shown in Figure 6.12b, � y is defined as the 

displacement at the intersection of the secant line passing through the point ( �� y , Fy � ) that 

corresponds to the theoretical first yield of the column longitudinal bars and the 

horizontal line passing through the theoretical ultimate load ( Fy ). Hence, 
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Fy � y = �� y (6.15) � Fy 

To define the loading protocol, Fy � and Fy were estimated from finite element analyses, 

and �� y was taken as the average of the absolute maximum displacements measured in 

both loading directions in Cycle 4 of the test, in which the theoretical first yield was 

reached. 

6.6 Summary 

The test program in which four full-scale column-shaft assemblies were subjected 

to quasi-static cyclic loading has been presented in this chapter. These tests were intended 

to determine the minimum required embedment length of column longitudinal 

reinforcement extended into enlarged (Type II) shafts, and the transverse reinforcement 

required for the bar anchorage region of a shaft. In Specimen 1, an embedment length 

equal to D + l , which is similar to the minimum requirement in current Caltrans c ,max d 

SDC (Caltrans 2010), was used. In Specimens 2 through 4, the embedment lengths were 

reduced to ld + s + c . New design recommendations for the transverse reinforcement in 

the bar anchorage region of a shaft have been proposed and were adopted for Specimens 

3 and 4. Results of these tests are presented in Chapter 7. 
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Table 6.1: Dimensions and reinforcing details of test specimens 
Specimen 1 Specimen 2 Specimen 3 Specimen 4 

Column diameter, mm (ft) 
Shaft diameter, mm (ft) 

Column longitudinal 
reinforcement 

(reinforcement ratio) 
Shaft longitudinal reinforcement 

(reinforcement ratio) 
Formula for embedment length of 

column reinforcement 
Embedment length of column 

reinforcement, mm (ft) 
Formula for transverse 

reinforcement in bar anchorage 
region of shaft 

Transverse reinforcement in bar 
anchorage region of shaft 

Volumetric ratio of transverse 
reinforcement in bar anchorage 

region of shaft 

Transverse reinforcement plastic-
hinge region of column 

Volumetric ratio of transverse 
reinforcement in plastic-hinge 

region of column 

1219 (4) 
1829 (6) 

18 No. 11 
(1.55%) 

28 No. 14 
(1.55%) 

D + l c ,max d 

2286 (7.5) 

Compression 
Member, 
AASHTO 

2 No. 6 at 
165 mm 
(6.5 in.) 

0.82% 

2 No. 5 at 
165 mm 
(6.5 in.) 

0.87% 

1219 (4) 
1829 (6) 

18 No. 14 
(2.24%) 

26 No. 18 
(2.55%) 

ld + s + c 

1829 (6) 

McLean 
and Smith’s 

2 No. 7 at 
178 mm 
(7 in.) 

1.04% 

2 No. 5 at 
102 mm
 (4 in.) 

1.41% 

1219 (4) 
1829 (6) 

18 No. 14 
(2.24%) 

26 No. 18 
(2.55%) 

ld + s + c 

1829 (6) 

Equation 
6.9 

No. 8 at 165 
mm (6.5 in.) 
and 6.3-mm 

(0.25-in.) 
steel casing 

1.65%1 

2 No. 5 at 
102 mm
 (4 in.) 

1.41% 

1219 (4) 
1524 (5) 

32 No. 8 
(1.40%) 

40 No. 11 
(2.21%) 

ld + s + c 

940 (3.08) 

Equation 
6.14 

2 No. 7 at 
140 mm 
(5.5 in.) 

1.62% 

No. 6 at 102 
mm (4 in.) 

1.0% 

1 Total equivalent amount of Grade 60 transverse reinforcement. 
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Table 6.2: Compressive strength of concrete on the day of test 

Specimen no. Region Compressive strength of concrete, 
MPa (ksi) 

1 

Shaft - lap splice region 
Shaft - below lap splice region 

Column - lower 2.8 m (9 ft) 
Column - upper 2.1 m (7 ft) 

34.5 (5.0) 
42.8 (6.2) 
34.0 (4.9) 
38.6 (5.6) 

2 

Shaft - lap splice region 
Shaft - below lap splice region 

Column - lower 2.8 m (9 ft) 
Column - upper 2.4 m (8 ft) 

37.0 (5.4) 
39.7 (5.8) 
38.6 (5.6) 
40.7 (5.9) 

3 

Shaft - lap splice region 
Shaft - below lap splice region 

Column - lower 2.8 m (9 ft) 
Column - upper 2.4 m (8 ft) 

36.2 (5.3) 
34.1 (4.9) 
35.0 (5.1) 
33.2 (4.8) 

3 

Shaft - lap splice region 
Shaft - below lap splice region 

Column - lower 2.8 m (9 ft) 
Column - upper 2.1 m (7 ft) 

36.6 (5.3) 
33.0 (4.8) 
35.5 (5.1) 
33.9 (4.9) 

Table 6.3: Yield and tensile strengths of longitudinal reinforcement 

Specimen no. Bar Yield strength,  
MPa (ksi) 

Tensile strength,
 MPa (ksi) 

1 No. 11 
No. 14 

448 (65.0) 
484 (70.1) 

629 (91.2) 
672 (97.4) 

2 No.14 
No. 18 

462 (67.0) 
462 (67.0) 

638 (92.5) 
641 (93.0) 

3 No. 14 
No. 18 

462 (67.0) 
462 (67.0) 

641 (93.0) 
652 (94.5) 

4 No. 8 
No. 11 

459 (66.5) 
445 (64.5) 

650 (94.3) 
634 (92.0) 
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Figurure 6.1: Trusss analogy prroposed by M McLean and Smith (19977) 

Figurure 6.2: Bennding momennt distributioons in a actuual column-sshaft and a teest specimenn 
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(a) Radial stress (b) Splitting forces per unit length of bar 

Figure 6.3: Splitting stress and forces in developed bar 
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Figure 6.4: Cross section of pile shaft and splitting forces 
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Figure 6..5: ABCD annd CDEF freee-body diaggrams 

Figuree 6.6: Splittiing crack opeening and strtrain in hoopp reinforcemeent 
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Figure 6.7: Geometry and reinforcement of Specimen 1 
(1’ 304.8 , 1” 25 4 ) (1’=304.8 mm, 1”=25.4 mm) 
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Figure 6.8: Geometry and reinforcement of Specimen 2 
(1’=304.8 mm, 1”=25.4 mm) (1 =304.8 mm, 1 =25.4 mm) 
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Figure 6.9: Geometry and reinforcement of Specimen 3 
(1’=304.8 mm, 1”=25.4 mm) (1 =304.8 mm, 1 =25.4 mm) 
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Figure 6.10: Geometry and reinforcement of Specimen 4 
(1’=304.8 mm, 1”=25.4 mm) (1 =304.8 mm, 1 =25.4 mm) 
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CHAPTER 7 

LARGE-SCALE LABORATORY TESTING OF COLUMN – 

ENLARGED PILE SHAFT ASSEMBLIES: TEST RESULTS 

In this chapter, results of the tests conducted on four large-scale column – 

enlarged pile shaft assemblies are presented. For each of these specimens, the load-

displacement response, main test observations, global lateral deformations, and strains in 

the reinforcing bars are presented and discussed. Emphasis is given to the strain 

measurements and damage observed in the bar anchorage region of the shafts. The 

maximum displacement and ductility reached in each cycle of the test are summarized in 

Table 7.1. The ductility values presented in this section are calculated with the effective 

yield displacement � y , which is defined in the same way as that in Equation 6.15 but 

based on the actual maximum load and the actual displacement at the first yield attained 

in the tests instead of the theoretical values. 

7.1 Specimen 1 

7.1.1 Load-displacement response 

The lateral load-vs.-top drift relation obtained for Specimen 1 is plotted in Figure 

7.1. For the plots and the following discussion of the results, the positive direction of 

loading is defined to be towards the south, and the negative to be towards the north. The 

maximum lateral load attained was 1063 kN (239 kip). The gradual drop of the lateral 

resistance with drift was caused by the P-delta effect of the vertical force. The test was 
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stopped after the system displacement ductility had reached a value of 5.5 when the 

lateral load capacity started to decrease significantly due to the buckling and subsequent 

fracture of several longitudinal bars at the base of the column. The displacement ductility 

of the column itself reached a maximum value of 6.8, according to the calculation 

conducted by Liu (2012). 

7.1.2 Test observations 

Flexural cracks in the column started to be visible in the lower 1 m (3 ft) of the 

column at Cycle 2, i.e., at a force equal to 50% of that corresponding to the theoretical 

first yield. At Cycle 4, whose maximum load corresponds to the theoretical first yield, 

flexural cracking increased significantly in the column. The cracks developed in Cycle 2 

propagated, and more flexural cracks appeared with a more or less uniform spacing of 

250 mm (10 in.). However, the crack spacing increased slightly as they appeared farther 

away from the column base. Cracks were observed as far as 3 m (10 ft) from the base of 

the column or over 60% of the column height, as shown in Figure 7.2a. Some flexural 

cracks also appeared on both sides of the shaft (with about 600-mm [2-ft] spacing), as 

shown in Figure 7.2b and Figure 7.2c. In addition, several radial cracks extended from 

the column base to the edge of the shaft and continued vertically 300 mm (1 ft) to 600 

mm (2 ft) down the surface of the shaft, as shown in Figure 7.2d and Figure 7.2e. These 

cracks were the result of the splitting forces generated by bar slip. 

From Cycles 5 through 9, no new cracks were observed but the existing ones 

further propagated and opened. These cracks did not propagate further after Cycle 9. At 

Cycle 7, which was the first cycle at a system ductility of 2.2, the concrete at the base of 

the column started to be crushed on the north and south faces, as shown in Figure 7.3a. At 

Cycle 9, which was the first cycle at a system ductility of 3.3, spalling of the concrete 

cover at the base of the column started (see Figure 7.3b), and cracks with significant 

residual opening were observed. At Cycle 11, which was the first cycle at a system 

ductility of 4.4, spalling occurred in the lower 600 mm (2 ft) of the column with the hoop 

reinforcement exposed, as shown in Figure 7.3c. At Cycle 13, which was the first cycle at 

a system ductility of 5.5, spalling became more severe and exposed some of the 
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longitudinal bars on both sides of the column (see Figure 7.3d). On the north side, bars 

started to buckle at about 1 ft above the base of the column, as shown in Figure 7.3e. 

Upon load reversal in Cycle 14, which was the second cycle at a ductility of 5.5, these 

bars were placed in tension, and two of them fractured, as shown in Figure 7.3f. At the 

same time, two of the bars exposed on the south side started to buckle, and they fractured 

once the load was reversed. At this moment, the lateral load resistance had dropped 

significantly and the test was stopped. Finally, when bringing the column back to a zero 

residual drift, a third bar that had buckled on the north side fractured. The buckling and 

subsequent fracture of longitudinal reinforcement were also observed in previous tests on 

well-confined bridge columns, e.g., Lehman and Moehle (2000), Restrepo et al. (2006), 

and Carrea (2010). This type of fracture is the result of stress concentration in the 

extreme compression fiber of a buckled bar, which creates micro-cracks that will 

propagate when the bar is straightened up in tension again (Carrea 2010). 

At the end of the test, after the rubbles formed by the crushing of the concrete at 

the column base had been removed, a circular crack was observed on the top of the shaft, 

as shown in Figure 7.4a and Figure 7.4b. This crack was the result of a cone shaped 

failure at the top of the embedment length of the column longitudinal reinforcement. 

Radial cracks due to the splitting forces introduced by bar slip at the top of the shaft are 

also visible in Figure 7.4a and Figure 7.4b. The maximum residual width measured in 

one of these cracks at the end of the test was 3 mm (1/8 in.). The splitting cracks 

extended vertically on the lateral surface of the shaft with lengths between 600 mm (2 ft) 

and 1200 mm (4 ft), as shown in Figure 7.4c. 

7.1.3 Global lateral deformations 

The lateral displacements of the specimen, plotted in Figure 7.5, at the peak 

displacements of different cycles, reveal that the lateral deformation of the shaft was very 

small, and that most of the displacement in the column was due to the curvature in the 

plastic-hinge region of the column and the rotation at the column base due to bar slip. 

The flexural and shear deformations, as well as the base rotation due to bar slip, were 

calculated with the displacement transducers readings. Description of how these 
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deformations were computed can be found in Liu (2012). The shear deformation was 

found negligible as compared to the flexural deformation and the base rotation of the 

column due to bar slip. According to Liu (2012), between 50% and 75% of the total 

displacement at the top of the column with respect to the top of the shaft was due to 

flexure; the base rotation accounts for about 20% to 50% of the total displacement of the 

column. The curvature measurements are compared to the yield curvature calculated by 

� y the expression 2.25 , which is an approximation suggested by Priestley (2003), where 
Dc 

Dc is the diameter of the column and � y is the yield strain of the longitudinal 

reinforcement. At Cycle 13, the curvature in the lower 1.45 m (4.8 ft) of the column (30% 

of the column height), where most of the damage occurred, was higher than the estimated 

yield curvature. The maximum curvature occurred in the lower 300 mm (1 ft) of the 

column; and at the last cycle, it reached a value equal to 12 times the estimated yield 

curvature. The curvature in the shaft was much smaller than the estimated yield 

curvature. 

7.1.4 Strains in reinforcing bars 

The strain distributions along the column longitudinal bars at the peak 

displacements of different cycles are plotted in Figure 7.7 and Figure 7.8 for two bars 

located at the north face and two at the south face of the specimen, respectively. Two of 

the bars were located at the extreme north and south faces of the column, and the other 

two were adjacent to them. The strain was measured in these bars at different heights in 

the lower half of the column and along the embedment length in the shaft, le . Only one of 

the longitudinal bars (northwest bar) yielded at the base of the column before the peak 

load of Cycle 4 had been reached, as it had been predicted. After yielding, the maximum 

tensile strains along the bar occurred at a height of 610 mm (2 ft), but this does not 

necessarily mean that the maximum tensile stresses were developed at this height because 

the strain gages below experienced significantly higher residual compressive strains. 

Figure 7.7 and Figure 7.8 also show consistent trends in the strain penetration along the 
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embedment length. The maximum plastic strain penetration developed in the bars at a 

system ductility of 5.5 was 610 mm (2ft), which is equivalent to 17 times the bar 

diameter, db , or 27% of the total embedment length. The bond stresses in these bars are 

calculated with a finite element model, which will be discussed in Chapter 8. 

The strain distributions along four of the longitudinal perimeter bars in the shaft at 

the peak displacements of different cycles are plotted in Figure 7.9. Two of the bars were 

located at the extreme north and south faces of the shaft, and the other two were adjacent 

to them. All these bars remained elastic. The strain varied practically linearly along the 

splice length. From the strain measurements, the axial stresses in the bars have been 

calculated; and from the difference in the stresses at two adjacent gage locations, the 

average bond stress has been calculated. The bond stresses in this region are small, less 

than 15% of the maximum bond strength obtained from the tests presented in Chapter 3. 

The strains in the column cage hoops located at different heights of the column 

and inside the embedment length at the peak displacements of different cycles are plotted 

in Figure 7.10. These strains were measured near the north and south faces of the 

specimen. All the hoops except those located in the plastic hinge area remained elastic. 

The hoop located approximately 1 ft above the column base yielded at a system ductility 

of 4.4. This corresponds to the onset of buckling of some of the longitudinal bars in this 

region. Before a system ductility of 5.5 was reached, these strain gages were damaged. 

The column hoop located at a depth of 203 mm (8 in.) inside the embedment length area 

also experienced significant strains on the north side and yielded at a system ductility of 

5.5, before the strain gages were damage. The rest of the column hoops inside the shaft 

remained elastic with strains significantly smaller than the yield strain. 

Figure 7.11 presents the strains in the shaft hoops at the peak displacements of 

different cycles. These strains were measured near the north and south faces of the 

specimen. The strain is higher for the hoops in the upper portion of the lap splice. This 

could be partly due to the bar slip and partly to the plying action of the confined column 

core. The hoop located at 305 mm (1 ft) from the top of the shaft reached its yield strain 

in Cycle 13. No strain gages were placed in hoops above this level. The hoops located in 

the lower half of the embedment length experienced practically no strain. 
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7.2 Specimen 2 

7.2.1 Load-displacement response 

The lateral load-vs.-top drift relation obtained for Specimen 2 is plotted in Figure 

7.12. The maximum lateral load reached 1223 kN (275 kips), and the test was stopped 

after the specimen had reached a system displacement ductility of 6.9, when one of the 

longitudinal bars fractured at the base of the column. The maximum displacement 

ductility of the column itself reached a value of 8, according to the analysis conducted by 

Liu (2012). 

The lateral loads normalized by the respective peak loads are plotted against a 

system ductility for Specimens 1 and 2 in Figure 7.13. The difference in the embedment 

length does not seem to affect the global behavior of the columns. However, Specimen 2 

shows a higher ductility than Specimen 1 because bar buckling and fracture were delayed 

due to the more closely spaced hoops at the base of the column. 

7.2.2 Test observations 

The behavior of Specimen 2 during the early cycles was very similar to that of 

Specimen 1. Flexural cracks appeared in the column and the shaft as early as Cycle 2, 

i.e., at a force equal to 50% of that corresponding to the theoretical first yield. Figure 7.14 

shows the distribution of flexural cracks in the column and shaft right after Cycle 4, at 

which the theoretical first yield was reached. Radial cracks at the top of the shaft 

appeared as early as Cycle 3, i.e., at a force equal to 75% of that corresponding to the 

theoretical first yield, as shown in Figure 7.15. As in Specimen 1, the number of flexural 

and radial cracks did not increase after Cycle 5. 

The evolution of damage on the north and south faces near the base of the column 

is shown in Figure 7.16 and Figure 7.17, respectively. At Cycle 7, which was the first 

cycle at a system ductility of 2, the concrete at the base of the column started to be 

crushed on both sides of the column (see Figure 7.16a and Figure 7.17a). At Cycle 8, 

which was the second cycle at a ductility of 2, spalling of the concrete cover started on 

the south side (see Figure 7.17b), while spalling did not occur on the north side until 
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Cycle 11, which was the first cycle at a system ductility of 3 (see Figure 7.16c). At Cycle 

13, which was the first cycle at a system ductility of 5, the concrete cover over the lower 

600 mm (2 ft) to 900 mm (3 ft) of the column spalled on both sides exposing the hoop 

reinforcement, as shown in Figure 7.16d and Figure 7.17d. At this stage, the damage at 

the top of the shaft was significant with a circular crack (cone failure) and radial 

(splitting) cracks widely opened, as shown in Figure 7.18a. The maximum residual crack 

opening measured at the splitting cracks after unloading was 6 mm (1/4 in.), twice as 

much as that measured in Specimen 1 at the same system ductility level. Subsequent 

cycles induced further spalling of the concrete at the base of the column exposing some 

of the longitudinal bars. The damage at the top of the shaft increased, with the cone-

shaped fracture and splitting cracks developing to such an extent that pieces of concrete 

started to be detached (see Figure 7.18b). At the beginning of Cycle 18, which was the 

second cycle at a targeted system ductility of 6.9, one of the column longitudinal bars on 

the north side fractured at the column-shaft interface (see Figure 7.16f). A drop of the 

load carrying capacity of the column was observed, and the test was stopped before the 

cycle was completed. 

Post-test inspection of the column indicated that some of the adjacent bars had 

started to buckle at the location where one bar fractured, as shown in Figure 7.16f. 

Buckling was not as severe as in Specimen 1 due to the better confinement provided by 

the hoops in the plastic-hinge region. The detached pieces of concrete at the top of the 

shaft caused by the cone formation and splitting cracks were removed by hand after the 

test. Figure 7.18c and Figure 7.18d show pictures of the shaft after these pieces were 

removed. A cone shaped surface with an average inclination of 25 degrees with respect to 

a horizontal plane had formed between the column and the shaft cages, and splitting 

cracks connecting radially the longitudinal bars in the column and the shaft were visible, 

as shown in Figure 7.18c. More splitting cracks were observed in this specimen than in 

Specimen 1, and they extended vertically with lengths between 900 mm (3 ft) to 1200 

mm (4 ft) on the lateral surface of the shaft, as shown in Figure 7.18e. The more severe 

damage observed on the top of the shaft as compared to Specimen 1 can be explained by 

the larger splitting forces generated by the larger diameter bars and by the higher ductility 
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demand attained in the test. It is also possible that this was caused by a larger slip 

experienced by the bars. 

7.2.3 Global lateral deformations 

The lateral displacements of the specimen at the peak displacements of different 

cycles are plotted in Figure 7.19, and the curvatures are plotted in Figure 7.20. As in 

Specimen 1, these plots reveal that most of the displacement at the top of the column with 

respect to the top of the shaft was due to the curvature in the plastic-hinge region of the 

column and the rotation at the column base due to bar slip. Displacement measurements 

at the top of the shaft are not available after Cycle 9. After this load cycle, the rod 

connected to the displacement transducer started to be detached from the shaft due to the 

widely opened cracks at the top of the shaft. Curvature measurements at the top portion 

of the shaft are not available for the same reason. According to Liu (2012), between 50% 

and 80% of the total displacement at the top of the column with respect to the top of the 

shaft was due to flexural deformation; base rotation contributed between 15% and 50%, 

and shear deformation contributed less than 3% to the total displacement. As shown in 

Figure 7.20, the curvature distributions at the peak displacements of different cycles are 

not perfectly symmetrical in that the maximum curvature in the positive direction is 

higher than that obtained in the negative direction. This difference can be related to the 

unsymmetrical damage observed at the base of the column. The higher curvature in the 

positive direction, i.e., when the north face of the specimen was subjected to 

compression, is consistent with the fact that there was more concrete spalling on the north 

side. Figure 7.20 also shows that plastic flexural deformation developed near the column 

base over a distance of 2.1 m (6.8 ft), i.e., 38% of the effective height of the column, and 

that the maximum curvature ductility demand was 20 (with respect to the yield curvature 

estimated with the empirical expression presented in Section 7.1.3), which occurred at 

305 mm (1 ft) above the column-shaft interface. Like in Specimen 1, the curvature in the 

shaft was much smaller than the theoretical yield curvature. 
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7.2.4 Strains in reinforcing bars 

The strain values along the column longitudinal bars at the peak displacements of 

different cycles are plotted in Figure 7.21 and Figure 7.22 for two bars located at the 

north face and two at the south face of the specimen, respectively. The strain variations 

are similar to those for Specimen 1. The maximum strains are obtained in the lower 610 

mm (2ft) of the column. For most of the bars, the maximum plastic strain penetration 

observed inside the embedment length is 610 mm (2 ft), which corresponds to 14 db , at a 

system ductility of 5. In two of the bars, the plastic strain penetration reached 915 mm (3 

ft), or 21 db . Hence, even though the embedment length was reduced significantly with 

respect to Specimen 1, the plastic strain penetration observed at the same ductility 

demand was very similar. However, given the shorter embedment length of the column 

reinforcement in Specimen 2, the above-mentioned plastic penetrations represent 33% 

and 50% of the embedment length, respectively. For higher ductility demand levels, 

strain gages along the entire embedment length were damaged in all the bars. This 

indicates that bar slips started to be significant at this stage. The strain and bond stress 

distributions along these bars are further analyzed with a finite element model in Chapter 

8. 

The strain distributions along the longitudinal perimeter bars in the shaft at the 

peak displacements of different cycles are plotted in Figure 7.23. All the bars remained 

elastic, and the average bond stresses along the lap splice length calculated from the 

strain readings in this region varied between 5 and 30% of the maximum bond strength 

obtained from the tests presented in Chapter 3. 

The strains in the column cage hoops located at different heights of the column 

and inside the embedment length at the peak displacements of different cycles are plotted 

in Figure 7.24. The strains were measured near the north and south faces of the specimen. 

For two of the hoops located near the base of the column, strains were also measured on 

the west side of the specimen. Like in Specimen 1, only the hoops located near the 

column base yielded on the north and south sides of the specimen. These hoops reached 

the nominal yield strain at a system ductility of 5. There were located in the region where 
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severe concrete crushing and bar buckling occurred. However, the strains on the west 

side of these same hoops did not even reach 50% the yield strain. All the column hoops 

inside the shaft remained elastic and experienced little strain. 

Figure 7.25 presents the strains in the shaft hoops at the peak displacements of 

different cycles. These strains were measured near the north and south faces of the 

specimen. For three of the upper hoops, strains were also measured on the west side of 

the specimen. Like in Specimen 1, strain is higher for the hoops in the upper portion of 

the lap splice. The uppermost hoop, located at 75 mm (3 in.) below the top of the shaft, 

reached its yield strain in Cycle 13. The strains varied almost linearly along the height, 

and the hoop located at the bottom of the lap splice area experienced practically no strain. 

The strains on the west side of the uppermost hoop are very close to those obtained on the 

north and south sides. This is in agreement with the assumption of a uniform hoop strain 

adopted in the derivation of Equations 6.13 and 6.14. 

7.3 Specimen 3 

7.3.1 Load-displacement response 

The lateral load-vs.-top drift relation obtained for Specimen 3 is plotted together 

with that of Specimen 2 in Figure 7.12. For Specimen 3, the maximum lateral load 

reached 1205 kN (271 kips); and the test was stopped after the specimen had reached a 

system ductility of 7.3, when several longitudinal bars had fractured and the lateral load 

resistance had dropped significantly. The lateral load-vs.-displacement response for 

Specimen 3 is very similar to that for Specimen 2, but Specimen 3 had some longitudinal 

bars fractured at the base of the column at an earlier cycle than Specimen 2, as the load 

drops shown in Figure 7.12 indicate. 

7.3.2 Test observations 

The behavior of the column in Specimen 3 is very similar to that in Specimen 2. 

The evolution of damage on the north face near the bottom of the column is plotted in 

Figure 7.26. Flexural cracks appeared in the column as early as Cycle 2, i.e., at a force 
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equal to 50% of that corresponding to the theoretical first yield. Figure 7.26a shows the 

distribution of flexural cracks at the base of column at Cycle 3. At Cycle 7, which was 

the first cycle at a system ductility of 2.1, the concrete at the base of the column started to 

be crushed, as shown in Figure 7.26b. At Cycle 9, the first cycle at a system ductility of 

3.1, spalling of the concrete cover started (see Figure 7.26c). The severity of spalling in 

the subsequent cycles increased such that the transverse reinforcement was exposed at 

Cycle 13 (see Figure 7.26d) and longitudinal bars were exposed at Cycle 15 (see Figure 

7.26e). During Cycle 16, which was the second cycle at a system ductility of 6.3, one of 

the column longitudinal bars on the south side fractured at about 0.3 m (1 ft) above the 

column base. A drop of the load carrying capacity of the column was observed. The test 

was continued until the end of Cycle 17, resulting in the fracture of three longitudinal 

bars per side, and a significant deterioration of the lateral load resistance. The bars 

fractured on the north side of the specimen are shown in the picture in Figure 7.26f taken 

at the end of the test. 

In the shaft, flexural cracks could only be observed at the base because the rest of 

the shaft was covered by the steel casing. Similarly to those in Specimen 2, radial cracks 

appeared at the top of the shaft as early as Cycle 3, i.e., at a force equal to 75% of that 

corresponding to the theoretical first yield, as shown in Figure 7.26a.  However, the width 

of these cracks remained small during the entire test. As shown in Figure 7.27a and 

Figure 7.27b, damage on the top face of the shaft at the end of Cycle 13 was less severe 

than that for Specimen 2 (see Figure 7.18a). The maximum residual width of the radial 

cracks on the top face of the shaft at this stage was 0.3 mm (0.012 in.), which is 

significantly smaller than the 6-mm (1/4-in.) wide cracks observed in Specimen 2 at a 

similar ductility demand. At the end of the test, the damage on the top face of the shaft 

was much less severe than that in Specimen 2, as shown in Figure 7.27c and Figure 

7.27d. The maximum residual width of the splitting cracks observed was 1 mm (0.04 in.) 

and a much shallower cone-shaped crack was observed. After the test, the steel casing 

was removed and the maximum width of the cracks a few inches below the top of the 

shaft, where the shaft hoops were also effective in restraining these cracks, was measured 

to be 0.2 mm (0.008 in.), as shown in Figure 7.27e and Figure 7.27f. Hence, the higher 
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quantity of transverse reinforcement provided in this specimen by the hoops and steel 

casing according to Equation 6.14 was effective in restraining the opening of the splitting 

cracks and limiting damage in the shaft. 

7.3.3 Global lateral deformations 

The lateral displacements of the specimen at the peak displacements of different 

cycles are plotted in Figure 7.28. Like in the previous specimens, most of the 

displacement at the top of the column with respect to the top of the shaft was due to the 

curvature in the plastic hinge region and the rotation at the column base due to bar slip. 

The curvature distributions at the peak displacements of different cycles are plotted in 

Figure 7.29. Plastic flexural deformation occurred over a distance of 1.55 m (5.1 ft) near 

the base of the column, i.e., 28% of the effective height of the column; and the curvature 

ductility reached near the base of the column during Cycle 16 was 24 (with respect to the 

yield curvature estimated with the empirical expression presented in Section 7.1.3). 

Larger curvatures were measured in Cycle 17, but the column had already failed with the 

buckling and fracture of several bars. No curvature measurements were taken in the shaft. 

Due to the steel casing, no target rods could be inserted in the shaft except at the base. 

Based on the results from the previous specimens, the curvature developed in the shaft 

was expected to remain small. 

7.3.4 Strains in reinforcing bars 

The strain distributions along the column longitudinal bars at the peak 

displacements of different cycles are plotted in Figure 7.30 and Figure 7.31 for two bars 

located at the north face and two at the south face of the specimen, respectively. The 

penetration of plastic strains inside the embedment length is slightly smaller than that in 

Specimen 2. The maximum plastic strain penetration measured inside the embedment 

length is 610 mm (2 ft), which occurred at a system ductility of 6.3. This corresponds to 

14 db . In Specimen 2, the plastic penetration reached 915 mm (3 ft), or 21 db , in some 

bars at a system ductility of 5, and the strain gages were damaged at higher ductility 

levels due to the large slip of the bars. The strain gages in Specimen 3 were not damaged. 

174 



 
 

              

 

             

               

  

            

              

 

             

               

              

           

 

            

             

                  

             

              

              

              

                 

                

 

  

 

             

             

Hence, the higher quantity of confinement in the shaft with respect to Specimen 2 seems 

to improve the bond of the longitudinal column bars. 

The strain distributions along two of the longitudinal perimeter bars on the north 

side of the shaft at the peak displacements of different cycles are plotted in Figure 7.32. 

The strains in these bars are similar to those in the corresponding bars in Specimen 2. The 

strain data is incomplete because several strain gages were damaged. The strain readings 

on the south face of the specimens were not obtainable because of unreliable gage 

readings. 

The column hoops remained elastic except those located near the base of the 

column, which yielded during Cycle 13 at a system ductility of 5.2, as shown in Figure 

7.33. At this stage, severe concrete crushing and spalling had occurred at the base of the 

column, and transverse reinforcement had been exposed. The yielding of the hoops could 

indicate that the longitudinal bars had started to buckle. 

The shaft hoops experienced a significantly smaller strain than those in Specimen 

2. As shown in Figure 7.34, the maximum strain was measured at the uppermost hoop, 

located at about 75 mm (3 in.) from the column base, and it was only 65% of the yield 

strain. Like in Specimen 2, the hoop strains were smaller towards the bottom of the 

embedment length. The hoop strains measured in the steel casing are similar to those in 

the hoops at the same elevations, as shown in Figure 7.35. Yielding of the casing was 

measured on the north, south, and west faces of the specimen only at one elevation, 

which is 25 mm (1 in.) below the column base. This occurred at Cycle 13 at a system 

ductility of 5.2. These results show that the steel casing can reduce the hoop strains in the 

shaft, providing a good control of the opening of splitting cracks. 

7.4 Specimen 4 

7.4.1 Load-displacement response 

The lateral load-vs.-top drift relation obtained for Specimen 4 is plotted in Figure 

7.36. The maximum lateral load reached 1023 kN (230 kips). The test was stopped after 
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the specimen had reached a system ductility of 6.6, when several longitudinal bars had 

fractured and the lateral load resistance had dropped significantly. 

7.4.2 Test observations 

The behavior of the column in Specimen 4 is very similar to that in the previous 

specimens, even though the shaft diameter was smaller. However, cracking in the shaft 

was more severe than that in the other specimens. The evolution of damage at the column 

base on the north face of the specimen is shown in Figure 7.37. Flexural cracks appeared 

in the column and shaft as early as Cycle 2 at a force equal to 50% of that corresponding 

to the theoretical first yield. Figure 7.37a shows the distribution of flexural cracks at the 

base of the column at Cycle 4, which corresponded to the theoretical first yield. At Cycle 

7, which was the first cycle at a system ductility of 2.2, the concrete at the base of the 

column started to be crushed. Spalling at the base of the column started at Cycle 9, the 

first cycle at a system ductility of 3.3, and became severe by Cycle 11, the first cycle at a 

system ductility of 4.4, as shown in Figure 7.37c. During Cycle 13, which was the first 

cycle at a system ductility of 5.5, longitudinal and transverse reinforcement was exposed 

at the base of the column, and some column longitudinal bars had started to buckle, as 

shown in Figure 7.37d. During Cycle 14, which was the second cycle at a system 

ductility of 5.5, one pair of bundled bars that had buckled fractured, as shown in Figure 

7.37e, and a drop of the load carrying capacity of the column was observed (see Figure 

7.36). The test was continued until the end of Cycle 16, resulting in the fracture of three 

pairs of bundled bars per side, and a significant drop of the lateral load resistance. The 

bars fractured on the north side of the specimen are shown in the picture in Figure 7.37f, 

which was taken at the end of the test. 

In the shaft, severe splitting cracking was observed during the test, as shown in 

Figure 7.38. Like those in Specimen 2, splitting cracks appeared near the top of the shaft 

as early as Cycle 3 at a force equal to 75% of that corresponding to the theoretical first 

yield. At Cycle 13, some of these splitting cracks were widely opened at the top of the 

shaft (with the maximum residual crack width equal to 10 mm [0.4 in.]) and had already 

propagated through the entire embedment length, as shown in Figure 7.38a and Figure 
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7.38b. At the end of the test, these cracks were wide open on the top of the shaft (with the 

maximum residual crack width larger than 15 mm [0.6 in.]) with pieces of concrete 

starting to be detached, as shown in Figure 7.38c and Figure 7.38d. Also, a circular crack 

was observed around the column cage, indicating the formation of a small cone-shaped 

breakoff. 

7.4.3 Global lateral deformations 

The lateral displacements of the specimen at the peak displacements of different 

cycles are plotted in Figure 7.39. Like that in the previous specimens, most of the 

displacement at the top of the column was due to the curvature in the plastic-hinge region 

of the column and rotation at the column base due to bar slip. The curvature distributions 

at the peak displacements of different cycles are plotted in Figure 7.40. Plastic flexural 

deformation developed over a length of 1.1 m (3.6 ft) near the column base, which was 

23% of the effective height of the column; and the curvature ductility near the base of the 

column reached 21 (with respect to the yield curvature estimated with the empirical 

expression presented in Section 7.1.3) during Cycle 13. Like that in the previous 

specimens, the curvature in the shaft was much smaller than the theoretical yield 

curvature. 

7.4.4 Strains in reinforcing bars 

The strain distributions along column longitudinal bars at the peak displacements 

of different cycles are plotted in Figure 7.41 and Figure 7.42 for pairs of bundled bars 

located at the north and south faces of the specimen, respectively. The maximum plastic 

strain penetration measured inside the embedment length was 457 mm (1.5 ft), which 

occurred at a system ductility of 5.5. This corresponds to 18 db , and like that in Specimen 

2, represents 50% of the total embedment length.  

The strain distributions along the longitudinal perimeter bars in the shaft at the 

peak displacements of different cycles are plotted in Figure 7.43. All the bars remained 

elastic. The average bond stresses along the lap splice length calculated from the strain 
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readings were less than 25% of the maximum bond strength obtained from the bond-slip 

tests presented in Chapter 3. 

The strains in the column cage hoops located at different heights of the column 

and inside the embedment length at the peak displacements of different cycles are plotted 

in Figure 7.44. Like those in the previous specimens, the hoops remained elastic, except 

those located at the base of the column. 

As shown in Figure 7.45, the shaft hoop located at 0.64 m (2.1 ft) from the base of 

the column yielded during the test. Yielding started in Cycle 5 at a system ductility of 

1.0, and Cycle 7, at a ductility of 2.2, on the south and north faces of the specimen, 

respectively. No yielding was measured on the west side of this hoop. The maximum 

strain measured in the hoop was less than 0.025. Hence, the hoop did not undergo much 

strain hardening. The other hoops above and below this one did not yield but developed 

relatively large strains. In general, the strains developed in the shaft hoops are more 

severe than those in the other specimens. This could be due to the smaller diameter of the 

shaft in this specimen, which resulted in a thinner concrete ring to resist the splitting 

action induced by bond slip, and also the plying action exerted by the confined concrete 

core of the column. 

7.5 Summary and conclusions 

The behavior of four full-scale column-shaft assemblies subjected to quasi-static 

cyclic loading has been studied. These tests were intended to identify the minimum 

required embedment length of column longitudinal reinforcement in enlarged (Type II) 

shafts. For Specimen 1, an embedment length equal to D + l , which is close to the c ,max d 

minimum requirement in the current Caltrans SDC (Caltrans 2010), was adopted. For 

Specimens 2 through 4, the embedment length was reduced to ld + s + c . Despite the 

difference in the embedment lengths between Specimen 1 and the rest, all the specimens 

showed a very similar behavior. The columns developed a plastic hinge at the base and 

failed by bar buckling and the subsequent fracture of longitudinal bars in the plastic-

hinge region. Damage in the shafts was limited to cone-shaped failure and splitting cracks 
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near the base of the column. The damage in the shaft was significantly reduced in 

Specimen 3 owing to the increased confinement provided by a steel casing. 

The maximum tensile plastic strain penetration measured in the column 

longitudinal bars inside the shafts was between 14 db and 21 db , with the lowest strain 

penetration occurring in Specimen 3, which had a steel casing for the shaft. For 

Specimens 1 through 3, the strains in the shaft hoops were in general relatively small and 

below the yield limit except for the first hoop at the top. However, the maximum strains 

in top hoops were not large enough to develop strain hardening. The shaft hoops in 

Specimen 3, which had a steel casing around the shaft, did not yield at all. The hoop 

strains in the steel casing are similar to those in the hoops at the same elevations, but they 

exceed yield level at the very top of the casing. Specimen 4 had more or less uniform 

strains, which were below the yield level, in the shaft hoops along the height, except for a 

hoop that was about 0.64 m (2.1) ft below the top of the shaft, whose strain way exceeded 

the yield level. The level of the strain measured in that hoop and its change during 

unloading indicate that the hoop bar could be bent as the splitting cracks in the shaft 

opened. This could be attributed to the wider splitting cracks developed in the smaller 

diameter shaft as compared to the other specimens. 

The comparison of the test results for Specimens 1 with those for the other 

specimens indicates that the embedment length can be reduced from D + l to c ,max d 

ld + s + c without affecting the behavior of a column-shaft assembly. The comparison 

between Specimens 2 and 3 indicates that increasing the confinement of the shaft with a 

steel casing improved the bond along the anchored bars. Furthermore, the test results for 

Specimens 3 and 4 show that the design recommendations presented in Chapter 6 for the 

transverse reinforcement in the bar anchorage region of a shaft are adequate. However, 

the more severe splitting cracks developed in the shaft of Specimen 4, in spite of its 

relatively high quantity of transverse reinforcement, could be due to the smaller diameter 

of the shaft as compared to that of the other specimens, which provided less resistance to 

the splitting forces induced by bar slip and to the plying action of the confined concrete 
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core of the column. The plying action is not accounted for in the design formulas 

presented in Chapter 6. 

The bond slip and development of the column longitudinal bars in enlarged shafts 

are further studied in Chapter 8 with finite element analyses. 
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Table 7.1: Maximum displacement and system ductility in each cycle 

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Cycle �max �max �max �max no. µmax µmax µmax µmax mm (in.) mm (in.) mm (in.) mm (in.) 
1 5 (0.2) 0.1 7 (0.27) 0.1 7 (0.27) 0.1 5 (0.2) 0.1 
2 12 (0.5) 0.2 18 (0.71) 0.2 17 (0.68) 0.2 12 (0.5) 0.2 
3 28 (1.1) 0.4 38 (1.5) 0.5 36 (1.4) 0.5 25 (1.0) 0.5 
4 50 (2.0) 0.8 64 (2.5) 0.8 60 (2.35) 0.8 47 (1.86) 0.8 
5 71 (2.8) 1.1 83 (3.25) 1.0 79 (3.1) 1.0 61 (2.4) 1.1 
6 71 (2.8) 1.1 83 (3.25) 1.0 79 (3.1) 1.0 61 (2.4) 1.1 
7 142 (5.6) 2.2 165 (6.5) 2.0 157 (6.2) 2.1 122 (4.8) 2.2 
8 142 (5.6) 2.2 165 (6.5) 2.0 157 (6.2) 2.1 122 (4.8) 2.2 
9 213 (8.4) 3.3 248 (9.75) 3.0 236 (9.3) 3.1 183 (7.2) 3.3 

10 213 (8.4) 3.3 248 (9.75) 3.0 236 (9.3) 3.1 183 (7.2) 3.3 
11 284 (11.2) 4.4 330 (13.0) 4.0 315 (12.4) 4.2 244 (9.6) 4.4 
12 284 (11.2) 4.4 330 (13.0) 4.0 315 (12.4) 4.2 244 (9.6) 4.4 
13 356 (14.0) 5.5 413 (16.25) 5.0 394 (15.5) 5.2 305 (12.0) 5.5 
14 356 (14.0) 5.5 413 (16.25) 5.0 394 (15.5) 5.2 305 (12.0) 5.5 
15 - - 495 (19.5) 6.0 472 (18.6) 6.3 361 (14.4) 6.6 
16 - - 495 (19.5) 6.0 472 (18.6) 6.3 361 (14.4) 6.6 
17 - - 572 (22.5) 6.9 551 (21.7) 7.3 - -
�max: maximum lateral displacement at the top of the column. 
µmax: maximum system ductility. 
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Figure 7.1: Lateral force vs. drift for Specimen 1 
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(a) west face) (b) Sha cce) (c) Shaft (so ) Column (w aft (north faa outh face) 

(d) ) Column-sha aft interface  (north face) ) (e) CColumn-shafft interface (s south face) 

Figure 7.2: Cracks in Sp Specimen 1 a at Cycle 4 (11st yield) 
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Figure 7.3: Evolution o of damage at the column base in Speeccimen 1 (noorth face) 
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(c) LaLateral view of the shaft (south face)) 

Figuree 7.4: Damaage at the endd of the test in the shaft of Specimenn 1 
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Figure 7.6: Curvatures along the height of Specimen 1 
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Figure 7.7: Strains in column longitudinal bars in Specimen 1 (north face) 
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Figure 7.8: Strains in column longitudinal bars in Specimen 1 (south side) 
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Figure 7.10: Strains in column hoops in Specimen 1 
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Figure 7.11: Strains in shaft hoops in Specimen 1 
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(a) Colummn (b) Shaaft (north facce) (c) Shaft (soouth face) (southeast v view) 

Figurure 7.14: Fleexural crackss in Specimeen 2 at Cyclee 4 (1st yieldd) 

(a) Cyccle 3 (north fface) (b) Cyclee 3 (south facce) 

Figure 7.115: Splitting cracks at thee top of the s shaft in Spececimen 2 at CCycle 3 
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(d) Cyclee 13 (e) Cycle 15 (f) Cycle 188 (end) 

FiFigure 7.16:: Evolution oof damage att the columnn base in Speecimen 2 (noorth face) 

(a) Cyclee 7 (b)) Cycle 8 (c) Cyclee 11 

(d) Cyclee 13 (e) Cycle 15 (f) Cycle 188 (end) 

FiFigure 7.17:: Evolution oof damage att the columnn base in Speecimen 2 (soouth face) 
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Figure 7 7.18: Damagge in the shafaft of Specimmen 2 

194 



 
 

 
 

 
 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

      

 

 

 

 
 

 
 

 

 
   

 

      

H
ei

gh
t (

m
) 

H
ei

gh
t (

m
) 

H
ei

gh
t (

ft)
 

H
ei

gh
t (

ft)
 

Lateral displacement(in.) 

