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Bridge structures are often supported on cast-in-drilled-hole (CIDH) 

reinforced concrete (RC) piles. Type II CIDH piles, used by Caltrans, have 

larger diameters than the columns they support. Current Caltrans 

specifications for the embedment length of column longitudinal reinforcement 

in a Type II pile are conservative. Thus far, only reduced-scale experiments 

were conducted on the connection between a column and a Type II pile. In 

order to understand the system lateral behavior and to provide an improved 
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recommendation for the connection design of such systems, two large-scale 

specimens were tested at University of California, San Diego. 

This thesis focuses on the study of the lateral behaviors of RC columns 

supported on Type II piles. The study presented in this thesis includes three 

main sections. First, models of prototype column-Type II pile systems were 

developed with a computer program to examine the influence of the soil-

structure interaction on the lateral behavior of these systems. Configurations 

of test specimens that could adequately simulate the behavior of such a 

system without soils were determined based on the analysis. Second, test 

data on total deflection, flexural and shear deformations, and rotation at the 

column base were collected to assess the column ductility capacity and the 

extent of the plastic hinge formation at column base. Third, the experimental 

results are compared to the numerical results obtained with RC column 

section analysis models and beam-column elements. Additionally, empirical 

formulas proposed by others to calculate column ductility and equivalent 

plastic hinge lengths are evaluated using the experimental results. 

 



 

1 

 

1 Introduction 

1.1 Background  

Cast-in-drilled hole (CIDH) piles have been extensively used to support 

reinforced concrete (RC) bridge columns owing to the economy of construction 

and ease in repair after a major seismic event. The California Department of 

Transportation (Caltrans) Seismic Design Criteria (SDC) [Caltrans, 2010] 

classifies CIDH piles into two types, namely, Type I shafts and Type II shafts. 

Type I shafts have the same diameter as that of the column it supports, as 

shown in Figure 1.1. The column reinforcing cage extends into the shaft and 

becomes the reinforcement of the shaft, with the plastic hinge expected to 

form in the shaft below ground when subject to a severe seismic load.  

 

Figure 1.1. Type I shafts and Type II shafts (Caltrans, 2010) 
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A Type II shaft has a larger diameter than that of the column, and the 

column and shaft longitudinal reinforcing bars form non-contact lap splices in 

the top portion of the shaft, as shown in Figure 1.1. Type II shafts are 

designed to remain elastic while the plastic hinge forms above the column-pile 

interface, which makes damage more accessible for inspection and repair.  

A number of experimental and analytical studies have been carried out 

on column-pile assemblies with Type I shafts. Only reduced-scale experiments 

were conducted on column-type II shaft connections by McLean and Smith 

(2007) to study the required embedment length of the column longitudinal bars 

extending into the shaft. The current requirement for this embedment length in 

Caltrans SDC is based on numerical studies conducted with finite element 

models. In order to understand the lateral behavior of column-type II shaft 

systems and provide an improved recommendation for the design of the 

connection, a project is being carried out at the University of California, San 

Diego (UCSD). As part of this project, two full-scale column-type II shaft 

assemblies were tested in the Charles Lee Powell Structural Systems 

Laboratory at UCSD. A picture of one of the test specimens is given in Figure 

1.1.   

1.2 Objectives and Scope of Proposed Research 

This thesis presents a study on the lateral behavior of RC bridge 

columns supported on Type II shafts based on the data obtained from the two 
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large-scale column-shaft tests, and on finite element (FE) analysis of column-

pile systems. 

To assist the design of the tests specimens, prototype column-type II 

shaft systems were analyzed with finite element models developed with the 

program OpenSees (OpenSees, 2012). The analysis was to examine the 

influence of the soil-structure interaction on the lateral behavior of these 

systems, and to determine the configurations of the test specimens that could 

adequately simulate the behavior of such a system without the presence of 

soils. In the tests, the total deflection, the flexural and shear deformations and 

the rotation at the column base were monitored. The data obtained have been 

used to assess the column ductility capacity and the extent of the plastic hinge 

formation at the column base. Experimental results have been compared to 

numerical results obtained from section analyses using OpenSees and 

XTRACT (XTRACT, 2009), and FE analyses of the columns using OpenSees. 

Additionally, the empirical formulas proposed to calculate column ductility and 

equivalent plastic hinge length by Priestley et al.(1996) have been evaluated 

with the test data.  
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Figure 1.2. Full-scale RC bridge column supported on Type II shaft 

1.3 Organization of Thesis  

In Chapter 2, a prototype column-shaft assembly is modeled with the 

OpenSees program. Soil-structure interaction analysis and parametric studies 

on column and shaft geometries as well as on soil properties are conducted to 

assist design of the test specimens. Chapter 3 describes the designs of the 

two specimens in detail, and presents a brief description of the construction 

procedure. Chapter 4 explains the test setup, instrumentation plans, and the 

loading protocols for the tests. In Chapter 5, the experimental data are used to 

examine force-displacement and moment-curvature relations for the test 

specimens, with a main focus on the columns. Critical behavioral parameters, 
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such as the effective yield curvature, ultimate curvature, effective yield 

displacement, and ultimate displacement are extracted to examine the column 

ductility. In Chapter 6, the behavioral parameters calculated in Chapter 5 are 

compared to the analytical results from OpenSees and XTRACT. Empirical 

formulas for predicting displacement ductility and equivalent plastic hinge 

lengths are also evaluated. Chapter 7 provides a summary of the results from 

the tests, the analytical studies, and the comparisons of the two.  
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2 Soil-structure interaction analysis of prototype 