-20 -15 -10 -5 0 5 10 15 20 
6 

15 
4 

10 

2 

-600 -400 -200 0 200 400 600 

Cycle 4 

Cycle 7 
Cycle 9 

Cycle 13 

Cycle 17 

column-shaft 
interface 

positive peak of cy cle negative peak of cy cle 5 

0 

-5 

0 

-2 

Lateral displacement(mm) 

Figure 7.19: Displacements of Specimen 2 

Curvature(1/ft) 

-0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 
4 

3 

2 

-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 

Cycle 4 

Cycle 7 
Cycle 9 

Cycle 13 

Cycle 17 
estimated yield curvature 

column-shaft interface 

positive peak of cy cle negative peak of cy cle 

10 

5 

0 

-5 

1 

0 

-1 

-2 

Curvature (1/m) 

Figure 7.20: Curvatures along the height of Specimen 2 
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Figure 7.21: Strains in column longitudinal bars in Specimen 2 (north face) 
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Figure 7.22: Strains in column longitudinal bars in Specimen 2 (south face) 
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Figure 7.23: Strains in shaft longitudinal bars in Specimen 2 
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Figure 7.24: Strains in column hoops in Specimen 2 

199 

-2 

-4 



 
 

  
  

 
 

   

 

 

 

 

 

 
 
 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
 

 

 

0 0 

-0.8 

-1 

-1.2 

-1.4 

-1.6 

-1.8 

-3 

column-shaft 0 0 

Cy cle 7+ 
Cy cle 7-
Cy cle 13+ 
Cy cle 13-
Cy cle 17+ 
Cy cle 17-
Yield strain 

H
ei

gh
t (

m
) 

H
ei

gh
t (

ft.
) 

Cy cle 7+ 
Cy cle 7-
Cy cle 13+ 
Cy cle 13-
Cy cle 17+ 
Cy cle 17-
Yield strain 

l 
e 

interface 

-0.2 -0.2 
-1 -1 

-0.4 -0.4 

-0.6 -2 -0.6 -2 

-3 

H
ei

gh
t (

ft.
) 

H
ei

gh
t (

m
) -0.8 

-1 

-1.2 -4 

-5 

-1.4 

-1.6 

-1.8 -6 -6 
-1 0 1 2 3 4 5 -1 0 1 2 3 4 5 

Strain -3 
x 10 Strain -3 

x 10 

(a) North face (b) South face 

0 0 

-0.2 
-1 

-0.4 

-0.6 -2 

Cy cle 7+ 
Cy cle 7-
Cy cle 13+ 
Cy cle 13-
Cy cle 17+ 
Cy cle 17-
Yield strain 

-1 0 1 2 3 4 5 

H
ei

gh
t (

m
) -0.8 

-3 
-1 

H
ei

gh
t (

ft.
) 

-1.2 

-1.4 

-1.6 

-1.8 

-4 

-5 

-6 

Strain -3 
x 10 

(c) West face 

Figure 7.25: Strains in shaft hoops in Specimen 2 
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((c) Cycle 9 (d)) Cycle 13 

 (e) CCycle 17 (endd) 

FiFigure 7.26:: Evolution oof damage att the columnn base in Speecimen 3 (noorth face) 
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(a) Northh face at Cyccle 13 (b) South face at Cyclle 13 

(c)) North face at Cycle 17 (end of test)) (d) SoSouth face att Cycle 17 (eend of test) 

(e) North face a after steel caasing removaal (f) SoSouth face aftter steel casiing removal 

Figure 7 7.27: Damagge in the shafaft of Specimmen 3 
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Figure 7.29: Curvatures along the height of Specimen 3 
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Figure 7.30: Strains in column longitudinal bars in Specimen 3 (north face) 
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Figure 7.31: Strains in column longitudinal bars in Specimen 3 (south face) 
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Figure 7.32: Strains in shaft longitudinal bars in Specimen 3 
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Figure 7.33: Strains in column hoops in Specimen 3 
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Figure 7.34: Strains in shaft hoops in Specimen 3 
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Figure 7.35: Hoop strains in steel casing in Specimen 3 
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Figure 7.36: Lateral force vs. drift for Specimen 4 
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((a) Cycle 4 (bb) Cycle 7 

(cc) Cycle 11 (dd) Cycle 13 

(ee) Cycle 14 (f)) Cycle 15 

FiFigure 7.37:: Evolution oof damage att the columnn base in Speecimen 4 (noorth face) 
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(a) Northh face at Cyccle 13 (b) South face at Cyclle 13 

(c)) North face at Cycle 16 (end of test)) (d) SoSouth face att Cycle 16 (eend of test) 

(ee) Post-test iinspection off north face (f) Post-test insspection of n north face 

Figure 7 7.38: Damagge in the shafaft of Specimmen 4 
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Figure 7.40: Curvatures along the height of Specimen 4 
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Figure 7.41: Strains in column longitudinal bars in Specimen 4 (a pair of bundled bars at 
north face) 
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Figure 7.42: Strains in column longitudinal bars in Specimen 4 (a pair of bundled bars at 
south face) 
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Figure 7.43: Strains in shaft longitudinal bars in Specimen 4 (two pairs of bundled bars) 
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Figure 7.44: Strains in column hoops in Specimen 4 
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Figure 7.45: Strains in shaft hoops in Specimen 4 
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CHAPTER 8 

FINITE ELEMENT ANALYSIS OF COLUMN – 

ENLARGED PILE SHAFT ASSEMBLIES 

Finite element (FE) analyses have been used together with the results of the large-

scale tests presented in Chapter 7 to determine the minimum embedment length required 

for column longitudinal reinforcement extending into enlarged pile shafts. Initially, FE 

models were used for the pre-test assessment of the performance of the column-shaft 

assemblies and to assist the development of the loading protocols for the tests presented 

in Chapter 6. In particular, the analyses confirmed that the embedment lengths used in 

Specimen 2 and subsequent specimens, which were determined with the new formula 

ld + s + c , were close to the minimum required to develop the column longitudinal 

reinforcement. Once validated by the test results and further refined, the FE models have 

been used to obtain detailed information, such as the bar stress and bond stress 

distributions along the longitudinal column reinforcement, which were not obtainable 

from the tests but are crucial for gaining a good understanding the bond-slip behavior of 

the column reinforcement in the shaft and for determining the adequacy of the 

embedment length. Finally, the FE models have been used in a parametric study to 

further verify if the formula used to determine the embedment lengths for Specimens 2, 3, 

and 4 is adequate in general for column-shaft assemblies of different dimensions and with 

different longitudinal reinforcement ratios and bar sizes. 
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8.1 Finite element modeling of the column-shaft tests 

A FE model of a column-shaft assembly like those tested in the laboratory is 

shown in Figure 8.1. Only half of the specimen is represented in the model by taking 

advantage of the symmetry plane along the north-south (loading) direction. The 

constitutive models for concrete and steel, which are available in ABAQUS and have 

been calibrated as discussed in Chapter 4, are used. Bond slip in the column and shaft 

longitudinal bars is considered. The bars are modeled with beam elements, and bond slip 

is modeled with the phenomenological bond-slip law presented in Chapter 4. Perfect 

bond is considered for the transverse reinforcement, which is modeled with truss 

elements embedded in the concrete elements. In Specimen 3, the steel casing is modeled 

with solid elements. The strength parameters for the concrete and steel models are 

calibrated with the material test data presented in Chapter 7, while the bond-slip model is 

calibrated with the method described in Chapter 4 based on the compressive strength of 

the concrete, the diameters of the reinforcing bars and rib spacing. Contact conditions are 

imposed at the interface between the column and the shaft, whose meshes are constructed 

independently, and also at the interface between the shaft and the footing. This is to 

improve the simulation of the opening and closing of large flexural cracks possible at 

these locations, which cannot be well represented by the concrete model, as discussed 

and explained in Chapter 4. 

8.1.1 Load-displacement response 

The FE models are subjected to the same vertical load and displacement demands 

at the top of the column as the test specimens. Geometric nonlinearity is considered in the 

analyses. The lateral load-vs.-drift relations obtained from the tests and the analyses for 

Specimens 1 through 4 are shown in Figure 8.2 through Figure 8.5, respectively. The FE 

analysis results provide a good match with the experimental load-displacement curves, 

except for the last cycle of the tests. The lateral load carrying capacities obtained from the 

tests and finite element analyses are compared in Table 8.1. It can be observed that the 

FE analyses overestimate the maximum loads by 2% (for Specimen 4) to 13% (for 

Specimen 3). The gradual drop of the load carrying capacity caused by the P-delta effect 

is well predicted analytically. The models reproduce the inelastic mechanisms developed 
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in the columns and shafts, such as the concrete crushing at the base of the columns, 

flexural cracking, bar yielding, bond slip, and splitting cracking in the shafts. Cracking in 

the shafts is similar to the patterns observed experimentally, as shown in Figure 8.6 by 

the contour plots of the maximum principal strains in the four shafts at the peak 

displacement of Cycle 13. Figure 8.6 also shows that the levels of damage in Specimens 

1, 2 and 4 are similar, while it is less severe in Specimen 3 owing to the additional 

confining action of the steel casing. The models cannot simulate bar buckling and 

subsequent bar fracture observed near the base of the columns towards the end of the 

tests. For this reason, the sudden load drop observed in the last cycle of the tests cannot 

be reproduced, as shown in Figure 8.2 through Figure 8.5. Unloading and reloading 

behaviors are fairly well represented because of the contact condition introduced at the 

column-shaft interface. However, the numerical results still show a smaller deterioration 

of the stiffness in the unloading branches due to the limitation of the concrete model to 

simulate the closing of cracks accurately in locations other than the column-shaft and 

shaft-footing interfaces. 

8.1.2 Strains and stresses in column longitudinal reinforcement 

Figure 8.7 through Figure 8.10 plot the numerical and experimental strain values 

for the column longitudinal bar at the north face of Specimens 1 through 4, respectively. 

A good correlation can be seen between the numerical and experimental results for bar 

strains in the columns and along the embedment length in the shafts. Only for Specimen 

1, the severity of strain penetration seems to be underestimated slightly by the FE model. 

As shown in Figure 8.7b, according to the FE analysis, tension yielding of the column 

longitudinal bars in Specimen 1 penetrates 0.5 m (1.63 ft) into the shaft at the peak 

displacement of Cycle 13 (the first cycle at a system ductility of 5.5 and the last cycle 

before bar fracture occurred in the test). This plastic strain penetration is 14 times the bar 

diameter, db . In the test, the plastic strain penetration was measured to be 0.61 m (2 ft) at 

this same cycle. Thus, the model underestimates the plastic strain penetration along this 

bar by 18%. However, for the other specimens, the strain penetrations in the FE models 

match the test results well. In Specimen 2, strain gages were damaged in the last few 
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cycles, so the final plastic strain penetration could not be obtained. According to the FE 

analysis, the plastic penetration in Cycle 17 (the first cycle at a system ductility of 7 and 

the last cycle before bar fracture occurred in the test) for Specimen 2 is 0.72 m (2.4 ft), 

which is 17 db , as shown in Figure 8.8. The FE analysis have shown that Specimens 3 

and 4 have similar extents of normalized plastic strain penetration, with respect to the bar 

diameter, at the end of the tests. For Specimen 3, it is 15 db , or 0.65 m (2.1 ft), and for 

Specimen 4, it is 16 db  or 0.4 m (1.3 ft). 

Figure 8.11 plots the axial stress distributions along the column longitudinal bars 

for Specimens 1 through 4 at the peak displacements of different cycles, as predicted by 

the FE analysis. Table 8.2 shows the maximum tensile stresses developed for each of the 

specimens at the peak displacement of the cycle prior to failure in the test, as obtained 

from FE analysis. The maximum stresses developed in these bars are smaller than the 

tensile strength of the bars, which was obtained from material testing. For example, the 

maximum bar stresses developed at the base of the column in Specimen 1 are 550 MPa 

(80 ksi) in tension and 485 MPa (70 ksi) in compression, while the yield strength and 

tensile strengths of the bar are 448 MPa (65 ksi) and 629 MPa (91.2 ksi), respectively. As 

mentioned in Chapter 7, the fracture of these bars during the tests was not caused by 

exhaustion of the tensile capacity but by the propagation of micro-cracks created when 

the bar buckled, which is a feature that the FE model cannot capture. 

8.1.3 Bond stresses and slip in column longitudinal reinforcement 

The bond stresses along the column longitudinal bars obtained from the FE 

analyses provide valuable information to understand the bond-slip behavior of these bars 

along their anchorage. The bond stress distributions along the embedment length of the 

column bars located at the north face of Specimen 1 through Specimen 4 are plotted in 

Figure 8.12 through Figure 8.15, respectively. It is possible to calculate the average 

experimental bond stresses based on the readings from two adjacent strain gages as long 

as the bar had not yielded, which was the case for the lower portions of the bar anchorage 

zones. As shown in Figure 8.12 through Figure 8.15, the numerically obtained bond 
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stresses compare relatively well to the average bond stresses obtained from the 

experimental data in these lower anchorage regions. 

For Specimen 1, the bond stress distribution is highly nonlinear when the bar is 

subjected to tension and compression, as shown in Figure 8.12. The peak bond stress 

occurs near the top of the embedment length, and it moves downward as the ductility 

demand is increased. Even though the bar slip is maximum at the top of the embedment 

length, the peak bond resistance occurs at a lower section. This is mainly due to the 

severe bond deterioration caused by bar yielding occurring in the upper region of the 

embedment length. This behavior is similar to that observed in the development length 

tests presented in Chapter 5. As shown in Figure 8.12b, the peak bond resistance in Cycle 

13 is located 0.53 m (1.75 ft) below the column base, practically at the same location 

where the plastic strain penetration ends as shown in Figure 8.7. This peak resistance is 

6.9 MPa (1 ksi) or 40% of the maximum bond strength. At the peak displacement of 

Cycle 13, most of the bond resistance is provided in a region located approximately 

between 0.3 m (1 ft) and 1 m (3.3 ft) below the base of the column. In the remaining 2.3 

m (4.2 ft) below this region, little bond resistance is activated, with the bond stress less 

than 2.5 MPa (0.35 ksi) (i.e., 15% of the bond strength), because the bar has not slipped 

much. This indicates that there is a significant portion of the embedment length that is not 

utilized to develop the stress in the bar in the last load cycle, at which the load dropped 

significantly due to bar rupture in the test. 

Figure 8.13 plots the bond stress distributions along the embedment length of the 

longitudinal bar located at the north face of Specimen 2. The distribution is highly 

nonlinear when the bar is subjected to compression. However, the bond resistance is 

more uniform when the bar is subjected to tension. At the peak displacement of Cycle 17, 

the bond resistance along the upper 0.6 m (2 ft) of the embedment length has deteriorated 

significantly. For the rest of the bar anchorage length, the bond resistance is more 

uniformly distributed than that for Specimen 1 when the bar is in tension, with the bond 

stress varying from 2.8 MPa (0.4 ksi) to 6.4 MPa (0.93 ksi), i.e., from 17% to 39% of the 

maximum bond strength. This implies that the bar has experienced more slip along the 
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anchorage. These results show that the embedment length for Specimen 2 can be close to 

the minimum required. 

The increase of confinement in the anchorage region of Specimen 3 as compared 

to Specimen 2 affects the bond stress distributions, as shown in Figure 8.14. At the peak 

displacement of Cycle 15, bond deterioration in the upper part of the bar anchorage is 

similar to that for Specimen 2. However, for Specimen 3, the peak bond stress reaches 

45% of the maximum bond strength, slightly higher than that for Specimen 2 (which has 

the peak bond stress at 39% of the maximum bond strength), and the bond stress 

mobilized drops much faster with depth and is equal to 8% of the maximum bond 

strength near the bottom of the anchorage zone. These results indicate that an increase in 

confinement improves the bond along the embedment length and reduces bond slip. Thus, 

this specimen has more reserve anchorage capacity than Specimen 2. 

For Specimen 4, the shape of the bond stress distribution in tension is similar to 

that for Specimen 2, as shown in Figure 8.15. At the peak displacement of Cycle 13, the 

bond resistance along the upper 0.4 m (1.3 ft) of the embedment length has deteriorated 

significantly mainly due to bar yielding in tension. For the rest of the anchorage length, 

the bond stresses variation is small (it varies from 25% to 42% of the maximum bond 

strength), and the maximum bond resistance occurs at the bottom of the anchorage. As 

for Specimen 2, this indicates that the embedment length for this specimen was close to 

the minimum required. 

The bar slip with respect to the surrounding concrete is plotted in Figure 8.16 

through Figure 8.19 for the same bars in Specimens1, 2, 3, and 4, whose bond stress is 

considered above. In the upper regions of the bar anchorage zones, in which the bars have 

yielded, large levels of slip are measured. Below the plastic strain penetration regions, the 

bar slips are smaller than the slip, , at which the maximum bond resistance is speak 

mobilized in the monotonic bond stress-slip curves of for the respective bars. In 

Specimen 1, the bar practically does not slip (with the slip smaller than 5% of ) in speak 

the lower 1.4 m (4.5 ft), or 38 d b , of the bar anchorage length, as shown in Figure 8.16. In 

the other specimens, the regions with little slip are shorter and the magnitude of the slips 
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in these regions is larger. In Specimens 2, the slip in the lower 1 m (3.5 ft), or 25 d b , is 

between 5% and 10% of , as shown in Figure 8.17. Over the same length, this slip is speak 

between 3% and 8% of in Specimen 3, as shown in Figure 8.17. In Specimen 4, the speak 

slip in the lower 0.9 m (2.8 ft), or 33 , is between 8% and 12% of , as shown in d b speak 

Figure 8.18. It should be noted that according to monotonic stress-slip relation adopted in 

the model, as presented in Chapter 4, the bond stress will reach 40% of the maximum 

bond strength at a slip of 10% of . Hence, the bar slip in Specimen 4 can be speak 

considered relatively significant. 

8.1.4 Strain and stresses in shaft longitudinal reinforcement 

The numerical and experimental strain values for the shaft longitudinal 

reinforcement are plotted in Figure 8.20 through Figure 8.23 for Specimens 1 through 4, 

respectively. The FE models underestimate the strain levels in these bars. The 

discrepancies in the tensile strains could be attributed to the fact that the concrete in the 

models is able to carry higher tensile stresses than that in the actual specimens, for which 

flexural cracks were observed in the shafts. As shown in Figure 8.21 and Figure 8.23, the 

bar strains at the base of the shafts show a better correlation. This is because the contact 

interface at the shaft base cannot develop tensile stresses, and the tensile stresses are 

transferred to the footing through the bars. 

8.1.5 Strains in the column hoops 

Figure 8.24 compares the numerical and experimental strain values for the column 

hoops at the south face of the specimens. The models predict correctly the yielding of the 

hoops at the base of the column in the late few cycles. However, they overestimate the 

hoop strains at other locations along the height of the column. This could be attributed to 

an overestimation of the plastic dilatation in the concrete model. 

8.1.6 Strains in the shaft hoops 

The numerical and experimental strain values for the shaft hoops in Specimen 1 

are compared in Figure 8.25. The model provides a fairly good representation of the peak 
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strains for the north side of the shaft, but overestimates these strains near the top of the 

embedment length region, as shown in Figure 8.25a. The lateral load-vs.-hoop strain 

curves for the north side of the hoop located at 0.3 m (1 ft) below the column base are 

plotted in Figure 8.25b. During the test, the hoop strain increased when the column was 

pushed and pulled laterally, i.e., when the column longitudinal bar near the north face 

was pulled and pushed, and decreased when the column was unloaded. The strain 

increase was largely caused by the radial expansion induced by the bar slip as it was 

pulled or pushed. However, when a bar is pushed, additional dilatation can be introduced 

by the lateral elastic or plastic expansion of the concrete due to vertical compression. As 

shown in Figure 8.25b, the FE model shows a different hysteretic behavior in hoop 

strains. In the FE model, the strain near the north face increases only when the column is 

pulled towards north (which corresponds to negative loading), i.e., when the longitudinal 

bar located on the north side is pushed into the shaft. When the column is unloaded and 

pushed towards south, the strain remains practically constant. For the shaft hoop located 

at about 1 m (3 ft) below the base of the column, the strain increases when the column is 

pushed and decreases when it is pulled.  

The problems in replicating the hoop strains in the shaft, as shown in Figure 8.25, 

could be attributed to the deficiencies of the concrete model, which is not able to simulate 

accurately the plastic dilatation in concrete and the closing of tensile splitting cracks, and 

also to the inaccuracy of the bond-slip model in simulating the radial dilatation caused by 

bar slip. Similar trends have been observed for Specimen 2, as shown in Figure 8.26. The 

magnitude of the strains at the north side of the hoops correlates well with the 

experimental results, as shown in Figure 8.26a. Nevertheless, the lateral load-vs.-hoop 

strain curves for the north side of the uppermost hoop, as plotted in Figure 8.26b, show 

similar discrepancies. For the west side of this hoop, the numerical strain values increase 

when the column is either pushed or pulled laterally, as plotted in Figure 8.26c. However, 

it is unclear if this is caused by the radial stress introduced by the slip of the column bars 

or by the lateral expansion of concrete due to compression on the north and south sides of 

the column as it was pulled and pushed. 
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The peak hoop strains in the transverse reinforcement and steel casing of the shaft 

in Specimen 3 are reasonably well captured with the FE analysis, as shown in Figure 8.27 

and Figure 8.28. The smaller hoop strains as compared to those measured in Specimen 2 

are well predicted. However, these strains are underestimated at the top of the bar 

anchorage zone, where the maximum hoop strains develop. 

The hoop strain distribution in the shaft of Specimen 4 predicted with the FE 

analysis is similar to that of Specimen 2, as shown in Figure 8.29. However, during the 

test, the peak strains were measured in a hoop located 0.64 m (2.1 ft) below the top of the 

shaft rather than the hoop near the top.  

8.1.7 Concluding remarks 

The FE analysis results presented have shown good correlation with the 

experimental results in terms of the global lateral load-displacement behavior of the 

column-shaft assemblies and strain variations in the column longitudinal bars within the 

columns and embedment regions. However, some modeling limitations have also been 

identified. One is that the failure of a column caused by the buckling and subsequent 

fracture of the bars is not simulated. Also, the concrete model is not able to simulate the 

closing of tensile cracks in an accurate manner. However, these deficiencies have no 

significant impact on the bond-slip behavior of bars, which is the focus of this study.  

Moreover, the finite element models are not able to capture the strains in the shaft hoops 

in a very accurate manner. At the top of the shaft, the models tend to show hoop strains 

lower than those observed in the tests. This can be attributed to the fact that the models 

cannot well simulate the plying action of the confined concrete core of the column within 

the shaft. Hence, these models may not have the desired resolution to determine the 

minimum quantity of transverse reinforcement required for the bar anchorage region of a 

shaft. 

8.2 Parametric study to verify the minimum embedment length of column 

reinforcement in enlarged pile shafts 

Three of the four column-shaft assemblies tested in this project and the finite 

element analyses presented in Section 8.1 have shown that an embedment length of 
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ld + s + c for the column reinforcement extended into an enlarged shaft is sufficient to 

develop the full bending capacity of a column. Further finite element analyses have been 

conducted to investigate if this is true for column-shaft assemblies of different geometric 

configurations and reinforcing details, and its level of conservatism against the pull-out 

failure of the reinforcing bars. As summarized in Table 8.3, results from 12 column-shaft 

models are discussed here. Additional analyses have been conducted to establish the 

limiting conditions for the embedment length, but their results will not be presented. The 

nomenclature for the models is based on a set of four numbers. The first two numbers 

correspond to the column diameter ( Dc ) and shaft diameter ( Ds ), respectively, in feet. 

The third number corresponds to the size of the column longitudinal bars. Wherever 

needed, a forth number is added to distinguish models with the same dimensions and 

reinforcement, but with different embedment lengths for the column reinforcement and/or 

different quantities of transverse reinforcement in the shafts. Based on the first three 

numbers in the nomenclature, the models are divided into five groups. Three of these 

models, Models 4-6-11-1, 4-16-14-1, and 4-6-14-4 correspond to Specimens 1, 2, and 3 

tested in the laboratory, respectively. Results from these three models have been 

discussed in detail in Section 8.1. Nine more analyses have been carried out on column-

shaft models with different embedment lengths, column and shaft diameters, quantities of 

longitudinal reinforcement, and quantities of transverse reinforcement in the shafts. The 

concrete, steel, and bond-slip properties used in these models are the same as those for 

the analyses presented in Section 8.1. The same loading protocol was used, except that an 

extra half cycle was added at the end to subject the system to a maximum ductility 

demand of 10. 

Of the 9 new models, five have embedment lengths of ld + s + c  and the quantities 

of transverse reinforcement in the bar anchorage region of the shaft determined with 

Equation 6.9. These are Models 4-6-11-2, 4-6-14-2, 8-10-14-1, 8-12-14, and 8-12-18 

shown in Table 8.3. They include small-size ( Dc =1219 mm [4 ft]) and large-size (Dc= 

2438 mm [8 ft]) columns, and have bar sizes between No. 11 and 18.  
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The columns and shafts in Models 4-6-11-2 and 4-6-14-2 have the same 

dimensions, with Dc =1219 mm (4 ft) and Ds =1829 mm (6 ft), and the same 

longitudinal reinforcement as Specimens 1 and 2, respectively. Model 8-10-14-1 

corresponds to an assembly with Dc= 2438 mm (8 ft) and Ds= 3048 mm (10 ft), and has 

No. 14 (43-mm) and 18 (57-mm) longitudinal bars in the column and shaft, respectively. 

In the above three models, the shaft diameter is 610 mm (2 ft) larger than the column 

diameter, which is the minimum difference required in Caltrans SDC (Caltrans 2010). As 

a result, the separation between the column and shaft cages is slightly less than 305 mm 

(1 ft). Two additional models have been analyzed with Dc= 2438 mm (8 ft) and Ds= 

3658 mm (12 ft) to verify the embedment length formula when a larger separation 

between the column and shaft cages is provided. In one of the models, Model 8-12-14, 

No. 14 and 18 longitudinal bars are used in the column and shaft, respectively. In the 

other, Model 8-12-18, both the column and the shaft have No. 18 longitudinal bars. 

Analysis results from the aforementioned five models show that an embedment 

length of ld + s + c is sufficient to develop the full bending capacity of the columns. The 

remaining four of the 9 new models have either shorter embedment lengths or different 

quantities of transverse reinforcement to examine the level of conservatism in the 

embedment length formula. Analysis results obtained with these models are summarized 

in the following sections. 

8.2.1 Smaller-size column-shaft assemblies 

Model 4-6-11-2 has the same column and shaft dimensions and reinforcement as 

Specimen 1 but with le = ld + s + c . Figure 8.30 shows that it has identical force-

displacement curves as the model for Specimen 1 (Model 4-6-11-1), in which 

. Hence, the reduction of the embedment length has no influence on the le = Dc ,max + ld 

system response. Model 4-6-11-3 has an even shorter embedment length of 0.7ld . For 

this model, several column longitudinal bars are pulled out from the shaft when the 

maximum drift reached for Specimen 1 has been applied. Pull-out failure of the bars 

causes a decrease of the load-carrying capacity with respect to the other two models, as 
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shown in Figure 8.30. Additional analyses not reported here have shown that for any 

embedment lengths longer than 0.7ld , pull-out failure will not occur. This indicates that 

le = ld + s + c  has a good margin of safety.  

The strain distributions along the column bars located at the north face of Models 

4-6-11-1, 4-6-11-2, and 4-6-11-3 at the peak displacement of Cycle 13 are plotted in 

Figure 8.31a. The maximum plastic strain penetration is about 0.5 m (1.63 ft) or 14db in 

all the models. The distances between the bottom of the bar to the point where the bar has 

yielded are 50d b , 26d b , and 7db for Models 4-6-11-1, 4-6-11-2, and, 4-6-11-3, 

respectively. With only 7db to develop the yield capacity of the bar in the last case, the 

pull-out failure occurring in the last model is not unexpected. Differences are observed in 

the bond stress distributions along these bars at the peak displacement of Cycle 13, as 

shown in Figure 8.31b. For the case with the shortest embedment length, the bar slips 

more and the bond stress is higher and more uniformly distributed along the anchorage 

length. 

Specimen 2 had an embedment length of ld + s + c and the transverse 

reinforcement in its shaft was determined according to the formula of McLean and Smith 

(1997). A model (4-6-14-2) with the same embedment length but transverse 

reinforcement in the shaft determined with Equation 6.9 has been analyzed and compared 

to the model of Specimen 2 (4-6-14-1). With Equation 6.9, the volumetric ratio of the 

hoops in the lap splice region is 1.19% as compared to 1.04% provided in Specimen 2. In 

addition, two more models with the same embedment length but different quantities of 

transverse reinforcements have been analyzed. In Model 4-6-14-3, the transverse 

reinforcement in the lap splice area has been determined with the general specifications 

for compression members in AASHTO (2010), and has a volumetric ratio of 0.74%. 

Model 4-6-14-4 represents Specimen 3, whose transfer reinforcement was determined 

with the more stringent condition, Equation 6.14, proposed to control splitting cracks in 

the shaft. For this specimen, the size and spacing of hoops was determined with the 

AASHTO LRFD Bridge Design Specifications (2010) on the confinement for 
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compression members, and the additional confinement required by Equation 6.14 was 

provided with the steel casing. 

The force-displacement curves obtained for the aforementioned models, as shown 

in Figure 8.32, are very similar. The strain and bond stress distributions along the column 

bars located at the north face of these models at the maximum drift of Specimen 2 are 

plotted in Figure 8.33. As shown in Figure 8.33a, the plastic strain penetration increases 

as the transverse steel decreases. However, the difference is very small, with the 

maximum plastic penetration ranging from 0.64 m (2.1 ft) to 0.72 m (2.4 ft). Similarly, 

the peak bond resistance increases and the bond stress distribution becomes less uniform 

with the increase of the transverse steel, as shown in Figure 8.33b. The hoop strains in the 

transverse reinforcement and in the steel casing of the shafts at the peak displacement of 

Cycle 17 are plotted against the height in Figure 8.34. The analysis results confirm that 

the hoops strains increase with the decrease of the transverse reinforcement. In the case 

with the lowest confinement, the three upper hoops located in the upper 0.4 m (1.3 ft) of 

the shaft yield, while only the uppermost hoop is close to yielding when the quantities of 

the transverse reinforcement recommended here and by McLean and Smith (1997) are 

used. The model representing Specimen 3, which has the highest confinement level, does 

not have yielding in the hoops and steel casing. However, in the real test, the hoop strain 

in the steel casing near the column base slightly exceeded the yield point. 

Model 4-6-14-5 replicates Specimen 2 but employs a reduced embedment length 

of le = 0.65ld . This model has bar pull-out failure exhibiting a significant load 

degradation under cyclic loading, as shown in Figure 8.32. Further analyses not reported 

here have shown that for longer embedment lengths, pull-out failure will not occur. The 

bond stress distribution along the column bar located at the north face of Model 4-6-14-5, 

as plotted in Figure 8.33b, shows that the bond resistance has practically disappeared at 

the peak displacement of Cycle 17. The results plotted in Figure 8.34 show that the pull-

out of the bars causes a significant increase in strain in the transverse reinforcement in the 

lap splice region. Therefore, wider splitting cracks can be expected. The upper hoops 

yield, with the top hoop experiencing a strain almost four times that experienced in 

Model 4-6-14-2, which has the same quantity of transverse steel. 
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8.2.2 Larger-size column-shaft assemblies 

Two models of a column-shaft assembly with Dc = 2438 mm (8 ft) and Ds= 3048 

mm (10 ft) have been analyzed. Model 8-10-14-1 has an embedment length of ld + s + c 

and the transverse reinforcement in the shaft complying with Equation 6.9. The response 

of this model is compared to that of Model 8-10-14-2, in which the embedment length is 

reduced to le = 0.75ld . The force-displacement curves plotted in Figure 8.35 show that 

Model 8-10-14-2 has a significant load degradation under cyclic loading due to bar pull-

out failure. Additional analyses have shown that pull-out failure will not occur for longer 

embedment lengths. At a system ductility of 7, reached at the peak displacement of Cycle 

17, the plastic strain penetration in Model 8-10-14-1 is 0.95 m (3.1 ft) or 22db , as shown 

in Figure 8.36a. This is larger than 17db in Model 4-6-14-2, which has the same 

longitudinal bar size, and has the development length and transverse reinforcement 

determined with the same equations but with Dc= 1219 mm (4 ft) and Ds= 1829 mm (6 

ft). This difference in plastic strain penetration is caused by the more severe damage 

induced at the top of the shaft in Model 8-10-14-1 due to the smaller ratio of the shaft to 

column diameter. This increase in damage is also reflected in the bond stress distribution, 

which shows that the peak bond stress in Model 8-10-14-1 is at the bottom of the 

embedment length, as shown in Figure 8.36b. Despite the increase in damage, the 

embedment length in Model 8-10-14-1 is clearly sufficient to avoid the failure of the bar 

anchorage. Like in the other models, the pull-out of the bars in Model 8-10-14-2 causes 

larger strains in the transverse reinforcement in the lap splice region, as shown in Figure 

8.37. This implies wider splitting cracks. 

Finally, two models of a column-shaft assembly with Dc= 2438 mm (8 ft) and 

Ds= 3658mm (12 ft) have been analyzed with an embedment length of ld + s + c and the 

transverse reinforcement in the shaft complying with Equation 6.9. Models 8-12-14 and 

8-12-18 have No. 14 and 18 bars, respectively, for the column longitudinal 

reinforcement. As shown in Figure 8.38 and Figure 8.39, these models do not show any 

load degradation in the force-displacement curves other than the P-delta effect. The strain 

distribution along the north column bar of Model 8-12-14 at the peak displacement of 
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Cycle 17 (a system ductility of 7), as plotted in Figure 8.40a, indicates a plastic strain 

penetration of 0.95 m (3.1 ft) or 22db . The plastic strain penetration is the same as that in 

Model 8-10-14, but in this case, more embedment length is provided to account for the 

larger separation between the reinforcing cages. The peak bond stress is located far from 

the bottom end of the bar, as shown in Figure 8.40b. For the model with larger bars, the 

plastic strain penetration at a system ductility of 7 is 18db (1.03 m [3.4 ft]), as shown in 

Figure 8.41a. The bond stress distribution, as plotted in Figure 8.41b, also shows a clear 

peak located far from the bottom end of the bar. Hence, these two models have a higher 

margin of safety against bond failure as compared to the models with Ds= 3048 mm (10 

ft). 

8.3 Conclusions 

The ability of the FE models to simulate the bond-slip behavior in column-shaft 

assemblies has been validated by the results of the large-scale column-shaft tests. They 

have been used to study the development of column longitudinal bars in enlarged pile 

shafts, including the bond stress distributions along the anchorage of these bars in the 

four tests presented in Chapter 7. The analytical and experimental observations indicate 

that l = D + l as used in Specimen 1 is over-conservative. The analytical and e c ,max d 

experimental results for Specimens 2 through 4 show that an embedment length of 

ld + s + c  is sufficient. 

Through further FE simulations, the sufficiency of ld + s + c has been verified 

for larger column-shaft assemblies, and for column-shaft assemblies with different ratios 

of shaft to column diameter and different sizes of column longitudinal bars. Simulation 

results from a limited number of models have also indicated that with adequate transverse 

reinforcement, pull-out failures will occur only when the embedment length is equal to or 

shorter than 0.75ld . This implies that there is a good margin of safety when ld + s + c is 

used. Furthermore, the models have shown that the ratio of the shaft diameter to the 

column diameter has an influence on the performance of the shaft. A higher ratio leads to 

less shaft damage. 
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However, the finite element models in general show smaller strains in the shaft 

hoops near the base of the column. This could be due to the fact that the plying action of 

the confined concrete core of the column within the shaft is not well captured in the 

models.  
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Table 8.1: Maximum lateral load resistance 

Specimen Experimental results FE analysis results FE prediction 
no. kN (kips) kN (kips) error 
1 1063 (239) 1139 (256) 7% 
2 1223 (275) 1348 (303) 10% 
3 1205 (271) 1365 (307) 13% 
4 1023 (230) 1040 (234) 2% 

Table 8.2: Maximum tensile stresses in column longitudinal reinforcement 

Specimen Maximum tensile stress, �max Cycle no. � max / f y �max / fu no. MPa (ksi) 
1 13 550 (80) 1.23 0.88 
2 17 585 (85) 1.27 0.92 
3 15 580 (84) 1.25 0.90 
4 13 574 (83) 1.25 0.88 

f : actual yield strength of steel. y 

f : actual tensile strength of steel. u
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Table 8.3: FE models of column-shaft assemblies for parametric study 

Column / shaft Formula Model Dc Ds 4 le 
ID longitudinal �v,shaft for le mm (ft) mm (ft) mm (ft) reinforcement 

4-6-11-1 1 0.82% Dc ,max + ld 2286 (7.5) 
18 No. 11/ 4-6-11-2 1219 (4) 1829 (6) 1.07% ld + s + c 1422 (4.67) 28 No. 14 

4-6-11-3 1.07% 0.7ld 762 (2.5) 
4-6-14-1 2 1.04% ld + s + c 1829 (6) 
4-6-14-2 1.19% ld + s + c 1829 (6) 

18 No. 14/ 4-6-14-3 1219 (4) 1829 (6) 0.74% ld + s + c 1829 (6) 26 No. 18 
4-6-14-4 3 1.87% ld + s + c 1829 (6) 
4-6-14-5 1.19% 0.65ld 940 (3.1) 

8-10-14-1 
8-10-14-2 

2438 (8) 3048 
(10) 

38 No. 14/ 
48 No. 18 

1.58% 
1.58% 

ld + s + c 
0.75l d 

1829 (6) 
1092 (3.6) 

8-12-14 2438 (8) 3658 
(12) 

40 No. 14/ 
56 No. 18 1.31% ld + s + c 2134 (7) 

8-12-18 2438 (8) 3658 
(12) 

34 No. 18/ 
56 No. 18 1.53% ld + s + c 2565 (8.4) 

1Test Specimen 1. 
2Test Specimen 2. 
3Test Specimen 3. 
4Volumetric ratio of shaft transverse reinforcement. 
Note: models employing ld + s + c and Equation 6.9 for transverse reinforcement are 
highlighted in bold. 
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Figure 8.12: Bond stresses along the column longitudinal bar at the north face of 
Specimen 1 
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Figure 8.13: Bond stresses along the column longitudinal bar at the north face of 
Specimen 2 
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Figure 8.14: Bond stresses along the column longitudinal bar at the north face of 
Specimen 3 
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Figure 8.19: Bar slip along the column longitudinal bar at the north face of Specimen 4 
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Figure 8.21: Strains in the longitudinal shaft bar at the north face of Specimen 2 
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Figure 8.27: Strains in shaft hoops in Specimen 3 
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Figure 8.30: Lateral load vs. drift curves for Models 4-6-11-x 
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Figure 8.31: Results for north column longitudinal bar in Models 4-6-11-x at the peak 
displacement of Cycle 13 
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Figure 8.32: Lateral load vs. drift curves for Models 4-6-14-x 
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Figure 8.33: Results for north column longitudinal bar in Models 4-6-14-x at the peak 
displacement of Cycle 17 
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Figure 8.35: Lateral load vs. drift curves for Models 8-10-14-x 
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Figure 8.36: Results for north column longitudinal bar in Models 8-10-14-x at the peak 
displacement of Cycle 17 
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Figure 8.39: Lateral load vs. drift curve for Model 8-12-18 
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Figure 8.40: Results for north column longitudinal bar in Model 8-12-14 at the peak 
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CHAPTER 9 

DESIGN RECOMMENDATIONS 

This chapter presents new design recommendations on the minimum embedment 

length required for column reinforcement extended into a Type II shaft, and the 

transverse reinforcement required for the bar anchorage region of the shaft. These 

recommendations are based on the results of the experimental and analytical studies 

presented in the previous chapters of this report. The new recommendations are 

compared to those proposed by McLean and Smith (1997) and to the specifications in the 

Caltrans Seismic Design Criteria (Caltrans 2010). 

9.1 Minimum required embedment length 

Results from the four column-shaft assembly tests (presented in Chapter 7) and 

the numerical parametric study (in Chapter 8) have indicated that an embedment length 

of ld + s + c is adequate to develop the tensile strength of the longitudinal reinforcement 

in a bridge column, with ld being the development length in tension according to the 

AASHTO LRFD Bridge Design Specifications and AASHTO LRFD Seismic Bridge 

Design Specifications, s the center-to-center distance between the column and shaft 

reinforcing cages, and c the thickness of the top concrete cover in the shaft. 

Nevertheless, these results do not account for the uncertainties in material properties and 

construction quality that could be encountered in an actual bridge. The reliability analysis 

presented in Chapter 5 has shown that the development length in tension, ld , according to 

the AASHTO LRFD Specifications for large-diameter bars has a sufficient reliability 
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level to develop the yield capacity of a bar but is not sufficiently reliable to develop the 

tensile strength of a bar when uncertainties in material properties and construction quality 

are considered. In view of this, the design requirement proposed here adopts an ld that 

takes into consideration of these uncertainties based on the analysis presented in Chapter 

5. 

However, for a column with a very large cross-section dimension, ld + s + c can 

result in an embedment length less than the cross-sectional dimension of the column. This 

may not be desirable. As shown in Figure 9.1, two types of column anchorage failure are 

possible in an enlarged shaft. One is the bar pull-out, and the other is the column pull-out 

due to concrete damage induced by a plying action when the confined core of the column 

rocks back and forth in the shaft. Both mechanisms could contribute to the anchorage 

failure of a column, as shown in Figure 1.1. The plying action introduces horizontal 

forces that can be relatively large near the top and bottom of the anchorage region as 

shown in Figure 9.1b. These horizontal forces are resisted by the surrounding concrete 

and the transverse reinforcement in the shaft. There is evidence that this plying action 

occurred in the column-shaft assembly tests, but it has not been well captured by the 

finite element models due to the limitations of the concrete model. In the tests, the strains 

in the shaft hoops near the top were much higher than those in the hoops below. In 

particular, the hoop strain near the top in the steel casing of Specimen 3 exceeded the 

yield level. This was not expected according to the design. However, the plying action in 

these tests did not have major detrimental effects. 

The force demand on the shaft due to the plying action depends on the moment 

capacity of the column and the embedment length of the confined core in the shaft. The 

longer the embedment length is, the lower will be the force demand for a given moment 

from the column. By considering the fact that the moment capacity of a circular column 

for a given steel ratio is proportional to the cube of the column diameter and that the 

quantity of the transverse reinforcement in a shaft should be more or less proportional to 

the quantity of the longitudinal reinforcement in the column, the minimum embedment 

length required to resist the plying forces can be considered proportional to the column 

diameter. The test specimens considered in this study had embedment lengths varying 
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from 0.77 to 1.87 times the column diameter, and two of the columns had a longitudinal 

steel ratio of 2.55%, which is considered relatively high for a bridge column. Since the 

anchorage of these specimens performed satisfactorily in the tests, it seems appropriate to 

expect that an embedment length greater than one times the diameter or the larger cross-

sectional dimension of the column will prevent anchorage failure due to the plying action 

provided that the amount of transverse reinforcement recommended in this study, as 

presented in the next section, is used. 

Based on the above considerations, it is recommended that the minimum 

embedment length of column reinforcement extended into a Type II shaft be given by the 

following formula.  
Ds − Dc ,min le = ld + 

2 
(9.1a) 

with 

l � D (9.1b) e c,max 

in which the term (D − D )/ 2 replaces s + c for the sake of simplicity and to be s c ,min 

applicable to non-circular columns as shown in Figure 9.2, D and D are the c,min c,max 

smaller and the larger of the cross-sectional dimensions of the column, respectively, Ds 

is the shaft diameter, and is the development length in tension for the column ld 

longitudinal bars. Based on the reliability analysis presented in Chapter 5, the 

development length is to be determined by the following formula. 

l d 

d f b y = 1.4 3/4 f �c 

  (in MPa) (9.2a) 

l = 2.27 
db f y   (in ksi) (9.2b) d 3/4 fc � 

in which db is the diameter of the developed bars, f y is the specified yield strength of 

the bars, and fc � the specified compressive strength of the concrete in the shaft. For 

bundled bars, ld shall be increased by 20 percent for a two-bar bundle and 50 percent for 

a three-bar bundle, according to the AASHTO LRFD Specifications. Equation 9.2 is 

derived from Equation 5.11, which gives the minimum embedment length required to 
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reliably develop the reduced ultimate tensile capacity of a bar at the flexural limit state of 

the column under the best confined situation considered in Section 5.11.2.1.3 of the 

AASHTO LRFD Specifications. As discussed in Chapter 5, the reduced ultimate tensile 

capacity of a bar (developed at the flexural limit state of a column) is 1.35 times the yield 

strength, and Equation 5.11 results in a reliability index of 1.75 considering various 

uncertainties. By considering the fact that the maximum center-to-center spacing of the 

hoops is 102 mm (4 in.) for the best confined situation and that the minimum clear 

spacing of reinforcement in a pile is 127 mm (5 in.) according to Section 5.13.4.5.2 of the 

AASHTO LRFD Specifications, the minimum length given by Equation 5.11 is divided 

by a modification factor of 0.75 to obtain the expression in Equation 9.2. Even though the 

above recommendation is based on the experimental and numerical studies conducted on 

large-diameter bars. It should be valid for smaller bar sizes based on the fact under well-

confined situations like that in a Type II shaft, the bar size has little influence on the bond 

strength and cyclic bond-slip behavior. 

Table 9.1 presents a comparison of the embedment lengths calculated with 

Equation 9.1, the formula proposed by McLean and Smith (1997), which is 1.7ld + s , and 

the specification in the Caltrans Seismic Design Criteria (2010), which are Dc,max + ld and 

Dc,max + 2ld with a staggered termination. Hence, the embedment length of the column 

cage in the shaft in Caltrans SDC is D + 2l . In the formula proposed by McLean and c,max d 

Smith (1997), ld is determined according to the AASHTO LRFD Specifications. In the 

Caltrans specification, ld is determined by multiplying the basic development length ldb 

according to AASHTO (but with the expected yield strength rather than the specified) by 

a compounded modification factor of 0.9 for epoxy-coated bars or 0.6 for non epoxy-

coated bars. Table 9.1 includes the specimens tested in this study, column-shaft systems 

in an actual bridge, which is the I5-I805 Connector in San Diego, and other examples. As 

one can observe from Table 9.1, McLean and Smith’s formula leads to embedment 

lengths 20 to 40% shorter than those according to the Caltrans specification, while the 

proposed recommendation results in embedment lengths 40 to 50% shorter than the 
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� �

Caltrans specification. Furthermore, it can be seen that D will govern the embedment c ,max 

length obtained with Equation 9.1 for columns with very large cross sections. 

 9.2 Transverse reinforcement in the bar anchorage zone of Type II shafts 

According to the analytical model presented in Section 6.1.2, to ensure the 

development of adequate bond strength, the spacing, s , of the transverse tr ,max 

reinforcement in the bar anchorage region of a shaft should be no more than that given by 

the following equation: 

2�Atr f y ,tr s = (9.3) tr ,max N d � col b ,col u 

in which Atr  is the cross-sectional area of a transverse reinforcing bar, f y ,tr  is the nominal 

yield stress of the transverse reinforcement, Ncol is the number of longitudinal bars in the 

column , d is the diameter of the longitudinal bars in the column, and � is the b,col u 

ultimate bond strength of the column longitudinal reinforcement, which can be taken to 

be 16.5 MPa (2.4 ksi) for 34.5-MPa (5-ksi) concrete. For concrete strengths other than 

34.5 MPa (5 ksi), �u can be scaled accordingly with the assumption that it is proportional 

3/ 4 to fc � . In the case that the bar anchorage region of a shaft has a steel casing in addition 

to transverse reinforcement, the minimum thickness, t , of the steel casing required to c,min 

ensure an adequate anchorage capacity can be calculated as follows: 

��
� 

f y,tr 
��
� 

(9.4)   Atr 1 1 = Ncol� d t ,min b,col c u 2� f str y,c 

in which f  is the nominal yield strength of the casing steel, and s  is the spacing of the y,c tr 

transverse reinforcement. 

To limit the opening of radial cracks in a shaft to a nominal maximum width of 

u , the following more stringent requirement on the spacing of the transverse cr ,max 

reinforcement should be used. 
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� �

2�A f tr y ,tr s = � (9.5a) tr ,max N d � col b,col u 

where 

cr ,max sh 
� = 

u N 
� 1 (9.5b) 

�D � ext y ,tr 

in which N is the number of longitudinal bars in the shaft, D is the center-to-center sh ext 

diameter of the shaft reinforcing cage, and � y,tr is the yield strain of the transverse 

reinforcement. It is recommended that u be 0.3 mm (0.012 in.) based on the cr ,max 

recommendation in ACI (2001) for RC members in contact with soil under service 

conditions. In the case that the shaft has also a steel casing, the minimum thickness, t , c ,min 

of the steel casing should be: 

y,c 

��
� 

1 
2� 

N col� u d b,col f y,tr 
��
� 

(9.6a)   Atr 1 = � t ,min 1 c 
� f s 2 tr 

where 

cr ,max sh 
�1 = 

u N 
� 1 (9.6b) 

�D � ext y ,tr 

cr ,max sh �2 = 
u N 

�1 (9.6c) 
� D � s y ,c 

in which � y ,c  is the yield strain of the steel in the casing. 

The proposed recommendations for the minimum transverse reinforcement are 

compared in Table 9.2 to that proposed by McLean and Smith (1997) and the new 

requirement in the AASHTO LRFD Bridge Design Specifications (2012). According to 

McLean and Smith, the maximum spacing of the transverse reinforcement in the lap-

splice region of a shaft should be 

s tr ,max = 
A f 2� l tr y tr , s 

A f l u 
(9.7) 

in which A l and f u are the total cross-sectional area and tensile strength of the 

longitudinal reinforcement, and ls = 1.7ld . Prior to 2012, no special specification existed 
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in the AASHTO LRFD Bridge Design Specifications for the transverse reinforcement in 

the lap splice region of an enlarged pile shaft. The transverse reinforcement in the bar 

anchorage zone of a shaft was determined according to Section 5.7.4.6 of the AASHTO 

LRFD Specifications (2012) for confinement in compression members. In the 2012 

Edition of the AASHTO LRFD Specifications, a new requirement has been included in 

Section 5.11.5.2.1 on the transverse reinforcement in the lap-splice region of an enlarged 

shaft. This requirement, which is a modified version of the formula proposed by McLean 

and Smith (1997), is given in the following equation. 

2�A f l tr y,tr s s = (9.8) tr,max kA f l u,min 

in which f is the minimum tensile strength of the column longitudinal reinforcement u ,min 

(for ASTM A706 steel, it is 80 ksi), and k is the ratio of the amount of column 

reinforcement that is in tension at the nominal moment capacity of the column to the total 

amount of column reinforcement. This ratio can be obtained from a moment-curvature 

analysis; but according to Section C5.11.5.2.1 of AASHTO, k can be assumed 0.5 for 

most applications. For the comparison presented in Table 9.2, ls in Equations 9.7 and 9.8 

is replaced by ld determined by Equation 9.2 to be consistent with the new 

recommendation for the embedment length (presented in Equation 9.1). 

As shown in Table 9.2, the minimum transverse reinforcement proposed here is 

30% larger than that proposed by McLean and Smith (1997) in most of the cases. If the 

stringent criterion on crack width control is followed and the maximum crack width is 

limited to 0.3 mm (0.012 in.), then the volumetric ratio of the transverse reinforcement 

will increase significantly, and in some cases, it will be doubled. Table 9.2 also shows 

that a larger amount of transverse reinforcement is needed in the bar anchorage region 

than in the rest of the shaft, which is governed by the confinement requirement for 

compression members. However, the new formula in the AASHTO LRFD Specifications 

results in a significantly reduced quantity of transverse reinforcement as compared to the 

original proposal of McLean and Smith (1997). As shown in Table 9.2, for the column-

shaft Specimen 4 tested in this study, the new AASHTO formula results in 1/3 of the 
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transverse reinforcement actually used in the specimen (determined with Equation 9.3). 

In view of the severe cracking developed in the shaft of this specimen, the significantly 

reduced transverse reinforcement according to the AASHTO formula will not be 

adequate. 

270 



 
 

 

  
 
 
 

 
 
 

 
 
 

 

  
  

 
 

 
 

 
 

 
     

 
    

 
  

   
 

  
 

  
 

 
 

  
  

 

  
 

  
   

 
  
 

  
 

 
 

   
 

  
 

 
  
 

 
  

  
  

  
 

  
 

  
 

  
 

 
   

 
  
 

  
 

 
 

 
 

  
 

 
   

 
  
 

 
 

 
 

 
 

 

 
 

 
   

 
 
 

  
 

  
 

 

  
 

  
   

 
  
 

  
 

  
 

  
 

  
   

 
  
 

  
 

  
 

  
 

 
   

 
 
 

 
 

  
 

  
 

 
    

 
  
 

  
 

 
 

 

                                           
      

       
 
 

Table 9.1: Comparison of embedment lengths 

Column 
diameter 
mm (ft) 

Shaft 
diameter 
mm (ft) 

Column 
longitudinal 
reinforcing 

bars 

Embedment length of column 
reinforcing cage inside shaft 

mm (ft) 
Caltrans SDC McLean Recommended (2010)1 

and (Equation 9.1) l l e,1 e,2 Smith 

1 

2 
and 
3 

4 

1219 
(4) 

1219 
(4) 

1219 
(4) 

1829 
(6) 

1829 
(6) 

1524 
(5) 

18 No.11 

18 No. 14 

32 No. 8 
(bundled in 

pairs) 

2126 
(7.0) 

2471 
(8.1) 

2054 
(6.7) 

3033 
(9.9) 

3723 
(12.2) 

2889 
(9.5) 

2169 
(7.1) 

2859 
(9.4) 

1872 
(6.1) 

1763 
(5.8) 

2055
 (6.7) 

1394 
(4.6) 

Bent 
4 

2135 
(7) 

3000 
(9.8) 32 No. 14 3387 

(11.1) 
4639 
(15.2) 

2987 
(9.8) 

2177 
(7.1) 

Bent 
12 

Bent 
13 

2440 
(8) 

32002/21353 

(10.5/7) 

3600 
(11.8) 

3800 
(12.5) 

60 No. 14 

80 No. 14 

3692 
(12.1) 

4452 
(14.6) 

4944 
(16.2) 

5704 
(18.7) 

3134
 (10.3) 

3387 
(11.1) 

2440 
(8)4 

3200 
(10.5)4 

1829 
(6) 

2438 
(8) 30 No. 14 3081 

(10.1) 
4333 
(14.2) 

2859 
(9.4) 

2055 
(6.7) 

I-
80

5/
I5

 C
on

ne
ct

or
 

Te
st

 S
pe

ci
m

en
s 

O
th

er
 e

xa
m

pl
es

 

2743 
(9) 

2743 
(9) 

2743 
(9) 

3353 
(11) 

3962 
(13) 

3962 
(13) 

80 No. 14 

80 No. 14 

56 No. 18 

3995 
(13.1) 

3995 
(13.1) 

4370 
(14.3) 

5248 
(17.2) 

5248 
(17.2) 

5996 
(19.7) 

2859 
(9.4) 

3164 
(10.4) 

3912 
(12.8) 

2743 
(9)4 

2743 
(9)4 

2945 
(9.7) 

1 l = D + l , l = D + 2l e,1 c,max d e,2 c ,max d 
2Larger cross-sectional dimension of non-circular section. 
3Smaller cross-sectional dimension of non-circular section. 
4 Controlled by column dimension (Equation 9.1b). 
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Table 9.2: Comparison of transverse reinforcement in pile shafts 

Column 
diameter 
mm (ft) 

Volumetric ratio of shaft transverse reinforcement in 
anchorage region 

Shaft Column Proposed 
McLean diameter longitudinal AASHTO to 

and Proposed mm (ft) bars AASHTO1 20122 control 
Smith minimum (ls =ld) crack 
(ls =ld) opening 

1 1219 (4) 1829 (6) 18 No.11 0.71% 0.32% 0.75% 0.98% 1.25% 

2 
and 
3 

1219 (4) 1829 (6) 18 No. 14 0.71% 0.38% 0.90% 1.17% 1.61% 

4 1219 (4) 1524 (5) 
32 No. 8 

(bundled in 
pairs) 

0.71% 0.50% 0.97% 1.51% 2.21% 

I-
80

5/
I5

 C
on

ne
ct

or
 

Te
st

 S
pe

ci
m

en
s 

Bent 
4 2135 (7) 3000 

(9.8) 32 No. 14 0.38% 0.40% 0.94% 1.23% 2.07% 

Bent 
12 2440 (8) 3600 

(11.8) 60 No. 14 0.33% 0.61% 1.45% 1.90% 2.69% 

Bent 
13 3200/2135 

(10.5/7) 
3800 
(12.5) 80 No. 14 0.31% 0.77% 1.83% 2.40% 4.55% 

1Art. 5.7.4.6 for compression members. 
2Art. 5.11.5.2.1 for non-contact splices in oversized shafts: k = 0.5; ful = 80 ksi for ASTM A706 
steel. 
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(a) BBar pull-out mode (b) Columnn pull-out moode due to 
plying actioon 

Figure 9.1.1: Behavior o of column annchorage in a shaft 

Figurure 9.2: Nonn-circular collumn sectionn 
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CHAPTER 10 

SUMMARY AND CONCLUSIONS 

10.1 Summary 

The study reported here provides new data on the cyclic bond-slip behavior of 

large-diameter bars embedded in well-confined concrete, which were not available 

previously, and has resulted in improved design recommendations on the minimum 

embedment length required for column longitudinal reinforcement extended into enlarged 

(Type II) pile shafts and on the transverse reinforcement required for the bar anchorage 

region of a shaft.  

An experimental study was carried out to obtain data on the bond strength and 

cyclic bond deterioration for large-diameter bars, namely, No. 11 and larger bars, which 

are frequently used in large bridge columns and pile shafts. A total of 22 monotonic pull-

out and cyclic pull-pull tests were performed on No. 11, 14, and 18 bars embedded in 

cylindrical concrete specimens with the confinement condition representative of an 

enlarged pile shaft. Basic bond stress-vs.-slip relations for monotonic and cyclic loading 

were obtained, and the effect of the compressive strength of concrete and bar size on the 

bond strength was examined. 

A new phenomenological cyclic bond stress-vs.-slip law for bars embedded in 

well-confined concrete has been proposed. This law has been developed based on the 

basic bond-slip data generated in this study and is an improvement and generalization of 

similar models proposed in other studies. The relation between the bond stress and slip 

for monotonic loading is described by a set of polynomial functions. For cyclic loading, a 
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similar bond stress-slip relation is used, but the bond strength is reduced at each slip 

reversal using two damage parameters, whose values are based on the slip history, to 

account for cyclic bond deterioration. The law also takes into account the reduction of the 

bond resistance due to the tensile yielding of a bar and the radial stress generated by bar 

slip in an empirical fashion. It has been calibrated with the basic bond-slip data obtained 

for large-diameter bars, but can be used for deformed bars of any size as validated by 

other test data. This law has been implemented as a constitutive model of an interface 

element in the finite element (FE) program ABAQUS. The new element has been used in 

three-dimensional FE analyses of reinforced concrete members to study their bond-slip 

behavior. In these analyses, a plastic-damage constitutive model for concrete and an 

elasto-plastic model with kinematic hardening for steel available in ABAQUS have been 

used.  

The development of large-diameter bars in tension under a well-confined 

situation, like that in a bridge foundation, was studied with experimental testing and FE 

analyses. The bond-slip behavior and anchorage capacity for large-diameter bars with 

long embedment lengths were evaluated with quasi-static pull-push tests. A total of 3 

specimens were tested. One had a No. 14 bar and two had a No. 18 bar embedded in a 

cylindrical concrete specimen that had the same diameter and confinement level as those 

used in the basic bond-slip tests. These tests were conducted to evaluate the adequacy of 

the development length requirements in the AASHTO LRFD Bridge Design 

Specifications (2010) under the confined level considered here. Two tests, one for each 

bar size, were performed with an embedment length equal to the development length 

required by AASHTO. A third test was conducted on a No. 18 bar with an embedment 

length 40% shorter than the required. This test was to confirm that this reduced length 

was sufficient to develop bar yielding, as predicted by a FE analysis using the proposed 

bond-slip element, and to provide additional data for model validation. Finite element 

models have been developed and validated with the experimental data, and have been 

used for a numerical parametric study. Based on the results of the numerical study, an 

empirical formula has been derived to relate the tension capacity of an anchored bar to 

the embedment length, compressive strength of concrete, and yield strength of steel. This 
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formula has been used in Monte Carlo simulations to study the reliability of the current 

AASHTO requirements on the development of large-diameter bars in tension considering 

uncertainties in material properties and construction quality. 

The minimum embedment length required for column longitudinal reinforcement 

extended into Type II shafts was studied with large-scale tests of column-shaft assemblies 

and FE analyses. Four 1219-mm (4-ft) diameter columns supported on Type II shafts 

were tested under lateral cyclic loading. The first specimen was to assess the level of 

conservatism of the current Caltrans design recommendation. The embedment length was 

taken as D + l , in which D is the column diameter and l is the minimum c d c d 

development length required in the AASHTO LRFD Bridge Design Specifications 

(2010). In this test, a plastic hinge formed at the base of the column, and the specimen 

failed by the buckling and subsequent tensile rupture of several longitudinal bars in the 

plastic-hinge region. No significant damage was observed in the upper region of the shaft 

where the column reinforcement was anchored. A finite element analysis was performed 

for this test using the proposed bond-slip element to complement the experimental data. 

Based on the experimental and numerical results, it was determined that the minimum 

embedment length could be reduced to ld + s + c , in which s is the distance between the 

column and shaft reinforcing cages and c is the thickness of the top concrete cover in the 

shaft. A second specimen was tested with this embedment length. The transverse 

reinforcement in the lap-splice region of the shaft was determined with the formula 

proposed by McLean and Smith (1997). This specimen behaved in a similar manner as 

the first one, with no indication of bar anchorage failure. A third and a fourth column-

shaft assembly tests were conducted with embedment lengths of ld + s + c . Specimen 3 

had a steel casing, and Specimen 4 had bundled bars. These two tests were also intended 

to evaluate the recommendations proposed on the minimum transverse reinforcement 

required in the bar anchorage region of a shaft. One recommendation (which was used in 

Specimen 4) is on the minimum transverse reinforcement required to provide sufficient 

confinement to develop the necessary bond strength, and the other (which was used in 

Specimen 3) is more stringent and is to limit the width of splitting cracks induced by bar 

slip. 
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Finally, finite element analyses have been conducted to verify that an embedment 

length of ld + s + c is generally adequate for column-shaft assemblies of different 

dimensions and with different longitudinal reinforcement ratios and bar sizes. Based on 

the experimental and numerical studies, improved design recommendations have been 

proposed. 

10.2 Conclusions 

The basic bond-slip tests presented in this report have shown that the monotonic 

and cyclic bond stress-vs.-slip behavior of large-diameter bars, namely, No.11 and larger 

bars, embedded in well-confined concrete is very similar to that of No. 8 bars that were 

tested by Eligehausen et al. (1983). These tests have also shown a slight increase of the 

bond strength with the increased bar size, and that the compressive strength of concrete, 

fc � , has a notable effect on the bond strength. The bond strength appears to be 

3/ 4 proportional to fc � . Other studies have indicated that the influence of the concrete 

strength and bar size on the bond strength depends on the level of confinement in the 

concrete member. However, there is a lack of comprehensive experimental data to arrive 

at more definitive conclusions. 

The phenomenological bond-slip model proposed in this study successfully 

reproduces the bond-slip behavior of the large-diameter bars tested in this study as well 

as that of smaller bars tested by others, including the decay of bond strength under 

different load histories. Implemented in an interface element in ABAQUS, it provides a 

reliable tool to study the effect of bond slip on the behavior of reinforced concrete 

members and the anchorage length requirement.  

The experimental and numerical investigations carried out in this study have 

confirmed that the development length requirements in the AASHTO LRFD Bridge 

Design Specifications (2010) for large-diameter bars anchored in well-confined concrete 

are adequate as long as there is no uncertainty in the material properties and construction 

quality. Tests presented in this investigation have shown that the minimum development 

lengths specified in AASHTO are not only sufficient to develop the tensile yielding of a 
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bar, but also sustain large inelastic deformation up to the ultimate strain of the steel. 

However, with the consideration of possible uncertainties in material properties and 

construction quality, the reliability analysis conducted here has shown that the AASHTO 

requirements have an acceptable reliability level to develop the expected yield strength of 

a bar but do not have the desired reliability to develop its full tensile capacity. The 

development length required to reliably sustain the plastic deformation and resulting 

strain hardening in a bar up to a level that is consistent with the Caltrans Seismic Design 

Criteria (SDC) has been identified. 

Large-scale testing and FE analyses of column-shaft assemblies have confirmed 

that the minimum embedment length required by the Caltrans SDC (Caltrans 2010) for 

column longitudinal bars extended into an enlarged pile shaft is over-conservative. Based 

on these results and the aforementioned reliability analysis, improved design 

recommendations that can significantly shorten the required embedment length have been 

proposed. However, it is recommended that the embedment length be no less than the 

column diameter to assure a good anchorage performance under the plying action of the 

confined concrete core of the column. The requirements on the transverse reinforcement 

in the bar anchorage zone of a shaft have been developed with a simplified analytical 

model. They demand a significantly higher quantity of transverse reinforcement than the 

new formula in the AASHTO LRFD Bridge Design Specifications (2012). The 

experimental results have shown that the minimum transverse steel recommended in this 

study can provide adequate confinement to develop the necessary bond strength. 

However, the splitting cracks in the shaft of Specimen 4 appeared to be slightly more 

severe than those in the other specimens. This is probably due to the fact that the ratio of 

the shaft diameter to the column diameter for this specimen is smaller than that for the 

other three specimens. This made it less effective in resisting the plying action of the 

confined concrete core of the column. Based on the observations from the column-shaft 

assembly tests, one can expect that lowering the amount of transverse reinforcement in 

the shafts to the level recommended in the new AASHTO specifications could result in 

severe splitting cracks, which might lead to premature bond failure in the bar anchorage 

zone. 
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While the amount of transverse reinforcement recommended here is higher than 

that required by the current design specifications of Caltrans and AASHTO, the required 

embedment length is reduced by 40 to 50%. It has also been shown that the additional 

transverse reinforcement can be provided by an engineered steel casing, which can 

effectively control tensile splitting cracks induced by bar slip in a pile shaft and thus 

minimize the need for post-earthquake damage repair on pile shafts. 

10.3 Recommendations for future research 

There is a need for a comprehensive study to investigate how the bond strength 

varies with the bar size and the compressive strength of concrete under different levels of 

confinement. As previous studies have indicated, the influence of the concrete strength 

and bar size on the bond strength seems to depend on the level of confinement in the 

concrete member, but there is not sufficient data to accurately quantify this influence for 

different confinement levels. However, for well-confine situations, like that in a Type II 

shaft, the conclusions that the bar diameter has little influence on the bond strength and 
3/ 4 the bond strength is proportional to fc � are valid and consistent with data from other 

studies. 

The recommendation that the embedment length of the column reinforcement 

extended into an enlarged shaft be no less than the column diameter is to avoid column 

pull-out from the shaft due to the plying action. It is based on limited experimental 

evidence and on engineering judgment. The plying action cannot be well captured by the 

finite element models presented here. Further research is recommended to better 

understand this mechanism. 

Some shortcomings have been identified for the constitutive models available in 

ABAQUS for concrete and reinforcing bars. In particular, the plastic-damage constitutive 

model for concrete is not able to realistically simulate the closing of cracks upon 

unloading, and the plastic dilatation. To improve the modeling of RC members, the 

development of a more realistic three-dimensional constitutive model for concrete is 

recommended. Models capable of simulating the buckling and subsequent fracture of 

280 



 
 

              

  

  

reinforcing bars also need to be implemented in ABAQUS to better capture the inelastic 

behavior of a hinging column. 
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AAPPENDIIX A: COONSTRUUCTION OF PULLL-PUSHH TEST 

SPEECIMENNS 

The consttruction sequuence for thhe pull-push specimens ppresented inn Chapter 5 iis 

showwn in Figure AA.1 throughh Figure A.6. . These pictuures correspoond to the coonstruction oof 

Speciimen 2. 

Figure A..5 shows hoow the strainn gages weree attached too the centraal bar and thhe 

gage wires were routed. Thee gages weree installed oon the longittudinal ribs oof the bars tto 

minimmize the dissturbance to the bond pproperties. ThThe gage wiires were roouted laterallly 

insidee plastic tubees placed hoorizontally too avoid damaage as the baars slipped. 

Figurure A.1: Foooting and cyllinder cages and form foor the footingg 
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Figurure A.2: Conncrete pour foor the footinng 

Figure A A.3: Cylinderr form 
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Figurure A.4: Insttallation of thhe center baar 

Figuree A.5: Closee-view of thee strain gagess attached too the center bbar 
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 Figurure A.6: Conccrete pour foor the cylindder 
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AAPPENDDIX B: CCONSTRRUCTIONN OF THHE COLUUMN-

SSHAFT AASSEMBBLIES 

This appeendix containns pictures oof the constrruction and iinstrumentattion sequencce 

for thhe column-sshaft assembblies presentted in Chaptter 6. Thesse pictures ccorrespond tto 

Speciimen 1. It is the same for the other sppecimens. 

FiFigure B.1: Strain gagess on longituddinal reinforcrcing bars 

Figure B..2: Strain gaage on longittudinal rib off a bar 
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Figure B.33: Shaft cagee instrumenteed with straiin gages 

FiFigure B.4: Column cagge instrumennted with straain gages 
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FiFigure B.5: FoFooting and sshaft cages 

Figure B..6: Concretee pour for thee footing (PoPour 1) 
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FiFigure B.7: StSteel form foor the shaft 

FiFigure B.8: CConstructionn joint at foooting-shaft innterface afterr steel brushhing (same 
preparatioon for all connstruction jooints) 
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Figuree B.9: Concrrete pour forr the lower p portion of thee shaft (Pourr 2) 

FiFigure B.100: Pour 2 finished at the level at whicch the colummn cage wouuld begin 
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Figuree B.11: Instaallation of thhe column caage 

Figurure B.12: Cooncrete pourr for the uppper portion off the shaft inn which the c column cagee 
was embbedded (Pouur 3) 
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Figurure B.13: Reemoval of thhe shaft formm 

FiFigure B.14: Column forrm and falsewwork for thee load stub 
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Figure B.115: Concretee pour for thhe column (PoPour 4) 

Figure B..16: End of Po Pour 4 

302 



 

 

 

 

 

 
 

 
 

   

 

 

 

Figurure B.17: LoLoad stub reinnforcing cagee 

Figure B.118: Concretee pour for thee load stub (Po (Pour 5) 
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Figure B.119: Column-sshaft assembbly after remmoval of the f form and fallsework 

FiFigure B.20:: Column-shhaft assemblyy painted whhite for easieer crack idenntification 
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Figgure B.21: CColumn-shafft assembly i instrumentedd (east side) 

Figure B.222: Displaceement transdducers at thee base of the column (easst side) 
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Figgure B.23: CColumn-shaftt assembly innstrumentedd (west side) 

Figurure B.24: PoPost-tensioninng rod to appply vertical looad and trappezoid-shapeed hole in thee 
footinng 
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  Figgure B.25: SeSetup of hydrraulic jacks under the strrong floor too control thee load of the 
vertical rrods 
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APPENDIX C: INSTRUMENTATION PLANS FOR THE 

COLUMN-SHAFT ASSEMBLIES 

This appendix contains drawings of the instrumentation plans for the column-

shaft assemblies presented in Chapter 6. The instrumentation plans include the following: 

Instruments Specimen 1 Specimen 2 Specimen 3 Specimen 4 

Strain gages on column 
longitudinal bars Figure C.1 Figure C.9 Figure C.18 

Figure C.28 
and 

Figure C.29 

Strain gages on shaft 
longitudinal bars Figure C.2 Figure C.10 Figure C.19 Figure C.30 

Strain gages on column 
hoops Figure C.3 Figure C.11 Figure C.20 Figure C.31 

Strain gages on shaft hoops Figure C.3 Figure C.12 Figure C.21 Figure C.32 

Strain gages on steel casing - - Figure C.22 -

Displacement transducers 
(linear potentiometers) to 
measure the curvature and 
shear deformations in the 
column and shaft 

Figure C.4 
through 

Figure C.6 

Figure C.13 
through 

Figure C.15 

Figure C.23
 through 

Figure C.25 

Figure C.33
 through 

Figure C.35 

Displacement transducers 
(linear potentiometers) to 
measure the base rotation 
and slip at the interfaces 

Figure C.7 Figure C.16 Figure C.26 Figure C.36 

Displacement transducers 
(string potentiometers) to 
measure the lateral 
deflection of the specimen 

Figure C.8 Figure C.17 Figure C.27 Figure C.37 
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STRAIN GAGES ON LONGITUDINAL COLUMN REINFORCEMENT (#11) 

Bar 1 (N) 

l .S16•• S11l 
I 
I} 
l t S15••S10 t 
I 

(t 

!- t S14•• S9 t 
- t S13·· SS t 

t S12•• S7t 
·Sst 
• SS t J- • S4 t 

1- • S3 t 
~1-- • S2 t 
~- •S1t 
I 

All YFLAs 
(Total16) 

Bar2(NW) 

t S31 •• S26 t 

}-t S30 •• S25 t 
- t S29•·S24 t 
- )- t 528 •• S23 t =l •S22t 

•S21 t 
- ,_ •S20 t 
-~- •S19t 
- )- • S18 t 
~~- •S17t 
II 

AIIYFLAs 
{Total16) 

Bar9(SW) 

I ~S48·· 543~ 

I"' 
I tS47·· S42t 

, I t 546·· S41t 
- 1 t 545·· 540 t 
l - tS44•. S39t 
- 1- • S38t 

• S37t 
-~ • S36t 
-~- • S35t 
-~- • S34t 

• S33t 

All YFLAs 
{Total16) 

All strain gages on longitudinal rib 

Bar 10 (5) 

l ~S64·· S59l 

J-1 
I tS63•· S58t 

I tS62·· S57t 
- l- t561•· 556t 
l - tS60•· 555t 

1- • S54t 
- ,_ • 553t 
-~- • S52t 
- , • S51 t 
-~- • S50t 
'rl • S49t 

All YFLAs 
{Total16) 

~ 
I 

Bar 11 (SE) Bar 18 (NE) 

l ~575•· S71~ 

}- t 574•· S70 t 

l tS73·· S69t 

l- t 572•. S68 t 

f- • S67t 

1- • S66t 

• S65t 

All YFLAs 
{Total11) 

lSB6·· san 

tS85•· 581 t 

tS84·· S80t 

l-tS83•· S79t 

}- • S78t 
~ 

1- • snt 

• S76t 

AU YFLAs 
{Total11) 

t l Strain gage wire orientation 
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Figure C 1: Strain gages on column longitudinal bars in Specimen 1 Figure C.1: Strain gages on column longitudinal bars in Specimen 1 
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VERTICAL TRANSDUCERS 
(EAST FACE) 

L l2'-2'r _j ~ 

J:~ L1 - -- L2 

J~~ L3 - - L4 

t L5 -- -- L6 

1'~ L7 I L8 
I ' L9 - - L10 
~ L11 - -- L12 

L13 - L14 
L15- L16 

L17 - L18 

L19 L20 

L21 - -t - 1- L22 

• 
L3,_j 

• Target Rod 

-----<1 - Displacement 
Transducer (l) 

# CENTER-TO.(:ENTER STROKE 
DISTANCE ---

L1 4'-2" 2" (+1.5", ..0.5") 

L2 4'-2" 2" (+1.5", -0.5") 

L3 1'-11" 2" (+1.5'', -0.5") 

L4 1'-11" 2" (+1.5", -0.5") 

L5 2' 2" (+1.5", -0.5") 

L6 2' 2" (+1.5", -o.5") 

L7 1'-1" 2" (+1.5", -0.5") 

L8 1'-1" 2" (+1.5", -0.5") 

L9 1' 2" (+1.5 .. , -o.5") 

L10 1' 2" (+1.5"' ..0.5") 

L11 9" 2" (+1.5", ..0.5") 

L12 9" 2" (+1.5", -0.5") 

tf.:. L13 9" 2" (+1.5", -0.5") 

L14 9" 2" (+1.5". -0.5") -. 
2'J.2. 

L15 - 81/2" 2" (+1.5", -o.5") 

~t L16 - 81/2" 2" (+1.5", -0.5") 

L17 - 1'i" 2" (+1.5", ..0.5") 

J L18 - 1'i" 2" (+1.5", -o.5") 
2'] 

L19 ... 2'-2" 2" (+1.5". -0.5") 

L20 - 2'-2" 2" (+1.5", -0.5") 

L21 - 4'-9" 2" (+1.5", -o.5") 

L22 - 4'-9" 2" (+1.5", -0.5") 

Figure C.44: Vertical diisplacement transducerss on the east face of Speccimen 1 
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VERTICAL TRANSDUCERS 
(WEST FACE) 

L41 -

L43 

• 

l2'-1·r 

- L42 

- L44 

Target Rod 

Displacement 
Transducer (L} 

4' - 10 .. 

# 

L23 

L24 

L25 

CENTER-TO..CENTER STROKE 
DISTANCE 

4'-2" 2" (+1.5" • .0.5") 

4'-2" 2" (+1.5", .0.5") 

1' -11" 2" (+1.5"' .0.5") 

L26 1'-11" 2" (+1.5", .0.5") 

L27 2' 2" (+1.5"' .0.5") 

L28 

L29 

L30 

L31 

L32 

L33 

L34 

L35 

L36 

L37 

L38 

L39 

L40 

L41 

2' 

1'-1" 

1'-1" 

1' 

1' 

9" 

9" 
9" 

9" 

-8.5" 

-8.5" 

-1' 

-1' 

- 2'-2" 

2" (+1.5" • .0.5") 

2" (+1.5"' .0.5") 

2" (+1.5"' .0.5") 

2" (+1.5"' .0.5") 

2" (+1.5" • .0.5") 

2" (+1.5"' .0.5") 

2" (+1.5"' .0.5") 

2" (+1.5" • .0.5") 

2" (+1.5" • .0.5") 

2" (+1.5" • .0.5") 

2" (+1.5" • .0.5") 

2" (+1.5". -0.5") 

2" (+1.5". -0.5") 

2" (+1.5". -0.5") 

L42 - 2'-2" 2" (+1.5", -0.5") 

L43 - 4'-10" 2" (+1.5", .0.5") 

L44 - 4'-10" 2" (+1.5", .0.5") 

Figure C.55: Vertical diisplacement transducers on the west face of Speccimen 1 
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FiFigure C.6: HHorizontal aand diagonal displacemennt transduceers on the weest face of 
SpSpecimen 1 
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SLIDING AND FIXED END ROTATION TRANSDUCERS 

EAST FACE WEST FACE 

I I N 
'------.---~-------.----' I 

L55 

• • • • 

• • • • 

• • • • 

• • • • 
• • • • 
• • • • • • L651 .: • 

L56 • • L57 • L66 • - -.. L58 • I 
.. L67 • 

• • • • 
• • • • 
• • • • 

L59 L60 L61 
.---..1.. - .• I L68 L69 L70 - -

L63 
LC -2 - L64 

displacement transducer (l) 
stroke 1 inch {+0.5w, -0.5") 
stroke 1 inch (+0.75", -0.25") 

• smooth rod 
• threaded rod 

Figurure C.7: Dissplacement t transducers t to measure s slip and basee rotation in Specimen 11 
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STRING POTS 

Reference Frame 

SP1 (50" stroke) J 
I ~ 1 

SP2 (40" stroke) 

SP3 (25" stroke) 

SP4 (5 .. stroke) 

string pots (SP), at mid stroke 

FiFigure C.8: StString potenntiometers too measure thee lateral defllection of Sp Specimen 1 
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STRAIN GAGES ON TRANSVERSE COLUMN REINFORCEMENT (#5) 

Hoop I 

7 S120 

8 S121 

"' "' 9 S122 

T 

... ... ... "' 
"' "' 

10 S123 

T 

T ... 
... ... 11 S124 

Total15 YFLAs 

LOCIItlona of atnaln 
gages on the hoop 

S111 

S112 

S113 

S114 

S115 

Hoop I 

12 

13 

14 

15 

16 

LOCIItloM of strain 
gagnonthehoop 

S125 S116 

S126 S117 

S127 S118 

S128 S119 
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Figure C 11: Strain gages on column transverse reinforcement in Specimen 2 Figure C.11: Strain gages on column transverse reinforcement in Specimen 2 
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STRAIN GAGES ON TRANSVERSE SHAFT REINFORCEMENT #7 

Hoop# 

1 8131 
" @ 

" ® 
,. @ 
,. @ 
,. @ 
,. CD 2 8132 

Total15 YFLAs 3 8133 

Loc:atlon. of stnl.ln 
gages on the hoop 

8137 

5138 

5139 

Hoop# 

4 8134 

5 5135 

6 5136 

l.oc:atlon. of strain 
g~tgea on the hoop 

8143 

8144 

5145 

8140 

8141 

8142 
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Figure C 12: Strain gages on shaft transverse reinforcement in Specimen 2 Figure C.12: Strain gages on shaft transverse reinforcement in Specimen 2 



 

 
 

 

 

   
 

Figure C.133: Vertical d displacementt transducerss on the eastt face of Speecimen 2 
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Figure C.144: Vertical d displacementt transducerss on the westt face of Speecimen 2 
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FiFigure C.15:: Horizontal and diagonaal displacemeent transduccers on the eaast face of 
SpSpecimen 2 
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SLIDING AND FIXED END ROTATION TRANSDUCERS 

L62 

L 

EAST FACE 

L55 

• • 

• • 

• • 

• • 
• • 
• • 
• • L56 L57 

• • 
• • 

• • 

LS9 L60 L61 

• 
• 

WEST FACE 

L65 

L64 

displacement transducer (L) 
stroke 1 inch (+0.5", ·0.5") 
stroke 1 inch (+0.75", -0.25"} 
smooth rod 
threaded rod 

• • 

• • 

• • 

• • 
• • 
• • • • L66 

• • 
• • 

• • 

L68 L69 L70 

Figurure C.16: Diisplacement transducers to measure slip and basse rotation inn Specimen 2 2 
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FiFigure C.17: String potenntiometers too measure thhe lateral defflection of Sp Specimen 2 
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Instrumentation of Steel Casin 

Horizontal Strain Gages 

A ...-+--........,.,.....---.00"7"TO.-----t----w A 

A A 

Total15 YFLAs 

Vertical Strain Gages 

North Face South Face 

• 5161 ... 

• 5157 ... • 5160 ... 

1'-lO._J-
L_ L__ ___ _____J 

• 5159 ... 
1'-lOH 

L_ L__ ___ _____J 

Total 6 YFLAs 

s 

5141 
t 5142 

5143 

5144 
t 5145 

5146 

Section BB 
5153 
5154 .. 
5155 

N 

5147 
S148 t 
5149 

5150 
5151 t 
5152 

t"' Strain gage wire orientation 
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Figure C 22: Strain gages on steel casing in Specimen 3 Figure C.22: Strain gages on steel casing in Specimen 3 



 

 
 

 

 

 
 

  

Figure C.233: Vertical d displacementt transducerss on the eastt face of Speecimen 3 
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 Figure C.244: Vertical d displacementt transducerss on the westt face of Speecimen 3 
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FiFigure C.25:: Horizontal and diagonaal displacemeent transduccers on the eaast face of 
SpSpecimen 3 
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  Figurure C.26: Diisplacement transducers to measure slip and basse rotation inn Specimen 3 3 
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STRING POTS 

Reference Frame 

SP1 (50" stroke) j 
I ~ 1 

SP2 (40" stroke) 

SP3 (25" stroke) 

SP4 (5" stroke) 

L 
1--i string pots (SP), at mid stroke 

FiFigure C.27: String potenntiometers too measure thhe lateral defflection of Sp Specimen 3 
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STRAIN GAGES ON LONGITUDINAL COLUMN REINFORCEMENT (#8) 

Bar 1 (N) Bar 2 (N) Bar3(NW) Bar4(NW) 

Bar4 r: Bar3 
,J.S21 S20.J. ,J.S42 S41.J. Bar2 

Bar1 
'59 58' ,519 518, ,530 529 ... ,540 539, 

~ ,J57 su ,517 516, .J.528 527, 
'538 s3n 

t55 S4t ,J515 S14' S25t ,536 S35' 
S3t tS13 S12t S24t tS34 S33t 

S2t 511t S23t 532t 

51t S10t S22t S31t 

All YFLAs All YFLAs All YFLAs All YFLAs 
(Total 9) (Total12) (Total9) (Total12) 

I All strain gages on longitudinal rib I t' Strain gage wire orientation 
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Figure C 28: Strain gages on column longitudinal bars in Specimen 4 (north face) Figure C.28: Strain gages on column longitudinal bars in Specimen 4 (north face) 
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STRAIN GAGES ON TRANSVERSE COLUMN REINFORCEMENT (#6) 

... 

... 

... 

... 

Total 16 YFLAs 

... 

... 

... 
"' 

... 

1' 
1' 
1' 
1' 

Hoop I Locations of strain Hoop# Loc:atlons of strain 
gages on the hoop gages on the hoop 

5 t 8114 0 8107 t 9 t 8118 0 8111 t 

6 t 8115 0 8108 t 10 t 8119 0 8112 t 
7 t 8116 0 8109 t 11 t 81200 8113 t 

8 t 5117 0 5110 t 

t~ Strain gage wire orientation 
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Figure C 31: Strain gages on column transverse reinforcement in Specimen 4 Figure C.31: Strain gages on column transverse reinforcement in Specimen 4 



    

 

 

 

                

11 "I 11. 
11. 

" 
" 
" 
.... 

STRAIN GAGES ON TRANSVERSE SHAFT REINFORCEMENT (#8) 

.... 

" 

Total 11 YFLAs 

@ 
@ 
® 
G) 
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Figure C 32: Strain gages on shaft transverse reinforcement in Specimen 4 Figure C.32: Strain gages on shaft transverse reinforcement in Specimen 4 



 

 
 

 

 

 
 

Figure C.333: Vertical d displacementt transducerss on the eastt face of Speecimen 4 
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Figure C.344: Vertical d displacementt transducerss on the westt face of Speecimen 4 
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 Figurure C.36: Diisplacement transducers to measure slip and basse rotation inn Specimen 4 4 
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	CHAPTER 1 
	INTRODUCTION 
	The performance of reinforced concrete (RC) structures depends on the composite action of the concrete and reinforcing steel, which relies on the bond between the two materials. When RC structures are subjected to earthquake loads, they may experience severe bond stress demands in regions where the reinforcement is anchored, e.g., in the foundation of a bridge column. Inadequate embedment lengths in these regions can lead to anchorage failures, and, thereby, structural collapse. Figure 1.1 shows the collaps
	Large-diameter bars are frequency used in bridge columns and pile shafts. In spite of the fact that extensive research has been carried out over the last few decades on the bond strength and bond-slip behavior of reinforcing bars, there were little such data available on large-diameter (No.11 [36-mm] and larger) bars. The development length specifications in ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) are largely based on experimental data obtained from No. 11 and sm
	Large-diameter bars are frequency used in bridge columns and pile shafts. In spite of the fact that extensive research has been carried out over the last few decades on the bond strength and bond-slip behavior of reinforcing bars, there were little such data available on large-diameter (No.11 [36-mm] and larger) bars. The development length specifications in ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) are largely based on experimental data obtained from No. 11 and sm
	large-diameter bars are needed to validate current code provisions and improve them if necessary. 

	While the bond-slip behavior of reinforcing bars can have a strong influence on the strength and stiffness of reinforced concrete structures, this aspect has been frequently neglected in the finite element analysis of RC structures. Reliable bond-slip models are essential to properly capture crack spacing, and the stiffness and deformation capability of RC members. Such models are also needed for fundamental studies to determine the development and lap-splice lengths required for reinforcing bars in RC memb
	1.1Embedment length of column reinforcement extending into Type II shafts 
	Cast-in-drilled hole (CIDH) piles are used frequently as foundations for RC bridge columns because they have smaller footprints as compared to spread footings. Two types of pile shafts are used in California: pile shafts that have the same diameter as the column (Type I), and pile shafts with diameters at least 0.61 m (2 ft) larger than that of the column (Type II), as shown in Figure 1.2. For columns supported on Type I shafts, plastic hinges will develop in the shafts underneath the ground surface when th
	The Seismic Design Criteria of Caltrans (Caltrans 2010) contains the minimum design requirements for Ordinary bridges in California to meet the performance goals. Section 8.2.4 of the Seismic Design Criteria requires that column longitudinal reinforcement extended into a Type II shaft be terminated in a staggered manner with minimum embedment lengths of D+ land D+ 2l, respectively, where D
	c ,max 
	d 
	c ,max 
	d 
	c ,max 

	is the larger cross-sectional dimension of the column and lis the development length required for a straight bar in tension. This requirement was found to be conservative for large-diameter columns in an analytical study conducted by Chang and Dameron (2009) using finite element models. However, there were no experimental data on the cyclic bond-slip behavior of large diameter bars to calibrate the finite element models used in that study, and as a result, no definitive conclusions could be drawn on the min
	d 

	1.2Research objectives and scope 
	The main objective of this investigation was to determine the minimum embedment length required for column reinforcement extended into Type II shafts and develop improved design recommendations on the embedment length and the transverse reinforcement required for the bar anchorage zone of a pile shaft. To this end, basic experimental data on the cyclic bond-slip behavior of large-diameter (No. 11 [36-mm], 14 [43-mm], and 18 [57-mm]) reinforcing bars were obtained from 22 bond-slip tests, and 3 development l
	The main objective of this investigation was to determine the minimum embedment length required for column reinforcement extended into Type II shafts and develop improved design recommendations on the embedment length and the transverse reinforcement required for the bar anchorage zone of a pile shaft. To this end, basic experimental data on the cyclic bond-slip behavior of large-diameter (No. 11 [36-mm], 14 [43-mm], and 18 [57-mm]) reinforcing bars were obtained from 22 bond-slip tests, and 3 development l
	bars in a well-confined situation has been evaluated. With the aforementioned test data and detailed finite element analyses of column-shaft assemblies accounting for the bond-slip phenomenon, the minimum embedment length required for column reinforcement extended into an enlarge shaft was determined. This was validated with large-scale tests conducted on four column-shaft assemblies. A simplified analytical model has been developed to determine the amount of transverse reinforcement required for the bar an

	1.3Outline of the report 
	Chapter 2 presents the fundamental aspects of the bond between a reinforcing bar and the surrounding concrete, and a literature review of notable experimental and analytical studies in this area. 
	Chapter 3 presents an experimental study carried out in this project to investigate the bond-slip behavior of large-diameter bars embedded in well-confined concrete. A total of 22 monotonic pull-out and cyclic pull-pull tests were conducted on No. 11, 14, and 18 bars to study their bond strength and bond stress-vs.-slip relations. The tests examined the influence of the load history and loading direction applied to a bar, and the concrete strength on the bond strength and bond-slip behavior. The specimen de
	Chapter 4 presents a newly developed bond-slip model that can be used in finite element analysis to capture the bar slip behavior in RC structures. The model adopts a semi-empirical law that can accurately reproduce the bond stress-vs.-bar slip behavior under monotonic and cyclic load conditions. The bond-slip law has been calibrated with the experimental data presented in Chapter 3, and implemented in an interface element in the finite element analysis program ABAQUS. The accuracy of the model has been val
	Chapter 4 presents a newly developed bond-slip model that can be used in finite element analysis to capture the bar slip behavior in RC structures. The model adopts a semi-empirical law that can accurately reproduce the bond stress-vs.-bar slip behavior under monotonic and cyclic load conditions. The bond-slip law has been calibrated with the experimental data presented in Chapter 3, and implemented in an interface element in the finite element analysis program ABAQUS. The accuracy of the model has been val
	development length tests, and an RC column test. Even though the model accounts for the radial stress introduced by bar slip and the degradation of bond strength due to splitting cracks, it is intended for bars embedded in well-confined concrete. 