column-shaft assemblies 

2.1 Purpose of the analysis 

Since the focus of the research project was to investigate the 

anchorage of the vertical reinforcing bars from a bridge column in an enlarged 

pile shaft, the behavior of the anchorage zone in the shaft would be of main 

interest in the column-shaft assembly tests. Hence, for the convenience and 

economy of specimen construction and testing, each test assembly was to be 

composed of a column and a portion of a shaft that contained the anchorage 

zone. Each specimen was to be loaded at the top and fixed at the base like a 

cantilever without any soils. In reality, the shaft would be buried in soils. To 

examine the realism of the test setup and the influence of the soil-pile 

interaction that would be ignored in the tests, a prototype soil-pile system that 

would be represented by the test specimens was analyzed and examined 

using the earthquake engineering simulation platform OpenSees (OpenSees, 

2012). In particular, the analysis was to determine whether the moment and 

shear in the portion of the shaft to be tested would be close to those in an 

actual shaft surrounded by soils.  
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2.2 Prototype bridge column-shaft assembly  

A typical configuration of a bridge column supported on a Type II shaft 

embedded in soils is shown in Fig 2.1. Both the column and the enlarged shaft 

have circular cross sections. Column-shaft systems with circular sections are 

extensively used in bridges in California for structural and construction 

benefits. It is common to use large-size reinforcing bars as flexural 

reinforcement for large-diameter columns and shafts. Large-size bars refer to 

reinforcing bars of size #11 or larger.  

A numerical parametric study was conducted on column-shaft 

assemblies with different dimensions and soil conditions. The baseline 

column-shaft configuration was one that would represent the first test 

specimen yet with a full length shaft. It had a column diameter of 4 ft. to 

represent a mid-size bridge column that could be efficiently tested in the 

laboratory. The shaft diameter was selected to be 6 ft., conforming to the 

Caltrans Seismic Design Criteria (Caltrans, 2010) that the diameter of a Type 

II shaft should be at least 2 ft. larger than that of the column. The column 

height was selected to be four times the column diameter, D. The length of the 

shaft was selected to be 13.5D. As shown Fig 2.2, the column and the shaft of 

the baseline model had 18 #11 and 28 #14 vertical bars, respectively, which 

corresponded to a reinforcement ratio of 1.5% for both members.  
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Figure 2.1. Prototype of a bridge column with Type II shaft (Caltrans SDC, 2000) 

 

                 

Figure 2.2. Column/shaft sections 
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2.3 Description of OpenSees Model 

A column-shaft assembly can be subjected to a gravity load and a 

seismic load. The gravity load includes the self-weight, the weight of the 

superstructure, such as that of the bridge deck, and live loads. During a 

seismic event, the mass of the superstructure will introduce an inertia force at 

the top of the column, and the soil layers will react against the pile. This 

interaction is studied here with OpenSees.  

The modeling approach followed the work of Hutchinson et al. (2002), 

as shown in Fig 2.3, except that an enlarged Type II shaft was considered in 

this study. As mentioned previously, the analysis was to understand the 

behavior of a column-shaft assembly with soil-pile interaction and to develop a 

testing scheme that would reflect a realistic loading condition for the shaft. The 

soil-pile interaction was modeled with p-y springs. The column and the shaft 

were modeled by nonlinear force-based beam-column elements. The beam-

column elements in the shaft were selected to be 1D and 1.5D long, 

depending on the distribution of the p-y springs along the length of the pile. 

The entire column was modeled with one beam-column element.   

In this system, the plastic hinge was expected to form at the base of the 

column. However, plastic deformation tends to localize in a single element in a 

finite element model. For force-based elements, plastic deformation tends to 

localize at a Gauss integration point (Coleman and Spacone, 2001) while the 

material at remaining integration points will remain elastic. Hence, it is desired 
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that the length of the beam-column elements representing the column and the 

number of integration points in each element be so selected that the plastic 

zone developed in the model will be comparable to the effective plastic-hinge 

length of the column. According to the formula proposed by Priestley et al. 

(1996), the effective plastic hinge length, Lp, for a 16-ft. tall column with #11 

reinforcing bars was calculated to be 30 in. For the OpenSees model, the 

integration method used was the Gauss-Lobatto (GL) quadrature rule with the 

first and last integration points at the element ends. For a cantilever column, 

strain localization will occur at the first Gauss integration point at the base. The 

length of the integration point, LIP, is equal to the product of the weigth of the 

integration point, wIP, and the length of the element, L: 

LIP = wIP*L                                    Eq. 2.1 

 

which can be considered as the plastic hinge length of the element and, 

therefore, of the entire cantilever column (Coleman and Spacone, 2001). The 

integration weight depends on the number of integration points used. With four 

integration points, wIP of the first integration point is 1/6. For an element length 

of 16 ft. (4D), the length of the first integration point and thus the plastic hinge 

length is 32 in., which is close to the effective plastic hinge length predicted by 

Priestley et al. Therefore, the entire column was modeled with one beam-

column element with 4 integration points to capture the plastic hinge length.  
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Figure 2.3. OpenSees model (Hutchinson et al., 2002) 

 

In the OpenSees model, the soil medium was modeled by a series of 

closely spaced nonlinear p-y springs between the shaft and fixed ends 

(Hutchinson et al., 2002).  As shown in Figure 2.3, the six soil spring elements 

close to the ground surface were 1D apart from each other, while the five 

elements close to the shaft base had a distance of 1.5D in between. This 
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arrangement provided a good representation of the layering of natural soil 

deposits.  

    

Figure 2.4. Beam-column element fiber section 

Table 2.1. Beam-column element fiber section details. 