	Chapter 5 presents results of experimental and computational studies on the development of large-diameter bars in well-confined concrete. These studies included three pull-push tests conducted to evaluate the development length requirements in the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) for large-diameter bars in tension under a well-confined situation. Finite element analyses have been conducted on the test specimens using the bond-slip model presented in Chapter 4. The accuracy of the model
	Chapter 6 presents the specimen design, test setup, instrumentation, and loading protocol for four large-scale, quasi-static, cyclic, load tests conducted on RC column-enlarged pile shaft assemblies. This test program was to determine the minimum embedment length required for column reinforcement extended into an enlarged shaft and the transverse reinforcement required in the bar anchorage region of a shaft, and to validate nonlinear finite element models used for a subsequent parametric study. The rational
	Chapter 7 presents the results of the tests conducted on the four large-scale column–enlarged pile shaft assemblies.  
	Chapter 8 presents a numerical study conducted to investigate the bond-slip behavior in column-pile shaft assemblies using nonlinear finite element analysis. Finite element models developed for the column-pile shaft specimens discussed in Chapters 6 and 7 are described. These models were used for pre-test predictive analyses, and have been refined and validated with the test results. The correlations between the numerical and experimental results are presented and the bond-stress variations along the anchor
	In Chapter 9, design recommendations are proposed for the minimum embedment length required for column reinforcement extended into an enlarged pile shaft, and the quantity of transverse steel required in the bar anchorage zone of a shaft. These recommendations are based on the experimental, numerical, and analytical studies presented in the previous chapters. 
	Chapter 10 presents a summary of the study and the major observations and conclusions. Recommendations for future research are also presented. 
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	CHAPTER 2 
	BOND OF REINFORCEMENT: A LITERATURE REVIEW 
	The stress transfer mechanism between concrete and a reinforcing bar is generally referred to as the bond of reinforcement. It is an essential mechanism that engages the composite action of concrete and steel in reinforced concrete (RC) structures. The study of bond between concrete and a reinforcing bar has attracted the attention of many researchers. According to Abrams (1913), tests to study the bond between concrete and iron bars were conducted as early as 1876 (only nine years after Joseph Monier had o
	In this chapter, the fundamental mechanisms governing the bond behavior of deformed bars as reported in different studies are first discussed, and relevant experimental studies of the bond strength and bond-slip behavior of deformed bars are summarized. Special attention is given to studies focused on the cyclic deterioration of bond resistance and on the bond characteristics of large-diameter bars because they are especially relevant to the research presented in this report. Finally, different approaches t
	2.1Bond of deformed bars 
	In deformed bars, the term bond refers not only to the chemical adhesion between the two materials, but also to the resistance provided by friction forces and the interlocking action introduced by the bar deformations (or ribs). The bond behavior of deformed bars has been well characterized by the work of a number of researchers, which has led to a certain agreement on its fundamental mechanisms, as documented in fib (2000) and ACI (2003). The description of the bond behavior presented here is based on the 
	2.1.1Sources of bond resistance and bond-slip behavior 
	The bond force between a deformed bar and the surrounding concrete can be attributed to the resisting mechanisms shown in Figure 2.1: (a) chemical adhesion between the steel and the concrete, (b) friction forces acting at the interface, and (c) bearing forces of the bar ribs acting against the concrete. The nature and magnitude of the bond force depends on the relative displacement, or slip, between the concrete and the bar. Some could argue that there is no such phenomenon as bar slip based on the fact tha
	At low bond stress demands, bond is mostly due to chemical adhesion, and no slip occurs between the bar and the concrete. As the chemical adhesion is overcome by increased bond stress demand, the bar starts to slip with respect to the concrete, which mobilizes friction forces at the bar surface due to its roughness and bearing forces at the ribs against the concrete. The pressure that the ribs exert onto the concrete creates micro-cracks, commonly referred to as Goto cracks (Goto 1971), starting at the tip 
	At low bond stress demands, bond is mostly due to chemical adhesion, and no slip occurs between the bar and the concrete. As the chemical adhesion is overcome by increased bond stress demand, the bar starts to slip with respect to the concrete, which mobilizes friction forces at the bar surface due to its roughness and bearing forces at the ribs against the concrete. The pressure that the ribs exert onto the concrete creates micro-cracks, commonly referred to as Goto cracks (Goto 1971), starting at the tip 
	these micro-cracks allows further slippage of the bar with respect to the concrete. As slip occurs, the wedging action of the ribs tends to introduce a radial expansion at the interface, which activates the passive confinement in the concrete. Radial expansion produces a hoop tension in the concrete, which causes splitting cracks to develop at the surface in contact with the bar and propagate radially, as shown in Figure 2.2. This hoop tension is balanced by the undamaged outer concrete ring as well as the 

	With sufficient cover and confining reinforcement, the opening of splitting cracks is prohibited and large normal stresses can be developed at the contact surface between the concrete and the steel, which increase the bond resistance. In this case, further slip is achieved by crushing the concrete in front of the ribs. The accumulation of crushed particles in front of the ribs contributes to the expansion of the interface and increases the radial component of the bearing forces. At this stage, the increase 
	2.5 shows a bar that was pulled out from the concrete during a test presented in Chapter 3, with crushed concrete particles visible between the ribs. 
	The bond-slip mechanism for bars with pull-out failures under cyclic loading has been theorized by Eligehausen et al. (1983). Figure 2.6 shows the damage mechanisms and bond-slip behavior under cyclic loading as presented by Eligehausen et al. (1983). In Figure 2.6a, it is assumed that the slip is reversed before horizontal shear cracks develop. After unloading (along path AF in the figure), the gap between the right side of the ribs and the adjacent concrete, caused by concrete crushing on the left side of
	The bond-slip mechanism for bars with pull-out failures under cyclic loading has been theorized by Eligehausen et al. (1983). Figure 2.6 shows the damage mechanisms and bond-slip behavior under cyclic loading as presented by Eligehausen et al. (1983). In Figure 2.6a, it is assumed that the slip is reversed before horizontal shear cracks develop. After unloading (along path AF in the figure), the gap between the right side of the ribs and the adjacent concrete, caused by concrete crushing on the left side of
	remains open with a width equal to the residual slip at point F. Only a small fraction of the slip is recovered by the elastic unloading of the concrete. When the slip is reversed (along path GH), some frictional resistance is built up. At H, the ribs are in contact again with the concrete (but a gap has opened on the left side of the ribs). Because of a resumed contact with the concrete, a sharp increase in stiffness occurs (along path HI). With increasing load, the opened inclined cracks close, allowing t

	If the slip reversal takes place after horizontal shear cracks have initiated, a different behavior is obtained as shown in Figure 2.6b. When loading in the opposite direction (along path HI), the ribs press against the concrete in between, whose resistance has been lowered by the shear cracks. Therefore, the bond resistance is lowered compared to the monotonic curve. When reversing the slip again (along path IKLMN), the resistance is further lowered compared to that at point I because of the additional she
	When a large slip is imposed during the first cycle, almost all the concrete between the ribs can be sheared off and the behavior will be like the one shown in Figure 2.6c. When moving the bar back (along path GH), the frictional resistance is higher than that for the above cases, in which the slip in the first cycle is smaller, because the concrete surface along the shear crack is rougher. When reloading in the opposite direction, the peak resistance (point I) is lowered. When reversing the slip again, the
	2.1.2Factors affecting bond resistance 
	The bond between reinforcement and concrete depends on many factors that involve not only the characteristics of the contact surface but also the concrete properties, bar properties, and structural properties as discussed in ACI (2003). Concrete properties that have an important influence on the bond are the compressive and tensile strengths. Bar properties that influence the bond include, but are not limited to, the bar size, the rib geometry, and the yield strength of the bar. Among the structural propert
	Bond resistance is related to the compressive and tensile strengths of concrete because it depends on the bearing resistance of the concrete in front of the ribs, the shearing resistance of the concrete keys between the ribs, and the tensile strength of the concrete to resist splitting stresses (fib 2000). Experimental studies have shown a significant increase of the bond strength with the increase of the compressive strength of the concrete, f. . A number of studies, e.g., Eligehausen et al. (1983), have s
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	that the bond strength can be assumed to be proportional to f. . This relation has been adopted in bond-strength equations (ACI 2003) and in development-length equations given in design codes such as ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge Design Specifications (AASHTO 2010). However, there are other studies that have 
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	indicated that the bond strength is proportional to f. (Rehm 1961) or f. (Zsutty 1985). Based on a large number of lap-splice tests, Zuo and Darwin (2000) have concluded that for splices not confined by transverse reinforcement, the average bond 
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	strength is proportional to f. , and the additional bond strength attributed to the 
	c 

	presence of transverse reinforcement is proportional to f.. Based on these observations, the relation between the compressive strength of concrete and the bond strength seems to depend on the level of the confinement, which could explain the 
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	different conclusions obtained in different studies. ACI (2003) states that f. may not accurately represent the effect of the concrete strength on the bond strength because the effect of other parameters has been generally overlooked. In conclusion, even though the resisting mechanisms of bond are known to be related to the concrete strength, a general theory to relate the compressive and tensile strengths of concrete with the bond strength is not available. 
	c 

	Regarding the effect of the bar size on the bond resistance, it is generally accepted that smaller bars have an advantage as compared to larger bars (ACI 2003). Several researchers, e.g., Eligehausen et al. (1983), have reported a reduction of the bond strength with increasing bar size. As a result, the ACI 318-08 (ACI 2008) and AASHTO LRFD (AASHTO 2010) provisions for the development length consider that the bond strength is larger for smaller bars. However, Ichinose et al. (2004) have provided experimenta
	As explained earlier, the bond resistance of deformed bars depends to a large extent on the wedging action of the ribs. Therefore, the geometry of the ribs can be regarded as an important parameter affecting bond strength. Some studies have shown that the rib pattern has a strong influence on the bond strength, but others have shown that this influence is very small (ACI 2003). Current ASTM standards for reinforcing bars, e.g., ASTM A706 (ASTM 2009), have specifications on the height and spacing of the ribs
	As explained earlier, the bond resistance of deformed bars depends to a large extent on the wedging action of the ribs. Therefore, the geometry of the ribs can be regarded as an important parameter affecting bond strength. Some studies have shown that the rib pattern has a strong influence on the bond strength, but others have shown that this influence is very small (ACI 2003). Current ASTM standards for reinforcing bars, e.g., ASTM A706 (ASTM 2009), have specifications on the height and spacing of the ribs
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	0.057 and 0.087 (Choi et al. 1990). Based on the results of an experimental investigation, Darwin and Graham (1993) have concluded that under conditions of relatively low confinement, in which bond is governed by the splitting of concrete, the bond strength is not influenced by the rib pattern, but the bond strength increases as the relative rib area increases (regardless of the rib height and rib spacing) when additional confinement is provided by transverse reinforcement or larger concrete covers. 
	Bond resistance is also affected by the strain in the reinforcing bar. This influence is small as long as the steel remains in the elastic range (fib 2000). Experimental studies by Viwathanatepa et al. (1979) and Shima et al. (1987b) have shown that bond resistance can be considerably reduced after a reinforcing bar yields in tension. In the pull-out tests carried out by Shima et al. (1987b), the bond stress-vs.-slip relations were estimated at different locations along the embedment length of a bar being p
	The concrete cover and bar spacing are important parameters that affect the bond resistance and bond failure mode. With the increase of the cover and spacing, the failure mode changes from concrete splitting to bar pull-out resulting in an increased bond strength. Additional confinement can be provided by transverse reinforcement. The confining effect of concrete and transverse steel is accounted for in the development-length equations of most design codes. For example, the development length required in AC
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	its center and half of the center-to-center spacing of the bars, sis the spacing of the transverse reinforcement, Ais the transverse reinforcement area within distance s, and n is the number of bars being spliced or developed at the plane of splitting. According to 
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	ACI 318-08, when (c + 40A / sn)/ d is less than 2.5, a splitting failure is likely, and for 
	btr b 
	values above 2.5, a pull-out failure is expected. 
	Finally, the position of the bar during concrete casting affects the bond performance. Horizontal bars located near the top face of a concrete member have lower bond strengths than horizontal bars lower in the member. This is because the higher the location of a horizontal bar is, the more is the paste settlement and the accumulation of bleed water underneath the bar (ACI 2003). This effect is taken into account in the ACI 318-08 provisions on the development length of bars. For bars that are vertical durin
	2.2Experimental characterization of bond of reinforcement 
	2.2.1Basic bond-slip tests 
	Pull-out tests of bars with short embedment lengths (typically equal to or less than five times the bar diameter) are commonly used to study the bond strength and bond stress-vs.-slip relations. Test specimens and setups used in different studies are all very similar to those shown in Figure 2.8, which was proposed by Rehm (1961). With this type of setup, the concrete is placed in compression when the bar is pulled, which does not represent the actual stress state in concrete in real structures. However, th
	Many researchers have conducted pull-out tests to obtain the bond strength and bond stress-vs.-slip relations of bars subjected to monotonically increasing slip. However, few studies have focused on the cyclic bond-slip behavior of bars. The study by Eligehausen et al. (1983) has been the only major effort that has provided most of our understanding of the cyclic bond-slip behavior of reinforcing bars. Their experimental investigation focused on the bond deterioration of deformed bars under fully reversed c
	Many researchers have conducted pull-out tests to obtain the bond strength and bond stress-vs.-slip relations of bars subjected to monotonically increasing slip. However, few studies have focused on the cyclic bond-slip behavior of bars. The study by Eligehausen et al. (1983) has been the only major effort that has provided most of our understanding of the cyclic bond-slip behavior of reinforcing bars. Their experimental investigation focused on the bond deterioration of deformed bars under fully reversed c
	were carried out to study the influence of different parameters, such as the loading history, the level of confinement, and the bar size, on the bond-slip behavior. Most of the tests were carried out with 25-mm (1-in.) diameter bars, and some tests were done with 32-mm (1.25-in.) bars. The bond stress-vs.-slip relations obtained from some of these tests are shown in Figure 2.10. 

	2.2.2Effect of confinement on bond strength and radial dilatation 
	A few researchers have investigated experimentally the interaction between the tangential (bond) stress-displacement (slip) relations and the normal (confining) stress/displacement (radial dilatation) along a bar-concrete interface. They carried out pull-out tests with short embedment lengths and employed special setups to control and/or monitor the confining stress and radial dilatation. These studies have provided very valuable data to understand the effect of confinement on the bond-slip behavior of bars
	Gambarova et al. (1989, 1996) carried out pull-out tests on bars in pre-splitted concrete specimens subjected to external confinement, as shown in Figure 2.11. Most of the specimens were tested by maintaining the crack opening constant during the test. The bond stress-vs.-slip and confining stress-vs.-slip relations were obtained for different values of crack opening. With increasing crack opening, both the bond strength and stiffness decreased, as shown in Figure 2.12. Gambarova et al. (1996) conducted a s
	Malvar (1992) carried out a set of pull-out tests on bars in pre-splitted concrete cylinders under a constant confining stress. Relations between the bond stress, the bar slip, and the radial displacement were obtained for different levels of confining stress, as shown in Figure 2.13. They showed that the bond strength increased significantly with increasing confining stress. As the bar slip continued to increase, the radial dilatation increased up to a value, which was dependent on the confining stress, an
	Lundgren (2000) carried out monotonic pull-out and cyclic pull-pull tests on bars embedded in concrete cylinders confined by a thin steel tube. Relations between the hoop strains in the tube, the applied load, and the slip were obtained, as shown in Figure 2.14.  
	2.2.3Development length and lap splice tests 
	Beam specimens, like those presented in Figure 2.15, have been used to study the required development and lap-splice lengths for reinforcing bars. A database of results from this type of tests is maintained by the ACI 408 Committee (ACI 2003). Based on this database, several equations have been proposed to determine the required development and lap-splice lengths. The equations developed by Orangun et al. (1975, 1977) have been adopted by ACI 318-08 (ACI 2008). More recently, new design equations have been 
	2.2.4Tests on large-diameter bars 
	In spite of the extensive experimental work on the bond of reinforcement, data on the bond strength and bond-slip behavior of large-diameter bars is scarce. As shown in Figure 2.16, there are very few test results available in the ACI 408 Committee database (ACI 2003) for bars larger than No. 11 (36 mm in diameter). For this reason, the development length requirements in ACI 318-08 (ACI 2008) and the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) are largely based on experimental data obtained from 
	Recently, pull-out and lap-splice tests were conducted on large-diameter bars (Ichinose et al. 2004, Plizzari and Mettelli 2009, and Steuck et al. 2009). Ichinose et al. (2004) carried out such tests on bars up to 52 mm (2 in.) in diameter. In their pull-out and lap-splice tests conducted on specimens with no stirrups, bond failures were governed by concrete splitting and the bond strength decreased significantly with the increase of the bar size. Even though lap splices in specimens confined by stirrups al
	Recently, pull-out and lap-splice tests were conducted on large-diameter bars (Ichinose et al. 2004, Plizzari and Mettelli 2009, and Steuck et al. 2009). Ichinose et al. (2004) carried out such tests on bars up to 52 mm (2 in.) in diameter. In their pull-out and lap-splice tests conducted on specimens with no stirrups, bond failures were governed by concrete splitting and the bond strength decreased significantly with the increase of the bar size. Even though lap splices in specimens confined by stirrups al
	splitting of concrete, the effect of the bar size was not so significant. However, in the pull-out tests conducted on specimens confined by stirrups, bond failures were caused by the localized crushing of concrete in front of the bar ribs and the effect of the bar size on the bond strength was not noticeable. Plizzari and Mettelli (2009) carried out pull-out tests on 40-mm (1.6-in.) and 50-mm (2-in.) diameter bars under low confinement conditions. Bond failures in all these tests were caused by the splittin

	2.3Modeling of bond-slip behavior 
	Modeling of the bond-slip behavior of reinforcement is needed to properly capture crack spacing, and the stiffness and deformation capability of RC members. It can also be used to study the anchorage capacity of bars, and determine the minimum development lengths required. Cox and Herrmann (1998) have classified bond-slip models into three categories depending on their scale: rib scale, bar scale, and member scale. In rib-scale models, the interaction between the deformed bar and the concrete is accounted f
	2.3.1 Rib-scale models 
	Several researchers, e.g., Reinhardt et al. (1984a), Maekawa et al. (2003), Daoud et al. (2012), have used rib-scale finite element models to study the interaction between a deformed bar and the surrounding concrete. In these models, both the concrete and the bar including the ribs were represented with continuum elements, e.g., see Figure 2.17. The explicit modeling of the ribs is what ultimately provides the interaction between the reinforcement and concrete. These models require a detailed definition of 
	Detailed models like these can be used to investigate the basic characteristics of the bond of reinforcement, but are not deemed suitable for the analysis of RC structures because they are computationally very demanding. Furthermore, they may not necessarily yield more reliable results because of the uncertainties related to the bar surface deformation, friction, and adhesion, and the various simplifying assumptions used in the constitutive models for concrete, which may not allow a precise simulation of th
	2.3.2 Bar-scale models 
	Bar-scale models express the force transfer between the reinforcement and the concrete in terms of the average stresses and relative displacements along an interface parallel to the longitudinal axis of the bar, as shown in Figure 2.18 and Figure 2.19. This modeling strategy is computationally more efficient than rib-scale models, and is appropriate for studying the effect of bond-slip on crack spacing in structural members or the required development and lap-splice lengths for reinforcing bars. The idealiz
	Bar-scale models express the force transfer between the reinforcement and the concrete in terms of the average stresses and relative displacements along an interface parallel to the longitudinal axis of the bar, as shown in Figure 2.18 and Figure 2.19. This modeling strategy is computationally more efficient than rib-scale models, and is appropriate for studying the effect of bond-slip on crack spacing in structural members or the required development and lap-splice lengths for reinforcing bars. The idealiz
	slip is usually considered as the relative tangential displacement defined under these terms. The bond forces acting between two consecutive ribs (due to the adhesion and friction forces at the steel surface, and bearing forces at the rib) are homogenized as a tangential (bond) stress and a normal stress at this idealized interface. Coupling between the tangential and normal components of stresses and displacements due to the wedging action of the ribs can also be considered in an approximate fashion. 

	When studying the interaction between the reinforcement and the concrete, most of the interest is focused on the bond stress and the slip of a bar. For this reason, a number of models have been proposed to relate the bond stress and the slip, but ignoring the interaction between the normal and tangential directions. The bond stress-vs.-slip relations provided by these models are only valid for specific levels of confinement and failure modes. More advanced models have been proposed to account for the coupli
	Bond stress-vs.-slip models 
	Most of the models proposed for the bond stress-vs.-slip relations are limited to relatively well-confined conditions for which bar pullout failure is expected. Typically, they are phenomenological models, in which the bond stress is defined as a nonlinear function of the monotonically increasing slip. The resulting function is scaled to the bond strength, which is related to the compressive strength of concrete empirically. The first model of this type was proposed by Rehm (1961), while the most widely use
	Some of these models can also predict the bond stress-slip relation under severe cyclic slip demands. In Eligehausen et al.’s model, the monotonic bond stress-slip 
	Some of these models can also predict the bond stress-slip relation under severe cyclic slip demands. In Eligehausen et al.’s model, the monotonic bond stress-slip 
	relation is reduced at each slip reversal using a damage parameter that depends on the energy dissipated by bond-slip. In addition, unloading and reloading rules are defined. Other models have been proposed based on similar concepts but with different improvements. The main variation in these models is the way the monotonic envelope is scaled to account for cyclic bond deterioration. The scaling factor proposed by Lowes et al. (2004) depends on the maximum slip and the number of cycles. Pochanart and Harmon

	The local bond stress-vs.-slip relation can be viewed as a constitutive model for the bond behavior of reinforcing bars. Combining such a model with material models for steel and concrete, and applying the necessary equilibrium and kinematic conditions, one can derive a governing differential equation for the bond-slip behavior of a bar embedded in concrete. Closed-form solutions have been found for simple bond stress-vs.-slip relations (Raynor 2000), but, in general, numerical methods are required to solve
	The local bond stress-vs.-slip relation can be viewed as a constitutive model for the bond behavior of reinforcing bars. Combining such a model with material models for steel and concrete, and applying the necessary equilibrium and kinematic conditions, one can derive a governing differential equation for the bond-slip behavior of a bar embedded in concrete. Closed-form solutions have been found for simple bond stress-vs.-slip relations (Raynor 2000), but, in general, numerical methods are required to solve
	relate the bond strength to the steel strain and concrete damage attained in the surrounding elements. Santos and Henriques (2012) have implemented the bond stressvs.-slip law proposed in Model Code 2010 (fib 2012) in an orthotropic four-node plane stress element to model the steel-concrete interface using the commercial finite element program DIANA. 
	-


	Dilatant interface formulations 
	In these models, the wedging action between the ribs of a bar and the concrete can be captured in terms of the shear dilatation of the interface. Dilatant interface formulations have been proposed to model the bond-slip behavior of deformed bars by Herrmann and Cox (1994), Cox and Herrmann (1998, 1999), Lundgren and Magnusson (2001), and Serpieri and Alfano (2011).  
	Herrmann and Cox (1994) and Cox and Herrmann (1998) have used an elastoplastic formulation with a non-associative flow rule to control shear dilatation. The evolution of the yield surface and the flow rule is shown in Figure 2.23. It is based on the experimental data obtained by Malvar (1992). The model requires the calibration of a few physical properties and shows acceptable accuracy as compared to experimental results corresponding to different levels of confinement obtained from different studies. Tests
	-

	A similar plasticity model has been proposed by Lundgren and Magnusson (2001) for monotonic loading. In this model, a Mohr-Coulomb yield criterion with a non-associated flow rule is used to represent the frictional behavior at the interface, and a second yield surface with associated plasticity is used as a cap for pull-out failure, as shown in Figure 2.24. Lundgren (2005) has extended the model to account for cyclic behavior using ad-hoc reloading rules. The model has been successful in reproducing experim
	The formulation proposed by Serpieri and Alfano (2011) represents the periodic geometry of the steel-concrete interface by three planes with different inclinations, as shown in Figure 2.25. The interaction within each of these surfaces is governed by a 
	The formulation proposed by Serpieri and Alfano (2011) represents the periodic geometry of the steel-concrete interface by three planes with different inclinations, as shown in Figure 2.25. The interaction within each of these surfaces is governed by a 
	damage-friction interface formulation modeling adhesion and friction. The dilatation and wedging mechanism are obtained as a result of the prescribed surface geometry. The model is capable of qualitatively reproducing the bond stress-vs.-slip behaviors under monotonic and cyclic loading. However, the concrete crushing mechanism that dominates the pull-out failure of a bar is not simulated. The model has shown reasonably good agreement with results from a monotonic pull-out test. No attempt has been made to 

	2.3.3 Member-scale models 
	Several researchers have proposed special beam-column elements or used simple macro-models that inherently account for the bond-slip behavior without the explicit definition of steel-concrete interfaces. This type of models is useful in the analysis of large structures. 
	Monti and Spacone (2000) have proposed a force-based fiber-section beam-column element that accounts for slip between the longitudinal reinforcement and the concrete. In this element, a bar model with bond-slip proposed by Monti et al. (1997) is introduced into the force-based fiber-section element developed by Spacone et al. (1996). The beam section is assumed to remain plane, but the steel fiber strains are computed as the sum of two contributions: the bar strain and anchorage slip. A similar model has be
	Simple macro models have been proposed to simulate the end rotation of RC beams and columns due to the slip of the reinforcement anchored in connected members. In these models, bars are assumed to be well-anchored and bar slip is entirely due to strain penetration in the anchorage zone. Sritharan et al. (2000) have proposed the use of a set of springs in finite element analysis to represent the opening of a joint due to bar slip. Tension springs are used to represent bar elongation due to strain penetration
	Simple macro models have been proposed to simulate the end rotation of RC beams and columns due to the slip of the reinforcement anchored in connected members. In these models, bars are assumed to be well-anchored and bar slip is entirely due to strain penetration in the anchorage zone. Sritharan et al. (2000) have proposed the use of a set of springs in finite element analysis to represent the opening of a joint due to bar slip. Tension springs are used to represent bar elongation due to strain penetration
	or beam-column connection. This law has been used as a constitutive relation for the steel fibers in a zero-length fiber-section element to simulate the end rotation of an RC column represented by a fiber-section beam-column element, as shown in Figure 2.26. Berry and Eberhard (2007) have used the same modeling strategy, but they have obtained the bar stress-vs.-slip law analytically based on a simple bond stress-vs.-slip relation.  
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	CHAPTER 3 
	EXPERIMENTAL STUDY ON THE BOND-SLIP BEHAVIOR OF LARGE-DIAMETER BARS IN WELLCONFINED CONCRETE 
	-

	This chapter presents an experimental study on the bond strength and cyclic bond deterioration of large-diameter reinforcing bars embedded in well-confined concrete. For large RC components, such as large bridge columns and piles, the use of reinforcing bars with diameters greater than 25 mm (No. 8) is common. However, data on the bond strength and bond-slip behavior of large-diameter bars is scarce. Because of the lack of experimental data, the development length requirements in ACI 318-08 (ACI 2008) and t
	Recently, pull-out and lap-splice tests were conducted on large-diameter bars by Ichinose et al. (2004), Plizzari and Mettelli (2009), and Steuck et al. (2009), as discussed in Chapter 2. However, all these tests were conducted by subjecting bars to monotonically increasing slip. No tests were reported on the cyclic bond-slip behavior of large-diameter bars. It was not certain that data on the cyclic bond-slip behavior of No. 8 bars obtained by Eligehausen et al. (1983) would be applicable to larger bars. 
	This chapter presents the monotonic pull-out and cyclic pull-pull tests that were conducted on No. 11, 14, and 18 (36, 43, and 57-mm diameter) bars to obtain the bond strengths and cyclic bond stress-slip relations of these bars. The confinement level 
	This chapter presents the monotonic pull-out and cyclic pull-pull tests that were conducted on No. 11, 14, and 18 (36, 43, and 57-mm diameter) bars to obtain the bond strengths and cyclic bond stress-slip relations of these bars. The confinement level 
	considered in the tests is representative of that used in Type II shafts designed according to the Caltrans Bridge Design Specifications (Caltrans 2008) and Seismic Design Criteria (Caltrans 2010). Based on these tests and on studies carried out by others, the effects of the bar diameter, concrete strength, pull direction (for a vertically cast bar), and loading history on the bond strength are determined. 

	3.1Test program, specimen design, test setup, and instrumentation 
	Four series of pull-out tests were conducted on large-diameter reinforcing bars embedded in well-confined concrete. Three of them were conducted to study the bond-slip behavior of No. 11, 14, and 18 bars under different loading histories, and the fourth was conducted to study the influence of the compressive strength of concrete on the bond strength. A total of 22 specimens were tested, of which 8 were subjected to a monotonically increasing slip and 14 to cyclic loading. The specimen properties, type of lo
	The design of a typical specimen and the test setup are shown in Figure 3.1. Each specimen consisted of a reinforcing bar embedded in a 914-mm (3-ft) diameter concrete cylinder that had a height 15 times the nominal bar diameter, d. The bar was bonded only in the mid-height region of the concrete cylinder over a length of 5d, and PVC tubes were used to create unbonded regions of 5din length on each end of the bonded zone to minimize any local disturbance to the bond stress that could be caused by the load a
	b 
	b 
	b 

	Bars with a specified yield strength of 414 MPa (60 ksi) were used. The No. 11, 14, and 18 bars had relative rib areas (ratio of the projected rib area normal to the bar axis to the bar surface area between the ribs) ranging from 0.068 to 0.095. The geometric 
	Bars with a specified yield strength of 414 MPa (60 ksi) were used. The No. 11, 14, and 18 bars had relative rib areas (ratio of the projected rib area normal to the bar axis to the bar surface area between the ribs) ranging from 0.068 to 0.095. The geometric 
	properties of the bars are summarized in Table 3.2. Each end of a bar had a T-headed anchor, which provided a reaction for the application of the pulling force during a test. 

	The diameter of the cylinder and the quantity of the spiral reinforcement were selected to mimic the concrete cover and confinement level for the vertical reinforcing bars extending from a bridge column into an enlarged pile shaft designed according to the Caltrans Bridge Design Specifications (Caltrans 2008) and the AASHTO LRFD Bridge Design Specifications (AASHTO 2010). The concrete cylinder was confined with No. 4 (13-mm) spiral reinforcement having a pitch of 61 mm (2.4 in.) on center and an outer diame
	Two concrete mixes with different compressive strengths were used. Series 1 through 3 tests had a concrete with a targeted compressive strength of 34.5MPa (5 ksi), maximum aggregate size of 9.5 mm (3/8 in.), water-to-cement ratio of 0.45, and specified slump of 178 mm (7 in.). Series 4 had a concrete with a targeted compressive strength of 55 MPa (8 ksi), maximum aggregate size of 12.7 mm (0.5 in.), water-to-cement ratio of 0.32, and slump of 203 mm (8 in.). The aggregate size and high slump used in these t
	3.2. They were cast together in an upright position. The test numbering in Table 3.1 reflects the order in which the specimens were tested. The tests started on a day when the concrete strength was close to the targeted value. Setting up a test, testing, and dismantling took one to two days per specimen. The compressive and tensile splitting strengths of the concrete on the first and last days of testing for each test series are shown in Table 3.1. 
	The test setup is shown in Figure 3.1b. This setup was designed to allow the bar to be pulled upward or downward using center-hole hydraulic jacks that were positioned one at each end of the bar. The bar was pulled out from the concrete cylinder when one of the hydraulic jacks pushed against the adjacent anchor head while the other jack was depressurized to allow the opposite end of the bar to move freely. To reverse the pull direction, the jack initially pushing against the anchor head was de-pressurized b
	The test setup is shown in Figure 3.1b. This setup was designed to allow the bar to be pulled upward or downward using center-hole hydraulic jacks that were positioned one at each end of the bar. The bar was pulled out from the concrete cylinder when one of the hydraulic jacks pushed against the adjacent anchor head while the other jack was depressurized to allow the opposite end of the bar to move freely. To reverse the pull direction, the jack initially pushing against the anchor head was de-pressurized b
	-
	-

	reacting system; thus, the concrete was subjected to compression when the bar was being pulled out. 

	3.2Instrumentation and loading protocol 
	A load cell was placed between a hydraulic jack and the adjacent bearing head to measure the pull-out force during the test. Two strain gages were attached on the opposite sides of the bar right outside the bonded region at each end to measure the bar deformation, as shown in Figure 3.1a. In Series 3, four strain gages were attached on the opposite sides of the spiral with two at each elevation to monitor the strain that could be introduced by the dilatation of the concrete during bar slip. Bar slip was mea
	For all but one specimens that were tested with a monotonically increasing slip, the bar was pulled upward. Several load histories were used for the cyclic tests, with variables including the increment size of the slip amplitude in each loading cycle, the number of cycles per amplitude, and the type of cyclic reversals. Two types of cyclic reversals were considered: (a) full cycles with the same slip amplitudes in both directions for each cycle; and (b) half cycles with slips mainly in one direction and sli
	3.3Monotonic test results 
	The local bond stress (. ) -slip ( s ) relations have been obtained as the average bond stress vs. the average of the slips at the two ends of the bonded zone. The average bond stress was calculated by dividing the pull-out force, F, by the nominal contact area between the bar and the concrete as shown in the following equation. 
	F 
	. = (3.1) 
	dl 
	be 
	. 

	in which l is the bonded length of the bar. 
	e

	The slip at each end was calculated as the average of the slips measured by the pair of linear potentiometers. At the loaded end, the bar elongation between the attachment point of the linear potentiometers and the end of the bonded zone was subtracted from the potentiometer reading to get the actual slip. The bar elongation was calculated from strain gage readings. Figure 3.4 shows the pull force vs. the slips at the loaded and unloaded ends, and the average slip for one of the monotonic tests. Based on th
	The bond stress-slip relations obtained from monotonic pull-out tests in Series 1 to 3, which had concrete strengths around 34.5 MPa (5 ksi), are plotted in Figure 3.5. For comparison, the curve obtained by Eligehausen et al. (1983) for a No. 8 (25-mm) bar and 30-MPa (4.35-ksi) concrete is also included in Figure 3.5. All the bond stress-slip curves show similar patterns. The slip at the peak strength was around 1.8 mm (0.07 in.) for the No. 8 bar, and around 3.0 mm (0.12 in.) for the No. 11, 14, and 18 bar
	approximately 20-30% of the peak resistance. Eligehausen et al. (1983) pointed out that a practically constant residual resistance was achieved when the value of the slip was approximately equal to the clear rib spacing of the bar, s. This can be explained by the total damage of the concrete between the ribs. Beyond this point, the resistance to slip was provided solely by friction. Figure 3.5 and the svalues given in Table 3.2 confirm this observation for the large-diameter bars. However, the transition be
	R 
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	and the residual resistance seems to be more gradual for large-diameter bars as compared to the No. 8 bars tested by Eligehausen et al. (1983). 
	The bond strengths, ., obtained from the tests are summarized in Table 3.1. Results from Test Series 1 through 3 show that .increases slightly with the increase of the bar diameter. It is15.2 MPa (2.2 ksi) for No. 11 bars and has an average value of 17.6 
	u 
	u 

	MPa (2.55 ksi) for No. 18 bars. The tests conducted by Eligehausen et al. (1983) on No. 8 bars showed an average bond strength of 13.8 MPa (2.0 ksi). However, a direct comparison cannot be made for the two test programs because Eligehausen et al.’s tests had a lower concrete compressive strength and a lower level of confinement. Furthermore, as Figure 3.5 shows, the bond strength obtained for a No. 11 bar that was pulled downward (Test 2 in Series 1) was 20% lower than that for a bar that was pulled upward 
	(0.18in.). 
	Results from Series 4 tests on No. 14 bars with 55-MPa (8-ksi) concrete have shown a 45% increase of the average bond strength as compared to that obtained from Series 2, which had the same bar size but 34.5-MPa (5-ksi) concrete. Owing to the high bond strengths developed in Series 4, the bars subjected to a monotonically increasing load (Tests 1 and 2) yielded at the pulled end. As shown in Figure 3.6, the difference in slips at the loaded and unloaded ends of the bonded region was very large once the bar 
	The strain gages placed in the confining spirals registered small tensile strains 
	− 
	(with the maximum being 2.10 ), as shown in Figure 3.7. The tension in the spirals indicates that the concrete expanded slightly in the lateral direction as the bar was being pulled out. This can be explained in part by the dilatation caused by the wedging action of the bar ribs when the bar slipped. Another cause is the Poisson effect induced by the 
	(with the maximum being 2.10 ), as shown in Figure 3.7. The tension in the spirals indicates that the concrete expanded slightly in the lateral direction as the bar was being pulled out. This can be explained in part by the dilatation caused by the wedging action of the bar ribs when the bar slipped. Another cause is the Poisson effect induced by the 
	5

	vertical compressive force exerted on the concrete cylinder as the bar was pulled. Figure 

	3.7 also shows the estimated strain due to the Poisson effect. The small strain readings indicate that the lateral dilatation of the concrete cylinder induced by bar slip is negligible. This is because a very good confinement was provided by the large concrete cover. 
	3.4Cyclic test results 
	The bond stress-slip relations obtained from the cyclic tests are presented and compared to the monotonic test results in Figure 3.8 through Figure 3.14. The hysteresis curves from the tests show a consistent trend. Upon the reversal of the slip direction, a small resistance immediately developed in the other direction. This resistance started to increase when the slip approached the previously attained maximum slip. After this point, the resistance followed a curve similar in shape to the monotonic bond st
	The maximum bond resistance obtained from a cyclic test is between 75% and 95% of that obtained from a monotonic load test, as shown in Table 3.1. The residual bond resistance diminishes to almost zero after severe cyclic slip reversals, as shown in Figure 3.8 through Figure 3.14. Moreover, the results presented in Figure 3.9 and Figure 
	3.10 indicate that full cycles induced a more severe deterioration of the bond resistance than half cycles. Likewise, Figure 3.11 and Figure 3.14 show that a second cycle of the same slip amplitude produced an additional reduction of the bond stress. Overall, the observed hysteretic bond stress-slip relation for large diameter bars is similar to that obtained by Eligehausen et al. (1983) for No. 8 bars. 
	Figure 3.15 shows the tensile strain registered in the confining spirals during one of the cyclic tests, and the estimated contribution of the Poisson effect to this strain. The magnitude of the strain is small and is comparable to that obtained from the monotonic tests. 
	3.5Discussion on factors affecting bond strength 
	The tests presented here have provided useful information on the influence of the compressive strength of concrete, bar size, pull direction (for a vertically cast bar), and slip history on the bond strength. A review of previous findings in the literature related to these effects has been presented in Chapter 2. The observations made here and by others are compared, and these effects are analyzed and quantified based on the test results and the additional data available in the literature. 
	3.5.1Effect of compressive strength of concrete 
	The tests presented in this chapter have shown that the compressive strength of concrete, f. , has an important effect on the bond strength. These tests have shown that the bond strength was increased by about 45% when 55-MPa (8-ksi) concrete was used instead of 34.5-MPa (5-ksi) concrete. This implies that the bond strength is more or less 
	c 
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	proportional to f. , although it is possible that this effect could be slightly underestimated here because, as mentioned in Section 3.3, the bond strength calculated for the 8-ksi (55-MPa) concrete could be influenced by the yielding of the bars. In any case, this effect is stronger than what has been reported by Eligehausen et al. (1983) and what is 
	c 
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	assumed in most codes, which suggest that the bond strength is proportional to f. .  
	c 

	As mentioned in Chapter 2, the relation between the compressive strength of concrete and the bond strength can be influenced by the level of the confinement, as indicated by empirical equations proposed by Zuo and Darwin (2000) to calculate the strength of lap splices. The level of confinement in the tests presented here is higher than that used by Eligehausen et al. (1983). Therefore, it can be expected that the influence of the compressive strength of concrete on the bond strength should be higher here. T
	1/ 2 
	strength of the concrete, which tends to be proportional to f. (ACI 2003). For high 
	strength of the concrete, which tends to be proportional to f. (ACI 2003). For high 
	c 

	levels of confinement, bond failure is caused by the pull-out of the bar associated with the crushing of the concrete in front of the ribs, and, therefore, the bond strength tends to be proportional to f. .  
	c 


	3.5.2Effect of bar size 
	The test results show a slight increase of the bond strength with increasing bar size. The bond strength for No. 14 bars is approximately 7% higher than that for No. 11 bars, and that for No. 18 is about 8% higher than that for No. 14. However, the ACI 31808 (2008) and AASHTO LRFD (2010) provisions for the development length imply that the bond strength is reduced with increasing bar size. As mentioned in Chapter 2, Ichinose et al. (2004) have shown that the influence of the bar size on the bond strength de
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	which cis the distance of the center of a bar to the nearest concrete surface, sis the spacing of the transverse reinforcement, Ais the transverse reinforcement area within distance s, and n is the number of bars being spliced or developed at the plane of splitting. According to ACI 318-08, when CI is less than 2.5, splitting failure is likely, 
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	tr 
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	tr

	and for values above 2.5, pull-out failure is expected. Some studies have shown that when the confinement level was low enough that bond failure was governed by concrete splitting, the bond strength would increase significantly with the decrease of the bar size (Ichinose et al. 2004, Plizzari and Mettelli 2009). The value of CI considered in these studies ranges from 2 to 5. For pull-out tests with CI between 5 and 16 (Ichinose et al. 2004, Steuck et al. 2009), splitting failure was prohibited and the effec
	An explanation for the aforementioned observations is that larger bars have larger ribs, which induce a more severe wedging action and, thereby, a larger concrete splitting stress as a bar slips. With little or no confinement, this would result in an earlier splitting failure. With a high confinement level, not only splitting failure would be prohibited but the dilatation effect induced by the wedging action of the ribs would induce a higher passive confinement pressure. An increase of the confining pressur
	3.5.3Effect of pull direction 
	The influence of the pull direction on the bond strength was examined in the tests of No. 11 bars, which have shown a lower bond strength and bond stiffness when a bar was pulled downward instead of upward (see Table 3.1 and Figure 3.5). This is consistent with what has been observed in other studies as discussed in Chapter 2, and it is related to the different qualities of the concrete above and beneath the ribs for bars casted vertically. The concrete right beneath a bar rib can be weaker due to the accum
	3.5.4Effect of slip history 
	The experimental results presented here have confirmed the observation made by Eligehausen et al. (1983) that the peak bond strength was reduced when a prior load cycle went beyond 70% to 80% of the peak of the monotonic bond stress-slip curve, indicating the damage of the concrete between the bar ribs. In addition, these tests have also shown that the decay of the bond resistance depends on the pattern of the load cycles (e.g., with 
	The experimental results presented here have confirmed the observation made by Eligehausen et al. (1983) that the peak bond strength was reduced when a prior load cycle went beyond 70% to 80% of the peak of the monotonic bond stress-slip curve, indicating the damage of the concrete between the bar ribs. In addition, these tests have also shown that the decay of the bond resistance depends on the pattern of the load cycles (e.g., with 
	slip in one direction mainly or with fully-reversed cyclic slip reversals), the cumulative slip, and the number of slip reversals. A law to express the bond resistance as a function of the slip and slip history is presented in Chapter 4. 

	3.6Summary and conclusions 
	The bond strength and bond-slip behavior of large-diameter bars embedded in well-confined concrete have been examined. Monotonic pull-out tests and cyclic pull-pull tests were conducted on No. 11 (36-mm), 14 (43-mm), and 18 (57-mm) bars. All the specimens failed by the pull-out of the bars from the concrete. The large-diameter bars exhibited a bond stress-slip relation similar to that of No. 8 (25-mm) and smaller bars, including the bond deterioration behavior under monotonic and cyclic loads. These tests h
	3/ 4 
	The bond strength observed here is proportional to f. . Results from this and other studies have indicated that the influence of the concrete strength and bar size on the bond strength depends on the level of confinement in the concrete specimen. However, data on this are limited, and a systematic and comprehensive investigation of the effects of the bar size and concrete strength on the bond strength under a wide range of confinement levels is needed to further confirm this observation and arrive at more d
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	Table 3.1: Test matrix and specimen properties 
	Table 3.1: Test matrix and specimen properties 
	Table 3.1: Test matrix and specimen properties 

	TR
	Concrete 
	Tensile 

	Series no. 
	Series no. 
	Test no. 
	Bar size 
	compressive strength1 f . c MPa (ksi) 
	splitting strength1 f cs MPa (ksi) 
	Loading history 
	Peak bond strength .u  MPa (ksi) 

	1 2 
	1 2 
	1 2 3 4 5 6 1 2 3 4 5 6 
	No. 11 No. 14 
	33.8-36.5 (4.9-5.3) 33.8-37.2 (4.9-5.4) 
	3.2-3.2 (0.460.46) 2.8-2.9 (0.400.42) 
	-
	-

	Monotonic up Monotonic down Half cycles Half cycles Half cycles Full cycles Monotonic up Half cycles Full cycles Monotonic up Half cycles Double half cycles 
	15.2 (2.2) 12.4 (1.8) 13.8 (2.0) 14.5 (2.1) 11.7 (1.7) 12.4 (1.8) 19.3 (2.8)2 15.2 (2.2) 15.2 (2.2) 16.5 (2.4) 15.2 (2.2) 15.2 (2.2) 


	Table
	TR
	1 
	Monotonic up 
	17.2 (2.5) 

	TR
	2 
	Full cycles 
	13.1 (1.9) 

	TR
	3.0-3.5 

	TR
	3 
	No. 18 
	34.5-40.7
	Full cycles 
	13.8 (2.0) 

	3 
	3 
	(0.44
	-


	TR
	4 
	 (5.0-5.9) 
	Monotonic up 
	17.9 (2.6) 

	TR
	0.50) 

	TR
	5 
	Half cycles 
	14.5 (2.1) 

	TR
	6 
	Half cycles 
	15.2 (2.2) 

	TR
	1 
	Monotonic up 
	24.1 (3.5) 

	TR
	3.7-3.8 

	TR
	2 
	No. 14 
	54.5-56.5 
	Monotonic up 
	22.8 (3.3) 

	4 
	4 
	(0.54
	-


	TR
	3 
	(7.9-8.2) 
	Double full cycles 
	19.3 (2.8) 

	TR
	0.55) 

	TR
	4 
	Full cycles 
	20.0 (2.9) 


	Strengths measured on the first and last day of testing for each series. Sealing in a PVC tube failed during construction resulting in a little concrete accumulated at the end of the tube and, thereby, an increase of the bonded length. Since the actual embedment length is unknown, the bond strength has been calculated with the specified db. 
	1 
	2 
	embedment length of 5

	Table 3.2: Geometric properties of the bars 
	Bar size 
	Bar size 
	Bar size 
	db mm (in.) 
	Rib area ratio 
	Clear rib spacing mm (in.) 

	No. 11 
	No. 11 
	36 (1.41) 
	0.070 
	19.1 (0.75) 

	No. 14 
	No. 14 
	43 (1.69) 
	0.068 
	24.9 (0.98) 

	No. 18 
	No. 18 
	57 (2.26) 
	0.095 
	24.4 (0.96) 
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	Figure 3.5: Average bond stress vs. slip from monotonic load tests 
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	Figure 3.12: Tests on No. 18 bars (Series 3) under monotonic load (Test 1) and cyclic loads with full cycles (Test 2 and Test 3) 
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	CHAPTER 4 
	PHENOMENOLOGICAL BOND-SLIP MODEL FOR FINITE ELEMENT ANALYSIS 
	In this chapter, a newly developed model to simulate the bond-slip behavior of bars for the finite element analysis of reinforced concrete (RC) structures is presented. It is an enhanced version of a model presented in Murcia-Delso et al. (2013). This model is based on a semi-empirical phenomenological law and was originally developed to predict the bond stress-slip relations of bars embedded in well-confined concrete. It has been extended here to account for low confinement situations. However, its accurac
	4.1Bond stress-vs.-slip law for bars in well-confined concrete 
	A phenomenological bond stress-vs.-slip law for bars embedded in well-confined concrete has been developed based on the experimental data presented in Chapter 3 and on concepts originally proposed by Eligehausen et al. (1983) and further extended by 
	A phenomenological bond stress-vs.-slip law for bars embedded in well-confined concrete has been developed based on the experimental data presented in Chapter 3 and on concepts originally proposed by Eligehausen et al. (1983) and further extended by 
	others (Pochanart and Harmon 1989, Yankelevsky et al. 1992, and Lowes et al. 2004). However, it is distinct from other models in that it requires the calibration of only three parameters and can applied to bars of different sizes and concrete of different strengths.    

	In this model, the relation between the bond stress and slip for monotonic loading is described by a set of polynomial functions. For cyclic loading, a similar relation is used but the bond strength is reduced at each slip reversal by using two damage parameters, whose values are based on the slip history, to account for cyclic bond deterioration. In addition, cyclic unloading and reloading rules similar to those proposed by Eligehausen et al. (1983) are adopted to describe bond resistance right after slip 
	4.1.1 Monotonic bond stress-slip relation 
	The monotonic bond stress (. ) -slip ( s ) relation assumed in this model is shown in Figure 4.1a. It is defined piecewise in terms of five polynomial functions, which 
	depend on three governing parameters: the peak bond strength (.) for an elastic bar, the 
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	slip at which the peak strength is attained ( ), and the clear spacing between the ribs 
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	a yielded bar will be formulated later in this section. Until reaching 40% of the maximum strength, . , (point A in Figure 4.1a), the bond stress increases linearly with the slip. 
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	The nonlinear hardening behavior is represented by a fourth-order polynomial (line A-B in Figure 4.1a), followed by a plateau at .(B-C). The bond strength decay is described by a linear descending branch (C-D). When the slip equals the clear rib 
	max 

	spacing, s, of the bar (point D), a residual bond strength is reached and this value remains constant for larger slip values. 
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	The use of the proposed law requires the determination of the values of the three 
	governing parameters. The value of s is a known geometric property of the bar, and it is usually between 40 to 60% of the bar diameter. As discussed in Chapter 3, .depends on many factors and no theoretical formulas are available to accurately estimate its value. The same situation applies to s. Therefore, these values have to be determined 
	R
	u 
	peak 

	experimentally for each case if possible. Table 4.1 shows the values of these parameters obtained from the bond-slip tests conducted on No. 11, 14, and 18 bars embedded in 34.5-MPa (5-ksi) concrete as presented in Chapter 3. The values of the bond strengths are the average values obtained from the monotonic pull-out tests. Values for smaller bars obtained in other studies are also shown. 
	When no experimental data are available, the following approximations, based on data obtained in this study and by others, can be used to determine .and s. The bond strength can be assumed to be 16.5 MPa (2.4 ksi) for 34.5-MPa (5-ksi) concrete regardless of the bar size. This is based on the average . value obtained from Test Series 1 to 3, as shown in Table 4.1. The slight increase of the bond strength with the increase of the bar size observed in these tests can be ignored in the absence of comprehensive 
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	(25-mm) bars (Eligehausen et al. 1983) and three times that for No.5 (16-mm) bars (Lundgren 2000). This seems to indicate a scale effect with respect to the bar size, but these values could also be influenced by other factors such as the confinement, concrete properties, and loading conditions. In addition, some studies (Eligehausen et al. 1983, 
	(25-mm) bars (Eligehausen et al. 1983) and three times that for No.5 (16-mm) bars (Lundgren 2000). This seems to indicate a scale effect with respect to the bar size, but these values could also be influenced by other factors such as the confinement, concrete properties, and loading conditions. In addition, some studies (Eligehausen et al. 1983, 
	Pochanart and Harmon 1989) have indicated that that also depends on the relative 
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	to be 7% of the bar diameter, which is obtained by taking the average of the 
	experimentally obtained values, presented in Table 4.1, normalized by the bar 
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	respective bar diameters.  
	The experimental results presented here and those obtained by Lundgren (2000) have shown that the bond strength and the bond stiffness are reduced when a vertically cast bar is pulled downward. Based on this data, the monotonic bond stress-slip relation for a vertically cast bar pulled downward is described by Equation 4.2. Note that for a bar pulled downward, the slip and bond stress have a negative sign here. 
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	As mentioned in Chapter 2, the bond resistance can be considerably reduced after a reinforcing bar yields in tension. This behavior could not be quantified in this study although the bars yielded in two of the monotonically loaded specimens. The reason is that in these two cases, the concrete had a compressive strength of 55 MPa (8 ksi), and there were no other specimens tested monotonically that had the same concrete strength but no bar yielding. In addition, in these specimens, yielding occurred at the lo
	effect in the model, .and . are defined as a function of the steel strain, ., as shown in Equation 4.3. This equation assumes that once the bar yields in tension, the peak of the monotonic envelope will decrease linearly with respect to .at such a rate 
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	that it reaches 25% of the peak bond strength, ., of an unyielded bar when the bar strain 
	u 

	attains the value ., which corresponds to the initiation of strain hardening and can be 
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	assumed to be 1%. As the bar strain further increases, both the peak and the residual resistances decrease linearly to zero, which is the point when the bar strain reaches the ultimate strain of the steel, ., which can be assumed to be 15%. 
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	4.1.2 Cyclic law 
	The extension of the bond stress-slip law to cyclic loading is based on the experimental evidence presented in this study and the bond-slip mechanism hypothesized by Eligehausen et al. (1983). It is assumed that at a large slip, part of the concrete in contact with the ribs on the bearing side is crushed and a gap has been created on the other side of the ribs. This gap needs to be closed before the bearing resistance in the opposite direction can be activated. Hence, the initial bond resistance developed u
	In most phenomenological models, bond deterioration under cyclic slip reversals is simulated by scaling the monotonic bond stress-slip relation, and the scale factors are updated upon each slip reversal. Some of these models adopt a single damage parameter that is a function of the energy dissipated by bond-slip (Eligehausen et al. 1983) or of the slip history (Lowes et al. 2004) to determine a scale factor. Some models (Pochanart and Harmon 1989, Yankelevsky et al. 1992, and Lowes et al. 2004) distinguish 
	Based on the reasoning presented above, the monotonic bond stress-slip relation in this model is separated into a bearing component and a friction component as shown in Figure 4.1a. From the origin to the end of the plateau at the peak of the curve (point C), the bearing resistance, ., is assumed to be 75% of the total bond resistance, and the remaining 25% is assumed to be contributed by the friction resistance, . . After the peak, .is assumed to decay linearly to zero, which corresponds to the point when 
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	slip is equal to s, i.e., when the concrete between the ribs has been completely crushed or sheared off. The friction resistance, . , is assumed to remain constant as slip continues to increase after the peak. The maximum bearing and friction resistances are 
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	therefore . = 0.75. and . = 0.25. , respectively. To model the cyclic bond 
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	deterioration, the following damage law is used. 
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	in which . is the reduced bond resistance, . is the reduced bearing resistance, 
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	. is the reduced friction resistance, dis the damage parameter for the bearing 
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	resistance, and dis the damage parameter for the friction resistance. The bond stress-slip relation is updated using Equation 4.4 when the load is reversed. The damage laws have been calibrated using the experimental data from Test Series 1, 2 and 3. Data from Series 4 cannot be used because the bars in the monotonic bond-slip tests yielded, and, therefore, it does not provide a direct comparison of the monotonic bond-slip behavior with the cyclic behavior. 
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	The damage parameter for the bearing resistance, d, is defined as a function of the maximum slip.  
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	the maximum bond stress in a previous cycle has reached 70% to 80% of the peak bond strength developed under a monotonic load. This is accounted for in the above damage index in the following way. Equation 4.1 stipulates that under monotonic loading, the bond stress reaches 70% of the peak bond strength when the slip s = 0.034 sif 
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	The friction resistance decreases progressively as a result of the smoothening of the bond interface, which depends on the total cumulative slip. However, more severe deterioration has been observed in the residual bond strength as the maximum slip increases in a subsequent cycle. Therefore, the damage parameter for the friction 
	resistance, d, is assumed to be a function of both the absolute maximum slip attained in 
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	each loading direction and the cumulative slip, s.  
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	To avoid an overestimation of damage that could otherwise be caused by a large number of small cycles, sis considered zero before the slip displacement has exceeded the slip 
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	at the peak stress, , for the first time. This is a reasonable assumption if one agrees 
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	that friction should play a minor role at the beginning when bearing resistance is significant. 
	As shown in Figure 4.1b, right after each slip reversal, unloading follows the 
	initial stiffness of the monotonic curve until the friction resistance limit . in the 
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	opposite direction is reached. If the maximum slip ever achieved exceeds the slip at the 
	peak resistance, s, the resistance . right after slip reversal is equal to the reduced 
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	friction, . , given in Equation 4.4. Otherwise, it is a fraction of the reduced friction as 
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	shown in Equation 4.7, which is a modification of that suggested by Eligehausen et al. (1983). 
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	At slip reversal, . = . until the maximum slip previously attained in that direction ( s
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	or s) is reached. After this point, the bond stress-slip relation will be governed by the 
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	max reduced bond strength in Equation 4.4. The reloading branch from the horizontal line (. = .) to the reduced envelope follows the initial stiffness of the monotonic curve. 
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	4.1.3Comparison of analytical and experimental results 
	The ability of the analytical model to reproduce the bond stress-slip relations obtained from the experiments presented in Chapter 3 and by others has been evaluated. The experimental and analytical results for two monotonic load tests from Chapter 3, and for No. 8 (25-mm) bars tested by Eligehausen et al. (1983) are presented in Figure 4.2. Two sets of analytical curves have been generated. The first set is based on the values of .and sdirectly obtained from the monotonic tests while the second set is base
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	show that once the values of .and shave been determined with experimental data, the ascending and descending branches are well represented by the proposed polynomial functions. The curves based on the estimated values also provide a satisfactory match in spite of the simplicity of the rules used to derive these values. 
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	The cyclic bond stress-slip relations have been reproduced analytically using the parameters calibrated with the monotonic tests. The analytical and experimental results for selected tests in Series 1, 3, and 4 are compared in Figure 4.3. The model accurately reproduces the cyclic bond stress-slip relations, including the bond strength decay. Experiments by Eligehausen et al. (1983) and Lundgren (2000), which had smaller bars, more cycles per amplitude level, and cycles with finer amplitude increments, are 
	4.2Steel-concrete interface model for bond-slip 
	The bond stress-vs.-slip law presented in Section 4.1 has been implemented in an interface model to simulate the interaction between steel and concrete for the finite element analysis of reinforced concrete members. In the interface model, the relative 
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	displacement at the concrete-steel interface has three components: one normal, u, and ~ 
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	two tangential components, uand u, as shown in Figure 4.5. Likewise, the stress 
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	transfer at the interface is decomposed into one normal,., and two shear components, 
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	and .. The constitutive relations for the interface model are presented in Equations 4.8 
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	through 4.10.  In Equation 4.8, the bond stress-vs.-slip law proposed in Section 4.1 is used to define the relation between the tangential relative displacement and shear stress in the ~ 
	longitudinal direction of the bar, i.e., between uand .. However, to introduce the 
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	capability of modeling bond resistance in low confinement situations and splitting failure, a bond stress reduction factor, ., has been introduced so that 
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	normal opening of the interface, u, with respect to the bar rib height, h, as follows. 
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	When the opening of the interface is small as compared to the rib height, . is equal to 
	one, which will be the case if the concrete surrounding the bar is well confined. If the interface opening is larger than the rib height, the bond resistance disappears, which will be the case when the confinement is low and the concrete splitting cracks open. A smooth transition is assumed between these two situations. 
	As shown in Equation 4.9, the normal stress is defined to be proportional to the bond stress with the assumption that the resultant bond force has a fixed angle of 
	inclination . with respect to the longitudinal axis of the bar. A similar assumption was used in the bond-slip model proposed by Lowes et al. (2004). In addition, a penalty factor in terms of a stiffness parameter, K , which is active only in compression, has been 
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	added to introduce the necessary normal resistance to minimize interpenetration between the steel and concrete. 
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	For three-dimensional models, the rotation of the bar about its longitudinal axis is 
	restrained by a penalty stiffness parameter, K , as presented in Equation 4.10. 
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	The steel-concrete model has been implemented in a user-defined interface element in ABAQUS (Simulia 2010). The element has linear shape functions and two integration points located at the ends of the element (see Figure 4.5). The force per unit length of the interface is obtained by multiplying the interface stresses by the tributary perimeter of the bar that the interface element represents. Finally, the axial strain of the bar required in the constitutive equations is calculated from the nodal displaceme
	and the length of the element, L, as 
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	4.3Three-dimensional modeling of plain concrete 
	In the finite element analyses presented in this study, plain concrete has been modeled with continuum elements and a plastic-damage constitutive model available in ABAQUS (Simulia 2000). Plastic-damage models are attractive to simulate the behavior of concrete because they combine salient features of plasticity theory and damage mechanics to account for plastic deformations and stiffness degradation. The model available in ABAQUS, called the concrete damaged plasticity, is based on the formulations propose
	In the finite element analyses presented in this study, plain concrete has been modeled with continuum elements and a plastic-damage constitutive model available in ABAQUS (Simulia 2000). Plastic-damage models are attractive to simulate the behavior of concrete because they combine salient features of plasticity theory and damage mechanics to account for plastic deformations and stiffness degradation. The model available in ABAQUS, called the concrete damaged plasticity, is based on the formulations propose
	section, the formulation of the plastic-damage model available in ABAQUS is briefly reviewed, and the model is validated and calibrated by experimental data. 

	4.3.1Plastic-damage model formulation 
	Following the classical theory of plasticity, the strain tensor is decomposed into an elastic part and a plastic part, and the stress tensor is obtained as the double contraction of the elastic stiffness tensor and the elastic strain tensor. 
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	. = E : . = E : (. − . ) (4.12b) To account for stiffness degradation, the elastic stiffness tensor is related to the initial stiffness tensor as E = (1− d)E(4.12c) where d is a scalar parameter that controls the stiffness degradation. In damage theory, d represents the ratio of the damaged area to the original area. The effective stress in the undamaged area is given as 
	p 
	0 

	e 
	. = E : . = E : (. − . ) (4.12d) 
	p 

	00 
	The yield surface for the damaged plasticity model is based on that proposed by Lubliner et al. (1989) with the modifications introduced by Lee and Fenves (1998) to account for the different behavior in tension and compression. The initial shape of the yield surface in the principal stress plane for a plane-stress situation is shown in Figure 
	4.6. The yield function is defined in terms of the invariants I and J  as 
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	in which the functions c(.) and c(.) represent the tensile and compressive cohesions, and are calibrated from the uniaxial compression and tension test data. The damage parameter d is a function of both the damage parameter in tension, d.&%, and the damage parameter in compression, d.&% , as follows: 
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	cyclic uniaxial tension and compression tests, respectively. The uniaxial tension and compression stress-strain curves for this model are shown in Figure 4.7. 
	4.3.2Validation and calibration of the plastic-damage model 
	Lee and Fenves (1998) validated the model for monotonic uniaxial and biaxial compression and tension. The model available in ABAQUS (Simulia 2010) has been calibrated and further validated here for the cyclic compression-tension behavior and compression under lateral confinement. Since cracks are modeled in a smeared fashion, the post-crack behavior of concrete is expressed in terms of a stress-strain relation with appropriate post-peak uniaxial stress-strain curves in tension and compression reflecting the
	To calibrate the concrete model, one needs to input the uniaxial compressive stress-strain relation for the concrete. In this study, the stress-strain relation proposed by Karthik and Mander (2011) has been used. The tensile strength of the concrete also needs to be specified. In addition, there are other parameters that govern the properties of the yield function and plastic potential, and the evolution of the damage parameter. It is assumed that their values are independent of the concrete strength. The v
	To calibrate the concrete model, one needs to input the uniaxial compressive stress-strain relation for the concrete. In this study, the stress-strain relation proposed by Karthik and Mander (2011) has been used. The tensile strength of the concrete also needs to be specified. In addition, there are other parameters that govern the properties of the yield function and plastic potential, and the evolution of the damage parameter. It is assumed that their values are independent of the concrete strength. The v
	parameters used in this study are presented in Table 4.2. They have been kept constant for all the analyses conducted in this study. 

	Figure 4.8 shows that the cyclic tension-compression tests carried out by Reinhardt (1984b) are sufficiently well reproduced by the model. The plastic-damage model is able to simulate the closing and opening of a tensile crack with reduced stiffness. However, with a large inelastic tensile strain, the complete closure of the crack requires a very large stiffness degradation (with the value of the damage parameter very close to one), which has led to irresolvable numerical problems. Hence, the model is not c
	The parameters governing the yield function and plastic potential have been calibrated to match experimental results obtained by Hurblut (1985) and Mander et al. (1989) so that the model will be able to capture the behavior of confined concrete in compression. As shown in Figure 4.9, the model is capable of reproducing the effect of the lateral confining stress on the compressive strength and lateral expansion of concrete observed in the tests of Hurblut (1985). However, as mentioned previously, the model i
	4.4Modeling of steel reinforcement 
	A rate-independent elasto-plastic model with kinematic hardening available in ABAQUS (Simulia 2010) has been used to simulate the behavior of steel reinforcement. This model uses the Von Mises yield condition with an associated flow rule. The yield surface and plastic potential are defined by the following function. 
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	in which .' and .' are the deviatoric part of the stress tensor, . , and backstress tensor, 
	. , respectively, and . is the yield strength. The backstress tensor controls the 
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	translation of the yield surface in the stress space due to kinematic hardening. Two types of kinematic hardening laws are available in ABAQUS: linear and exponential. The evolution of . for linear kinematic hardening is defined as 
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	C. For exponential kinematic hardening, the hardening rate decreases exponentially with 
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	increasing strain, and the evolution of . is defined as 
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	in which Cand .are the exponential kinematic hardening parameters. This law 
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	requires the calibration of three parameters: . , C, and . . 
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	The ability of the steel model with linear and exponential kinematic hardening to simulate the monotonic and cyclic test results of Restrepo-Posada et al. (1993) for reinforcing bar coupons is shown in Figure 4.11. The exponential hardening law provides a better approximation of the strain hardening behavior of steel, without unlimited stress increase, as shown in Figure 4.11a. There is no stress limit in the linear kinematic 
	The ability of the steel model with linear and exponential kinematic hardening to simulate the monotonic and cyclic test results of Restrepo-Posada et al. (1993) for reinforcing bar coupons is shown in Figure 4.11. The exponential hardening law provides a better approximation of the strain hardening behavior of steel, without unlimited stress increase, as shown in Figure 4.11a. There is no stress limit in the linear kinematic 
	hardening law. However, none of the hardening laws simulates the yield plateau, the strength decay, and the bar rupture. As shown in Figure 4.11b, the model can capture the cyclic stress-strain relation well with either hardening law, but not the Bauschinger effect. 

	In this study, reinforcing bars are modeled with either truss or beam elements using the elasto-plastic constitutive model presented above. For cases where the bending of the reinforcement is negligible, truss elements are used; otherwise, beam elements are used. For truss elements, the exponential kinematic hardening law has been adopted because it provides a slightly better approximation of the strain-stress relation. For beam elements, the exponential hardening law is not available. Hence, the linear kin
	4.5Verification examples with finite element models 
	Finite element (FE) models employing the bond-slip interface element presented in this chapter and the concrete and steel models described above have been constructed to examine their ability to reproduce results of different RC component tests. For this purpose, the bond-slip tests presented in Chapter 3 and other tests reported in the literature including bond-slip tests, development length tests, and a test on a RC column are considered. For the bond-slip and development length tests, the reinforcing bar
	Two of the basic bond-slip tests presented in Chapter 3 have been replicated with FE models. As shown in Figure 4.12a, only one fourth of a specimen is modeled by taking advantage of the axial symmetry of the specimen. The experimental and numerical results are compared in Figure 4.12b and Figure 4.12c. It can be seen that the force-vs.
	-

	displacement relations measured during the monotonic and cyclic tests are well reproduced in the FE analysis. 
	To evaluate the capability of the bond-slip law to simulate the radial dilatation caused by the wedging action of the ribs, bond-slip tests carried out by Lundgren (2000) and Plizzari and Mettelli (2009) have been modeled. Figure 4.13 plots the comparison between the FE model and experimental results for the pull-out tests conducted by Lundgren (2000) on bars embedded in concrete cylinders confined by a steel casing. The FE analysis results show a good correlation with experimental results not only for the 
	 The development length test results obtained by Shima et al. (1989b) on a bar with a long embedment length subjected to a pull action have also been well replicated by the FE model. Figure 4.15 compares the FE analysis and experimental results in terms of the force-displacement relations at the loaded end of the bar, and the bar strain distribution along the embedment length. The small differences observed are related to the absence of a plateau in the stress-strain relation of the steel model, which chara
	Finally, the FE model shown in Figure 4.16 has been created to simulate the 
	Finally, the FE model shown in Figure 4.16 has been created to simulate the 
	behavior of an RC column tested by Lehman and Moehle (2000) with quasi-static lateral loading. In this model, the vertical bars are modeled with beam elements. The finite element meshes for the column and the footing are independently created and a contact condition has been imposed at their interface (see Figure 4.16b). This is a simple way in ABAQUS to introduce a discrete crack in the model at a location where large cracking is expected, and to overcome the limitation of the concrete model to simulate th

	Figure 4.17a show that the model is successful in predicting the lateral load capacity and force-displacement envelope. The hysteretic behavior is fairly well captured, even though the reloading branches are stiffer in the model. This difference is caused by the early resumption of contact in crack closing because of the insufficient stiffness degradation introduced in the damage model as shown in Section 4.3.2. This problem is only partially mitigated by the introduction of the contact condition at the col
	Figure 4.17b shows that the FE model provides a good prediction of the strain penetration along the development length inside the footing, which indicates that the bond-slip behavior of these bars is well captured. However, the steel strains at the column-footing interface are overestimated. These differences are considered acceptable knowing that a small difference in bar stress can produce a large variation in strain in the post-yield regime, and that the post-yield stress-strain relation is approximated 
	4.6Summary and conclusions 
	A semi-empirical phenomenological bond stress-vs.-slip model has been presented in this chapter. This model requires the calibration of only three parameters and can be applied to any bar size and concrete strength. The model successfully reproduces 
	A semi-empirical phenomenological bond stress-vs.-slip model has been presented in this chapter. This model requires the calibration of only three parameters and can be applied to any bar size and concrete strength. The model successfully reproduces 
	the monotonic and cyclic bond-slip behavior of the large-diameter bars tested in this study, as well as that of smaller bars tested by others. Implemented in an interface element in ABAQUS, it has shown good accuracy in simulating the bond-slip behavior of bars in well-confined concrete members. Also, through a simple representation of the wedging action of the ribs, it can capture splitting failures and bond decay due to the lack of confinement in an approximate manner. 

	Table 4.1: Bond-slip model parameters 
	Table 4.1: Bond-slip model parameters 
	Table 4.1: Bond-slip model parameters 

	Test 
	Test 
	Bar size (No.) 
	. f . 3 u c MPa (ksi) MPa (ksi) from tests estimated 
	speak sR mm (in.) mm (in.) from estimated measured tests 

	Series 1 
	Series 1 
	11 
	34.5 (5) 
	15.2 (2.20) 
	16.5 (2.40) 
	3.0 (0.12) 
	2.5 (0.10) 
	19.1 (0.75) 

	Series 2 
	Series 2 
	14 
	34.5 (5) 
	16.5 (2.40) 
	16.5 (2.40) 
	2.8 (0.11) 
	3.0 (0.12) 
	24.9 (0.98) 

	Series 3 
	Series 3 
	18 
	34.5 (5) 
	17.6 (2.55) 
	16.5 (2.40) 
	3.0 (0.12) 
	4.0 (0.16) 
	24.4 (0.96) 

	Series 4 
	Series 4 
	14 
	55.2 (8) 
	23.8 (3.45) 
	23.4 (3.40) 
	-
	1 
	3.0 (0.12) 
	24.9 (0.98) 

	Eligehausen et al. Lundgren 
	Eligehausen et al. Lundgren 
	8 5 
	30 (4.35) 36 (5.2) 
	13.9 (2.00) 20.0 (2.90) 
	14.8 (2.15) 17.2 (2.50) 
	1.8 (0.07) 1.0 (0.04) 
	1.8 (0.07) 1.1 (0.04)
	10.2 (0.40)   7.6 2 (0.30) 


	Monotonic bond stress-slip curve not available. 
	1 

	Value estimated. 
	2 

	For Series 1 through 4, it is based on the specified strength, which is very close to the average of the actual strengths measured. 
	3 

	Table 4.2: Plastic-damage model calibration 
	Parameter 
	Parameter 
	Parameter 
	Description 
	Values 

	. 
	. 
	Controls biaxial compressive strength 
	0.12 

	. 
	. 
	Dilation angle 
	20º 

	. 
	. 
	Controls shape of the yield surface 
	1.91 

	w c
	w c
	Compression recovery factor 
	0 

	w t
	w t
	Tension recovery factor 
	1 


	Figure
	(a)Monnotonic respoonse 
	Figure
	(b)Cyyclic responsse 
	Figurure 4.1: Analyytical bond s stress-slip laaw 
	Slip (in.) Slip (in.) 
	0 0.5 1 1.5 0 0.1 0.2 0.3 20 
	Bond stress (MPa) Bond stress (MPa) Bond stress (MPa) 
	Bond stress(ksi) Bond stress(ksi) Bond stress(ksi) 
	Test 1 Model (param eters from test) Model (estim ated parameters) 
	Test 1 Model (param eters from test) Model (estim ated parameters) 
	Bond stress(ksi) Bond stress(ksi) Bond stress(ksi) Bond stress (MPa) Bond stress (MPa) Bond stress (MPa) 
	15 
	10 
	5 
	2 
	1 
	0 
	00 
	0 0 10 20 30 40 024 6810 Slip (mm) Slip (mm) 
	(a) No. 11, Series 1 (b) Enlargement of (a) near origin 
	Slip (in.) Slip (in.) 
	0 0.5 1 1.5 0 0.1 0.2 0.3 20 
	20 
	Test 1 Model (param eters from test) Model (estim ated parameters) 
	0 10 20 30 40 
	0 10 20 30 40 


	Test 1 Model (parameters from test) Model (estimated parameters) 
	024 6810 Slip (mm) 
	024 6810 Slip (mm) 


	15 
	10 
	5 
	2 
	2 
	1 
	1 
	0 
	00 
	0 
	Slip (mm) 
	(c) No. 18, Series 3 (d) Enlargement of (c) near origin 
	Slip (in.) Slip (in.) 
	0 0.2 0.4 0.6 0.8 1 0 0.05 0.1 0.15 
	20 
	20 
	Test Model (param eters from test) Model (estim ated parameters) 
	Test Model (parameters from test) Model (estimated parameters) 
	15 
	10 
	5 
	2 
	1 
	2 
	1 
	0 0 0 10 20 30 Slip (mm) 
	0 0 0 10 20 30 Slip (mm) 
	0 0 0 10 20 30 Slip (mm) 
	0 0 0 1 2 3 4 5 Slip (mm) 

	(e) No. 8, Eligehausen et al. 
	(e) No. 8, Eligehausen et al. 
	(f) Enlargement of (e) near origin 


	Figure 4.2: Analytical and experimental results for monotonic loading 
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	Figure 4.3: Analytical and experimental results for cyclic loading 
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	Figure 4.8: Tension-compression test by Reinhardt (1984b) 
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	Figure 4.9: Confined compression tests by Hurblut (1985) 
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	Figure 4.10: Compression tests by Mander et al. (1989) on RC columns with different transverse reinforcement levels 
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	Figure 4.11: Uniaxial tests on reinforcing steel coupons by Restrepo-Posada et al. (1993) 
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	Figure 4.17: FE analysis of RC column tested by Lehman and Moehle (2000) 
	 
	CHAPTER 5 
	DEVELOPMENT OF LARGE-DIAMETER BARS IN WELLCONFINED CONCRETE 
	-

	The development of large-diameter reinforcing bars embedded in well-confined concrete is studied in this chapter. Results of quasi-static pull-push tests conducted on No. 14 (43-mm) and 18 (57-mm) bars embedded in well-confined cylindrical concrete specimens are reported. These tests were to evaluate whether the tension development requirements stipulated in the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) were adequate to develop the yield and tensile strengths of the bars under severe cyclic loa
	5.1Pull-push tests on large-diameter bars 
	Three cyclic pull-push tests were conducted on No. 14 (43-mm) and 18 (57-mm) bars embedded in well-confined cylindrical concrete specimens to check whether the development length requirements stipulated in the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) were adequate to develop the yield and tensile strengths of the bars when they were subjected to severe cyclic tension and compression. Two tests, one for each bar size, were conducted with development lengths complying with the AASHTO specificati
	5.1.1Test setup, instrumentation, and loading protocol 
	The geometries, reinforcing details, and instrumentation of the test specimens are shown in Figure 5.1. The same types of reinforcing bars, concrete mix design, and confinement level used in the basic bond-slip tests presented in Chapter 3 were employed. Tests No. 1 and 2 were conducted on a No. 14 bar and a No. 18 bar, respectively, with embedment lengths, l, equal to the tension development lengths 
	e 

	required by the AASHTO LRFD Bridge Design Specifications (AASHTO 2010). The development lengths were determined based on the targeted concrete compressive strength of 34.5 MPa (5 ksi). They were obtained by multiplying the basic tension development lengths by a compounded reduction factor of 0.6 as permitted by AASHTO since the specimens met all the necessary conditions on the minimum clear concrete cover for the loaded bars, and the minimum diameter and maximum spacing of the transverse reinforcement. Test
	required by the AASHTO LRFD Bridge Design Specifications (AASHTO 2010). The development lengths were determined based on the targeted concrete compressive strength of 34.5 MPa (5 ksi). They were obtained by multiplying the basic tension development lengths by a compounded reduction factor of 0.6 as permitted by AASHTO since the specimens met all the necessary conditions on the minimum clear concrete cover for the loaded bars, and the minimum diameter and maximum spacing of the transverse reinforcement. Test
	strength of the concrete was very close to 34.5 MPa (5 ksi). For Specimen 1, the compressive strength of concrete was only 29.3 MPa (4.25 ksi) on the day of the test. The bar size, embedment length, actual material strengths, and test results for each specimen 

	are summarized in Table 5.1. The yield strength ( f) and tensile strength ( f) of the bars were obtained from material tests on bar specimens. 
	y 
	u

	All the specimens were cast with the bars in an upright position. However, Specimen 1 was later rotated and anchored to a strong wall to be tested horizontally. The bar was pulled from and pushed into the concrete using a servo-controlled hydraulic actuator attached to a reaction block, which was anchored to the strong floor. This test setup is shown in Figure 5.2a. The test setup was changed for Specimens 2 and 3, as shown in Figure 5.2b. These specimens were cast and tested in an upright position for the 
	The instrumentation of these specimens is presented in Figure 5.1. Strain gages were attached to the bar at different heights to obtain the longitudinal strain distribution along the embedded length during the test. In Specimens 1 and 2, strain gages were also placed in two perimeter bars to monitor the transfer of the tensile force from the pulled bar to these bars. In Specimen 3, strain gages were attached to the transverse reinforcement at two locations to monitor the hoops strains introduced by bar slip
	The loading protocol is presented in Table 5.3. The bars were subjected to load cycles of increasing displacements in tension with two cycles at each amplitude. The first six cycles of each test were under force control. The amplitudes of the tensile and compressive forces applied in each cycle were set to be fractions of the expected yield force of the bar, which was based on the expected yield strength of 469 MPa (68 ksi), while the maximum compressive force applied was limited to 50% of the expected yiel
	5.1.2Test results 
	Plots of the bar stress against the displacement of the bar at the top of the anchorage zone for Tests No. 1 through 3 are presented in Figure 5.3 and Figure 5.4. In Test No. 1, the No. 14 bar yielded in tension and sustained significant inelastic deformation before it was pulled out from the concrete cylinder. As shown in Figure 5.3b, the stiffnesses exhibited by the stress-displacement relations in tension and compression were very similar before the bar yielded in tension at a displacement of 1 mm (0.04 
	(5.5 in.). This residual resistance was contributed by the friction bond strength of the bar as explained in Chapters 3 and 4. At this point, the test was stopped. As the bar was being pulled out from the cylinder, pulverized concrete remained attached to the bar between 
	(5.5 in.). This residual resistance was contributed by the friction bond strength of the bar as explained in Chapters 3 and 4. At this point, the test was stopped. As the bar was being pulled out from the cylinder, pulverized concrete remained attached to the bar between 
	the ribs, as shown in Figure 5.5. Furthermore, a cone-shaped concrete piece, approximately 50-mm (2-in.) deep and 125 mm (5 in.) in maximum diameter was detached from the top of the concrete cylinder as shown in Figure 5.5a. 

	In Test No. 2, the No. 18 bar yielded and reached its ultimate strength, which was followed by bar necking and fracture. The bar yielded in tension at a displacement of 1.5 mm (0.06 in), which is higher than that for the No. 14 bar. The tensile strength of the bar was reached at a displacement of 60 mm (2.35 in.). After this, the load dropped, which was not caused by the failure of the anchorage, but due to bar necking. The bar fractured at a location right below the surface of the concrete cylinder when th
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	 Even though the bar in Test No. 3 had an embedment length significantly shorter than the development length required by the AASHTO specifications, it was able to yield and experience a small amount of strain hardening before the bar anchorage failed. The response before the bar yielded in tension was very similar to that of Test No. 2. However, the bar yielded in tension at a displacement of 1.9 mm (0.075 in), which is 25% larger than that in Test No. 2. This reduction in stiffness was caused by the shorte
	 Even though the bar in Test No. 3 had an embedment length significantly shorter than the development length required by the AASHTO specifications, it was able to yield and experience a small amount of strain hardening before the bar anchorage failed. The response before the bar yielded in tension was very similar to that of Test No. 2. However, the bar yielded in tension at a displacement of 1.9 mm (0.075 in), which is 25% larger than that in Test No. 2. This reduction in stiffness was caused by the shorte
	with a tensile strain of 1.7% at the pulled end. There was extensive bond failure, which resulted in larger displacements in compression as compared to Test No. 2, and a steady reduction of the load capacity in tension until the bar was completely pulled out from the concrete cylinder. Pictures of the specimen at the end of the test are shown in Figure 5.7. Pulverized concrete was observed between the ribs of the bar as it was being pulled out from the concrete cylinder. A crack pattern similar to that in T

	The strains measured in the loaded bars provide useful information to understand the bond deterioration along the embedment length. The strains at different locations along the length and at different stages of the tests are plotted in Figure 5.8. In this and subsequent figures, the reference position for the strain gages is the top surface of the concrete specimen (see Table 5.2), which is referred to as the “loaded end”. The displacement at the loaded end of a bar is due to the strain penetration inside t
	b 
	b 
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	b , 
	d

	length, which is 25 d. Despite this significant plastic penetration, the bar was able to reach its tensile strength and fracture. In Test No. 3, the maximum plastic strain penetration was at least 3.5 d, or 30% of the total embedment length, which is 14 d, before the anchorage failed. This means that the lowest 10.5 dof the embedment length was sufficient to develop the yield force but not the tensile strength. The bond resistance 
	b 
	b 
	b 
	b 

	in this region had probably suffered significant deterioration because of the more severe bar slip as compared to the other two specimens. 
	The strains measured in the perimeter bars provide further information to understand the damage observed in the test specimens and the transfer of the tensile force in the pulled bar to the surrounding concrete and reinforcing bars. The strains measured at two different heights of a perimeter bar at different stages of Tests No. 1 and 2 are plotted in Figure 5.9. These results show that the tensile strains in these bars increased with the depth. This was caused by the progressive transfer of the tensile for
	5.11. The struts in Figure 5.11 are assumed to have a 45-degree inclination and transmit a uniform force. As shown in Figure 5.10a, the strains in the perimeter bar for Test No. 1 show a better match with the first model. According to this model, the concrete would be subjected to a maximum vertical tensile stress of 1.2 MPa (0.18 ksi), which is half of the tensile strength of 2.5 MPa (0.36 ksi) obtained from split-cylinder tests. This is in agreement with the fact that no cracks perpendicular to the bars w
	5.11. The struts in Figure 5.11 are assumed to have a 45-degree inclination and transmit a uniform force. As shown in Figure 5.10a, the strains in the perimeter bar for Test No. 1 show a better match with the first model. According to this model, the concrete would be subjected to a maximum vertical tensile stress of 1.2 MPa (0.18 ksi), which is half of the tensile strength of 2.5 MPa (0.36 ksi) obtained from split-cylinder tests. This is in agreement with the fact that no cracks perpendicular to the bars w
	variation that matches well the strain reading from the upper gage, but overestimates the strain at the lower gage. This can be explained by the fact that the bond stress and, thereby, the strut force along the splice length is not uniform in reality. Hence, results from these two tests indicate that the truss analogy assuming a uniform bond stress, as it has been often assumed, may not provide a good representation of the tensile force transfer in a non-contact lap splice.  

	The strains measured in the spiral reinforcement in Test No. 3 indicate that significant hoop strains were induced by bar slip. As shown in Figure 5.12, the tensile strains in the spiral reached 10and 4·10at depths of 1.8 dand 7.1 d, respectively, 
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	when the slip of the bar was 25 mm (1 in.). At a slip of 50 mm (2 in.), the strains dropped significantly because the concrete between the bar ribs was completed sheared off thus eliminating the wedging action of the ribs. 
	5.2Finite element modeling of pull-push tests 
	Finite element analyses have been conducted to simulate the pull-push tests presented in Section 5.1. The purpose of these analyses is to validate the bond-slip constitutive law presented in Chapter 4 and gain more insight into the bond-slip behavior in the pull-push tests. For these analyses, three-dimensional models presenting one quarter of a test specimen have been employed by taking advantage of the axial symmetry of the specimens. Figure 5.13 shows the FE model for Test No. 3. The constitutive models 
	Results from the FE analyses for Tests No. 1, 2, and 3 are compared to the experimental results in Figure 5.14 in terms of the bar stress-vs.-displacement relations at the loaded end of the bar. Not only the experimentally obtained relations are well 
	Results from the FE analyses for Tests No. 1, 2, and 3 are compared to the experimental results in Figure 5.14 in terms of the bar stress-vs.-displacement relations at the loaded end of the bar. Not only the experimentally obtained relations are well 
	replicated by the models, but the failure modes are also captured. For Test No. 1, the pullout of the bar is predicted by the model. For Test No. 2, the model shows that the bar reaches its tensile strength as it actually happened in the test. However, the load degradation due to bar necking and bar fracture is not captured by the FE model because the steel model does not account for these features. For Test No. 3, the early pull-out of the bar after yielding and the cyclic deterioration of the anchorage ca
	-


	The match between the FE analysis and experimental results in terms of the distributions of the tensile strain in the bar along the embedment zone at different stages of the tests is reasonably good, as shown in Figure 5.8. The analysis results complement the discrete data points obtained from the tests and provide a better estimation of the plastic strain penetration in the bars. These results show that the extents of the plastic 
	strain penetration developed in Tests No. 1, 2, and 3 at the peak loads are 18 d, 13 d, 
	b 
	b 

	and 4 d, respectively. For Test No. 2, in which the full tensile strength of the steel was reached, the extent of plastic strain penetration represents 52% of the total embedment length, while it is 69% for Test No. 1, in which the bar stress reached 98% of its tensile strength. This can be attributed to the fact that Test No. 1 has a weaker concrete and, thereby, a lower bond strength, which leads to a larger plastic strain penetration. 
	b 

	The distributions of the axial stresses in the bars along the embedment zones obtained from the FE analyses are plotted in Figure 5.15 through Figure 5.17. The bond stresses are calculated from the gradient of the axial stress distributions, and are plotted in Figure 5.18 through Figure 5.20. Tests No. 1 and 2, in which the bars had the embedment lengths satisfying the AASHTO LRFD Bride Design Specifications (AASHTO 2010), the bond stress distributions are highly nonlinear. The maximum bond stress develops 
	The distributions of the axial stresses in the bars along the embedment zones obtained from the FE analyses are plotted in Figure 5.15 through Figure 5.17. The bond stresses are calculated from the gradient of the axial stress distributions, and are plotted in Figure 5.18 through Figure 5.20. Tests No. 1 and 2, in which the bars had the embedment lengths satisfying the AASHTO LRFD Bride Design Specifications (AASHTO 2010), the bond stress distributions are highly nonlinear. The maximum bond stress develops 
	introduces significant lateral contraction, which weakens the bond capacity. This is accounted for in an empirical fashion in the bond-slip law. In compression, the maximum bond stress is also smaller than the specified peak value due to the limited downward slip of the bar and the bond deterioration introduced by the large upward slip. Figure 5.18b and Figure 5.19b show that even though the compressive forces in the bar in the first and last cycles are the same, the bond stresses are quite different due to

	The bond stress distributions for Test No. 3, as plotted in Figure 5.20, are more uniform than those for the previous cases. This stems from the fact that the slip of the bar becomes more uniform once it starts to be pulled out from the concrete. Towards the end of the test, the bond resistance is very low due to the complete loss of the bearing resistance and the deterioration of the frictional resistance. Despite this severe deterioration, the bar is still able to develop 50% of the yield strength in comp
	4. 
	4. 
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	The FE model can reproduce the axial strain variation along the perimeter bars in Test No. 1, as shown in Figure 5.9a. These strains were very small in the test because the concrete was capable of carrying the tensile force developed by the pulled force. However, as shown in Figure 5.9b, the model underestimates the strains in the perimeter bars in Test No. 2 because it overestimates the tensile capacity of the concrete and, therefore, it does not capture the horizontal cracking of the concrete specimen. 

	5.3
	5.3
	Tension capacity of bars in well-confined concrete 


	Finite element analyses have been conducted to investigate how the tension capacity of bars anchored in well-confined concrete varies with the embedment length for 
	bars of different sizes and steel and concrete of different strengths, and to identify the minimum embedment length required to develop the yield and tensile strengths of a bar. For this purpose, a total of 120 pull-push tests have been simulated with FE models. The models have the same concrete cylinder dimensions and confining reinforcement as the test specimens presented in Section 5.1. The bar sizes considered are No. 11, 14, and 18 bars. For each bar size, ten different embedment lengths, namely, lengt
	3/ 4 
	be 16.5 MPa (2.4 ksi) for 34.5-MPa (5-ksi) concrete and proportional to f. for the other concrete strengths, as proposed in Chapter 4. Steel bars with yield strengths of 469 MPa (68 ksi) and 586 MPa (85 ksi) have been considered. The tensile strength of the steel has been assumed to be equal to 1.4 times the yield strength. The embedment length, bar size, and the concrete and steel strengths for each of the analyses are presented in Table 5.4. 
	c 

	The loading protocol used in the parametric study is presented in Table 5.5. This protocol is slightly different from that used in the tests. Since bars are not expected to yield in tension in some of the analyses, which have short embedment lengths, the positive (pull direction) displacement amplitude of each cycle is prescribed as a fraction or an integer multiple of the displacement at which the bar of the same size yielded in the actual test specimen that had the development length complying with the AA
	Table 5.4 shows the ratios of the maximum tensile stress developed at the pulled end of the bar, . , to the yield strength of the steel, f, obtained from the analyses. These results show that the yielding of a bar can be achieved with an embedment length 
	max 
	y 

	as short as 8 to 12 times the bar diameter, and the tensile strength of the steel can be developed with an embedment length that is 20 to 32 times the bar diameter, depending on the compressive strength of the concrete and the yield strength of the bar. Figure 5.21 
	shows the plot of the . / f ratio against the normalized embedment length l/ d. 
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	max y 
	While there is a general tendency that the normalized tensile strength increases with the increase of the normalized embedment length, there is a large scatter in the tensile capacities for a given normalized embedment length due to the variation in the compressive strength of the concrete and the yield strength of the steel. As expected, 
	increasing the steel strength and decreasing the concrete strength decreases the . / f 
	max y 
	ratio. 
	The relation between the tension capacity of a bar embedded in concrete and the embedment length, bar size, compressive strength of concrete, and yield strength of steel 
	can be established as follows. For a bar of diameter dsubjected to a tensile force at the 
	b 

	free end, the following equilibrium condition holds when a pull-out failure occurs. 
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	in which .is the maximum tensile stress developed in the bar, and .is the average 
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	bond stress along the embedment length, l. Dividing both sides of Equation 5.1 by the 
	e 

	yield strength of steel and rearranging the terms, one has . 4. l 
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	Assuming that the average bond stress is proportional to the compressive strength of the concrete to the power . , one can rewrite Equation 5.2 as 
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	in which . is a proportionality constant and . is defined as: 
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	Note that neither . nor .is dimensionless, and that the value of . may vary with the 
	e 

	embedment length and, thereby, .because the bond stress distribution along the 
	e 

	embedment zone may change as the embedment length changes. Therefore, it is more appropriate to express Equation 5.3 in the following general form. 
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	To characterize the above relation, the values of . / fobtained from the FE 
	max 
	y 

	analyses are plotted against .assuming different values of . . Most design codes assume 
	e 

	1/ 2 
	that the average bond strength is proportional to f. , while the local bond strength 
	c 

	3/4 
	assumed in the FE models is proportional to f. . Figure 5.22 through Figure 5.24 show 
	c 

	the plots of . / f against . for values of . equal to 0.5, 0.75, and 1, respectively. It 
	max ye 
	can be seen for all three cases that a tri-linear relation ending with a horizontal line provides a good correlation with the numerical results. The horizontal line corresponds to the tensile strength of the bars, which is assumed to be 1.4 times the yield strength in the analyses. The expressions for the other two lines that provide a best fit of the data are determined with the least-squares method. The goodness of fit is measured by the coefficient of determination, R , which is calculated for the lines 
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	R 
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	different values of . . The values are shown in Figure 5.22 through Figure 5.24. It 
	R 
	R 
	2 

	can be seen that . equal to 0.75 results in the values of closest to one, which represents a perfect fit. This can be largely attributed to the fact that the local bond 
	3/4 
	strength assumed in the FE models is proportional to f. . Based on the findings in 
	c 

	Chapter 3 and the fact that this investigation focuses on the development length required for well-confined cases, for which the above assumption is appropriate, a tri-linear relation that has . equal to 0.75 has been chosen to represent the normalized tensile strength as a function of the normalized embedment length. This relation is expressed as follows: 
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	in which f. and f are in MPa. With US customary units, this relation becomes 
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	in which f. and f are in ksi. 
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	Based on Equation 5.6, the minimum values of .required to develop the yield 
	e 

	and tensile strengths of a bar are 0.31 and 0.78, respectively. These lead to the conclusion that for a reinforcing bar with an expected yield strength of 469 MPa (68 ksi) and embedded in 34.5-MPa (5-ksi) concrete, the minimum embedment lengths required to develop the yield and tensile strengths are 10.3dand 25.8d, respectively. It should be 
	b 
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	noted that it is for a well-confined situation. Equation 5.6 also reveals that the tension capacity of a bar is linearly proportional to the embedment length up to a bar stress that is slightly beyond the yield point. This observation confirms the provisions in Article 12.2.5 of ACI 318-08 (ACI 2008) and Article 5.11.2.2.2 of the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) that the development length can be reduced in proportion to the ratio of the required bar stress to the yield strength of the
	5.4Reliability analysis of the tension capacity of bars anchored in well-confined concrete 
	The minimum embedment length required to develop the yield and ultimate capacities of a bar can be determined with Equation 5.6 based on the actual strengths of the concrete and steel. However, for design, one needs to ensure that an acceptable level of safety can be achieved under uncertainties related to the material properties, the geometry of the structure, the analytical models, etc. For this purpose, a probabilistic 
	The minimum embedment length required to develop the yield and ultimate capacities of a bar can be determined with Equation 5.6 based on the actual strengths of the concrete and steel. However, for design, one needs to ensure that an acceptable level of safety can be achieved under uncertainties related to the material properties, the geometry of the structure, the analytical models, etc. For this purpose, a probabilistic 
	analysis has been carried out using the analytical expression given in Equation 5.6 to (a) assess the level of reliability of the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) in developing the yield and tensile strengths of large-diameter bars embedded in well-confined concrete; and (b) determine the minimum embedment length required for bars with the confinement condition considered here to develop their ultimate tensile capacity with an acceptable reliability level. The reliability analysis is b

	The probability distributions of the random variables considered in the reliability analysis are provided in Table 5.6. The distributions of the material properties are obtained from the literature. The yield strength of steel is assumed to be normally distributed with a mean equal to 1.145 times the specified value and a coefficient of variation of 0.05, as reported by Nowak and Szerszen (2003). The compressive strength of concrete is also assumed to be normally distributed based on the study carried out b
	max y 
	with the equation and that with a FE model is represented by a random error, e , which is assumed to have a normal distribution. Based on the data presented in Figure 5.23, the mean and standard deviation of e are calculated to be 0.0 and 0.05, respectively. In 
	with the equation and that with a FE model is represented by a random error, e , which is assumed to have a normal distribution. Based on the data presented in Figure 5.23, the mean and standard deviation of e are calculated to be 0.0 and 0.05, respectively. In 
	addition, the ratio of the actual tensile capacity of an embedded bar to that predicted by a FE model is represented by a random variable r , which is also assumed to have a normal distribution. Due to the lack of sufficient experimental data, the mean value of r is taken to be 1.0 and the dispersion is determined with the following consideration. Based on the observation that the errors in the FE analysis results when compared to the three pull-push tests presented previously are less than 3%, it is deemed

	For the reliability analysis, the limit-state functions, gand g, for the yield 
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	strength and the ultimate strength of a bar are defined in Equations 5.8 and 5.9, respectively. These functions are derived from Equation 5.6, and are defined in terms of 
	the above-mentioned random variables and one deterministic variable, d. 
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	The reliability of the AASHTO LRFD specifications in developing the yield and tensile strengths of bars have been studied with the limit-state functions presented in Equations 5.8 and 5.9. The development lengths required by the AASHTO specifications for No.11, 14, and 18 Grade 60 bars and a specified concrete strength of 24.8 MPa (3.6 ksi) are 26 d, 31 d, and 30 d, respectively, for the best confined scenario. For a 
	b 
	b 
	b 

	specified concrete strength of 34.5 MPa (5 ksi), these lengths are 22d, 26d, and 25d, respectively. These development lengths have been used as the median value of l.  
	b
	b
	b
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	The probabilities of failing to reach these two limit states, p, i.e., the probabilities of having g< 0 and g< 0 , respectively, have been calculated through Monte Carlo simulations using the program CALREL (Liu et al. 1989). The probability 
	F 
	y 
	u 

	of failing to reach a limit state is related to the reliability index, ., through the definition that p=.(− . ), in which . is the cumulative probability function of the standard normal distribution. A higher reliability index means a higher safety level. 
	F 

	Results of the Monte Carlo simulations are presented in Table 5.7 and Table 5.8. The probabilities of not reaching bar yielding are between 3·10and 3.5·10. Darwin et al. (1998) have suggested that the reliability index . for developing the yield strength of 
	-6 
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	a bar should be around 3.5. This is equivalent to a probability of bond failure of no more than 2·10, which is one fifth of that accepted for the failure of beams in bending and the failure of columns in combined bending and compression. Hence, the development length requirements in the AASHTO LRFD specifications for well-confined situations are clearly adequate for developing the yield strength of a bar. Nevertheless, the results in Table 5.7 and Table 5.8 have shown that the probabilities of not reaching 
	-4 

	Under severe seismic loading, the longitudinal reinforcement of an RC column is expected to yield and enter the strain-hardening regime. However it may experience low-cycle fatigue failure prior to reaching the ultimate tensile strength of the steel as a result of concrete cover spalling and bar buckling. The Caltrans Seismic Design Criteria (Caltrans 2010) defines the failure limit state for flexure as the state at which either the concrete reaches its ultimate compressive strain or the longitudinal reinfo
	Under severe seismic loading, the longitudinal reinforcement of an RC column is expected to yield and enter the strain-hardening regime. However it may experience low-cycle fatigue failure prior to reaching the ultimate tensile strength of the steel as a result of concrete cover spalling and bar buckling. The Caltrans Seismic Design Criteria (Caltrans 2010) defines the failure limit state for flexure as the state at which either the concrete reaches its ultimate compressive strain or the longitudinal reinfo
	strain. The tensile stress developed at the reduced ultimate strain is about 1.35 times the actual yield strength of a reinforcing bar, based on the tensile tests conducted in this study on the large-diameter bars. This can be considered as the minimum strength that needs to be developed in longitudinal reinforcing bars in a hinging column. Hence, a third limit-

	state, g, as presented below, is introduced. 
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	Monte Carlo simulations have been repeated using Equation 5.10 to study the reliability of the AASHTO LRFD specifications in developing the reduced ultimate tensile strength of a bar for specified concrete strengths of 24.8 MPa (3.6 ksi) and 34.5 MPa (5 ksi). As shown in Table 5.7 and Table 5.8, the probabilities of not reaching the reduced ultimate tensile strength vary between 12 and 30%. If one adopts a reliability 
	level of . = 1.75 ( p= 4% ) as suggested by Ellingwood et al. (1980) for earthquake 
	F 

	loads, these development lengths are not adequate.  
	Reliability analysis has been conducted to solve an inverse problem, i.e., given a target level of reliability, the minimum embedment lengths required to develop the yield and reduced ultimate tensile strengths of a bar is to be determined. For developing the yield strength, the desired reliability index is . = 3.5 as suggested by Darwin et al. 
	(1998) for ordinary loading conditions. For developing the reduced ultimate strength, the desired reliability index is . = 1.75, as suggested by Ellingwood et al. (1980) for earthquake loads. Monte Carlo simulations have been performed for different embedment lengths until the target value of . has been attained. The results have shown that 
	embedment lengths of 21 dand 17 dsatisfy the minimum reliability level of . = 3.5 
	b 
	b 

	for a bar to reach its yield strength when the specified compressive strengths of the concrete are 24.8 MPa (3.6 ksi) and 34.5 MPa (5 ksi), respectively. To develop the reduced ultimate tensile strength of a bar with a reliability level of . = 1.75, the 
	for a bar to reach its yield strength when the specified compressive strengths of the concrete are 24.8 MPa (3.6 ksi) and 34.5 MPa (5 ksi), respectively. To develop the reduced ultimate tensile strength of a bar with a reliability level of . = 1.75, the 
	embedment length has to be increased to 38 dand 31 d, respectively, for the above-
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	considered concrete strengths. Considering that the required development length is 
	3/4 
	proportional to fand inversely proportional to f. , as implied in Equation (5.6b), the 
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	minimum embedment length required to develop the reduced ultimate tensile strength of a bar can be expressed as 
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	in which . is 1.05 based on the above results, f is the specified yield strength of the 
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	steel (in MPa), and f. is the specified compressive strengths of the concrete (in MPa). 
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	With US customary units, Equation 5.11a becomes 
	df 
	e,min e,min 3/4 (5.11b) c 
	by 
	l
	= .
	f
	. 

	in which . is 1.70, and f and f . are in ksi. Equation (5.11) provides a more 
	e,min yc 
	adequate reliability level than the AASHTO LRFD specifications to develop the reduced tensile strength of a bar. 
	Even though only No. 11, 14, and 18 bars are considered in this study, the formulas derived should also be applicable to smaller bars. The parametric study presented here has shown that the bar size has a negligible influence on the constants in the limit-state functions, and the bond-slip test data presented in Chapter 3 have shown that the bar size has a very small influence on the bond strength for well-confined situations. 
	5.5Summary and conclusions 
	The development length tests presented in this chapter have shown that the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) are adequate to develop the yield strengths of large-diameter bars subjected to severe cyclic loads with a large margin of safety. The test specimens had bars embedded in well-confined concrete, 
	The development length tests presented in this chapter have shown that the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) are adequate to develop the yield strengths of large-diameter bars subjected to severe cyclic loads with a large margin of safety. The test specimens had bars embedded in well-confined concrete, 
	which is representative of the confinement condition in a Type II shaft. They are also adequate to develop tensile stresses up to or very close to the tensile strengths of the bars. 