 

Concrete Cover Concrete Core 
Reinforcement 

Bars Radial 
divisions 

Angular 
divisions 

Radial 
divisions 

Angular 
divisions 

Column 2 36 22 36 18 #11 

Pile 2 56 34 56 28 #14 

 

For the section model, both the column and shaft sections were divided 

into the concrete cover area and concrete core area. Concrete in the two 

areas was treated with different properties, i.e., for confined and unconfined 

concrete, as described in Section 2.4. The circular cross sections were then 

divided into small fiber elements with a pattern shown in Fig 2.4. The column 

and the shaft have two distinct cross sections, and the column reinforcing bars 
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in the anchorage zone inside the shaft were not considered in the modeling. 

The details of the fiber sections are listed in Table 2.1. 

2.4 Calibration of concrete and steel models 

As described in Section 2.3, the concrete bounded by the transverse 

reinforcement was modeled as confined concrete, and the concrete cover was 

unconfined concrete. The backbone curve for the uniaxial concrete stress-

strain relationship used here is shown in Figure 2.5, which is based on the 

Kent-Scott-Park model, and identified as the Concrete01 Material in 

OpenSees. The input parameter, pcf , is the expected compressive strength for 

confined concrete, and pcuf  is the residual concrete strength after crushing. 

This model assumes that the tensile strength of concrete is zero.  

 

 Figure 2.5. Concrete01 Material backbone curve (OpenSees, 2012) 
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The compressive stress-strain properties for confined concrete were 

calculated with the model proposed by Mander et al. (1988). As shown in 

Figure 2.6, the confinement increases the concrete compressive strength and 

ultimate strain. In the model, an effective confining stress is defined to account 

for the influence of various types of confinement. The main relationships 

include:  

'
cc

c r

f xr
f

r 1 x


 
       

'
ccf      '

cof                                                          

where  '
ccf  = compressive strength of confined concrete,  

'
cof = compressive strength of unconfined concrete,  

  = confined strength ratio 

=
' '
l l

' '
co co

7.94f f
1.254 2.254 1 2

f f
     for spirals and circular hoops, 

'
lf
 
= effective lateral confining stress on the concrete 

= e s yh

1
k f

2
 , 

ek = confinement effectiveness coefficient 

= 

'
2

s

cc

s
(1 )

2d

1



 
  for circular hoops, 

where s’ is the clearing vertical spacing between hoops, ds is the 

diameter of the hoops between bar centers, and 
cc

  is the ratio of the 
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area of the longitudinal reinforcement to the area of the confined core. 

The value of ke depends on the hoop spacing. For the column-shaft 

system considered here, the hoop spacing changes along the height, 

and the diameters of the hoops in the column are different from those in 

the shafts. However, the values of ke calculated were all close to 1, and, 

therefore, for the simplicity of modeling, it was assumed that ke=1 for 

every section.  

s   ratio of the volume of the transverse confining steel to the volume 

of the confined concrete core,  

yhf   yield strength of the transverse reinforcement, 

c

cc

x





,  

'
cc

cc co '
co

f
[1 5( 1)]

f
     ,  

c

c sec

E
r

E E



,  

co   unconfined concrete peak strain = 0.002.  
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Figure 2.6. Concrete model (Mander et al., 1988). 

The Steel02 Material, the Giuffre-Menegotto-Pinto Model with isotropic 

strain hardening (Menegotto and Pinto 1973, and Pilippou et al. 1983), in 

OpenSees was used to model the reinforcing steel. The monotonic envelope 

is illustrated in Figure 2.7. E is the initial elastic modulus, and yf  is the yield 

strength of longitudinal reinforcing steel. pE  is the target modulus in the plastic 

range, and it is calculated by multiplying E with the strain-hardening ratio, b. 

As shown in Figure 2.7, the parameter R controls the shape of the transition 

curve between the elastic and plastic branches. The OpenSees manual 

recommends that the value of R be between 10 to 20. In this study, it is 

assumed that b =0.009 and R = 15.  
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Figure 2.7. OpenSees steel02 model (OpenSees, 2012) 

 

2.5 Calibration of p-y springs and verification 

The characteristics of the p-y springs were defined based on the soil 

type. The spring element available in OpenSees for this purpose is identified 

as the PySimple1 material. The element has only two soil type options, 

namely, soft clay and sand. The p-y spring model for sand in OpenSees is 

based on the API model (API, 1987), which is not a good representation of the 

actual behavior of sand. Therefore, the sand model is not used in this study. 
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Figure 2.8. Monotonic p-y spring models of soft clay (Hutchinson et al. 2002) 

OpenSees’s p-y spring element for soft clay uses the model proposed 

by Matlock (1970). Fig 2.8 shows the relationship between the pile 

displacement and clay resistance, where 50y  is the displacement at which 

50% of the ultimate lateral soil resistance is mobilized in monotonic loading, 

and ultp  represents the ultimate lateral soil resistance. The Matlock’s model is 

a realistic representation of the soft clay soil behavior. Therefore, the p-y 

element based on Matlock’s model was used to simulate the soil-structure 

interaction for soft clay in the following analyses.  

The three parameters that characterize the p-y spring for soft clay 

include ultp , 50y , and  Cd. The ultimate lateral soil resistance, 
ult

p , increases 

with the soil depth, and it can be calculated as follows.  

ult u pile pp S D N  
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where uS = undrained shear strength of the clay, 

 pileD = diameter of the pile, 

pN = lateral bearing capacity factor = 
'

u pile

z Jz
(3 ) 9.0

S D


   , 

' =effective unit weight of the clay, 

z = depth below ground surface, 

J = an empirical parameter determined to be 0.5 by Matlock based on 

experimental data for soft clay. 

The displacement corresponding to the 50% of the ultimate lateral soil 

resistance, 50y ,  is defined as follows. 

50 pile 50y 2.5D   

where 50 = strain corresponding to the 50% of the ultimate stress = 0.005. 

The drag coefficient, Cd, is the ratio of the maximum drag force to the 

ultimate resistance of the p-y element. The value of Cd varies from 0 to 1, 

where 0 indicates the gap between the soils and pile is fully formed, and Cd=1 

means that there is no gap. A parametric study on how the drag coefficient 

affects the soil responses was conducted. As shown in igure 2.9, the effects of 

changing the values of the drag coefficient were not pronounced in the first 

two cycles. However, the results differed substantially in Cycle 3, in which the 



20 
 

 
 

gap effect could be seen clearly during unloading and reloading. The smaller 

the value of the parameter dC  was, the larger will be the gap effect. Based on 

the recommendations by Wilson (1998) and Hutchinson et al. (2002), the drag 

coefficient for this study was set to be 0.3.  

 
 (a) 

 
(b) 

igure 2.9.  p-y spring cyclic loading: (a) Cd = 0.1 (b) Cd = 0.3 (c) Cd = 1.0 
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(c) 

Figure 2.9. continued 

2.6 Parametric studies  

A parametric study was conducted starting with the baseline protoptye 

system as described in Section 2.2, and the system properties were then 

changed by varying the column and shaft diameters, column and shaft 

lengths, and soil types in order to gain a better understanding on how these 

parameters affect the analytical results. To limit the number of variables, the 

longitudinal reinforcement steel ratio remained at 1.5% for both the column 

and the shaft of all models. Additionally, the axial forces applied on the top of 

the columns were maintained at '
g c0.1A f  in all cases, where gA  is the gross 

cross sectional area of the column. For the parametric study, '
cf  is taken as 5 

ksi, and 
yf  is 68 ksi.  
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Figure 2.10. OpenSees simulation results on moment diagrams for 5% drift ratio 

and 7% drift ratio 

 

Moreover, for all the parametric studies, the bending moments at a 

column drift ratio of 5% were closely examined to find out the locations of peak 

moment. The plastic moments of the columns were reached before this drift 

level. The simulation results in Fig 2.10 show that the maximum moments 

occurred at approximate 2D below the soil surface as the column reached 5% 

and 7% drift ratios, with y = 0 in the plot representing the column-shaft 

interface and also the ground surface. The differences between the structural 

responses of the two cases were negligible, which indicates that the plastic 

hinge was well developed in the column at 5% drift.  
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2.6.1 Study on soil properties  

The undrained shear strength, uS , is an important property of soils. It 

represents the shear resistance capacity when the soil particles are 

surrounded by a nearly incompressible fluid, such as water. The undrained 

shear strength of soils ranges from 1.5 psi (10 kPa) to 36 psi (250 kPa). Four 

values of uS  were selected for the parametric study. They were 3.6 psi (25 

kPa), 6.5 psi (45 kPa), 14.5 psi (100 kPa), and 29 psi (200 kPa). Figure 2.11 

and Figure 2.12 show the bending moment and shear diagrams along the 

length of the pile model when the applied lateral load at the top of the column-

pile assembly reaches 237 kips and the drift reaches 5% for the different 

undrained shear strengths.  As shown in Figure 2.11, the lower the undrained 

shear strength is, the higher will be the value of the peak moment and the 

deeper will be the location of the peak moment in the shaft. In order to 

consider the worst scenario, which means the largest moment and the 

deepest peak moment location in the soil medium, an undrained shear 

strength of 3.6 psi (25 kPa) is used for the subsequent analyses. Additionally, 

since a soft clay model is used in the FE model to simulate the soil conditions, 

and the undrained shear strength of soft clay is normally between 1.7 psi (12 

kPa) and 3.6 psi (25 kPa) according to Matlock (1970), it is reasonable to use 

uS  = 3.6 psi (25 kPa).  
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Figure 2.11. Bending moment profile – different undrained shear strengths in soil 

 

Figure 2.12. Shear profile – different undrained shear strengths in soil 
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2.6.2 Influence of column and shaft diameters  

Given the undrained shear strength uS  = 3.6 psi (25 kPa), two sets of 

analyses were conducted to examine the effects of the column and shaft 

diameter variations on the system responses. In the first set, the shaft 

diameter was kept constant at 6 ft., and the column diameter was varied from 

2 ft. to 4 ft. with increments of 1 ft., as shown in Table 2.2. In the second set, 

the column diameter remained at 4 ft., and the shaft diameter was increased 

from 6 ft. to 8 ft. with increments of 1 ft., as shown in Table 2.3. The 

dimensions of the models in both studies satisfy Caltrans SDC Section 7.7.3.5, 

which states that the diameter of an enlarged shaft must be at least 2 ft. larger 

than the column diameter. All models in the two parametric studies had a 

column height of 16 ft. and a pile height of 54 ft.  

Table 2.2. Parametric study with column diameter variation  

Model 1 2 3 

Column diameters 2 ft. 3 ft. 4 ft. 

Shaft diameters 6 ft. 6 ft. 6 ft. 

 

Table 2.3.  Parametric study with shaft diameter variation 

Model 1 2 3 

Column diameters 4 ft. 4 ft. 4 ft. 

Shaft diameters 6 ft. 7 ft. 8 ft. 
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Figure 2.13 shows the bending moment diagrams of the models with a 

constant pile diameter and different column diameters. The shaft with a 6-ft. 

diameter has a moment capacity of 119170 kip-in. In the plot, the column-pile 

interface, which is at the ground surface, corresponds to the zero point on the 

y-axis. In the three cases, the peak moments occurred in the pile within 8 ft. 

below the soil surface. It was observed that the peak moment increased and 

the location of the peak moment moved down with the increase of column 

diameters. This is expected as a model with a larger column diameter will 

develop a higher shear force and moment capacity due to a larger cross 

section and more reinforcing steel while the soil resistance property will remain 

the same. Additionally, an increased column diameter led to a larger axial load 

applied at the top of the specimen since the axial force was proportional to the 

gross cross sectional area of the column. The increase in axial load also 

contributed to the increase in the moment capacity of the column.  