	A formula to calculate the tensile capacity of a bar, based on the given embedment length, and the specified concrete and steel strengths, has been derived using results of a parametric study conducted with a FE model. Monte Carlo simulations conducted with this formula have confirmed that the margin of safety of the AASHTO specifications is sufficient to develop tensile yielding, but insufficient to develop the full tensile capacity of a bar when uncertainties in material strengths and construction quality
	The experimental and FE analysis results presented in this chapter have provided a better understanding of the bond-slip behavior in the anchorage zone of a bar under severe cyclic loading. These results have shown that bar slip and plastic strain penetration can be significant even for a well-anchored bar. The FE analysis results have shown that the bond stress distributions along the anchorage length are highly nonlinear. 
	Table 5.1: Specimen properties, actual material strengths, and test results 
	Specimen properties Test results 
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	1.5 (0.06) 
	655 (95) 
	60 (2.35) 
	Bar fracture 

	TR
	Bar 

	3 
	3 
	57 (2.25) 
	14 
	34.5 (5.0) 
	2.8 (0.40) 
	470 (68) 
	655 (95) 
	1.9 (0.075) 
	513 (74) 
	5.9 (0.23) 
	pullout after 

	TR
	yielding 

	l : e
	l : e
	mbedment 
	length
	, f . : co
	mpressive 
	streng
	th of 
	concrete, f : te
	nsile spli
	tting strength of 


	ec cs 
	concrete, f: yield strength of steel, f: tensile strength of steel. 
	y 
	u

	Table 5.2: Distance of strain gages from top surface of concrete specimen in mm (in.) 
	Specimen 1 Specimen 2 Specimen 3 
	North and North and 
	North and 
	south south 
	Center bar Center bar Center bar south sides 
	perimeter perimeter 
	of spiral 
	bars bars 
	  25 (1)  25 (1)  25 (1) 
	-203 (-8) -203 (-8) -203 (-8) -203 (-8) -102 (-4) -508 (-20) -508 (-20) -406 (-16) -508 (-20) -406 (-16) -508 (-20) -812 (-32) -610 (-24) -610 (-24) 
	-914 (-36) -914 (-36) -1219 (-48) 
	Note: positive distance indicates that the strain gage is located above the concrete surface, i.e., outside the anchorage. 
	Table 5.3: Pull-push tests loading protocol 
	Table 5.3: Pull-push tests loading protocol 
	Table 5.3: Pull-push tests loading protocol 

	Specimen 1 
	Specimen 1 
	Specimens 2 and 3 

	Cycle no. 
	Cycle no. 
	+ peak 
	- peak 
	Cycle no. 
	+ peak 
	- peak 

	1,2 
	1,2 
	0.25 F y
	0.25 F y
	1,2 
	0.25 F y
	0.25 F y

	3,4 
	3,4 
	0.50 F y
	0.50 F y
	3,4 
	0.50 F y
	0.50 F y

	5,6 
	5,6 
	0.75 F y
	0.50 F y
	5,6 
	0.75 F y
	0.50 F y

	7,8 
	7,8 
	2u5 
	0.50 F y
	7,8 
	2u5 
	0.50 F y

	9,10 
	9,10 
	4u5 
	0.50 F y
	9,10 
	4u5 
	0.50 F y

	11,12 
	11,12 
	8u5 
	0.50 F y
	11,12 
	8u5 
	0.50 F y

	13,14 
	13,14 
	12u5 
	0.50 F y
	13,14 
	12u5 
	0.50 F y

	15,16 
	15,16 
	20u5 
	0.50 F y
	15,16 
	16u5 
	0.50 F y

	17,18 
	17,18 
	32u5 
	0.50 F y
	17,18 
	20u5 
	0.50 F y

	19 
	19 
	Load to failure 
	19,20 
	32u5 
	0.50 F y

	TR
	21 
	Load to failure 


	F : expected yield force of the bar. 
	y 
	u: displacement measured at the positive peak of Cycle 5. 
	5

	Table 5.4: Parametric study variables and results 
	Model parameters Analysis results, . / f
	max 
	y 

	e fc . fy No. 11 No. 14 No. 18 ( db ) MPa (ksi) MPa (ksi) 
	l
	bar bar bar 

	4 0.35 0.31 0.33 8 0.79 0.82 0.71 12 1.18 1.23 1.02 16 1.26 1.27 1.28 20 1.31 1.33 1.33 
	34.5 (5) 469 (68) 
	24 1.38 1.38 1.38 28 1.40 1.40 1.40 32 1.40 1.40 1.40 36 1.40 1.40 1.40 40 1.40 1.40 1.40 
	4 0.47 0.44 0.46 8 1.07 1.13 0.98 12 1.29 1.29 1.29 16 1.34 1.34 1.36 20 1.39 1.39 1.39 
	48.3 (7) 469 (68) 
	24 1.40 1.40 1.39 28 1.40 1.40 1.40 32 1.40 1.40 1.40 36 1.40 1.40 1.40 40 1.40 1.40 1.40 
	4 0.29 0.23 0.29 8 0.59 0.54 0.63 12 0.97 1.02 0.93 16 1.22 1.25 1.26 20 1.31 1.25 1.26 
	23.1 (3.5) 469 (68) 
	24 1.32 1.32 1.31 28 1.36 1.37 1.37 32 1.38 1.39 1.37 36 1.38 1.40 1.39 40 1.40 1.40 1.40 
	4 0.28 0.25 0.26 8 0.63 0.65 0.56 12 1.04 1.04 0.80 16 1.26 1.28 1.14 20 1.28 1.29 1.29 
	34.5 (5) 586 (85) 
	24 1.31 1.34 1.32 28 1.38 1.38 1.37 32 1.39 1.39 1.40 36 1.40 1.40 1.40 40 1.40 1.40 1.40 
	Table 5.5: Loading protocol for parametric study 
	Table 5.5: Loading protocol for parametric study 
	Table 5.5: Loading protocol for parametric study 

	Cycle no. 
	Cycle no. 
	+ peak 
	- peak 

	1 
	1 
	0.25 u y
	0.25 F y

	2 
	2 
	0.50 u y
	0.50 F y

	3 
	3 
	0.75 u y
	0.75 F y

	4,5 
	4,5 
	u y
	1.0 F y

	6,7 
	6,7 
	2 u y
	1.0 F y

	8,9 
	8,9 
	4 u y
	1.0 F y

	10,11 
	10,11 
	8 u y
	1.1 F y

	12,13 
	12,13 
	12 u y
	1. 1 F y

	14,15 
	14,15 
	16 u y
	1.1 F y

	16,17 
	16,17 
	20 u y
	1.2 
	F y

	18,19 
	18,19 
	32 u y
	1.2 F y

	20 
	20 
	50 u y


	F : expected yield force of the bar. 
	y 
	u : displacement at first tension yielding with le =ld,AASHTO. 
	y 
	Table 5.6: Random variables used in Monte Carlo simulations 
	Variable 
	Variable 
	Variable 
	Symbol 
	Probability distribution 
	Mean 
	Standard deviation 

	Compressive strength of concrete, specified = 24.8 MPa (3.6 ksi) 
	Compressive strength of concrete, specified = 24.8 MPa (3.6 ksi) 
	f . c 
	Normal 
	36.0 MPa (5.22 ksi) 
	6.84 MPa (0.99 ksi) 

	Compressive strength of concrete, specified = 34.5 MPa (5 ksi) 
	Compressive strength of concrete, specified = 34.5 MPa (5 ksi) 
	f . c 
	Normal 
	45.9MPa (6.65 ksi) 
	5.97 MPa (0.86 ksi) 

	Yield strength of steel,   specified = 414 MPa (60 ksi) 
	Yield strength of steel,   specified = 414 MPa (60 ksi) 
	f y 
	Normal 
	474 MPa (68.7 ksi) 
	23.7 MPa (3.44 ksi) 

	Embedment length 
	Embedment length 
	l e
	Normal 
	Specified length 
	15.5 mm (0.61 in.) 

	Error in analytical equation as compared to FE analysis 
	Error in analytical equation as compared to FE analysis 
	e 
	Normal 
	0.0 
	0.05 

	Ratio of the actual tensile capacity to FE prediction 
	Ratio of the actual tensile capacity to FE prediction 
	r 
	Normal 
	1.0 
	0.06 


	Table 5.7: Probabilistic analysis results for l= l and specified concrete strength of 24.8 MPa (3.6 ksi) 
	e 
	d,AASHTO

	Probability of not Probability of not 
	Bar Probability of not 
	reaching ultimate tensile reaching reduced ultimate 
	size yielding the bar 
	strength of the bar tensile strength of the bar 
	No. 11 
	No. 11 
	No. 11 
	3.5·10-5 
	0.47 
	0.30 

	No. 14 
	No. 14 
	7·10-6 
	0.26 
	0.14 

	No. 18 
	No. 18 
	8·10-6 
	0.29 
	0.16 


	Table 5.8: Probabilistic analysis results for l= l and specified concrete strength of 34.5 MPa (5 ksi) 
	e 
	d,AASHTO

	Bar size 
	Bar size 
	Bar size 
	Probability of not yielding the bar 
	Probability of not reaching ultimate tensile strength of the bar 
	Probability of not reaching reduced ultimate tensile strength of the bar 

	No. 11 
	No. 11 
	1.9·10-5 
	0.44 
	0.27 

	No. 14 
	No. 14 
	3·10-6 
	0.24 
	0.12 

	No. 18 
	No. 18 
	4·10-6 
	0.28 
	0.14 
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	Figure 5.19: Bond stress distributions from FE analysis for Test No. 2
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	CHAPTER 6 
	LARGE-SCALE LABORATORY TESTING OF COLUMN – ENLARGED PILE SHAFT ASSEMBLIES: TEST PROGRAM 
	Prior to 2010, Section 8.2.4 of the Caltrans Seismic Design Criteria (SDC) required that column longitudinal reinforcement extended into enlarged (Type II) CIDH shafts be terminated in a staggered manner with the minimum embedment lengths of 2Dand 3D , where D is the larger cross-sectional dimension of the column. 
	c,max 

	c,max c,max 
	This was to ensure adequate anchorage of the reinforcement when a plastic hinge forms at the bottom of the column. With this specification, the longitudinal reinforcement in columns with cross-sectional dimensions more than 2.14 m (7 ft) would require embedment lengths over 6.4 m (21 ft). This would significantly increase the construction costs in that for workers working in drilled holes more than 6.1 m (20 ft) deep, the stringent Cal/OSHA safety requirements needs to be followed. That embedment length req
	c,max dc,max dd the required development length for a straight bar in tension. According to the Caltrans SDC, this development length is the basic tension development length lspecified in the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) multiplied by a compounded modification factor of 0.9 for epoxy-coated bars and 0.6 for non epoxy
	c,max dc,max dd the required development length for a straight bar in tension. According to the Caltrans SDC, this development length is the basic tension development length lspecified in the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) multiplied by a compounded modification factor of 0.9 for epoxy-coated bars and 0.6 for non epoxy
	db 
	-

	coated bars. To calculate l, the SDC specifies that the expected yield strength of 469 
	db 


	MPa (68 ksi) for Grade 60 bars and the expected concrete compressive strength of 34.5 MPa (5 ksi) shall be used. This new requirement reduces the required embedment lengths to be within 6.1 m (20 ft) for columns with cross-sectional dimensions as large as 3.05 m (10 ft) and bars as large as No. 14 (43 mm), and it is still considered conservative according to the analytical study conducted by Chang and Dameron (2009). 
	In the Caltrans SDC, the required embedment length is governed by the column dimension D to account for possible damage penetration into the embedment zone, 
	c,max 
	which could shorten the effective development length. However, there has been no convincing justification for this addition, which makes the requirement very conservative. A study by McLean and Smith (1997) has shown that non-contact lap splices in enlarged 
	shafts can perform satisfactorily with splice lengths equal to l+ s , where s is the bar 
	s 

	spacing in the non-contact splice, and lis the splice length required for Class C lap 
	s 

	splices in AASHTO (2010), which is 1.7l. This recommendation has been derived by 
	d 

	idealizing the force transfer in a non-contact slip with a truss model, as illustrated in Figure 6.1. Assuming that this force transfer is through 45-degree angle struts, the lap splice length has to be increased by s to make up for the ineffective force transfer region. However, McLean and Smith (1997) considered only No. 4 and 8 (12-mm and 25-mm) bars and reduced-scale specimens in their study; hence, it has not been clear as to whether their conclusion applies to larger bars. Based on the truss analogy, 
	2.Af l 
	tr y,tr s tr,max l u 
	s
	= 
	(6.1) 
	A
	f

	in which s , A , and f are the maximum spacing, cross-sectional area, and yield 
	tr ,max tr y,tr 
	strength of the transverse reinforcement, respectively; and Aand fare the total cross
	l 
	u 
	-

	sectional area and ultimate tensile strength of the longitudinal reinforcement, respectively. 
	As compared to the recommendation of McLean and Smith (1997), the minimum embedment length required by the Caltrans SDC is very conservative. To acquire the necessary data to improve the current SDC specifications, four large-scale column-shaft assemblies were tested. The design of these tests was supported by the basic experimental data on bond-slip and development lengths, which have been presented in previous chapters, and by nonlinear finite element analyses using the constitutive models presented in Ch
	6.1Design of test specimens 
	Four full-scale reinforced concrete bridge column -enlarged shaft assemblies were tested with quasi-static cyclic lateral loading in the Powell Structural Systems Laboratory at UCSD. The main differences among the test specimens were the longitudinal reinforcement in the columns, the embedment lengths of the column cages, and the transverse reinforcement in the shafts. For Specimen 1, an embedment length of 
	D + l was used, which is very similar to the Caltrans requirement, but the specimen 
	c,max d 
	had all the column longitudinal bars terminated at the same distance and lwas determined according to AASHTO (2010). Specimens 2 through 4 had an embedment length of l+ s + c , in which s is the center-to-center spacing between the longitudinal bars extending from the column and those of the shaft, and c is the concrete cover at the 
	d 
	d 

	top of the shaft. This differs from the recommendation of McLean and Smith (1997) in that 1.7lwas replaced by l. The rationale for arriving at these embedment lengths will be explained later. 
	d 
	d 

	Each test specimen consisted of a bridge column and the bar anchorage region of a pile shaft. It was subjected to fully-reversed cyclic lateral loading applied at the top of the column with the base of the shaft fixed onto the strong floor in the laboratory. The 
	Each test specimen consisted of a bridge column and the bar anchorage region of a pile shaft. It was subjected to fully-reversed cyclic lateral loading applied at the top of the column with the base of the shaft fixed onto the strong floor in the laboratory. The 
	portion of a shaft to be included in the specimens was determined with the following considerations. First, it should be sufficient to accommodate the specified embedment length, and second, the moment and shear demand on the shaft would be close to that on an actual shaft embedded in soil. To access the moment and shear demand, Liu (2012) conducted nonlinear pushover analyses on column-pile-soil systems with different dimensions and soil conditions. The column and the shaft were modeled with fiber-section 

	As to the reinforcing details, the column and the shaft in Specimen 1 were designed to represent existing bridges in California and they complied with the Caltrans Bridge Design Specifications (Caltrans 2008) and Caltrans SDC (Caltrans 2010), with the exception of the embedment length of the column cage inside the shaft as mentioned previosuly. Specimens 2 through 4 were designed to represent the current practice of Caltrans, which follows the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) and the C
	As to the reinforcing details, the column and the shaft in Specimen 1 were designed to represent existing bridges in California and they complied with the Caltrans Bridge Design Specifications (Caltrans 2008) and Caltrans SDC (Caltrans 2010), with the exception of the embedment length of the column cage inside the shaft as mentioned previosuly. Specimens 2 through 4 were designed to represent the current practice of Caltrans, which follows the AASHTO LRFD Bridge Design Specifications (AASHTO 2010) and the C
	base of the column be greater than 1.25 at any section. This ratio calculated at the base of the shaft is 1.67 for Specimen 1, 1.98 for Specimens 2 and 3, and 1.26 for Specimen 4. 

	6.1.1Determination of embedment lengths of column reinforcement 
	For Specimen 1, the embedment length of the column cage inside the shaft was D + l , in which l was determined with the AASHTO LRFD Bridge Design 
	c,max dd 
	Specifications (2010) and AASHTO LRFD Seismic Bridge Design Specifications (2011) rather than the Caltrans SDC (2010). The current SDC requirement to terminate half of the bars at D+ 2lwas not followed. This reduction in embedment length was 
	c,max 
	d 

	considered safe based on a pre-test nonlinear finite element analysis of the column-shaft assembly.  
	Specimens 2 through 4 had an embedment length of l+ s + c , which is 
	d 

	significantly less than that used in Specimen 1. The development length lwas determined with the AASHTO LRFD BDS (2010) and AASHTO LRFD Seismic BDS (2011). As shown in Chapter 5, without the consideration of uncertainties in material properties and construction quality, the development lengths specified in AASHTO (2010) for large-diameter bars are appropriate to develop the tensile capacity of a bar. Based on this, the embedment length of 1.7l+ s as recommend by McLean and Smith (1997) was considered unwarr
	d 
	d 

	obtained from the column-shaft Specimen 1 and additional finite element analysis. Hence, it was subsequently decided that l+ s + c be first tried in Specimen 2. 
	d 

	6.1.2Determination of transverse reinforcement in bar anchorage region of a shaft 
	For Specimen 1, the transverse reinforcement in the lap splice region of the shaft was no different from that in the rest of the shaft, which was determined according to the design requirements for compression members in Article 5.7.4.6 of the AASHTO LRFD BDS. 
	For Specimen 2, the amount of transverse reinforcement in the lap splice region of the shaft was based on Equation 6.1, proposed by McLean and Smith (1997), but with lreplaced by l to be consistent with the actual embedment length used.  
	s 
	d

	The transverse reinforcement in Specimens 3 and 4 was determined with an analytical model developed in this study, which is presented below. The transverse reinforcement in Specimen 4 was calculated with Equation 6.9 derived below to counteract the splitting forces introduced by bar slip, and prevent the tensile splitting failure of the bar anchorage. For Specimen 3, a more stringent criterion presented in Equation 6.14 was followed not only to prevent the tensile splitting failure but also limit the width 
	Splitting and confining forces in lap splice region 
	The transverse steel in the lap splice region has to counteract the splitting forces caused by the slip of the longitudinal bars. A bar that is being developed exerts a uniform pressure, . , on the surrounding concrete due to the wedging action of the bar ribs, as shown in Figure 6.3a. The uniform radial stress for a unit length of the bar can be represented by a set of four splitting forces, as suggested by Cairns and Jones (1996) and shown in Figure 6.3b. Each force is calculated as f = .d. 
	b 

	The confining pressure (hoop stress) required to develop the bond resistance after the occurrence of tensile splitting in the surrounding concrete can be determined with the following equilibrium considerations. Figure 6.4 presents a typical cross section of a pile shaft and the splitting forces induced by the longitudinal bars. It has two sets of bars. One consists of the longitudinal bars close to the perimeter of the shaft and the other consists of bars extending from the column. For simplicity, it is as
	Assuming that the magnitude of the radial stress . is equal to the bond stress . , as suggested by Tepfers (1973), one can express the splitting force per unit length of the 
	Assuming that the magnitude of the radial stress . is equal to the bond stress . , as suggested by Tepfers (1973), one can express the splitting force per unit length of the 
	bar as f = .
	col 

	d for the column bars and f '= . 
	sh 

	d for the shaft bars. Since the 

	b,col 
	b,col 
	b,sh 

	forces from the column longitudinal bars have to be transferred to the shaft longitudinal bars, the total bond force per unit length of the column bars and that of the shaft bars have to be equal over the lap splice region. Hence, 
	N..d = N ..d (6.2) 
	col 
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	col 
	col 
	b,col sh 
	b,sh 

	in which N  is the total number of bars in the column and N is the number of bars in 
	col sh 
	the shaft. The above equation results in 
	col 
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	f '= .
	col 

	b,col 
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	(6.3) 
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	Equilibrium is considered for the free bodies represented by the ABCD and CDEF portions of the pile shaft section shown in Figure 6.4. The free-body diagrams of these portions are presented in Figure 6.5. The forces acting on the two free bodies are the splitting forces of the bars being spliced ( f and f ' ) and the tensile forces in the shaft 
	and column (outer and inner) hoops (tand ). The line AB is a free surface with no 
	ext 

	int loads applied, and the concrete is assumed to be splitted along the lines AD, DC, CB, DE, EF, and FC (marked as dashed lines in Figure 6.5). Therefore, the concrete cannot transfer any forces along these lines. 
	t

	For the free body ABCD, the splitting forces in the tangential direction can be ignored because these forces from two adjacent bars practically cancel each other since they have the same magnitude and the same direction but with opposite signs. The splitting forces pointing in the radial direction result in an equivalent pressure, p, 
	ext 

	which is given by Equation 6.4.  
	which is given by Equation 6.4.  
	which is given by Equation 6.4.  

	p = ext 
	p = ext 
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	N . d col col b col , D . ext 
	(6.4) 


	in which Dis the diameter of the outer (shaft) reinforcing hoops. Based on the equilibrium of the free body ABCD, the tensile force, t, to be provided by the hoops per unit length of the shaft to balance p is 
	ext 
	ext 
	ext
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	Dext col 
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	(6.5) 
	ext ext 
	22. In the free body CDEF, the splitting forces in the tangential direction can be ignored based on the same argument presented for ABCD. Based on the equilibrium of the free 
	body CDEF, the tensile force, , to be provided by the hoops to compensate for the 
	int 
	t

	difference in pressures, p and , generated by the splitting radial forces of the inner 
	ext int 
	p

	bars and outer bars, respectively, is 
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	ext 
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	22 in which Dis the diameter of the inner (column) reinforcing hoops. The internal 
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	pressure, pint, generated by the slip of the column bars, is given by 
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	Substituting Equations 6.4 and 6.7 in Equation 6.6, we have 
	dD N .
	col 

	t = 
	t = 
	N
	col 
	.
	col 

	b,col int col 
	b,col int col 

	Dext 
	d
	b,col 

	− 
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	int 

	.D 2 .D 2 
	int ext Hence, the inner hoops will not develop tension, and can be considered ineffective for confining the lap splices. For this reason, they will be ignored here. 
	Minimum transverse reinforcement to prevent tensile splitting failure 
	The transverse steel in the lap splice region of a shaft should provide the tensile hoop force given by Equation 6.5 for a unit length of the shaft. As shown by the FE analysis results, the bond stress distribution along the development length of a bar is not uniform and the location of the peak stress depends on the extent of the plastic strain penetration. However, the maximum bond stress cannot exceed the ultimate bond 
	strength .obtained from monotonic bond-slip tests. Hence, to determine the quantity of 
	u 

	the transverse steel required to provide the hoop force, it is conservative to assume that 
	the peak bond stress be .. This is conservative because the actual bond stress will be 
	u 

	much lower due to the tensile yielding of the bars. With the above-mentioned assumption, the following equation can be obtained from Equation 6.5 to determine the 
	much lower due to the tensile yielding of the bars. With the above-mentioned assumption, the following equation can be obtained from Equation 6.5 to determine the 
	quantity of transverse reinforcement required to balance the splitting force and, thereby, maintain the bond resistance. 
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	col u b,col tr 
	A= (6.9) y,tr 
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	in which sis the spacing of the transverse reinforcement, Ais the cross-sectional area 
	tr 
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	of transverse reinforcing within spacing s,. is the ultimate bond strength of the column 
	tr 
	u

	longitudinal reinforcement, which can be assumed to be 16.5 MPa (2.4 ksi) for a 34.5
	-

	MPa (5-ksi) concrete, f is the nominal yield stress of the transverse reinforcement, 
	y,tr 
	dis the diameter of the longitudinal bars in the column, and Nis the number of 
	b,col 
	col 

	longitudinal bars in the column. For concrete strengths other than 34.5 MPa (5 ksi), .
	u 

	3/4 
	can be scaled with the assumption that it is proportional to f. , as suggested in Chapter 
	c 

	4. 
	Given the uncertainty in the location of the peak bond stress, it is suggested that the transverse steel calculated with Equation 6.9 be distributed along the entire lap splice length. This equation remains valid when bundled bars are used. In the case that the shaft has a steel casing, the tensile forces developed in the transverse reinforcement and steel casing should satisfy Equation 6.10. 
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	in which tis the thickness of the casing and f is the nominal yield strength of the 
	cas 

	y,cas 
	steel casing. 
	Transverse reinforcement to limit crack opening 
	The quantity of the transverse reinforcement determined by Equation 6.9 or Equation 6.10 is to prevent the degradation of the bond strength after the development of tensile splitting cracks and, thereby, prevent premature bar anchorage failure. However, it does not necessarily provide an adequate control of the opening of a splitting crack, which can be significant as observed in some of the tests described in Chapter 7. Hence, an additional requirement is proposed here to control the opening of the splitti
	In this development, it is assumed that a radial splitting crack develops along every shaft longitudinal bar. As it will be seen in Chapter 7, this assumption is consistent with the splitting crack patterns observed in the column-shaft tests. The opening of this crack will induce strain in the transverse reinforcement. As shown in Figure 6.6, assuming that the strain in a transverse reinforcing hoop is uniform and all the cracks have the same widths, we have the following relation between the strain in the 
	opening of a radial crack, u: 
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	The maximum allowable strain, . , in the transverse reinforcement is then related to 
	s ,max 
	the maximum allowable crack opening as follows: 
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	The transverse reinforcement required to control the crack width can then be 
	established with Equation 6.9 by replacing f with .f/. . f.  This results in 
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	Here, the maximum allowable crack opening is taken to be 0.3 mm (0.012 in.), which is based on the recommendation from ACI (2001) for RC members in constant contact with soil. For the case that the shaft has a steel casing, we have 
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	in which . is the nominal yield strain of the steel casing. In the above equation, the diameter of the casing is assumed to be the same as that of the shaft, which is denoted by 
	cas 

	D. 
	s 

	6.2Specimen dimensions, reinforcing details, and materials 
	The dimensions and reinforcing details of the test specimens are summarized in Table 6.1. 
	6.2.1 Specimen 1 
	The design details of Specimen 1 are shown in Figure 6.7. It consisted of a 1219mm (4-ft) diameter column that had a height of 4877 mm (16 ft), measured from the column base to the point of the horizontal load application, resulting in an aspect ratio (H/D) of 4. The pile shaft was 1829 mm (6 ft) in diameter and 2743-mm (9-ft) tall. The development length required for the column bars was 30 . Hence, the embedment 
	-

	d b length of the column cage, given by + l, was 2286 mm (7 ft -6 in.), which is 762 
	l
	d
	d 

	c,max 
	D

	mm (2 ft -4 in.) shorter than that what would have been required per Caltrans SDC. The column longitudinal reinforcement consisted of 18 No. 11 (36-mm) bars (with a reinforcement ratio of 1.55%), and the transverse reinforcement consisted of double No. 5 (16-mm) hoops spaced at 165 mm (6.5 in.) on center (with a volumetric reinforcement ratio of 0.87%). The transverse reinforcement of the column cage embedded in the shaft consisted of single No. 5 hoops spaced at 165 mm (6.5 in.) on center. The shaft longit
	6.2.2 Specimen 2 
	Specimen 2 consisted of a 1219-mm (4-ft) diameter and 6486-mm (18-ft) tall column (with an aspect ratio of 4.5), and a 1829-mm (6-ft) diameter and 2337-mm (8-ft) tall pile shaft, as shown in Figure 6.8. The column longitudinal reinforcement consisted of 18 No. 14 bars (with a reinforcement ratio of 2.25%), and the transverse reinforcement consisted of double No. 5 hoops spaced at 102 mm (4 in.) on center in the plastic-hinge region (with a volumetric reinforcement ratio of 1.41%), and single No. 5 hoops spa
	d 
	b 

	Hence, the embedment length of the column cage, given by l+ s + c , was 1829 mm (6 ft), which is half of that what would have been required per Caltrans SDC. In the top 610 mm (2 ft) of the shaft, the transverse reinforcement for the column cage was the same as that for the plastic-hinge region of the column, and for the rest of the embedment length, single No. 5 hoops spaced at 152 mm (6 in.) on center were used. The shaft longitudinal reinforcement consisted of 26 No. 18 (57-mm) bars (with a reinforcement
	d 

	spaced at 178 mm (7 in.) on center (with a volumetric reinforcement ratio of 1.01%). The quantity of the transfer reinforcement was determined with Equation 6.1, but with lreplaced by l to be consistent with the actual embedment length used. 
	s 
	d

	6.2.3 Specimen 3 
	Specimen 3 had the same geometry and reinforcement as Specimen 2, including the embedment length of the column reinforcement in the shaft, but it had different quantity of transverse reinforcement for the shaft, as shown in Figure 6.9. The shaft transverse reinforcement consisted of No. 8 (25-mm) hoops spaced at 165 mm (6.5 in.) on center (with a volumetric reinforcement ratio of 0.74%), complying with the transverse reinforcement requirements for compression members in Article 5.7.4.6 of the AASHTO LRFD BD
	Specimen 3 had the same geometry and reinforcement as Specimen 2, including the embedment length of the column reinforcement in the shaft, but it had different quantity of transverse reinforcement for the shaft, as shown in Figure 6.9. The shaft transverse reinforcement consisted of No. 8 (25-mm) hoops spaced at 165 mm (6.5 in.) on center (with a volumetric reinforcement ratio of 0.74%), complying with the transverse reinforcement requirements for compression members in Article 5.7.4.6 of the AASHTO LRFD BD
	A36 steel was provided to comply with Equation 6.14 to resist the splitting forces generated in the anchorage region and control the width of the splitting cracks.  

	6.2.4 Specimen 4 
	Specimen 4 consisted of a 1219-mm (4-ft) diameter and 4877-mm (16-ft) tall column (with an aspect ratio of 4), and a 1524-mm (5-ft) diameter and 1829-mm (6-ft) tall shaft, as shown in Figure 6.10. The column longitudinal reinforcement consisted of 16 pairs of bundled No. 8 bars (with a reinforcement ratio of 1.40 %), and the transverse reinforcement consisted of No. 6 hoops spaced at 102 mm (4 in.) on center in the plastic-hinge region (with a volumetric reinforcement ratio of 1.0 %), and single No. 6 hoops
	d 

	was 29 d. The embedment length of the column cage was 940 mm (3 ft -1 in. ), which is l+ s + c . In the top 610 mm (2 ft) of the shaft, the transverse reinforcement for the column cage was the same as that for the plastic-hinge region of the column, and for the 
	b 
	d 

	rest of the embedment length, No. 6 hoops spaced at 152 mm (6 in.) on center were used. The shaft longitudinal reinforcement consisted of 20 pairs of bundled No. 11 (43-mm) bars (with a reinforcement ratio of 2.21%), and the transverse reinforcement consisted of double No. 7 (22-mm) hoops spaced at 140 mm (5.5 in.) on center (with a volumetric reinforcement ratio of 1.62%) in the anchorage region to comply with Equation 6.13. In the rest of the shaft, the transverse reinforcement consisted of double No. 7 (
	6.2.5Footings and load stubs 
	Each specimen had a 4267-mm x 2438-mm x 1219-mm (14-ft x 8-ft x 4-ft) footing to anchor the shaft onto the strong floor. On top of the column, a 2438-mm x 2438-mm x 610-mm (8-ft x 8-ft x 2-ft) load stub was constructed for the application of the vertical and horizontal loads. The reinforcement in the footing and load stub was designed to sustain the maximum loads expected during the tests without damage. 
	6.2.6Material Properties 
	Concrete with a specified compressive strength of 31 MPa (4500 psi) at 28 days, a slump of 178 mm (7 in.), and a maximum aggregate size of 9.5 mm (3/8 in.) was used in the shafts of all four specimens. Concrete with a specified compressive strength of 31 MPa (4.5 ksi) at 28 days, a slump of 102 mm (4 in.), and a maximum aggregate size of 25 mm (1 in.) was used in the columns. The specimens were to be tested after the concrete strength in the column and the shaft had reached 34.5 MPa (5.0 ksi). The actual st
	6.3Construction 
	The specimens were casted in five stages: footing, lower portion of the shaft, upper portion of the shaft, column, and load stub. After each pour, some roughness was introduced to the cold joint with chisels. Before the following pour, steel brushing was applied to the joint to partially expose the aggregates. The joint was cleaned from debris and dust, and wetted immediately before receiving the fresh concrete. Pictures of the construction of the specimen are presented in Appendix B. 
	6.4Instrumentation 
	The specimens were internally and externally instrumented to monitor the deformations during testing. Internal instrumentation consisted of electrical resistance strain gages attached to the longitudinal and transverse reinforcement in the shaft and the column. For Specimen 3, strain gages were also placed on the steel casing. External instrumentation consisted of displacement transducers attached to the specimens to measure the lateral displacements and different deformations, namely, the flexure 
	The specimens were internally and externally instrumented to monitor the deformations during testing. Internal instrumentation consisted of electrical resistance strain gages attached to the longitudinal and transverse reinforcement in the shaft and the column. For Specimen 3, strain gages were also placed on the steel casing. External instrumentation consisted of displacement transducers attached to the specimens to measure the lateral displacements and different deformations, namely, the flexure 
	deformation, shear deformation, base rotation, and sliding at the interfaces. Pictures of the instrumentation are shown in Appendix B. 

	Strain gages were placed at different elevations in selected column and shaft longitudinal bars near the north and south faces of the specimens (the specimens were loaded in the north-south direction) to monitor the strain distributions along these bars, including the strains in the lap splice regions inside the shafts. The strain gages were placed on the longitudinal ribs of the bars to avoid disturbing the transverse ribs, which could affect the bond characteristics. In addition, strain gages were attache
	For each specimen, the curvature distribution along the height of the column and of the shaft was measured with vertical displacement transducers mounted along two parallel lines on the east and west faces of each specimen. These transducers measured the vertical elongation between two rods embedded in the column and shaft concrete at different heights. The same rods were used as reference points to measure the horizontal and diagonal elongation on one side of the specimen to estimate the shear deformation 
	6.5Test setup and loading protocol 
	The test setup is shown in Figure 6.11. The specimens were secured onto the strong floor using 16 rods post-tensioned to a force of 1334 kN (300 kips) each. This force was determined to avoid sliding and decompression at any point in the floor-footing 
	The test setup is shown in Figure 6.11. The specimens were secured onto the strong floor using 16 rods post-tensioned to a force of 1334 kN (300 kips) each. This force was determined to avoid sliding and decompression at any point in the floor-footing 
	interface during a test. In a test, the column was subjected to a constant vertical load of 3559 kN (800 kips). Together with the self-weight of the specimen, this load subjected the base section of the column to an axial stress equal to 9.4% of the targeted compressive strength of the concrete (which is 5,000 psi). The vertical load was applied on top of the specimen using four post-tensioned rods placed symmetrically around the column. Anchored at the top of the load stub, these rods passed through holes 

	The specimens were subjected to cyclic lateral displacements in the north-south direction using two 979-kN (220-kip) capacity, 1219-mm (48-in.) stroke actuators placed at the mid-height of the load stub on the north side of the specimen. The actuators were attached to a strong wall at a height of 8.84 m (29 ft) for Specimen 1, 9.1 m (30 ft) for Specimens 2 and 3, and 7.9 m (26 ft) for Specimen 4. The loading protocol used for the tests is shown in Figure 6.12a. Initially, each specimen was subjected to four
	y 

	reinforcement at the base of the column. The specimen was then subjected to fully-reversed displacement-controlled load cycles with increasing system ductility demands of 1, 2, 3, 4, and so forth until the lateral load resistance dropped significantly due to the fracture of the longitudinal bars in the column. There were two cycles at each ductility level. The system ductility demand is defined as µ =. / . , in which . is the lateral displacement of the specimen at the level of the horizontal actuators, and
	y 
	y 
	y 
	y 
	y 

	horizontal line passing through the theoretical ultimate load ( F). Hence, 
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	F
	F
	y 

	. = .. (6.15) 
	y 
	y 

	. 
	y To define the loading protocol, F. and Fwere estimated from finite element analyses, and .. was taken as the average of the absolute maximum displacements measured in both loading directions in Cycle 4 of the test, in which the theoretical first yield was reached. 
	F
	y 
	y 
	y 

	6.6Summary 
	The test program in which four full-scale column-shaft assemblies were subjected to quasi-static cyclic loading has been presented in this chapter. These tests were intended to determine the minimum required embedment length of column longitudinal reinforcement extended into enlarged (Type II) shafts, and the transverse reinforcement required for the bar anchorage region of a shaft. In Specimen 1, an embedment length equal to D + l , which is similar to the minimum requirement in current Caltrans 
	c ,max d 
	SDC (Caltrans 2010), was used. In Specimens 2 through 4, the embedment lengths were reduced to l+ s + c . New design recommendations for the transverse reinforcement in the bar anchorage region of a shaft have been proposed and were adopted for Specimens 3 and 4. Results of these tests are presented in Chapter 7. 
	d 

	Table 6.1: Dimensions and reinforcing details of test specimens 
	Specimen 1 Specimen 2 Specimen 3 Specimen 4 
	Column diameter, mm (ft) Shaft diameter, mm (ft) Column longitudinal 
	reinforcement 
	(reinforcement ratio) 
	Shaft longitudinal reinforcement 
	(reinforcement ratio) Formula for embedment length of column reinforcement 
	Embedment length of column 
	reinforcement, mm (ft) 
	Formula for transverse 
	reinforcement in bar anchorage 
	region of shaft 
	Transverse reinforcement in bar anchorage region of shaft 
	Volumetric ratio of transverse reinforcement in bar anchorage region of shaft 
	Transverse reinforcement plastic-hinge region of column 
	Volumetric ratio of transverse reinforcement in plastic-hinge region of column 
	1219 (4) 
	1829 (6) 
	18 No. 11 (1.55%) 
	28 No. 14 (1.55%) 
	D + l 
	c,max d 
	2286 (7.5) 
	Compression Member, AASHTO 
	2 No. 6 at 165 mm 
	(6.5in.) 
	0.82% 
	2 No. 5 at 165 mm 
	(6.5in.) 
	0.87% 
	1219 (4) 
	1829 (6) 
	18 No. 14 (2.24%) 
	26 No. 18 (2.55%) 
	l+ s + c 
	d 

	1829 (6) 
	McLean and Smith’s 
	2 No. 7 at 178 mm (7 in.) 
	1.04% 
	2 No. 5 at 102 mm (4 in.) 
	1.41% 
	1.41% 
	1219 (4) 1829 (6) 

	18 No. 14 (2.24%) 
	26 No. 18 (2.55%) 
	l+ s + c 
	d 

	1829 (6) 
	Equation 6.9 
	No. 8 at 165 mm (6.5 in.) and 6.3-mm (0.25-in.) steel casing 
	1.65%
	1 

	2 No. 5 at 102 mm (4 in.) 
	1.41% 
	1.41% 
	1219 (4) 1524 (5) 

	32 No. 8 (1.40%) 
	40 No. 11 (2.21%) 
	l+ s + c 
	d 

	940 (3.08) 
	Equation 6.14 
	2 No. 7 at 140 mm 
	(5.5in.) 
	1.62% 
	No. 6 at 102 mm (4 in.) 
	1.0% 
	Table 6.2: Compressive strength of concrete on the day of test 
	Table 6.2: Compressive strength of concrete on the day of test 
	Table 6.2: Compressive strength of concrete on the day of test 

	Specimen no. 
	Specimen no. 
	Region 
	Compressive strength of concrete, MPa (ksi) 

	1 
	1 
	Shaft - lap splice region Shaft - below lap splice region Column - lower 2.8 m (9 ft) Column - upper 2.1 m (7 ft) 
	34.5 (5.0) 42.8 (6.2) 34.0 (4.9) 38.6 (5.6) 

	2 
	2 
	Shaft - lap splice region Shaft - below lap splice region Column - lower 2.8 m (9 ft) Column - upper 2.4 m (8 ft) 
	37.0 (5.4) 39.7 (5.8) 38.6 (5.6) 40.7 (5.9) 

	3 
	3 
	Shaft - lap splice region Shaft - below lap splice region Column - lower 2.8 m (9 ft) Column - upper 2.4 m (8 ft) 
	36.2 (5.3) 34.1 (4.9) 35.0 (5.1) 33.2 (4.8) 

	3 
	3 
	Shaft - lap splice region Shaft - below lap splice region Column - lower 2.8 m (9 ft) Column - upper 2.1 m (7 ft) 
	36.6 (5.3) 33.0 (4.8) 35.5 (5.1) 33.9 (4.9) 


	Table 6.3: Yield and tensile strengths of longitudinal reinforcement 
	Table 6.3: Yield and tensile strengths of longitudinal reinforcement 
	Figurure 6.2: Bennding momennt distributioons in a actuual column-sshaft and a teest specimenn 

	Specimen no. 
	Specimen no. 
	Specimen no. 
	Bar 
	Yield strength,  MPa (ksi) 
	Tensile strength, MPa (ksi) 

	1 
	1 
	No. 11 No. 14 
	448 (65.0) 484 (70.1) 
	629 (91.2) 672 (97.4) 

	2 
	2 
	No.14 No. 18 
	462 (67.0) 462 (67.0) 
	638 (92.5) 641 (93.0) 

	3 
	3 
	No. 14 No. 18 
	462 (67.0) 462 (67.0) 
	641 (93.0) 652 (94.5) 

	4 
	4 
	No. 8 No. 11 
	459 (66.5) 445 (64.5) 
	650 (94.3) 634 (92.0) 


	Figure
	Figurure 6.1: Trusss analogy prroposed by M McLean and Smith (19977) 
	Figurure 6.1: Trusss analogy prroposed by M McLean and Smith (19977) 
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	(a) Radial stress (b) Splitting forces per unit length of bar Figure 6.3: Splitting stress and forces in developed bar 
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	Figure 6.4: Cross section of pile shaft and splitting forces 
	Figure 6.4: Cross section of pile shaft and splitting forces 
	Figure 6..5: ABCD annd CDEF freee-body diaggrams 
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	Figure 6.7: Geometry and reinforcement of Specimen 1 (1’ 304.8 , 1” 25 4 ) 
	(1’=304.8 mm, 1”=25.4 mm) 
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	Figure 6.8: Geometry and reinforcement of Specimen 2 (1’=304.8 mm, 1”=25.4 mm) 
	(1 =304.8 mm, 1 =25.4 mm) 
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	Figure 6.9: Geometry and reinforcement of Specimen 3 (1’=304.8 mm, 1”=25.4 mm) 
	(1 =304.8 mm, 1 =25.4 mm) 
	160 
	Figure 6.10: Geometry and reinforcement of Specimen 4 (1’=304.8 mm, 1”=25.4 mm) 
	(1 =304.8 mm, 1 =25.4 mm) 
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	CHAPTER 7 
	LARGE-SCALE LABORATORY TESTING OF COLUMN – ENLARGED PILE SHAFT ASSEMBLIES: TEST RESULTS 
	In this chapter, results of the tests conducted on four large-scale column – enlarged pile shaft assemblies are presented. For each of these specimens, the load-displacement response, main test observations, global lateral deformations, and strains in the reinforcing bars are presented and discussed. Emphasis is given to the strain measurements and damage observed in the bar anchorage region of the shafts. The maximum displacement and ductility reached in each cycle of the test are summarized in Table 7.1. 
	y 

	based on the actual maximum load and the actual displacement at the first yield attained in the tests instead of the theoretical values. 
	7.1 Specimen 1 
	7.1.1Load-displacement response 
	The lateral load-vs.-top drift relation obtained for Specimen 1 is plotted in Figure 
	7.1. For the plots and the following discussion of the results, the positive direction of loading is defined to be towards the south, and the negative to be towards the north. The maximum lateral load attained was 1063 kN (239 kip). The gradual drop of the lateral resistance with drift was caused by the P-delta effect of the vertical force. The test was 
	7.1. For the plots and the following discussion of the results, the positive direction of loading is defined to be towards the south, and the negative to be towards the north. The maximum lateral load attained was 1063 kN (239 kip). The gradual drop of the lateral resistance with drift was caused by the P-delta effect of the vertical force. The test was 
	stopped after the system displacement ductility had reached a value of 5.5 when the lateral load capacity started to decrease significantly due to the buckling and subsequent fracture of several longitudinal bars at the base of the column. The displacement ductility of the column itself reached a maximum value of 6.8, according to the calculation conducted by Liu (2012). 