In Figure 2.14, the models with the same column diameter and different 

shaft diameters all developed the peak moment at approximately 8 ft below 

the soil surface, and the peak moments have similar magnitudes. The piles 

were expected to remain elastic, and the columns dominated the system 

response when a plastic hinge was fully formed. The same column cross 

section and steel reinforcement resulted in the similar shear force and moment 

the shaft had to resist. Although the soil resistance would increase with the 

shaft diameter, this did not impact the structural response significantly.  
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Figure 2.13. Bending moment profile – different column diameters 

 
Figure 2.14. Bending moment profile – different shaft diameters 
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2.6.3 Study on column and shaft lengths 

In this section, two sets of analyses were conducted to examine the 

effects of the column and shaft heights on the system responses. For the first 

set, the shaft heights were fixed to 13.5D, and the column heights increased 

from 3D to 5D, as shown in Table 2.4. For the second set, the column heights 

remained at 4D, and the shaft heights increased from 9D to 13.5D, as shown 

in Table 2.5. The models for both sets had a column diameter of 4 ft. and shaft 

diameter of 6 ft. The analysis results were normalized by the column diameter 

for comparison. Additionally, the models had the same steel quantity and had 

the same axial load.  

Table 2.4. Parametric study with column height variation  

Model 1 2 3 

Column heights 3D 4D 5D 

Shaft heights 13.5D 13.5D 13.5D 

 

Table 2.5. Parametric study with shaft height variation 

Model 1 2 3 

Column heights 4D 4D 4D 

Shaft heights 9D 13.5D 18D 

 

Figure 2.15 shows that the shorter the column is, the higher is the peak 

moment in the pile, and the deeper is the location of the peak moment 

underneath the soil surface. This is due to a larger shear transmitted to the 
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shaft from the column. Figure 2.16 shows that the locations of the peak 

moment in the three models did not vary significantly. The peak moment of the 

pile with a 9D length had the smallest value as compared to those in longer 

piles. This is because a length of 9D could not fully develop the necessary 

shaft capacity to resist the shear and moment from the column. The peak 

moments of the piles with 13.5D and 18D lengths occurred at the same 

locations and had similar values. This indicates that the capacity of the pile 

was fully developed when the length was equal to 13.5D. Comparing the two 

sets of analyses, the variation of the column height affected the system 

response more significantly. The shaft height had little effect once the shaft 

reached a length that was sufficient to resist load from the column.  

 
Figure 2.15. Bending moment profiles – different column lengths 
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Figure 2.16. Bending moment profiles – different shaft lengths 

2.7 Determination of shaft lengths in the specimens 

In Section 2.6, based on the analysis results for uS  = 3.6 psi (25 kPa), it 

was confirmed that for the prototype system that had a 4-ft. diameter column 

and a 6-ft. diameter shaft, a shaft length of 13.5D would be adequate. Since 

the actual test specimens would be cantilever systems, the moment 

distribution of the model obtained with a 13.5D tall shaft was compared to the 

moment diagram of a cantilever system in Figure 2.16. The comparison shows 

that the moment at base of the shaft in a cantilever specimen would be no 

more than 28% higher than the moment at the same elevation below the 

ground surface in the prototype system as long as the shaft length in the 
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specimen is no longer than 2D. This difference becomes larger as the shaft 

length and, thereby, the moment arm in the specimen increases. Therefore, it 

was decided that the shaft lengths in the specimens would be approximately 

2D to avoid overloading the shaft. However, the shaft length had to 

accommodate the development length required for the column reinforcement. 

This was found to be not a problem for the specimens as will be discussed in 

Chapter 3.  

 

Figure 2.17. Comparison of moment diagrams of the column-shaft system and a 
cantilever column 
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3 Design of test specimens 

 

For the experimental part of the research, two specimens were 

designed and constructed in the Charles Lee Powell Structural Systems 

Laboratory at UCSD. As shown in Figure 3.1, each test specimen consisted of 

a column, shaft, footing and hammerhead. The designs for the column and the 

shaft for the first specimen were determined based on Caltrans Seismic 

Design Criteria (Caltrans SDC) [Caltrans, 2010] and Bridge Design 

Specifications (Caltrans BDS) [Caltrans, 2004] guidelines in addition to the 

OpenSees analysis results discussed in Chapter 2. For the second specimen, 

the AASHTO LRFD Bridge Design Specifications [AASHTO, 2007] were 

followed but with the Caltrans amendments wherever applicable. The footing 

was restrained to the laboratory floor using post-tensioned rods to create a 

fixed base. The hammerhead was to attach the actuators that would apply the 

lateral forces. 

3.1 Specimen Geometries 

Both specimens had the same diameters for the columns and shafts. 

As discussed in Chapter 2, the columns had a diameter of 4 ft. and the shafts 

had a diameter of 6 ft. In order to imitate the loading condition without the soil 

environment, the shaft heights of the two specimens were shortened so that 

they represented the portion of a shaft that was above the location of the peak 
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moment as given by the soil-structure interaction analyses presented in 

Chapter 2. In that region, the moment variation in the pile can be assumed 

more or less linear. 

The overall specimen heights and the column heights were changed 

from Test 1 to Test 2, as shown in Figure 3.1, to have the desired moment 

arms of the horizontal actuator forces from the bases of the columns and the 

shafts for the respective tests. The height of the column was determined to be 

4D for Specimen 1 and 4.5D for Specimen 2. In Chapter 2, it was shown that 

for a column with a height of 4D, a shaft with a height of approximately 2D 

would be adequate for the specimens, where D is the column diameter. This 

corresponds to the distance from the top of the shaft to the point the maximum 

moment would develop, and it would also accommodate the development 

length required for the column reinforcement. The development length of the 

column vertical reinforcement was 7.5 ft. for Specimen 1 and 6 ft. for 

Specimen 2, as explained in Section 3.2.1. As a result, the shaft length was 

selected to be 9 ft. (2.25D) for Specimen 1, and 8 ft. (2D) for Specimen 2.  
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(a) 

 

(b) 

Figure 3.1. Test specimens: (a) Specimen 1; (b) Specimen 2 



35 
 

 
 

3.2 Reinforcing details 

In terms of the reinforcement of the specimens, three parameters were 

modified from Test 1 to Test 2: the reinforcing bar sizes in both the columns 

and the shafts; the spacing of the confining hoops; and the development 

lengths of the column longitudinal bars.  

3.2.1 Column 

For Test 1, the 4-ft. diameter column had a height of 16 ft. The column 

reinforcement cage had a length of 24 ft. 2 in. with its lower portion embedded 

in the shaft. The longitudinal reinforcement consisted of 18 #11 (1.41-in. 

diameter) longitudinal bars distributed uniformly around the column perimeter. 

The steel ratio was calculated to be 1.55%. Butt-welded #5 hoops (0.625-in. 

diameter) spaced at 6.5 in. on-center constituted the transverse reinforcement. 

Double #5 hoops were placed above the shaft, while single #5 hoops were 

placed in the part embedded in the shaft. The double hoops refer to two 

identical hoops bundled together, as shown in Figure 3.2. The reinforcement 

details are illustrated in Figure 3.3 (a).  
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Figure 3.2. Double hoops in the column cage 

In Test 2, the column diameter remained at 4 ft., but the column height 

was increased to 18 ft. above the shaft to have a larger moment arm for the 

horizontal loads exerted by the actuators. As a result, the column 

reinforcement cage length was increased to 24 ft. 8 in., which accounted for a 

shorter embedment length in the shaft. Eighteen #14 bars (1.69-in. diameter) 

were used for the longitudinal reinforcement, which corresponds to a steel 

ratio of 2.24%. Butt-welded double #5 hoops were used to confine the #14 

bars for the entire cage. The spacing of the hoops varied along the height, as 

shown in Figure 3.3 (b). The design for the plastic hinge region was in 

accordance with AASHTO LRFD BDS (5.10.11.4.1e), and the transverse 

confinement in this region was spaced to 4 in. center-to-center. The reinforcing 
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details of the whole assemblies for both specimens are included in Appendix 

A.  

In addition to longitudinal bar sizes and transverse hoop spacing, the 

embedment lengths of the column reinforcement cages into the shafts also 

differed for the two specimens. Caltrans SDC Section 8.2.4 states that column 

longitudinal reinforcement should be extended into Type II (enlarged) shafts in 

a staggered manner with the minimum recommended embedment lengths of 

c,max d(D l )  and 
c,max d(D 2l ) , where 

c,maxD is the largest cross-sectional 

dimension of the column, and dl  is the development length in tension of the 

column longitudinal bars. One of the main purposes of the experiment was to 

identify the minimum development length required for column reinforcing bars. 

Therefore, the embedment lengths used in the specimens were shortened as 

compared to the Caltrans SDC requirement. In Test 1, instead of a staggered 

pattern, a uniform embedment length of 
c,max d(D l )  was used for the column 

cage. It was proved to be sufficient by Murcia-Delso (Ph.D. Dissertation under 

preparation). The embedment length of Specimen 2 was decreased to 

d(l s c)  , where s is the center-to-center spacing between the column 

reinforcement cage and the shaft reinforcement cage, and c is the concrete 

cover from the top of the shaft reinforcement cage to the shaft top surface.  

 



38 
 

 
 

  

(a)        (b)  

Figure 3.3. Column reinforcement cages: (a) Specimen 1; (b) Specimen 2 

3.2.2 Shaft 

The shaft diameters were 6 ft. for both specimens. Because the column 

reinforcing bars were increased from 18 #11 in Specimen 1 to 18 #14 in 

Specimen 2, the reinforcing bars of  the shaft were increased accordingly from 

28 #14 bars (1.69-in. diameter) in Specimen 1 to 26 #18 bars (2.26-in. 
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diameter) in Test 2. The shaft in Specimen 1 had a steel ratio of 1.55%, and 

that in Specimen 2 had 2.55%. The number of bars was reduced in Specimen 

2 to keep a consistent spacing of approximately 7 in. around the pile 

perimeter. The pile reinforcement cages for Specimens 1 and 2 had lengths of 

12 ft. 7 in. and 11 ft. 6 in., respectively, to accommodate the different pile 

heights of the specimens. The top of the shaft cages overlapped with the lower 

portion of the column reinforcement cages, in form of no-contact splices, and 

the shaft cage was embedded in the footing. 