	7.1.2Test observations 
	Flexural cracks in the column started to be visible in the lower 1 m (3 ft) of the column at Cycle 2, i.e., at a force equal to 50% of that corresponding to the theoretical first yield. At Cycle 4, whose maximum load corresponds to the theoretical first yield, flexural cracking increased significantly in the column. The cracks developed in Cycle 2 propagated, and more flexural cracks appeared with a more or less uniform spacing of 250 mm (10 in.). However, the crack spacing increased slightly as they appear
	From Cycles 5 through 9, no new cracks were observed but the existing ones further propagated and opened. These cracks did not propagate further after Cycle 9. At Cycle 7, which was the first cycle at a system ductility of 2.2, the concrete at the base of the column started to be crushed on the north and south faces, as shown in Figure 7.3a. At Cycle 9, which was the first cycle at a system ductility of 3.3, spalling of the concrete cover at the base of the column started (see Figure 7.3b), and cracks with 
	From Cycles 5 through 9, no new cracks were observed but the existing ones further propagated and opened. These cracks did not propagate further after Cycle 9. At Cycle 7, which was the first cycle at a system ductility of 2.2, the concrete at the base of the column started to be crushed on the north and south faces, as shown in Figure 7.3a. At Cycle 9, which was the first cycle at a system ductility of 3.3, spalling of the concrete cover at the base of the column started (see Figure 7.3b), and cracks with 
	longitudinal bars on both sides of the column (see Figure 7.3d). On the north side, bars started to buckle at about 1 ft above the base of the column, as shown in Figure 7.3e. Upon load reversal in Cycle 14, which was the second cycle at a ductility of 5.5, these bars were placed in tension, and two of them fractured, as shown in Figure 7.3f. At the same time, two of the bars exposed on the south side started to buckle, and they fractured once the load was reversed. At this moment, the lateral load resistan

	At the end of the test, after the rubbles formed by the crushing of the concrete at the column base had been removed, a circular crack was observed on the top of the shaft, as shown in Figure 7.4a and Figure 7.4b. This crack was the result of a cone shaped failure at the top of the embedment length of the column longitudinal reinforcement. Radial cracks due to the splitting forces introduced by bar slip at the top of the shaft are also visible in Figure 7.4a and Figure 7.4b. The maximum residual width measu
	7.1.3Global lateral deformations 
	The lateral displacements of the specimen, plotted in Figure 7.5, at the peak displacements of different cycles, reveal that the lateral deformation of the shaft was very small, and that most of the displacement in the column was due to the curvature in the plastic-hinge region of the column and the rotation at the column base due to bar slip. The flexural and shear deformations, as well as the base rotation due to bar slip, were calculated with the displacement transducers readings. Description of how thes
	The lateral displacements of the specimen, plotted in Figure 7.5, at the peak displacements of different cycles, reveal that the lateral deformation of the shaft was very small, and that most of the displacement in the column was due to the curvature in the plastic-hinge region of the column and the rotation at the column base due to bar slip. The flexural and shear deformations, as well as the base rotation due to bar slip, were calculated with the displacement transducers readings. Description of how thes
	deformations were computed can be found in Liu (2012). The shear deformation was found negligible as compared to the flexural deformation and the base rotation of the column due to bar slip. According to Liu (2012), between 50% and 75% of the total displacement at the top of the column with respect to the top of the shaft was due to flexure; the base rotation accounts for about 20% to 50% of the total displacement of the column. The curvature measurements are compared to the yield curvature calculated by 
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	the expression 2.25 , which is an approximation suggested by Priestley (2003), where 
	c 
	D

	Dis the diameter of the column and . is the yield strain of the longitudinal reinforcement. At Cycle 13, the curvature in the lower 1.45 m (4.8 ft) of the column (30% of the column height), where most of the damage occurred, was higher than the estimated yield curvature. The maximum curvature occurred in the lower 300 mm (1 ft) of the column; and at the last cycle, it reached a value equal to 12 times the estimated yield curvature. The curvature in the shaft was much smaller than the estimated yield curvatu
	c 
	y 

	7.1.4Strains in reinforcing bars 
	The strain distributions along the column longitudinal bars at the peak displacements of different cycles are plotted in Figure 7.7 and Figure 7.8 for two bars located at the north face and two at the south face of the specimen, respectively. Two of the bars were located at the extreme north and south faces of the column, and the other two were adjacent to them. The strain was measured in these bars at different heights in 
	the lower half of the column and along the embedment length in the shaft, l. Only one of the longitudinal bars (northwest bar) yielded at the base of the column before the peak load of Cycle 4 had been reached, as it had been predicted. After yielding, the maximum tensile strains along the bar occurred at a height of 610 mm (2 ft), but this does not necessarily mean that the maximum tensile stresses were developed at this height because the strain gages below experienced significantly higher residual compre
	e 

	embedment length. The maximum plastic strain penetration developed in the bars at a system ductility of 5.5 was 610 mm (2ft), which is equivalent to 17 times the bar diameter, d, or 27% of the total embedment length. The bond stresses in these bars are calculated with a finite element model, which will be discussed in Chapter 8. 
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	The strain distributions along four of the longitudinal perimeter bars in the shaft at the peak displacements of different cycles are plotted in Figure 7.9. Two of the bars were located at the extreme north and south faces of the shaft, and the other two were adjacent to them. All these bars remained elastic. The strain varied practically linearly along the splice length. From the strain measurements, the axial stresses in the bars have been calculated; and from the difference in the stresses at two adjacen
	The strains in the column cage hoops located at different heights of the column and inside the embedment length at the peak displacements of different cycles are plotted in Figure 7.10. These strains were measured near the north and south faces of the specimen. All the hoops except those located in the plastic hinge area remained elastic. The hoop located approximately 1 ft above the column base yielded at a system ductility of 4.4. This corresponds to the onset of buckling of some of the longitudinal bars 
	Figure 7.11 presents the strains in the shaft hoops at the peak displacements of different cycles. These strains were measured near the north and south faces of the specimen. The strain is higher for the hoops in the upper portion of the lap splice. This could be partly due to the bar slip and partly to the plying action of the confined column core. The hoop located at 305 mm (1 ft) from the top of the shaft reached its yield strain in Cycle 13. No strain gages were placed in hoops above this level. The hoo
	7.2 Specimen 2 
	7.2.1Load-displacement response 
	The lateral load-vs.-top drift relation obtained for Specimen 2 is plotted in Figure 
	7.12. The maximum lateral load reached 1223 kN (275 kips), and the test was stopped after the specimen had reached a system displacement ductility of 6.9, when one of the longitudinal bars fractured at the base of the column. The maximum displacement ductility of the column itself reached a value of 8, according to the analysis conducted by Liu (2012). 
	The lateral loads normalized by the respective peak loads are plotted against a system ductility for Specimens 1 and 2 in Figure 7.13. The difference in the embedment length does not seem to affect the global behavior of the columns. However, Specimen 2 shows a higher ductility than Specimen 1 because bar buckling and fracture were delayed due to the more closely spaced hoops at the base of the column. 
	7.2.2Test observations 
	The behavior of Specimen 2 during the early cycles was very similar to that of Specimen 1. Flexural cracks appeared in the column and the shaft as early as Cycle 2, i.e., at a force equal to 50% of that corresponding to the theoretical first yield. Figure 7.14 shows the distribution of flexural cracks in the column and shaft right after Cycle 4, at which the theoretical first yield was reached. Radial cracks at the top of the shaft appeared as early as Cycle 3, i.e., at a force equal to 75% of that correspo
	The evolution of damage on the north and south faces near the base of the column is shown in Figure 7.16 and Figure 7.17, respectively. At Cycle 7, which was the first cycle at a system ductility of 2, the concrete at the base of the column started to be crushed on both sides of the column (see Figure 7.16a and Figure 7.17a). At Cycle 8, which was the second cycle at a ductility of 2, spalling of the concrete cover started on the south side (see Figure 7.17b), while spalling did not occur on the north side 
	The evolution of damage on the north and south faces near the base of the column is shown in Figure 7.16 and Figure 7.17, respectively. At Cycle 7, which was the first cycle at a system ductility of 2, the concrete at the base of the column started to be crushed on both sides of the column (see Figure 7.16a and Figure 7.17a). At Cycle 8, which was the second cycle at a ductility of 2, spalling of the concrete cover started on the south side (see Figure 7.17b), while spalling did not occur on the north side 
	Cycle 11, which was the first cycle at a system ductility of 3 (see Figure 7.16c). At Cycle 13, which was the first cycle at a system ductility of 5, the concrete cover over the lower 600 mm (2 ft) to 900 mm (3 ft) of the column spalled on both sides exposing the hoop reinforcement, as shown in Figure 7.16d and Figure 7.17d. At this stage, the damage at the top of the shaft was significant with a circular crack (cone failure) and radial (splitting) cracks widely opened, as shown in Figure 7.18a. The maximum

	Post-test inspection of the column indicated that some of the adjacent bars had started to buckle at the location where one bar fractured, as shown in Figure 7.16f. Buckling was not as severe as in Specimen 1 due to the better confinement provided by the hoops in the plastic-hinge region. The detached pieces of concrete at the top of the shaft caused by the cone formation and splitting cracks were removed by hand after the test. Figure 7.18c and Figure 7.18d show pictures of the shaft after these pieces wer
	Post-test inspection of the column indicated that some of the adjacent bars had started to buckle at the location where one bar fractured, as shown in Figure 7.16f. Buckling was not as severe as in Specimen 1 due to the better confinement provided by the hoops in the plastic-hinge region. The detached pieces of concrete at the top of the shaft caused by the cone formation and splitting cracks were removed by hand after the test. Figure 7.18c and Figure 7.18d show pictures of the shaft after these pieces wer
	demand attained in the test. It is also possible that this was caused by a larger slip experienced by the bars. 

	7.2.3Global lateral deformations 
	The lateral displacements of the specimen at the peak displacements of different cycles are plotted in Figure 7.19, and the curvatures are plotted in Figure 7.20. As in Specimen 1, these plots reveal that most of the displacement at the top of the column with respect to the top of the shaft was due to the curvature in the plastic-hinge region of the column and the rotation at the column base due to bar slip. Displacement measurements at the top of the shaft are not available after Cycle 9. After this load c
	7.2.4Strains in reinforcing bars 
	The strain values along the column longitudinal bars at the peak displacements of different cycles are plotted in Figure 7.21 and Figure 7.22 for two bars located at the north face and two at the south face of the specimen, respectively. The strain variations are similar to those for Specimen 1. The maximum strains are obtained in the lower 610 mm (2ft) of the column. For most of the bars, the maximum plastic strain penetration observed inside the embedment length is 610 mm (2 ft), which corresponds to 14 d
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	system ductility of 5. In two of the bars, the plastic strain penetration reached 915 mm (3 ft), or 21 d. Hence, even though the embedment length was reduced significantly with respect to Specimen 1, the plastic strain penetration observed at the same ductility demand was very similar. However, given the shorter embedment length of the column 
	b 

	reinforcement in Specimen 2, the above-mentioned plastic penetrations represent 33% and 50% of the embedment length, respectively. For higher ductility demand levels, strain gages along the entire embedment length were damaged in all the bars. This indicates that bar slips started to be significant at this stage. The strain and bond stress distributions along these bars are further analyzed with a finite element model in Chapter 8. 
	The strain distributions along the longitudinal perimeter bars in the shaft at the peak displacements of different cycles are plotted in Figure 7.23. All the bars remained elastic, and the average bond stresses along the lap splice length calculated from the strain readings in this region varied between 5 and 30% of the maximum bond strength obtained from the tests presented in Chapter 3. 
	The strains in the column cage hoops located at different heights of the column and inside the embedment length at the peak displacements of different cycles are plotted in Figure 7.24. The strains were measured near the north and south faces of the specimen. For two of the hoops located near the base of the column, strains were also measured on the west side of the specimen. Like in Specimen 1, only the hoops located near the column base yielded on the north and south sides of the specimen. These hoops rea
	The strains in the column cage hoops located at different heights of the column and inside the embedment length at the peak displacements of different cycles are plotted in Figure 7.24. The strains were measured near the north and south faces of the specimen. For two of the hoops located near the base of the column, strains were also measured on the west side of the specimen. Like in Specimen 1, only the hoops located near the column base yielded on the north and south sides of the specimen. These hoops rea
	severe concrete crushing and bar buckling occurred. However, the strains on the west side of these same hoops did not even reach 50% the yield strain. All the column hoops inside the shaft remained elastic and experienced little strain. 

	Figure 7.25 presents the strains in the shaft hoops at the peak displacements of different cycles. These strains were measured near the north and south faces of the specimen. For three of the upper hoops, strains were also measured on the west side of the specimen. Like in Specimen 1, strain is higher for the hoops in the upper portion of the lap splice. The uppermost hoop, located at 75 mm (3 in.) below the top of the shaft, reached its yield strain in Cycle 13. The strains varied almost linearly along the
	7.3 Specimen 3 
	7.3.1Load-displacement response 
	The lateral load-vs.-top drift relation obtained for Specimen 3 is plotted together with that of Specimen 2 in Figure 7.12. For Specimen 3, the maximum lateral load reached 1205 kN (271 kips); and the test was stopped after the specimen had reached a system ductility of 7.3, when several longitudinal bars had fractured and the lateral load resistance had dropped significantly. The lateral load-vs.-displacement response for Specimen 3 is very similar to that for Specimen 2, but Specimen 3 had some longitudin
	7.3.2Test observations 
	The behavior of the column in Specimen 3 is very similar to that in Specimen 2. The evolution of damage on the north face near the bottom of the column is plotted in Figure 7.26. Flexural cracks appeared in the column as early as Cycle 2, i.e., at a force 
	The behavior of the column in Specimen 3 is very similar to that in Specimen 2. The evolution of damage on the north face near the bottom of the column is plotted in Figure 7.26. Flexural cracks appeared in the column as early as Cycle 2, i.e., at a force 
	equal to 50% of that corresponding to the theoretical first yield. Figure 7.26a shows the distribution of flexural cracks at the base of column at Cycle 3. At Cycle 7, which was the first cycle at a system ductility of 2.1, the concrete at the base of the column started to be crushed, as shown in Figure 7.26b. At Cycle 9, the first cycle at a system ductility of 3.1, spalling of the concrete cover started (see Figure 7.26c). The severity of spalling in the subsequent cycles increased such that the transvers

	In the shaft, flexural cracks could only be observed at the base because the rest of the shaft was covered by the steel casing. Similarly to those in Specimen 2, radial cracks appeared at the top of the shaft as early as Cycle 3, i.e., at a force equal to 75% of that corresponding to the theoretical first yield, as shown in Figure 7.26a.  However, the width of these cracks remained small during the entire test. As shown in Figure 7.27a and Figure 7.27b, damage on the top face of the shaft at the end of Cycl
	In the shaft, flexural cracks could only be observed at the base because the rest of the shaft was covered by the steel casing. Similarly to those in Specimen 2, radial cracks appeared at the top of the shaft as early as Cycle 3, i.e., at a force equal to 75% of that corresponding to the theoretical first yield, as shown in Figure 7.26a.  However, the width of these cracks remained small during the entire test. As shown in Figure 7.27a and Figure 7.27b, damage on the top face of the shaft at the end of Cycl
	quantity of transverse reinforcement provided in this specimen by the hoops and steel casing according to Equation 6.14 was effective in restraining the opening of the splitting cracks and limiting damage in the shaft. 

	7.3.3Global lateral deformations 
	The lateral displacements of the specimen at the peak displacements of different cycles are plotted in Figure 7.28. Like in the previous specimens, most of the displacement at the top of the column with respect to the top of the shaft was due to the curvature in the plastic hinge region and the rotation at the column base due to bar slip. The curvature distributions at the peak displacements of different cycles are plotted in Figure 7.29. Plastic flexural deformation occurred over a distance of 1.55 m (5.1 
	7.3.4Strains in reinforcing bars 
	The strain distributions along the column longitudinal bars at the peak displacements of different cycles are plotted in Figure 7.30 and Figure 7.31 for two bars located at the north face and two at the south face of the specimen, respectively. The penetration of plastic strains inside the embedment length is slightly smaller than that in Specimen 2. The maximum plastic strain penetration measured inside the embedment length is 610 mm (2 ft), which occurred at a system ductility of 6.3. This corresponds to 
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	Hence, the higher quantity of confinement in the shaft with respect to Specimen 2 seems to improve the bond of the longitudinal column bars. 
	The strain distributions along two of the longitudinal perimeter bars on the north side of the shaft at the peak displacements of different cycles are plotted in Figure 7.32. The strains in these bars are similar to those in the corresponding bars in Specimen 2. The strain data is incomplete because several strain gages were damaged. The strain readings on the south face of the specimens were not obtainable because of unreliable gage readings. 
	The column hoops remained elastic except those located near the base of the column, which yielded during Cycle 13 at a system ductility of 5.2, as shown in Figure 
	7.33. At this stage, severe concrete crushing and spalling had occurred at the base of the column, and transverse reinforcement had been exposed. The yielding of the hoops could indicate that the longitudinal bars had started to buckle. 
	The shaft hoops experienced a significantly smaller strain than those in Specimen 
	2. As shown in Figure 7.34, the maximum strain was measured at the uppermost hoop, located at about 75 mm (3 in.) from the column base, and it was only 65% of the yield strain. Like in Specimen 2, the hoop strains were smaller towards the bottom of the embedment length. The hoop strains measured in the steel casing are similar to those in the hoops at the same elevations, as shown in Figure 7.35. Yielding of the casing was measured on the north, south, and west faces of the specimen only at one elevation, w
	7.4 Specimen 4 
	7.4.1Load-displacement response 
	The lateral load-vs.-top drift relation obtained for Specimen 4 is plotted in Figure 
	7.36. The maximum lateral load reached 1023 kN (230 kips). The test was stopped after 
	7.36. The maximum lateral load reached 1023 kN (230 kips). The test was stopped after 
	the specimen had reached a system ductility of 6.6, when several longitudinal bars had fractured and the lateral load resistance had dropped significantly. 

	7.4.2Test observations 
	The behavior of the column in Specimen 4 is very similar to that in the previous specimens, even though the shaft diameter was smaller. However, cracking in the shaft was more severe than that in the other specimens. The evolution of damage at the column base on the north face of the specimen is shown in Figure 7.37. Flexural cracks appeared in the column and shaft as early as Cycle 2 at a force equal to 50% of that corresponding to the theoretical first yield. Figure 7.37a shows the distribution of flexura
	In the shaft, severe splitting cracking was observed during the test, as shown in Figure 7.38. Like those in Specimen 2, splitting cracks appeared near the top of the shaft as early as Cycle 3 at a force equal to 75% of that corresponding to the theoretical first yield. At Cycle 13, some of these splitting cracks were widely opened at the top of the shaft (with the maximum residual crack width equal to 10 mm [0.4 in.]) and had already propagated through the entire embedment length, as shown in Figure 7.38a 
	In the shaft, severe splitting cracking was observed during the test, as shown in Figure 7.38. Like those in Specimen 2, splitting cracks appeared near the top of the shaft as early as Cycle 3 at a force equal to 75% of that corresponding to the theoretical first yield. At Cycle 13, some of these splitting cracks were widely opened at the top of the shaft (with the maximum residual crack width equal to 10 mm [0.4 in.]) and had already propagated through the entire embedment length, as shown in Figure 7.38a 
	7.38b. At the end of the test, these cracks were wide open on the top of the shaft (with the maximum residual crack width larger than 15 mm [0.6 in.]) with pieces of concrete starting to be detached, as shown in Figure 7.38c and Figure 7.38d. Also, a circular crack was observed around the column cage, indicating the formation of a small cone-shaped breakoff. 

	7.4.3Global lateral deformations 
	The lateral displacements of the specimen at the peak displacements of different cycles are plotted in Figure 7.39. Like that in the previous specimens, most of the displacement at the top of the column was due to the curvature in the plastic-hinge region of the column and rotation at the column base due to bar slip. The curvature distributions at the peak displacements of different cycles are plotted in Figure 7.40. Plastic flexural deformation developed over a length of 1.1 m (3.6 ft) near the column base
	7.4.4Strains in reinforcing bars 
	The strain distributions along column longitudinal bars at the peak displacements of different cycles are plotted in Figure 7.41 and Figure 7.42 for pairs of bundled bars located at the north and south faces of the specimen, respectively. The maximum plastic strain penetration measured inside the embedment length was 457 mm (1.5 ft), which occurred at a system ductility of 5.5. This corresponds to 18 d, and like that in Specimen 
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	2, represents 50% of the total embedment length.  
	The strain distributions along the longitudinal perimeter bars in the shaft at the peak displacements of different cycles are plotted in Figure 7.43. All the bars remained elastic. The average bond stresses along the lap splice length calculated from the strain 
	The strain distributions along the longitudinal perimeter bars in the shaft at the peak displacements of different cycles are plotted in Figure 7.43. All the bars remained elastic. The average bond stresses along the lap splice length calculated from the strain 
	readings were less than 25% of the maximum bond strength obtained from the bond-slip tests presented in Chapter 3. 

	The strains in the column cage hoops located at different heights of the column and inside the embedment length at the peak displacements of different cycles are plotted in Figure 7.44. Like those in the previous specimens, the hoops remained elastic, except those located at the base of the column. 
	As shown in Figure 7.45, the shaft hoop located at 0.64 m (2.1 ft) from the base of the column yielded during the test. Yielding started in Cycle 5 at a system ductility of 1.0, and Cycle 7, at a ductility of 2.2, on the south and north faces of the specimen, respectively. No yielding was measured on the west side of this hoop. The maximum strain measured in the hoop was less than 0.025. Hence, the hoop did not undergo much strain hardening. The other hoops above and below this one did not yield but develop
	7.5Summary and conclusions 
	The behavior of four full-scale column-shaft assemblies subjected to quasi-static cyclic loading has been studied. These tests were intended to identify the minimum required embedment length of column longitudinal reinforcement in enlarged (Type II) shafts. For Specimen 1, an embedment length equal to D + l , which is close to the 
	c,max d minimum requirement in the current Caltrans SDC (Caltrans 2010), was adopted. For Specimens 2 through 4, the embedment length was reduced to l+ s + c . Despite the difference in the embedment lengths between Specimen 1 and the rest, all the specimens showed a very similar behavior. The columns developed a plastic hinge at the base and failed by bar buckling and the subsequent fracture of longitudinal bars in the plastic-hinge region. Damage in the shafts was limited to cone-shaped failure and splitt
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	near the base of the column. The damage in the shaft was significantly reduced in Specimen 3 owing to the increased confinement provided by a steel casing. 
	The maximum tensile plastic strain penetration measured in the column 
	longitudinal bars inside the shafts was between 14 dand 21 d, with the lowest strain penetration occurring in Specimen 3, which had a steel casing for the shaft. For Specimens 1 through 3, the strains in the shaft hoops were in general relatively small and below the yield limit except for the first hoop at the top. However, the maximum strains in top hoops were not large enough to develop strain hardening. The shaft hoops in Specimen 3, which had a steel casing around the shaft, did not yield at all. The ho
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	The comparison of the test results for Specimens 1 with those for the other specimens indicates that the embedment length can be reduced from D + l to 
	c,max d 
	l+ s + c without affecting the behavior of a column-shaft assembly. The comparison between Specimens 2 and 3 indicates that increasing the confinement of the shaft with a steel casing improved the bond along the anchored bars. Furthermore, the test results for Specimens 3 and 4 show that the design recommendations presented in Chapter 6 for the transverse reinforcement in the bar anchorage region of a shaft are adequate. However, the more severe splitting cracks developed in the shaft of Specimen 4, in spit
	l+ s + c without affecting the behavior of a column-shaft assembly. The comparison between Specimens 2 and 3 indicates that increasing the confinement of the shaft with a steel casing improved the bond along the anchored bars. Furthermore, the test results for Specimens 3 and 4 show that the design recommendations presented in Chapter 6 for the transverse reinforcement in the bar anchorage region of a shaft are adequate. However, the more severe splitting cracks developed in the shaft of Specimen 4, in spit
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	core of the column. The plying action is not accounted for in the design formulas presented in Chapter 6. 

	The bond slip and development of the column longitudinal bars in enlarged shafts are further studied in Chapter 8 with finite element analyses. 
	Table 7.1: Maximum displacement and system ductility in each cycle 
	Specimen 1 Specimen 2 Specimen 3 Specimen 4 
	Cycle 
	max 
	.

	max 
	.

	max 
	.

	max 
	.

	no. µmax µmax µmax µmax 

	mm (in.) mm (in.) mm (in.) mm (in.) 
	mm (in.) mm (in.) mm (in.) mm (in.) 
	1 5 (0.2) 0.1 7 (0.27) 0.1 7 (0.27) 0.1 5 (0.2) 0.1 
	2 12 (0.5) 0.2 18 (0.71) 0.2 17 (0.68) 0.2 12 (0.5) 0.2 
	3 28 (1.1) 0.4 38 (1.5) 0.5 36 (1.4) 0.5 25 (1.0) 0.5 
	4 50 (2.0) 0.8 64 (2.5) 0.8 60 (2.35) 0.8 47 (1.86) 0.8 
	5 71 (2.8) 1.1 83 (3.25) 1.0 79 (3.1) 1.0 61 (2.4) 1.1 
	6 71 (2.8) 1.1 83 (3.25) 1.0 79 (3.1) 1.0 61 (2.4) 1.1 
	7 142 (5.6) 2.2 165 (6.5) 2.0 157 (6.2) 2.1 122 (4.8) 2.2 
	8 142 (5.6) 2.2 165 (6.5) 2.0 157 (6.2) 2.1 122 (4.8) 2.2 
	9 213 (8.4) 3.3 248 (9.75) 3.0 236 (9.3) 3.1 183 (7.2) 3.3 
	10 213 (8.4) 3.3 248 (9.75) 3.0 236 (9.3) 3.1 183 (7.2) 3.3 
	11 284 (11.2) 4.4 330 (13.0) 4.0 315 (12.4) 4.2 244 (9.6) 4.4 
	12 284 (11.2) 4.4 330 (13.0) 4.0 315 (12.4) 4.2 244 (9.6) 4.4 
	13 356 (14.0) 5.5 413 (16.25) 5.0 394 (15.5) 5.2 305 (12.0) 5.5 
	14 356 (14.0) 5.5 413 (16.25) 5.0 394 (15.5) 5.2 305 (12.0) 5.5 
	15 --495 (19.5) 6.0 472 (18.6) 6.3 361 (14.4) 6.6 
	16 --495 (19.5) 6.0 472 (18.6) 6.3 361 (14.4) 6.6 
	17 --572 (22.5) 6.9 551 (21.7) 7.3 -max: maximum lateral displacement at the top of the column. max: maximum system ductility. 
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	Figure 7.36: Lateral force vs. drift for Specimen 4 
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	Figure 7.41: Strains in column longitudinal bars in Specimen 4 (a pair of bundled bars at north face) 
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	Figure 7.42: Strains in column longitudinal bars in Specimen 4 (a pair of bundled bars at south face) 
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	CHAPTER 8 
	FINITE ELEMENT ANALYSIS OF COLUMN – ENLARGED PILE SHAFT ASSEMBLIES 
	Finite element (FE) analyses have been used together with the results of the large-scale tests presented in Chapter 7 to determine the minimum embedment length required for column longitudinal reinforcement extending into enlarged pile shafts. Initially, FE models were used for the pre-test assessment of the performance of the column-shaft assemblies and to assist the development of the loading protocols for the tests presented in Chapter 6. In particular, the analyses confirmed that the embedment lengths u
	l+ s + c , were close to the minimum required to develop the column longitudinal reinforcement. Once validated by the test results and further refined, the FE models have been used to obtain detailed information, such as the bar stress and bond stress distributions along the longitudinal column reinforcement, which were not obtainable from the tests but are crucial for gaining a good understanding the bond-slip behavior of the column reinforcement in the shaft and for determining the adequacy of the embedme
	d 

	8.1Finite element modeling of the column-shaft tests 
	A FE model of a column-shaft assembly like those tested in the laboratory is shown in Figure 8.1. Only half of the specimen is represented in the model by taking advantage of the symmetry plane along the north-south (loading) direction. The constitutive models for concrete and steel, which are available in ABAQUS and have been calibrated as discussed in Chapter 4, are used. Bond slip in the column and shaft longitudinal bars is considered. The bars are modeled with beam elements, and bond slip is modeled wi
	8.1.1Load-displacement response 
	The FE models are subjected to the same vertical load and displacement demands at the top of the column as the test specimens. Geometric nonlinearity is considered in the analyses. The lateral load-vs.-drift relations obtained from the tests and the analyses for Specimens 1 through 4 are shown in Figure 8.2 through Figure 8.5, respectively. The FE analysis results provide a good match with the experimental load-displacement curves, except for the last cycle of the tests. The lateral load carrying capacities
	The FE models are subjected to the same vertical load and displacement demands at the top of the column as the test specimens. Geometric nonlinearity is considered in the analyses. The lateral load-vs.-drift relations obtained from the tests and the analyses for Specimens 1 through 4 are shown in Figure 8.2 through Figure 8.5, respectively. The FE analysis results provide a good match with the experimental load-displacement curves, except for the last cycle of the tests. The lateral load carrying capacities
	in the columns and shafts, such as the concrete crushing at the base of the columns, flexural cracking, bar yielding, bond slip, and splitting cracking in the shafts. Cracking in the shafts is similar to the patterns observed experimentally, as shown in Figure 8.6 by the contour plots of the maximum principal strains in the four shafts at the peak displacement of Cycle 13. Figure 8.6 also shows that the levels of damage in Specimens 1, 2 and 4 are similar, while it is less severe in Specimen 3 owing to the 

	8.1.2Strains and stresses in column longitudinal reinforcement 
	Figure 8.7 through Figure 8.10 plot the numerical and experimental strain values for the column longitudinal bar at the north face of Specimens 1 through 4, respectively. A good correlation can be seen between the numerical and experimental results for bar strains in the columns and along the embedment length in the shafts. Only for Specimen 1, the severity of strain penetration seems to be underestimated slightly by the FE model. As shown in Figure 8.7b, according to the FE analysis, tension yielding of th
	diameter, d. In the test, the plastic strain penetration was measured to be 0.61 m (2 ft) at this same cycle. Thus, the model underestimates the plastic strain penetration along this bar by 18%. However, for the other specimens, the strain penetrations in the FE models match the test results well. In Specimen 2, strain gages were damaged in the last few 
	diameter, d. In the test, the plastic strain penetration was measured to be 0.61 m (2 ft) at this same cycle. Thus, the model underestimates the plastic strain penetration along this bar by 18%. However, for the other specimens, the strain penetrations in the FE models match the test results well. In Specimen 2, strain gages were damaged in the last few 
	b 

	cycles, so the final plastic strain penetration could not be obtained. According to the FE analysis, the plastic penetration in Cycle 17 (the first cycle at a system ductility of 7 and the last cycle before bar fracture occurred in the test) for Specimen 2 is 0.72 m (2.4 ft), which is 17 d, as shown in Figure 8.8. The FE analysis have shown that Specimens 3 and 4 have similar extents of normalized plastic strain penetration, with respect to the bar diameter, at the end of the tests. For Specimen 3, it is 15
	b 
	b 


	Specimen 4, it is 16 d or 0.4 m (1.3 ft). 
	b

	Figure 8.11 plots the axial stress distributions along the column longitudinal bars for Specimens 1 through 4 at the peak displacements of different cycles, as predicted by the FE analysis. Table 8.2 shows the maximum tensile stresses developed for each of the specimens at the peak displacement of the cycle prior to failure in the test, as obtained from FE analysis. The maximum stresses developed in these bars are smaller than the tensile strength of the bars, which was obtained from material testing. For e
	8.1.3Bond stresses and slip in column longitudinal reinforcement 
	The bond stresses along the column longitudinal bars obtained from the FE analyses provide valuable information to understand the bond-slip behavior of these bars along their anchorage. The bond stress distributions along the embedment length of the column bars located at the north face of Specimen 1 through Specimen 4 are plotted in Figure 8.12 through Figure 8.15, respectively. It is possible to calculate the average experimental bond stresses based on the readings from two adjacent strain gages as long a
	The bond stresses along the column longitudinal bars obtained from the FE analyses provide valuable information to understand the bond-slip behavior of these bars along their anchorage. The bond stress distributions along the embedment length of the column bars located at the north face of Specimen 1 through Specimen 4 are plotted in Figure 8.12 through Figure 8.15, respectively. It is possible to calculate the average experimental bond stresses based on the readings from two adjacent strain gages as long a
	stresses compare relatively well to the average bond stresses obtained from the experimental data in these lower anchorage regions. 

	For Specimen 1, the bond stress distribution is highly nonlinear when the bar is subjected to tension and compression, as shown in Figure 8.12. The peak bond stress occurs near the top of the embedment length, and it moves downward as the ductility demand is increased. Even though the bar slip is maximum at the top of the embedment length, the peak bond resistance occurs at a lower section. This is mainly due to the severe bond deterioration caused by bar yielding occurring in the upper region of the embedm
	6.9 MPa (1 ksi) or 40% of the maximum bond strength. At the peak displacement of Cycle 13, most of the bond resistance is provided in a region located approximately between 0.3 m (1 ft) and 1 m (3.3 ft) below the base of the column. In the remaining 2.3 m (4.2 ft) below this region, little bond resistance is activated, with the bond stress less than 2.5 MPa (0.35 ksi) (i.e., 15% of the bond strength), because the bar has not slipped much. This indicates that there is a significant portion of the embedment l
	Figure 8.13 plots the bond stress distributions along the embedment length of the longitudinal bar located at the north face of Specimen 2. The distribution is highly nonlinear when the bar is subjected to compression. However, the bond resistance is more uniform when the bar is subjected to tension. At the peak displacement of Cycle 17, the bond resistance along the upper 0.6 m (2 ft) of the embedment length has deteriorated significantly. For the rest of the bar anchorage length, the bond resistance is mo
	Figure 8.13 plots the bond stress distributions along the embedment length of the longitudinal bar located at the north face of Specimen 2. The distribution is highly nonlinear when the bar is subjected to compression. However, the bond resistance is more uniform when the bar is subjected to tension. At the peak displacement of Cycle 17, the bond resistance along the upper 0.6 m (2 ft) of the embedment length has deteriorated significantly. For the rest of the bar anchorage length, the bond resistance is mo
	anchorage. These results show that the embedment length for Specimen 2 can be close to the minimum required. 

	The increase of confinement in the anchorage region of Specimen 3 as compared to Specimen 2 affects the bond stress distributions, as shown in Figure 8.14. At the peak displacement of Cycle 15, bond deterioration in the upper part of the bar anchorage is similar to that for Specimen 2. However, for Specimen 3, the peak bond stress reaches 45% of the maximum bond strength, slightly higher than that for Specimen 2 (which has the peak bond stress at 39% of the maximum bond strength), and the bond stress mobili
	For Specimen 4, the shape of the bond stress distribution in tension is similar to that for Specimen 2, as shown in Figure 8.15. At the peak displacement of Cycle 13, the bond resistance along the upper 0.4 m (1.3 ft) of the embedment length has deteriorated significantly mainly due to bar yielding in tension. For the rest of the anchorage length, the bond stresses variation is small (it varies from 25% to 42% of the maximum bond strength), and the maximum bond resistance occurs at the bottom of the anchora
	The bar slip with respect to the surrounding concrete is plotted in Figure 8.16 through Figure 8.19 for the same bars in Specimens1, 2, 3, and 4, whose bond stress is considered above. In the upper regions of the bar anchorage zones, in which the bars have yielded, large levels of slip are measured. Below the plastic strain penetration regions, the bar slips are smaller than the slip, , at which the maximum bond resistance is 
	peak mobilized in the monotonic bond stress-slip curves of for the respective bars. In Specimen 1, the bar practically does not slip (with the slip smaller than 5% of ) in 
	s

	peak 
	s

	the lower 1.4 m (4.5 ft), or 38 d, of the bar anchorage length, as shown in Figure 8.16. In the other specimens, the regions with little slip are shorter and the magnitude of the slips 
	b 

	in these regions is larger. In Specimens 2, the slip in the lower 1 m (3.5 ft), or 25 d, is between 5% and 10% of , as shown in Figure 8.17. Over the same length, this slip is 
	b 

	peak 
	s

	between 3% and 8% of in Specimen 3, as shown in Figure 8.17. In Specimen 4, the 
	peak 
	s

	slip in the lower 0.9 m (2.8 ft), or 33 , is between 8% and 12% of , as shown in 
	b peak Figure 8.18. It should be noted that according to monotonic stress-slip relation adopted in the model, as presented in Chapter 4, the bond stress will reach 40% of the maximum bond strength at a slip of 10% of . Hence, the bar slip in Specimen 4 can be 
	d 
	s

	peak 
	s

	considered relatively significant. 
	8.1.4Strain and stresses in shaft longitudinal reinforcement 
	The numerical and experimental strain values for the shaft longitudinal reinforcement are plotted in Figure 8.20 through Figure 8.23 for Specimens 1 through 4, respectively. The FE models underestimate the strain levels in these bars. The discrepancies in the tensile strains could be attributed to the fact that the concrete in the models is able to carry higher tensile stresses than that in the actual specimens, for which flexural cracks were observed in the shafts. As shown in Figure 8.21 and Figure 8.23, 
	8.1.5Strains in the column hoops 
	Figure 8.24 compares the numerical and experimental strain values for the column hoops at the south face of the specimens. The models predict correctly the yielding of the hoops at the base of the column in the late few cycles. However, they overestimate the hoop strains at other locations along the height of the column. This could be attributed to an overestimation of the plastic dilatation in the concrete model. 
	8.1.6Strains in the shaft hoops 
	The numerical and experimental strain values for the shaft hoops in Specimen 1 are compared in Figure 8.25. The model provides a fairly good representation of the peak 
	The numerical and experimental strain values for the shaft hoops in Specimen 1 are compared in Figure 8.25. The model provides a fairly good representation of the peak 
	strains for the north side of the shaft, but overestimates these strains near the top of the embedment length region, as shown in Figure 8.25a. The lateral load-vs.-hoop strain curves for the north side of the hoop located at 0.3 m (1 ft) below the column base are plotted in Figure 8.25b. During the test, the hoop strain increased when the column was pushed and pulled laterally, i.e., when the column longitudinal bar near the north face was pulled and pushed, and decreased when the column was unloaded. The 

	The problems in replicating the hoop strains in the shaft, as shown in Figure 8.25, could be attributed to the deficiencies of the concrete model, which is not able to simulate accurately the plastic dilatation in concrete and the closing of tensile splitting cracks, and also to the inaccuracy of the bond-slip model in simulating the radial dilatation caused by bar slip. Similar trends have been observed for Specimen 2, as shown in Figure 8.26. The magnitude of the strains at the north side of the hoops cor
	The peak hoop strains in the transverse reinforcement and steel casing of the shaft in Specimen 3 are reasonably well captured with the FE analysis, as shown in Figure 8.27 and Figure 8.28. The smaller hoop strains as compared to those measured in Specimen 2 are well predicted. However, these strains are underestimated at the top of the bar anchorage zone, where the maximum hoop strains develop. 
	The hoop strain distribution in the shaft of Specimen 4 predicted with the FE analysis is similar to that of Specimen 2, as shown in Figure 8.29. However, during the test, the peak strains were measured in a hoop located 0.64 m (2.1 ft) below the top of the shaft rather than the hoop near the top.  
	8.1.7Concluding remarks 
	The FE analysis results presented have shown good correlation with the experimental results in terms of the global lateral load-displacement behavior of the column-shaft assemblies and strain variations in the column longitudinal bars within the columns and embedment regions. However, some modeling limitations have also been identified. One is that the failure of a column caused by the buckling and subsequent fracture of the bars is not simulated. Also, the concrete model is not able to simulate the closing
	8.2 Parametric study to verify the minimum embedment length of column reinforcement in enlarged pile shafts 
	Three of the four column-shaft assemblies tested in this project and the finite element analyses presented in Section 8.1 have shown that an embedment length of 
	Three of the four column-shaft assemblies tested in this project and the finite element analyses presented in Section 8.1 have shown that an embedment length of 
	l+ s + c for the column reinforcement extended into an enlarged shaft is sufficient to develop the full bending capacity of a column. Further finite element analyses have been conducted to investigate if this is true for column-shaft assemblies of different geometric configurations and reinforcing details, and its level of conservatism against the pull-out failure of the reinforcing bars. As summarized in Table 8.3, results from 12 column-shaft models are discussed here. Additional analyses have been conduc
	d 
	c 
	s 


	Of the 9 new models, five have embedment lengths of l+ s + c and the quantities 
	d 

	of transverse reinforcement in the bar anchorage region of the shaft determined with Equation 6.9. These are Models 4-6-11-2, 4-6-14-2, 8-10-14-1, 8-12-14, and 8-12-18 shown in Table 8.3. They include small-size ( D=1219 mm [4 ft]) and large-size (Dc= 2438 mm [8 ft]) columns, and have bar sizes between No. 11 and 18.  
	c 

	The columns and shafts in Models 4-6-11-2 and 4-6-14-2 have the same dimensions, with D=1219 mm (4 ft) and D=1829 mm (6 ft), and the same longitudinal reinforcement as Specimens 1 and 2, respectively. Model 8-10-14-1 Dc= 2438 mm (8 ft) and Ds= 3048 mm (10 ft), and has No. 14 (43-mm) and 18 (57-mm) longitudinal bars in the column and shaft, respectively. In the above three models, the shaft diameter is 610 mm (2 ft) larger than the column diameter, which is the minimum difference required in Caltrans SDC (Ca
	c 
	s 
	corresponds to an assembly with 
	(1 ft). Two additional models have been analyzed with 

	Analysis results from the aforementioned five models show that an embedment length of l+ s + c is sufficient to develop the full bending capacity of the columns. The remaining four of the 9 new models have either shorter embedment lengths or different quantities of transverse reinforcement to examine the level of conservatism in the embedment length formula. Analysis results obtained with these models are summarized in the following sections. 
	d 

	8.2.1Smaller-size column-shaft assemblies 
	Model 4-6-11-2 has the same column and shaft dimensions and reinforcement as Specimen 1 but with l= l+ s + c . Figure 8.30 shows that it has identical force-displacement curves as the model for Specimen 1 (Model 4-6-11-1), in which 
	e 
	d 

	. Hence, the reduction of the embedment length has no influence on the 
	e c,max d 
	l
	= D
	+ l

	system response. Model 4-6-11-3 has an even shorter embedment length of 0.7l. For this model, several column longitudinal bars are pulled out from the shaft when the maximum drift reached for Specimen 1 has been applied. Pull-out failure of the bars causes a decrease of the load-carrying capacity with respect to the other two models, as 
	d 

	shown in Figure 8.30. Additional analyses not reported here have shown that for any embedment lengths longer than 0.7l, pull-out failure will not occur. This indicates that 
	d 

	l= l+ s + c has a good margin of safety.  
	e 
	d 

	The strain distributions along the column bars located at the north face of Models 
	4-6-11-1, 4-6-11-2, and 4-6-11-3 at the peak displacement of Cycle 13 are plotted in Figure 8.31a. The maximum plastic strain penetration is about 0.5 m (1.63 ft) or 14din all the models. The distances between the bottom of the bar to the point where the bar has yielded are 50d, 26d, and 7dfor Models 4-6-11-1, 4-6-11-2, and, 4-6-11-3, respectively. With only 7dto develop the yield capacity of the bar in the last case, the pull-out failure occurring in the last model is not unexpected. Differences are observ
	b 
	b 
	b 
	b 
	b 

	the bond stress distributions along these bars at the peak displacement of Cycle 13, as shown in Figure 8.31b. For the case with the shortest embedment length, the bar slips more and the bond stress is higher and more uniformly distributed along the anchorage length. 
	Specimen 2 had an embedment length of l+ s + c and the transverse reinforcement in its shaft was determined according to the formula of McLean and Smith (1997). A model (4-6-14-2) with the same embedment length but transverse reinforcement in the shaft determined with Equation 6.9 has been analyzed and compared to the model of Specimen 2 (4-6-14-1). With Equation 6.9, the volumetric ratio of the hoops in the lap splice region is 1.19% as compared to 1.04% provided in Specimen 2. In addition, two more models
	Specimen 2 had an embedment length of l+ s + c and the transverse reinforcement in its shaft was determined according to the formula of McLean and Smith (1997). A model (4-6-14-2) with the same embedment length but transverse reinforcement in the shaft determined with Equation 6.9 has been analyzed and compared to the model of Specimen 2 (4-6-14-1). With Equation 6.9, the volumetric ratio of the hoops in the lap splice region is 1.19% as compared to 1.04% provided in Specimen 2. In addition, two more models
	d 

	compression members, and the additional confinement required by Equation 6.14 was provided with the steel casing. 