For Specimen 1, butt-welded #6 hoops (0.75-in. diameter) constituted 

the transverse reinforcement to confine the #14 longitudinal bars. Double #6 

hoops spaced at 6.5 in. on-center were placed where the column and pile 

reinforcement cages overlapped, while single #6 hoops spaced at 4 in. on-

center were placed in the lower portion of the shaft cage that was embedded 

in the footing. For Specimen 2, #7 (0.875-in. diameter) hoops were used to 

confine the #18 longitudinal bars. Above the footing, double #7 hoops spaced 

at 7 in. on-center were used. Single #7 hoops spaced at 4 in. on-center were 

placed in the portion of the cage embedded in the footing. The shaft 

reinforcement details were illustrated in Figure 3.4, and the reinforcing details 

for the whole assemblies are presented in Appendix A. 
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(a)                                                                (b) 

Figure 3.4. Shaft reinforcement cages: (a) Specimen 1; (b) Specimen 2 

3.2.3 Footing 

For the two specimens, the footing geometry and the reinforcement 

designs were the same. The footing was a 14-ft. long, 8-ft. wide, and 4-ft. deep 

reinforced concrete block, as shown in Figure 3.5. Footing reinforcement 

details are included in Figure A.3 - A.4 and Figure A.9 - A.10. 

The footing was post-tensioned to the laboratory floor with 16-1.75-in. 

diameter high strength bars, with a post-tensioned force of 300 kips in each 

bar. The locations of these bars are shown in Figure 3.5. The post-tensioning 

system provided a normal contact force at the interface between the footing 

and the laboratory floor to prevent any uplifting of the footing. The system also 

allowed the interface shear transfer between the surfaces without sliding.  
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The axial loads were applied with the prestressing rods installed at four 

corners of the column-shaft assembly. A total 800 kips of force was applied to 

the tension rods with 200 kips each. The holes in the footing for the axial 

loading tension rods to pass through had a trapezoidal shape with a top side 

of 9 in., a bottom side of 2.5 in., and a depth of 2.5 in., as shown in Figure 3.5 

and Figure 3.6. This design accounted for the fact that the column would 

displace significant during testing and the tension rods had to be able to move 

freely in both the north and south (loading) directions. 

 

 

Figure 3.5. Footing design  
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Figure 3.6. Footing during construction  

3.2.4 Hammerhead 

  The main purpose for the hammerhead was to sustain vertical loads 

as well as to attach horizontal actuators. The hammerheads of both 

specimens had dimensions of 8 ft. in length, 8 ft. in width, and 2 ft. in depth. 

Eight 2-in. diameter tubes were installed in the north-south direction, and eight 

steel rods went through the tubes to allow for actuator attachment, as shown 

in Figure 3.7 and Figure 3.8. The prestressing rods for applying the axial load 

passed through the hammerhead, and were bolted down on the top. For both 

specimens, the hammerhead reinforcement designs were the same. The 

reinforcement details are shown in the drawings in Figure A.5 – A.6 and Figure 

A.11 – A.12.  
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Figure 3.7. Hammerhead design  

   

Figure 3.8. Actuator attached to hammerhead  
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3.3 Concrete mixes 

     Normal weight concrete was used to cast the columns, shafts, 

hammer heads, and footings. The specified compressive strength '
cf  for the 

footings, columns, and shafts was 4.5 ksi at 28 days, according to the 

manufacturer, but with an actual target strength of 5,000 psi. High strength 

concrete was used for the hammerhead, of which the specified compression 

strength was 9 ksi at 56 days.  Hammerhead was the last constructed 

component, and the concrete with higher strength was used intentionally to 

reduce the curing time. During construction, the concrete in the hammerheads 

for both specimens reached over 6 ksi within 7 days.  

The detailed concrete mix designs for the columns, shafts, footings, and 

hammerheads and the specified properties are included in Table 3.1 and 

Table 3.2. The shafts and footings shared the same concrete mix formula. 

Compared to the concrete in the columns, the concrete used to construct the 

shafts was more liquid with smaller size aggregates as it is normally used in 

actual construction to allow the concrete mix to flow easily in the pile. 

Table 3.1. Concrete mixes and specified strengths 

 Slump Water/(Cement +Flyash) ratio Strength 

Column 4” 0.45 4500 psi @ 28 Days 

Shaft 7” 0.45 4500 psi @ 28 Days 

Footing 7” 0.45 4500 psi @ 28 Days 

Hammerhead 8” 0.32 9000 psi @ 56 Days 
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Table 3.2. Concrete mix designs  

Materials 
Quantity (lb/yd3) 

Column Shaft & Footing Hammerhead 

Cement 771 572 959 

Fly ash 159 143 169 

1” aggregate 1150 - - 

½” aggregate - - 952 

3/8” aggregate 352 1455 410 

Fine aggregate 1120 - - 

Washed concrete 
sand 

- 1386 1011 

Water 350 321 362 

Admixtures 
(ADVAHRWR) 

- 43 oz/yd3 70 oz/yd3 

Admixtures 

(WRDA 64) 
32 oz/yd3 18 oz/yd3 48 oz/yd3 

3.4 Construction process 

The construction of the two specimens followed the same procedure. 

First, the reinforcement cages of the footing and shaft, as well as the formwork 

of the footing, were set in place in the lab. The footing was then cast. Then, a 

6 ft. diameter circular steel formwork for the shaft was placed on the top of the 

footing once the concrete in the footing hardened. Concrete was poured up to 

1.5 ft. above the footing for Specimen 1 and 2 ft. for Specimen 2, where the 

column cages ended. While the concrete was cured, strain gauges were 
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installed on the hoops for the upper shaft and the lower portion of the column 

cage. The gauges on the longitudinal bars were installed prior to the 

fabrication of the cage. The column reinforcement cage was then placed 

inside the shaft cage and was fixed to an upright position with chains and 

spacers. Then, concrete was poured to cast the remaining portion of the shaft. 

After that, the rest of the strain gauges were installed on the column hoops, 

and a 4 ft. diameter sonotube was placed on the top of the shaft to serve as 

the form for the column. Since the columns were over 16 ft. tall, concrete had 

to be poured slowly to avoid a high pressure at the bottom of the sonotube. 