	The force-displacement curves obtained for the aforementioned models, as shown in Figure 8.32, are very similar. The strain and bond stress distributions along the column bars located at the north face of these models at the maximum drift of Specimen 2 are plotted in Figure 8.33. As shown in Figure 8.33a, the plastic strain penetration increases as the transverse steel decreases. However, the difference is very small, with the maximum plastic penetration ranging from 0.64 m (2.1 ft) to 0.72 m (2.4 ft). Simi
	Model 4-6-14-5 replicates Specimen 2 but employs a reduced embedment length of l= 0.65l. This model has bar pull-out failure exhibiting a significant load degradation under cyclic loading, as shown in Figure 8.32. Further analyses not reported here have shown that for longer embedment lengths, pull-out failure will not occur. The bond stress distribution along the column bar located at the north face of Model 4-6-14-5, as plotted in Figure 8.33b, shows that the bond resistance has practically disappeared at
	e 
	d 
	-

	8.2.2Larger-size column-shaft assemblies 
	Two models of a column-shaft assembly with D= 2438 mm (8 ft) and Ds= 3048 
	c 

	mm (10 ft) have been analyzed. Model 8-10-14-1 has an embedment length of l+ s + c and the transverse reinforcement in the shaft complying with Equation 6.9. The response of this model is compared to that of Model 8-10-14-2, in which the embedment length is reduced to l= 0.75l. The force-displacement curves plotted in Figure 8.35 show that Model 8-10-14-2 has a significant load degradation under cyclic loading due to bar pullout failure. Additional analyses have shown that pull-out failure will not occur fo
	d 
	e 
	d 
	-
	b 

	in Figure 8.36a. This is larger than 17din Model 4-6-14-2, which has the same longitudinal bar size, and has the development length and transverse reinforcement Dc= 1219 mm (4 ft) and Ds= 1829 mm (6 ft). This difference in plastic strain penetration is caused by the more severe damage induced at the top of the shaft in Model 8-10-14-1 due to the smaller ratio of the shaft to column diameter. This increase in damage is also reflected in the bond stress distribution, which shows that the peak bond stress in M
	b 
	determined with the same equations but with 

	8.37. This implies wider splitting cracks. Dc= 2438 mm (8 ft) and 
	Finally, two models of a column-shaft assembly with 

	Ds= 3658mm (12 ft) have been analyzed with an embedment length of l+ s + c and the transverse reinforcement in the shaft complying with Equation 6.9. Models 8-12-14 and 8-12-18 have No. 14 and 18 bars, respectively, for the column longitudinal reinforcement. As shown in Figure 8.38 and Figure 8.39, these models do not show any load degradation in the force-displacement curves other than the P-delta effect. The strain distribution along the north column bar of Model 8-12-14 at the peak displacement of 
	Ds= 3658mm (12 ft) have been analyzed with an embedment length of l+ s + c and the transverse reinforcement in the shaft complying with Equation 6.9. Models 8-12-14 and 8-12-18 have No. 14 and 18 bars, respectively, for the column longitudinal reinforcement. As shown in Figure 8.38 and Figure 8.39, these models do not show any load degradation in the force-displacement curves other than the P-delta effect. The strain distribution along the north column bar of Model 8-12-14 at the peak displacement of 
	d 

	Cycle 17 (a system ductility of 7), as plotted in Figure 8.40a, indicates a plastic strain penetration of 0.95 m (3.1 ft) or 22d. The plastic strain penetration is the same as that in Model 8-10-14, but in this case, more embedment length is provided to account for the larger separation between the reinforcing cages. The peak bond stress is located far from the bottom end of the bar, as shown in Figure 8.40b. For the model with larger bars, the plastic strain penetration at a system ductility of 7 is 18d(1.
	b 
	b 


	Figure 8.41a. The bond stress distribution, as plotted in Figure 8.41b, also shows a clear peak located far from the bottom end of the bar. Hence, these two models have a higher Ds= 3048 mm (10 ft). 
	margin of safety against bond failure as compared to the models with 

	8.3Conclusions 
	The ability of the FE models to simulate the bond-slip behavior in column-shaft assemblies has been validated by the results of the large-scale column-shaft tests. They have been used to study the development of column longitudinal bars in enlarged pile shafts, including the bond stress distributions along the anchorage of these bars in the four tests presented in Chapter 7. The analytical and experimental observations indicate that l = D + l as used in Specimen 1 is over-conservative. The analytical and 
	ec,max d 
	experimental results for Specimens 2 through 4 show that an embedment length of l+ s + c is sufficient. 
	d 

	Through further FE simulations, the sufficiency of l+ s + c has been verified for larger column-shaft assemblies, and for column-shaft assemblies with different ratios of shaft to column diameter and different sizes of column longitudinal bars. Simulation 
	d 

	results from a limited number of models have also indicated that with adequate transverse reinforcement, pull-out failures will occur only when the embedment length is equal to or shorter than 0.75l. This implies that there is a good margin of safety when l+ s + c is used. Furthermore, the models have shown that the ratio of the shaft diameter to the 
	d 
	d 

	column diameter has an influence on the performance of the shaft. A higher ratio leads to less shaft damage. 
	However, the finite element models in general show smaller strains in the shaft hoops near the base of the column. This could be due to the fact that the plying action of the confined concrete core of the column within the shaft is not well captured in the models.  
	Table 8.1: Maximum lateral load resistance 
	Table 8.1: Maximum lateral load resistance 
	Table 8.1: Maximum lateral load resistance 

	Specimen 
	Specimen 
	Experimental results 
	FE analysis results 
	FE prediction 

	no. 
	no. 
	kN (kips) 
	kN (kips) 
	error 

	1 
	1 
	1063 (239) 
	1139 (256) 
	7% 

	2 
	2 
	1223 (275) 
	1348 (303) 
	10% 

	3 
	3 
	1205 (271) 
	1365 (307) 
	13% 

	4 
	4 
	1023 (230) 
	1040 (234) 
	2% 


	Table 8.2: Maximum tensile stresses in column longitudinal reinforcement 
	Specimen Maximum tensile stress, .
	max 

	Cycle no. . max / fy ./ fMPa (ksi) 
	max 
	u 
	no. 

	1 13 
	1 13 
	1 13 
	550 (80) 
	1.23 
	0.88 

	2 17 
	2 17 
	585 (85) 
	1.27 
	0.92 

	3 15 
	3 15 
	580 (84) 
	1.25 
	0.90 

	4 13 
	4 13 
	574 (83) 
	1.25 
	0.88 

	f : actual yield strength of steel. y 
	f : actual yield strength of steel. y 

	f : actual tensile strength of steel. u
	f : actual tensile strength of steel. u


	Table 8.3: FE models of column-shaft assemblies for parametric study 
	Column / shaft Formula 
	Model DD4 l
	c 
	s 
	e 

	longitudinal .lmm (ft) mm (ft) mm (ft) 
	ID 
	v,shaft for 
	e 

	reinforcement 
	4-6-11-1 0.82% Dc,max + ld 2286 (7.5) 18 No. 11/ 
	1 

	4-6-11-2 1219 (4) 1829 (6) 1.07% l+ s + c 1422 (4.67) 
	d 

	28 No. 14 4-6-11-3 1.07% 0.7l762 (2.5) 
	d 

	4-6-14-1 1.04% l+ s + c 1829 (6) 4-6-14-2 1.19% l+ s + c 1829 (6) 
	2 
	d 
	d 

	18 No. 14/ 
	4-6-14-3 1219 (4) 1829 (6) 0.74% l+ s + c 1829 (6) 
	d 

	26 No. 18 4-6-14-4 1.87% l+ s + c 1829 (6) 
	3 
	d 

	4-6-14-5 1.19% 0.65l940 (3.1) 
	d 

	8-10-14-1 8-10-14-2 
	8-10-14-1 8-10-14-2 
	8-10-14-1 8-10-14-2 
	2438 (8) 
	3048 (10) 
	38 No. 14/ 48 No. 18 
	1.58% 1.58% 
	ld + s + c 0.75l d 
	1829 (6) 1092 (3.6) 

	8-12-14 
	8-12-14 
	2438 (8) 
	3658 (12) 
	40 No. 14/ 56 No. 18 
	1.31% 
	ld 
	+ s + c 
	2134 (7) 

	8-12-18 
	8-12-18 
	2438 (8) 
	3658 (12) 
	34 No. 18/ 56 No. 18 
	1.53% 
	ld 
	+ s + c 
	2565 (8.4) 


	Test Specimen 1. Test Specimen 2. Test Specimen 3. Volumetric ratio of shaft transverse reinforcement. Note: models employing l+ s + c and Equation 6.9 for transverse reinforcement are 
	1
	2
	3
	4
	d 

	highlighted in bold. 
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	Figure 8.4: Lateral load vs. drift curves for Specimen 3 
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	Figure 8.5: Lateral load vs. drift curves for Specimen 4 
	Figure
	(a)) Specimen 1 1 (b) Sp Specimen 2 
	Figure
	(c)) Specimen 3 3 (d) SpSpecimen 4 
	Figure 8 8.6: Maximuum principall strains in shhafts 
	Height (m) Height (m) 
	Height (ft.) Height (ft.) 
	2 
	2 
	Test (tension) FEA (tension) Test (compression) FEA (compression) Yield strain l e column-shaft interface 

	6 
	6 
	Test (tension) FEA (tension) Test (compression) FEA (compression) Yield strain 

	1.5 
	1.5 
	4 
	4 
	1 
	1 
	2 
	2 
	0.5 
	0.5 
	Height (ft.) 
	Height (m) 
	0 
	0 
	0 
	-0.5 
	-0.5 
	-2 
	-2 
	-1 
	-1 
	-4 
	-1.5 
	-1.5 
	-6 
	-2 
	-2 
	-5 
	-5 
	-5 
	0 
	5 
	10 
	15 
	20 
	-0.02 
	-0.01 
	0 
	0.01 
	0.02 
	0.03 

	Strain 
	Strain 
	-3 x 10 
	Strain 

	(a) Peak displacements of Cycle 4 
	(a) Peak displacements of Cycle 4 
	(b) Peak displacements of Cycle 13 


	Figure 8.7: Strains in the column longitudinal bar at the north face of Specimen 1 
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	Figure 8.11: Axial stress variation along the column longitudinal bars at the north face of the specimens 
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	Figure 8.12: Bond stresses along the column longitudinal bar at the north face of Specimen 1 
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	Figure 8.13: Bond stresses along the column longitudinal bar at the north face of Specimen 2 
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	Figure 8.15: Bond stresses along the column longitudinal bar at the north face of Specimen 4 
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	Figure 8.19: Bar slip along the column longitudinal bar at the north face of Specimen 4 
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	Figure 8.31: Results for north column longitudinal bar in Models 4-6-11-x at the peak displacement of Cycle 13 
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	Figure 8.32: Lateral load vs. drift curves for Models 4-6-14-x 
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	Figure 8.33: Results for north column longitudinal bar in Models 4-6-14-x at the peak displacement of Cycle 17 
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	Figure 8.34: Strains in shaft hoops and casing in Models 4-6-14-x at the peak displacement of Cycle 17 
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	Figure 8.36: Results for north column longitudinal bar in Models 8-10-14-x at the peak displacement of Cycle 17 
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	Figure 8.37: Strains in shaft hoops in Models 8-10-14-x at the peak displacement of Cycle 17 
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	Figure 8.40: Results for north column longitudinal bar in Model 8-12-14 at the peak displacement of Cycle 17 
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	CHAPTER 9 
	DESIGN RECOMMENDATIONS 
	This chapter presents new design recommendations on the minimum embedment length required for column reinforcement extended into a Type II shaft, and the transverse reinforcement required for the bar anchorage region of the shaft. These recommendations are based on the results of the experimental and analytical studies presented in the previous chapters of this report. The new recommendations are compared to those proposed by McLean and Smith (1997) and to the specifications in the Caltrans Seismic Design C
	9.1Minimum required embedment length 
	Results from the four column-shaft assembly tests (presented in Chapter 7) and the numerical parametric study (in Chapter 8) have indicated that an embedment length of l+ s + c is adequate to develop the tensile strength of the longitudinal reinforcement 
	d 

	in a bridge column, with lbeing the development length in tension according to the AASHTO LRFD Bridge Design Specifications and AASHTO LRFD Seismic Bridge Design Specifications, s the center-to-center distance between the column and shaft reinforcing cages, and c the thickness of the top concrete cover in the shaft. Nevertheless, these results do not account for the uncertainties in material properties and construction quality that could be encountered in an actual bridge. The reliability analysis presented
	in a bridge column, with lbeing the development length in tension according to the AASHTO LRFD Bridge Design Specifications and AASHTO LRFD Seismic Bridge Design Specifications, s the center-to-center distance between the column and shaft reinforcing cages, and c the thickness of the top concrete cover in the shaft. Nevertheless, these results do not account for the uncertainties in material properties and construction quality that could be encountered in an actual bridge. The reliability analysis presented
	d 
	d 

	level to develop the yield capacity of a bar but is not sufficiently reliable to develop the tensile strength of a bar when uncertainties in material properties and construction quality are considered. In view of this, the design requirement proposed here adopts an lthat 
	d 


	takes into consideration of these uncertainties based on the analysis presented in Chapter 5. 
	However, for a column with a very large cross-section dimension, l+ s + c can result in an embedment length less than the cross-sectional dimension of the column. This may not be desirable. As shown in Figure 9.1, two types of column anchorage failure are possible in an enlarged shaft. One is the bar pull-out, and the other is the column pull-out due to concrete damage induced by a plying action when the confined core of the column rocks back and forth in the shaft. Both mechanisms could contribute to the a
	d 

	The force demand on the shaft due to the plying action depends on the moment capacity of the column and the embedment length of the confined core in the shaft. The longer the embedment length is, the lower will be the force demand for a given moment from the column. By considering the fact that the moment capacity of a circular column for a given steel ratio is proportional to the cube of the column diameter and that the quantity of the transverse reinforcement in a shaft should be more or less proportional
	The force demand on the shaft due to the plying action depends on the moment capacity of the column and the embedment length of the confined core in the shaft. The longer the embedment length is, the lower will be the force demand for a given moment from the column. By considering the fact that the moment capacity of a circular column for a given steel ratio is proportional to the cube of the column diameter and that the quantity of the transverse reinforcement in a shaft should be more or less proportional
	from 0.77 to 1.87 times the column diameter, and two of the columns had a longitudinal steel ratio of 2.55%, which is considered relatively high for a bridge column. Since the anchorage of these specimens performed satisfactorily in the tests, it seems appropriate to expect that an embedment length greater than one times the diameter or the larger cross-sectional dimension of the column will prevent anchorage failure due to the plying action provided that the amount of transverse reinforcement recommended i

	Based on the above considerations, it is recommended that the minimum embedment length of column reinforcement extended into a Type II shaft be given by the following formula.  
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	c in which dis the diameter of the developed bars, fis the specified yield strength of the bars, and f. the specified compressive strength of the concrete in the shaft. For bundled bars, lshall be increased by 20 percent for a two-bar bundle and 50 percent for a three-bar bundle, according to the AASHTO LRFD Specifications. Equation 9.2 is 
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	derived from Equation 5.11, which gives the minimum embedment length required to 
	derived from Equation 5.11, which gives the minimum embedment length required to 
	reliably develop the reduced ultimate tensile capacity of a bar at the flexural limit state of the column under the best confined situation considered in Section 5.11.2.1.3 of the AASHTO LRFD Specifications. As discussed in Chapter 5, the reduced ultimate tensile capacity of a bar (developed at the flexural limit state of a column) is 1.35 times the yield strength, and Equation 5.11 results in a reliability index of 1.75 considering various uncertainties. By considering the fact that the maximum center-to-c

	Table 9.1 presents a comparison of the embedment lengths calculated with Equation 9.1, the formula proposed by McLean and Smith (1997), which is 1.7l+ s , and the specification in the Caltrans Seismic Design Criteria (2010), which are D+ land D+ 2lwith a staggered termination. Hence, the embedment length of the column cage in the shaft in Caltrans SDC is D + 2l . In the formula proposed by McLean and 
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	Smith (1997), lis determined according to the AASHTO LRFD Specifications. In the 
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	Caltrans specification, lis determined by multiplying the basic development length laccording to AASHTO (but with the expected yield strength rather than the specified) by a compounded modification factor of 0.9 for epoxy-coated bars or 0.6 for non epoxy-coated bars. Table 9.1 includes the specimens tested in this study, column-shaft systems in an actual bridge, which is the I5-I805 Connector in San Diego, and other examples. As one can observe from Table 9.1, McLean and Smith’s formula leads to embedment l
	Caltrans specification, lis determined by multiplying the basic development length laccording to AASHTO (but with the expected yield strength rather than the specified) by a compounded modification factor of 0.9 for epoxy-coated bars or 0.6 for non epoxy-coated bars. Table 9.1 includes the specimens tested in this study, column-shaft systems in an actual bridge, which is the I5-I805 Connector in San Diego, and other examples. As one can observe from Table 9.1, McLean and Smith’s formula leads to embedment l
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	Caltrans specification. Furthermore, it can be seen that D will govern the embedment 
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	length obtained with Equation 9.1 for columns with very large cross sections. 
	 9.2 Transverse reinforcement in the bar anchorage zone of Type II shafts 
	According to the analytical model presented in Section 6.1.2, to ensure the development of adequate bond strength, the spacing, s , of the transverse 
	tr,max 
	reinforcement in the bar anchorage region of a shaft should be no more than that given by the following equation: 
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	in which A is the cross-sectional area of a transverse reinforcing bar, f is the nominal yield stress of the transverse reinforcement, Nis the number of longitudinal bars in the column , d is the diameter of the longitudinal bars in the column, and . is the 
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	ultimate bond strength of the column longitudinal reinforcement, which can be taken to be 16.5 MPa (2.4 ksi) for 34.5-MPa (5-ksi) concrete. For concrete strengths other than 
	34.5 MPa (5 ksi), .can be scaled accordingly with the assumption that it is proportional 
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	to f. . In the case that the bar anchorage region of a shaft has a steel casing in addition to transverse reinforcement, the minimum thickness, t , of the steel casing required to 
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	ensure an adequate anchorage capacity can be calculated as follows: 
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	in which f is the nominal yield strength of the casing steel, and s is the spacing of the 
	y,c tr 
	transverse reinforcement. To limit the opening of radial cracks in a shaft to a nominal maximum width of u , the following more stringent requirement on the spacing of the transverse 
	cr ,max 
	reinforcement should be used. 
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	diameter of the shaft reinforcing cage, and . is the yield strain of the transverse reinforcement. It is recommended that u be 0.3 mm (0.012 in.) based on the 
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	The proposed recommendations for the minimum transverse reinforcement are compared in Table 9.2 to that proposed by McLean and Smith (1997) and the new requirement in the AASHTO LRFD Bridge Design Specifications (2012). According to McLean and Smith, the maximum spacing of the transverse reinforcement in the lap-splice region of a shaft should be 
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	longitudinal reinforcement, and l= 1.7l. Prior to 2012, no special specification existed 
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	in the AASHTO LRFD Bridge Design Specifications for the transverse reinforcement in the lap splice region of an enlarged pile shaft. The transverse reinforcement in the bar anchorage zone of a shaft was determined according to Section 5.7.4.6 of the AASHTO LRFD Specifications (2012) for confinement in compression members. In the 2012 Edition of the AASHTO LRFD Specifications, a new requirement has been included in Section 5.11.5.2.1 on the transverse reinforcement in the lap-splice region of an enlarged sha
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	in which f is the minimum tensile strength of the column longitudinal reinforcement 
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	(for ASTM A706 steel, it is 80 ksi), and k is the ratio of the amount of column reinforcement that is in tension at the nominal moment capacity of the column to the total amount of column reinforcement. This ratio can be obtained from a moment-curvature analysis; but according to Section C5.11.5.2.1 of AASHTO, k can be assumed 0.5 for most applications. For the comparison presented in Table 9.2, lin Equations 9.7 and 9.8 
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	is replaced by ldetermined by Equation 9.2 to be consistent with the new recommendation for the embedment length (presented in Equation 9.1). 
	d 

	As shown in Table 9.2, the minimum transverse reinforcement proposed here is 30% larger than that proposed by McLean and Smith (1997) in most of the cases. If the stringent criterion on crack width control is followed and the maximum crack width is limited to 0.3 mm (0.012 in.), then the volumetric ratio of the transverse reinforcement will increase significantly, and in some cases, it will be doubled. Table 9.2 also shows that a larger amount of transverse reinforcement is needed in the bar anchorage regio
	As shown in Table 9.2, the minimum transverse reinforcement proposed here is 30% larger than that proposed by McLean and Smith (1997) in most of the cases. If the stringent criterion on crack width control is followed and the maximum crack width is limited to 0.3 mm (0.012 in.), then the volumetric ratio of the transverse reinforcement will increase significantly, and in some cases, it will be doubled. Table 9.2 also shows that a larger amount of transverse reinforcement is needed in the bar anchorage regio
	transverse reinforcement actually used in the specimen (determined with Equation 9.3). In view of the severe cracking developed in the shaft of this specimen, the significantly reduced transverse reinforcement according to the AASHTO formula will not be adequate. 

	Table 9.1: Comparison of embedment lengths 
	Table 9.1: Comparison of embedment lengths 
	Table 9.1: Comparison of embedment lengths 

	Column diameter mm (ft) 
	Column diameter mm (ft) 
	Shaft diameter mm (ft) 
	Column longitudinal reinforcing bars 
	Embedment length of column reinforcing cage inside shaft mm (ft) Caltrans SDC McLean Recommended (2010)1 and (Equation 9.1) l l e,1 e,2 Smith 

	1 2 and 3 4 
	1 2 and 3 4 
	1219 (4) 1219 (4) 1219 (4) 
	1829 (6) 1829 (6) 1524 (5) 
	18 No.11 18 No. 14 32 No. 8 (bundled in pairs) 
	2126 (7.0) 2471 (8.1) 2054 (6.7) 
	3033 (9.9) 3723 (12.2) 2889 (9.5) 
	2169 (7.1) 2859 (9.4) 1872 (6.1) 
	1763 (5.8) 2055 (6.7) 1394 (4.6) 

	Bent 4 
	Bent 4 
	2135 (7) 
	3000 (9.8) 
	32 No. 14 
	3387 (11.1) 
	4639 (15.2) 
	2987 (9.8) 
	2177 (7.1) 

	Bent 12 Bent 13 
	Bent 12 Bent 13 
	2440 (8) 32002/21353 (10.5/7) 
	3600 (11.8) 3800 (12.5) 
	60 No. 14 80 No. 14 
	3692 (12.1) 4452 (14.6) 
	4944 (16.2) 5704 (18.7) 
	3134 (10.3) 3387 (11.1) 
	2440 (8)4 3200 (10.5)4 

	TR
	1829 (6) 
	2438 (8) 
	30 No. 14 
	3081 (10.1) 
	4333 (14.2) 
	2859 (9.4) 
	2055 (6.7) 


	I-805/I5 Connector 
	Test Specimens 
	Other examples 
	2743 (9) 
	2743 (9) 
	2743 (9) 
	3353 (11) 
	3962 (13) 
	3962 (13) 
	80 No. 14 80 No. 14 56 No. 18 
	3995 (13.1) 
	3995 (13.1) 
	4370 (14.3) 
	4370 (14.3) 
	5248 (17.2) 

	5248 (17.2) 
	5996 (19.7) 
	5996 (19.7) 
	2859 

	(9.4) 
	3164 (10.4) 
	3912 (12.8) 
	2743 (9)
	4 

	2743 (9)
	4 

	2945 (9.7) 
	l = D + l , l = D + 2l 
	l = D + l , l = D + 2l 
	1 


	e,1 c,max de,2 c,max d 
	Table 9.2: Comparison of transverse reinforcement in pile shafts 
	Table 9.2: Comparison of transverse reinforcement in pile shafts 
	Table 9.2: Comparison of transverse reinforcement in pile shafts 

	Column diameter mm (ft) 
	Column diameter mm (ft) 
	Volumetric ratio of shaft transverse reinforcement in anchorage region Shaft Column Proposed McLean diameter longitudinal AASHTO to and Proposed mm (ft) bars AASHTO1 20122 control Smith minimum (ls =ld) crack (ls =ld) opening 

	1 
	1 
	1219 (4) 
	1829 (6) 
	18 No.11 
	0.71% 
	0.32% 
	0.75% 
	0.98% 
	1.25% 

	2 and 3 
	2 and 3 
	1219 (4) 
	1829 (6) 
	18 No. 14 
	0.71% 
	0.38% 
	0.90% 
	1.17% 
	1.61% 

	4 
	4 
	1219 (4) 
	1524 (5) 
	32 No. 8 (bundled in pairs) 
	0.71% 
	0.50% 
	0.97% 
	1.51% 
	2.21% 


	I-805/I5 Connector 
	Test Specimens 
	Bent 4 
	Bent 4 
	Bent 4 
	2135 (7) 
	3000 (9.8) 
	32 No. 14 
	0.38% 
	0.40% 
	0.94% 
	1.23% 
	2.07% 

	Bent 12 
	Bent 12 
	2440 (8) 
	3600 (11.8) 
	60 No. 14 
	0.33% 
	0.61% 
	1.45% 
	1.90% 
	2.69% 

	Bent 13 
	Bent 13 
	3200/2135 (10.5/7) 
	3800 (12.5) 
	80 No. 14 
	0.31% 
	0.77% 
	1.83% 
	2.40% 
	4.55% 


	Art. 5.7.4.6 for compression members. Art. 5.11.5.2.1 for non-contact splices in oversized shafts: k = 0.5; ful = 80 ksi for ASTM A706 steel. 
	1
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	Figure
	(a) BBar pull-out mode (b) Columnn pull-out moode due to plying actioon 
	Figure 9.1.1: Behavior o of column annchorage in a shaft 
	Figure
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	CHAPTER 10 
	SUMMARY AND CONCLUSIONS 
	10.1Summary 
	The study reported here provides new data on the cyclic bond-slip behavior of large-diameter bars embedded in well-confined concrete, which were not available previously, and has resulted in improved design recommendations on the minimum embedment length required for column longitudinal reinforcement extended into enlarged (Type II) pile shafts and on the transverse reinforcement required for the bar anchorage region of a shaft.  
	An experimental study was carried out to obtain data on the bond strength and cyclic bond deterioration for large-diameter bars, namely, No. 11 and larger bars, which are frequently used in large bridge columns and pile shafts. A total of 22 monotonic pullout and cyclic pull-pull tests were performed on No. 11, 14, and 18 bars embedded in cylindrical concrete specimens with the confinement condition representative of an enlarged pile shaft. Basic bond stress-vs.-slip relations for monotonic and cyclic loadi
	-

	A new phenomenological cyclic bond stress-vs.-slip law for bars embedded in well-confined concrete has been proposed. This law has been developed based on the basic bond-slip data generated in this study and is an improvement and generalization of similar models proposed in other studies. The relation between the bond stress and slip for monotonic loading is described by a set of polynomial functions. For cyclic loading, a 
	A new phenomenological cyclic bond stress-vs.-slip law for bars embedded in well-confined concrete has been proposed. This law has been developed based on the basic bond-slip data generated in this study and is an improvement and generalization of similar models proposed in other studies. The relation between the bond stress and slip for monotonic loading is described by a set of polynomial functions. For cyclic loading, a 
	similar bond stress-slip relation is used, but the bond strength is reduced at each slip reversal using two damage parameters, whose values are based on the slip history, to account for cyclic bond deterioration. The law also takes into account the reduction of the bond resistance due to the tensile yielding of a bar and the radial stress generated by bar slip in an empirical fashion. It has been calibrated with the basic bond-slip data obtained for large-diameter bars, but can be used for deformed bars of 

	The development of large-diameter bars in tension under a well-confined situation, like that in a bridge foundation, was studied with experimental testing and FE analyses. The bond-slip behavior and anchorage capacity for large-diameter bars with long embedment lengths were evaluated with quasi-static pull-push tests. A total of 3 specimens were tested. One had a No. 14 bar and two had a No. 18 bar embedded in a cylindrical concrete specimen that had the same diameter and confinement level as those used in 
	The development of large-diameter bars in tension under a well-confined situation, like that in a bridge foundation, was studied with experimental testing and FE analyses. The bond-slip behavior and anchorage capacity for large-diameter bars with long embedment lengths were evaluated with quasi-static pull-push tests. A total of 3 specimens were tested. One had a No. 14 bar and two had a No. 18 bar embedded in a cylindrical concrete specimen that had the same diameter and confinement level as those used in 
	formula has been used in Monte Carlo simulations to study the reliability of the current AASHTO requirements on the development of large-diameter bars in tension considering uncertainties in material properties and construction quality. 

	The minimum embedment length required for column longitudinal reinforcement extended into Type II shafts was studied with large-scale tests of column-shaft assemblies and FE analyses. Four 1219-mm (4-ft) diameter columns supported on Type II shafts were tested under lateral cyclic loading. The first specimen was to assess the level of conservatism of the current Caltrans design recommendation. The embedment length was taken as D + l , in which D is the column diameter and l is the minimum 
	cdc d development length required in the AASHTO LRFD Bridge Design Specifications (2010). In this test, a plastic hinge formed at the base of the column, and the specimen failed by the buckling and subsequent tensile rupture of several longitudinal bars in the plastic-hinge region. No significant damage was observed in the upper region of the shaft where the column reinforcement was anchored. A finite element analysis was performed for this test using the proposed bond-slip element to complement the experim
	d 

	column and shaft reinforcing cages and c is the thickness of the top concrete cover in the shaft. A second specimen was tested with this embedment length. The transverse reinforcement in the lap-splice region of the shaft was determined with the formula proposed by McLean and Smith (1997). This specimen behaved in a similar manner as the first one, with no indication of bar anchorage failure. A third and a fourth column-shaft assembly tests were conducted with embedment lengths of l+ s + c . Specimen 3 
	d 

	had a steel casing, and Specimen 4 had bundled bars. These two tests were also intended to evaluate the recommendations proposed on the minimum transverse reinforcement required in the bar anchorage region of a shaft. One recommendation (which was used in Specimen 4) is on the minimum transverse reinforcement required to provide sufficient confinement to develop the necessary bond strength, and the other (which was used in Specimen 3) is more stringent and is to limit the width of splitting cracks induced b
	Finally, finite element analyses have been conducted to verify that an embedment 
	length of l+ s + c is generally adequate for column-shaft assemblies of different dimensions and with different longitudinal reinforcement ratios and bar sizes. Based on the experimental and numerical studies, improved design recommendations have been proposed. 
	d 

	10.2Conclusions 
	The basic bond-slip tests presented in this report have shown that the monotonic and cyclic bond stress-vs.-slip behavior of large-diameter bars, namely, No.11 and larger bars, embedded in well-confined concrete is very similar to that of No. 8 bars that were tested by Eligehausen et al. (1983). These tests have also shown a slight increase of the bond strength with the increased bar size, and that the compressive strength of concrete, 
	f. , has a notable effect on the bond strength. The bond strength appears to be 
	c 

	3/4 
	proportional to f. . Other studies have indicated that the influence of the concrete strength and bar size on the bond strength depends on the level of confinement in the concrete member. However, there is a lack of comprehensive experimental data to arrive at more definitive conclusions. 
	c 

	The phenomenological bond-slip model proposed in this study successfully reproduces the bond-slip behavior of the large-diameter bars tested in this study as well as that of smaller bars tested by others, including the decay of bond strength under different load histories. Implemented in an interface element in ABAQUS, it provides a reliable tool to study the effect of bond slip on the behavior of reinforced concrete members and the anchorage length requirement.  
	The experimental and numerical investigations carried out in this study have confirmed that the development length requirements in the AASHTO LRFD Bridge Design Specifications (2010) for large-diameter bars anchored in well-confined concrete are adequate as long as there is no uncertainty in the material properties and construction quality. Tests presented in this investigation have shown that the minimum development lengths specified in AASHTO are not only sufficient to develop the tensile yielding of a 
	The experimental and numerical investigations carried out in this study have confirmed that the development length requirements in the AASHTO LRFD Bridge Design Specifications (2010) for large-diameter bars anchored in well-confined concrete are adequate as long as there is no uncertainty in the material properties and construction quality. Tests presented in this investigation have shown that the minimum development lengths specified in AASHTO are not only sufficient to develop the tensile yielding of a 
	bar, but also sustain large inelastic deformation up to the ultimate strain of the steel. However, with the consideration of possible uncertainties in material properties and construction quality, the reliability analysis conducted here has shown that the AASHTO requirements have an acceptable reliability level to develop the expected yield strength of a bar but do not have the desired reliability to develop its full tensile capacity. The development length required to reliably sustain the plastic deformati

	Large-scale testing and FE analyses of column-shaft assemblies have confirmed that the minimum embedment length required by the Caltrans SDC (Caltrans 2010) for column longitudinal bars extended into an enlarged pile shaft is over-conservative. Based on these results and the aforementioned reliability analysis, improved design recommendations that can significantly shorten the required embedment length have been proposed. However, it is recommended that the embedment length be no less than the column diamet
	While the amount of transverse reinforcement recommended here is higher than that required by the current design specifications of Caltrans and AASHTO, the required embedment length is reduced by 40 to 50%. It has also been shown that the additional transverse reinforcement can be provided by an engineered steel casing, which can effectively control tensile splitting cracks induced by bar slip in a pile shaft and thus minimize the need for post-earthquake damage repair on pile shafts. 
	10.3Recommendations for future research 
	There is a need for a comprehensive study to investigate how the bond strength varies with the bar size and the compressive strength of concrete under different levels of confinement. As previous studies have indicated, the influence of the concrete strength and bar size on the bond strength seems to depend on the level of confinement in the concrete member, but there is not sufficient data to accurately quantify this influence for different confinement levels. However, for well-confine situations, like tha
	3/ 4 
	the bond strength is proportional to f. are valid and consistent with data from other studies. 
	c 

	The recommendation that the embedment length of the column reinforcement extended into an enlarged shaft be no less than the column diameter is to avoid column pull-out from the shaft due to the plying action. It is based on limited experimental evidence and on engineering judgment. The plying action cannot be well captured by the finite element models presented here. Further research is recommended to better understand this mechanism. 
	Some shortcomings have been identified for the constitutive models available in ABAQUS for concrete and reinforcing bars. In particular, the plastic-damage constitutive model for concrete is not able to realistically simulate the closing of cracks upon unloading, and the plastic dilatation. To improve the modeling of RC members, the development of a more realistic three-dimensional constitutive model for concrete is recommended. Models capable of simulating the buckling and subsequent fracture of 
	Some shortcomings have been identified for the constitutive models available in ABAQUS for concrete and reinforcing bars. In particular, the plastic-damage constitutive model for concrete is not able to realistically simulate the closing of cracks upon unloading, and the plastic dilatation. To improve the modeling of RC members, the development of a more realistic three-dimensional constitutive model for concrete is recommended. Models capable of simulating the buckling and subsequent fracture of 
	reinforcing bars also need to be implemented in ABAQUS to better capture the inelastic behavior of a hinging column. 
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	AAPPENDIIX A: COONSTRUUCTION OF PULLL-PUSHH TEST 
	SPEECIMENNS 
	The consttruction sequuence for thhe pull-push specimens ppresented inn Chapter 5 iis showwn in Figure AA.1 throughh Figure A.6. . These pictuures correspoond to the coonstruction oof Speciimen 2. 
	Figure A..5 shows hoow the strainn gages weree attached too the centraal bar and thhe gage wires were routed. Thee gages weree installed oon the longittudinal ribs oof the bars tto minimmize the dissturbance to the bond pproperties. ThThe gage wiires were roouted laterallly insidee plastic tubees placed hoorizontally too avoid damaage as the baars slipped. 
	Figure
	Figurure A.1: Foooting and cyllinder cages and form foor the footingg 
	Figurure A.1: Foooting and cyllinder cages and form foor the footingg 
	Figure A A.3: Cylinderr form 
	Figuree A.5: Closee-view of thee strain gagess attached too the center bbar 

	Figure
	Figurure A.2: Conncrete pour foor the footinng 
	Figurure A.2: Conncrete pour foor the footinng 


	Figure
	Figure
	Figurure A.4: Insttallation of thhe center baar 
	Figurure A.4: Insttallation of thhe center baar 


	Figure
	Figure
	Figurure A.6: Conccrete pour foor the cylindder 
	Figurure A.6: Conccrete pour foor the cylindder 


	AAPPENDDIX B: CCONSTRRUCTIONN OF THHE COLUUMNSSHAFT AASSEMBBLIES 
	-

	This appeendix containns pictures oof the constrruction and iinstrumentattion sequencce for thhe column-sshaft assembblies presentted in Chaptter 6. Thesse pictures ccorrespond tto Speciimen 1. It is the same for the other sppecimens. 
	Figure
	FiFigure B.1: Strain gagess on longituddinal reinforcrcing bars 
	Figure
	Figure B..2: Strain gaage on longittudinal rib off a bar 
	Figure B..2: Strain gaage on longittudinal rib off a bar 
	FiFigure B.4: Column cagge instrumennted with straain gages 
	Figure B..6: Concretee pour for thee footing (PoPour 1) 

	Figure
	Figure B.33: Shaft cagee instrumenteed with straiin gages 
	Figure B.33: Shaft cagee instrumenteed with straiin gages 


	Figure
	Figure
	FiFigure B.5: FoFooting and sshaft cages 
	FiFigure B.5: FoFooting and sshaft cages 


	Figure
	Figure
	FiFigure B.7: StSteel form foor the shaft 
	FiFigure B.7: StSteel form foor the shaft 


	Figure
	FiFigure B.8: CConstructionn joint at foooting-shaft innterface afterr steel brushhing (same preparatioon for all connstruction jooints) 
	Figure
	Figuree B.9: Concrrete pour forr the lower p portion of thee shaft (Pourr 2) 
	Figuree B.9: Concrrete pour forr the lower p portion of thee shaft (Pourr 2) 


	Figure
	FiFigure B.100: Pour 2 finished at the level at whicch the colummn cage wouuld begin 
	Figure
	Figuree B.11: Instaallation of thhe column caage 
	Figuree B.11: Instaallation of thhe column caage 


	Figure
	Figurure B.12: Cooncrete pourr for the uppper portion off the shaft inn which the c column cagee was embbedded (Pouur 3) 
	Figure
	Figurure B.13: Reemoval of thhe shaft formm 
	Figurure B.13: Reemoval of thhe shaft formm 


	Figure
	FiFigure B.14: Column forrm and falsewwork for thee load stub 
	Figure
	Figure B.115: Concretee pour for thhe column (PoPour 4) 
	Figure B.115: Concretee pour for thhe column (PoPour 4) 


	Figure
	Figure B..16: End of Po Pour 4 
	Figure
	Figurure B.17: LoLoad stub reinnforcing cagee 
	Figurure B.17: LoLoad stub reinnforcing cagee 


	Figure
	Figure B.118: Concretee pour for thee load stub (Po (Pour 5) 
	Figure B.118: Concretee pour for thee load stub (Po (Pour 5) 
	FiFigure B.20:: Column-shhaft assemblyy painted whhite for easieer crack idenntification 
	Figure B.222: Displaceement transdducers at thee base of the column (easst side) 

	Figure
	Figure B.119: Column-sshaft assembbly after remmoval of the f form and fallsework 
	Figure B.119: Column-sshaft assembbly after remmoval of the f form and fallsework 
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	Figure
	Figgure B.21: CColumn-shafft assembly i instrumentedd (east side) 
	Figgure B.21: CColumn-shafft assembly i instrumentedd (east side) 


	Figure
	Figure
	Figgure B.23: CColumn-shaftt assembly innstrumentedd (west side) 
	Figgure B.23: CColumn-shaftt assembly innstrumentedd (west side) 


	Figure
	Figurure B.24: PoPost-tensioninng rod to appply vertical looad and trappezoid-shapeed hole in thee footinng 
	Figure
	Figgure B.25: SeSetup of hydrraulic jacks under the strrong floor too control thee load of the vertical rrods 
	Figgure B.25: SeSetup of hydrraulic jacks under the strrong floor too control thee load of the vertical rrods 


	 
	APPENDIX C: INSTRUMENTATION PLANS FOR THE COLUMN-SHAFT ASSEMBLIES 
	This appendix contains drawings of the instrumentation plans for the column-shaft assemblies presented in Chapter 6. The instrumentation plans include the following: 
	Instruments 
	Instruments 
	Instruments 
	Specimen 1 
	Specimen 2 
	Specimen 3 
	Specimen 4 

	Strain gages on column longitudinal bars 
	Strain gages on column longitudinal bars 
	Figure C.1 
	Figure C.9 
	Figure C.18 
	Figure C.28 and Figure C.29 

	Strain gages on shaft longitudinal bars 
	Strain gages on shaft longitudinal bars 
	Figure C.2 
	Figure C.10 
	Figure C.19 
	Figure C.30 

	Strain gages on column hoops 
	Strain gages on column hoops 
	Figure C.3 
	Figure C.11 
	Figure C.20 
	Figure C.31 

	Strain gages on shaft hoops 
	Strain gages on shaft hoops 
	Figure C.3 
	Figure C.12 
	Figure C.21 
	Figure C.32 

	Strain gages on steel casing 
	Strain gages on steel casing 
	-
	-
	Figure C.22 
	-

	Displacement transducers (linear potentiometers) to measure the curvature and shear deformations in the column and shaft 
	Displacement transducers (linear potentiometers) to measure the curvature and shear deformations in the column and shaft 
	Figure C.4 through Figure C.6 
	Figure C.13 through Figure C.15 
	Figure C.23 through Figure C.25 
	Figure C.33 through Figure C.35 

	Displacement transducers (linear potentiometers) to measure the base rotation and slip at the interfaces 
	Displacement transducers (linear potentiometers) to measure the base rotation and slip at the interfaces 
	Figure C.7 
	Figure C.16 
	Figure C.26 
	Figure C.36 

	Displacement transducers (string potentiometers) to measure the lateral deflection of the specimen 
	Displacement transducers (string potentiometers) to measure the lateral deflection of the specimen 
	Figure C.8 
	Figure C.17 
	Figure C.27 
	Figure C.37 


	310 
	Figure C 1: Strain gages on column longitudinal bars in Specimen 1 
	Figure C.1: Strain gages on column longitudinal bars in Specimen 1 
	311 
	Figure C.2: Strain gages on shaft longitudinal bars in Specimen 1 
	Figure C.2: Strain gages on shaft longitudinal bars in Specimen 1 


	Figure C 2: Strain gages on shaft longitudinal bars in Specimen 1 
	Figure C 2: Strain gages on shaft longitudinal bars in Specimen 1 
	Figure C 3: Strain gages on transverse reinforcement in Specimen 1 

	312 
	Figure C.3: Strain gages on transverse reinforcement in Specimen 1 
	Figure C.44: Vertical diisplacement transducerss on the east face of Speccimen 1 
	Figure C.44: Vertical diisplacement transducerss on the east face of Speccimen 1 
	Figure C.55: Vertical diisplacement transducers on the west face of Speccimen 1 

	Figure
	FiFigure C.6: HHorizontal aand diagonal displacemennt transduceers on the weest face of SpSpecimen 1 
	FiFigure C.6: HHorizontal aand diagonal displacemennt transduceers on the weest face of SpSpecimen 1 


	Figurure C.7: Dissplacement t transducers t to measure s slip and basee rotation in Specimen 11 
	Figurure C.7: Dissplacement t transducers t to measure s slip and basee rotation in Specimen 11 
	FiFigure C.8: StString potenntiometers too measure thee lateral defllection of Sp Specimen 1 

	318 
	Figure C.9: Strain gages on column longitudinal bars in Specimen 2 
	Figure C.9: Strain gages on column longitudinal bars in Specimen 2 


	Figure C 9: Strain gages on column longitudinal bars in Specimen 2 
	Figure C 9: Strain gages on column longitudinal bars in Specimen 2 
	Figure C 10: Strain gages on shaft longitudinal bars in Specimen 2 

	319 
	Figure C.10: Strain gages on shaft longitudinal bars in Specimen 2 
	320 
	Figure C 11: Strain gages on column transverse reinforcement in Specimen 2 
	Figure C.11: Strain gages on column transverse reinforcement in Specimen 2 
	321 
	Figure C 12: Strain gages on shaft transverse reinforcement in Specimen 2 
	Figure C.12: Strain gages on shaft transverse reinforcement in Specimen 2 
	Figure
	Figure C.133: Vertical d displacementt transducerss on the eastt face of Speecimen 2 
	Figure C.133: Vertical d displacementt transducerss on the eastt face of Speecimen 2 


	Figure
	Figure C.144: Vertical d displacementt transducerss on the westt face of Speecimen 2 
	Figure C.144: Vertical d displacementt transducerss on the westt face of Speecimen 2 


	Figure
	FiFigure C.15:: Horizontal and diagonaal displacemeent transduccers on the eaast face of SpSpecimen 2 
	FiFigure C.15:: Horizontal and diagonaal displacemeent transduccers on the eaast face of SpSpecimen 2 


	Figurure C.16: Diisplacement transducers to measure slip and basse rotation inn Specimen 2 2 
	Figure
	FiFigure C.17: String potenntiometers too measure thhe lateral defflection of Sp Specimen 2 
	FiFigure C.17: String potenntiometers too measure thhe lateral defflection of Sp Specimen 2 
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	Figure C.18: Strain gages on column longitudinal bars in Specimen 3 
	Figure C.18: Strain gages on column longitudinal bars in Specimen 3 


	Figure C 18: Strain gages on column longitudinal bars in Specimen 3 
	Figure C 18: Strain gages on column longitudinal bars in Specimen 3 
	Figure C 19: Strain gages on shaft longitudinal bars in Specimen 3 
	Figure C 20: Strain gages on column transverse reinforcement in Specimen 3 
	Figure C 21: Strain gages on shaft transverse reinforcement in Specimen 3 

	328 
	Figure C.19: Strain gages on shaft longitudinal bars in Specimen 3 
	Figure C.19: Strain gages on shaft longitudinal bars in Specimen 3 


	Figure
	Figure C.20: Strain gages on column transverse reinforcement in Specimen 3 
	Figure C.20: Strain gages on column transverse reinforcement in Specimen 3 


	Figure
	Figure C.21: Strain gages on shaft transverse reinforcement in Specimen 3 
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	Figure C 22: Strain gages on steel casing in Specimen 3 
	Figure C.22: Strain gages on steel casing in Specimen 3 
	Figure
	Figure C.233: Vertical d displacementt transducerss on the eastt face of Speecimen 3 
	Figure C.233: Vertical d displacementt transducerss on the eastt face of Speecimen 3 


	Figure
	Figure C.244: Vertical d displacementt transducerss on the westt face of Speecimen 3 
	Figure C.244: Vertical d displacementt transducerss on the westt face of Speecimen 3 


	Figure
	FiFigure C.25:: Horizontal and diagonaal displacemeent transduccers on the eaast face of SpSpecimen 3 
	FiFigure C.25:: Horizontal and diagonaal displacemeent transduccers on the eaast face of SpSpecimen 3 


	Figure
	Figurure C.26: Diisplacement transducers to measure slip and basse rotation inn Specimen 3 3 
	Figurure C.26: Diisplacement transducers to measure slip and basse rotation inn Specimen 3 3 


	FiFigure C.27: String potenntiometers too measure thhe lateral defflection of Sp Specimen 3 
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	Figure C 28: Strain gages on column longitudinal bars in Specimen 4 (north face) 
	Figure C.28: Strain gages on column longitudinal bars in Specimen 4 (north face) 
	338 
	Figure C.29: Strain gages on column longitudinal bars in Specimen 4 (south face) 
	Figure C.29: Strain gages on column longitudinal bars in Specimen 4 (south face) 


	Figure C 29: Strain gages on column longitudinal bars in Specimen 4 (south face) 
	Figure C 29: Strain gages on column longitudinal bars in Specimen 4 (south face) 
	Figure C 30: Strain gages on shaft longitudinal bars in Specimen 4 

	339 
	Figure C.30: Strain gages on shaft longitudinal bars in Specimen 4 
	340 
	Figure C 31: Strain gages on column transverse reinforcement in Specimen 4 
	Figure C.31: Strain gages on column transverse reinforcement in Specimen 4 
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	Figure C 32: Strain gages on shaft transverse reinforcement in Specimen 4 
	Figure C.32: Strain gages on shaft transverse reinforcement in Specimen 4 
	Figure
	Figure C.333: Vertical d displacementt transducerss on the eastt face of Speecimen 4 
	Figure C.333: Vertical d displacementt transducerss on the eastt face of Speecimen 4 


	Figure
	Figure C.344: Vertical d displacementt transducerss on the westt face of Speecimen 4 
	Figure C.344: Vertical d displacementt transducerss on the westt face of Speecimen 4 


	Figure
	FiFigure C.35:: Horizontal and diagonaal displacemeent transduccers on the eaast face of SpSpecimen 4 
	FiFigure C.35:: Horizontal and diagonaal displacemeent transduccers on the eaast face of SpSpecimen 4 


	Figure
	Figurure C.36: Diisplacement transducers to measure slip and basse rotation inn Specimen 4 4 
	Figurure C.36: Diisplacement transducers to measure slip and basse rotation inn Specimen 4 4 


	FiFigure C.37: String potenntiometers too measure thhe lateral defflection of Sp Specimen 4 
	Total equivalent amount of Grade 60 transverse reinforcement. 
	Total equivalent amount of Grade 60 transverse reinforcement. 
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	Larger cross-sectional dimension of non-circular section. Smaller cross-sectional dimension of non-circular section. Controlled by column dimension (Equation 9.1b). 
	Larger cross-sectional dimension of non-circular section. Smaller cross-sectional dimension of non-circular section. Controlled by column dimension (Equation 9.1b). 
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