Specifically, five foot of concrete were poured every half an hour to allow time 

for the concrete to harden at each stage. The last step was to cast the 

hammerhead. Besides the formwork and reinforcement cage, four PVC pipes 

with 2 in. diameters were placed in the north-south direction inside the 

hammerhead for the actuator attachment. 
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4 Experimental program 

 

A total of two specimens were constructed and tested. As described in 

Chapter 3, the two test specimens were designed to represent cantilever 

column-shaft systems with a fixed base. The base of the shaft of the first 

specimen corresponded to the location where the maximum moment was 

expected to develop in the system as determined by the OpenSees analysis, 

while that of the second was a little above that location. Fixed to the laboratory 

strong floor, each test specimen was subjected to fully-reversed cyclic lateral 

loads under a constant axial load. The lateral displacements of each specimen 

were monitored continuously by string potentiometers during the tests; the 

rotation at the top of the column was measured by inclinometers; the local 

flexural and shear deformations were measured by displacement transducers; 

and the deformations of the reinforcing bars were measured by electrical 

resistance strain gauges.  

4.1 Test setup 

The tests were conducted in the Powell Structural Systems Laboratory 

with the schematic of the test setup shown in Figure 4.1. The heights of the 

columns and the shafts of the two specimens were different to accommodate 

the different development lengths of the column reinforcement cages in the 

shafts and the different moment arms of the lateral loads desired for the two 
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specimens, as shown in Table 4.1. The reaction wall was on the north side of 

the specimens, and each specimen was loaded in the north-south direction 

with two horizontal actuators as shown in Figure 4.2. The clear distance of the 

footing of each specimen was 12 ft. from the reaction wall. The locations of the 

specimens were so determined that the horizontal actuators would be at their 

mid-stroke (neutral position) before load application. Each actuator had a load 

capacity of 500 kips, and a stroke of 48 in. The two specimens were built side-

by-side as shown in Figure 4.2.  

To simulate the axial load on a bridge column, prestressing rods were 

placed at four corners of the specimens symmetrically. A total of 800 kips of 

load was applied through the tension rods, with 200 kips on each, using a 

hydraulic pump as shown in Figure 4.3. The jacks of the actuators were 

located underneath the strong floor. 

Table 4.1. Column heights and shaft heights for specimens 

 Specimen 1 Specimen 2 

cH  16 ft 18 ft 

sH  9 ft 8 ft 
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Figure 4.1. Schematic of test setup: plan view and west elevation view 
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(a)                                                                (b) 

Figure 4.2. Test setup: (a) east view; (b) south view 

       

(a)                                                                 (b) 

Figure 4.3. Axial load setup: (a) hydraulic pump; (b) jacks 
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4.2 Instrumentation plan 

The measuring instruments used in the tests included string 

potentiometers, inclinometers, displacement transducers, and strain gauges. 

They were used to monitor the global and local responses of the specimens 

under lateral cyclic loading. Table 4.2 summarizes the total number of sensors 

used in the tests. 

Table 4.2. Summary of the quantity of sensors used 

 
String 

potentiometers 
Inclinometers 

Displacement 
transducers 

Strain 
gauges 

Test 1 4 2 70 154 

Test 2 4 3 70 145 

 

The installation of strain gauges on the reinforcing bars and hoops was 

completed prior to and during the construction of the specimens. The external 

instrumentation began after the specimens were built. Displacement 

transducers were installed on the west face and east face of the specimens. 

Two of the inclinometers were placed at the top of the specimens. For Test 2, 

an additional inclinometer was installed on one of the tension rods used for 

axial loading. Moreover, a reference frame was set up to attach string 

potentiometers, as shown in Figure 4.4. The wires of all sensors were routed 

and connected to the data acquisition system (DAS) boxes next to the 

specimen.  
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Figure 4.4. String pots attached to the reference column  

4.2.1 System deformations 

The relative displacement between the column-shaft assembly and the 

reference frame was measured along the height using four string 

potentiometers. Each pot was mounted on the reference frame, and the string 

was attached to the south face of the column. The four string potentiometers 

recorded the displacements at the base, 1/3 and 2/3 of the height from the 

base, and the top of the column, as shown in Figure B.1 and Figure B.10. 

Because the displacements at different heights were expected to vary, the 

stroke capacity of the potentiometers increased with the height.  

As mentioned before, two inclinometers were used to measure the 

tilting of the specimen in the first test, and three were used in the second test, 
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as shown in Figure B.5 and Figure B.14 respectively. The two inclinometers 

placed on the east face and west face of the hammerhead measured the 

rotations of the entire specimen. The one installed on the southwest 

prestressing rod for axial loading recorded the rod’s rotation. This 

measurement would help predict whether the specimen deformation was 

influenced by the P-  effect.  

4.2.2 Local deformations 

4.2.2.1  External instrumentation 

Linear displacement transducers were installed to examine the local 

deformations of the column and the shaft in the vertical, horizontal, and 

diagonal directions. The as-built layout of the displacement transducers can be 

found in Figure B.2 - B.5 and Figure B.11 - B.14. In order to monitor the 

behavior of the plastic hinge region more closely, shorter gauge lengths were 

used for the vertical transducers installed at the lower portion of the column, 

as compared to those above. To accommodate the various gauge lengths, the 

displacement transducers were modified by adding sleeved metal rods, as 

shown in Figure 4.5.  

The transducers in the vertical and horizontal directions had a stroke 

capacity of 2 in. Most transducers in the diagonal direction also had a stroke 

capacity of 2 in. except that two with a 4-in. stroke were used at the base of 
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the column, where the plastic hinge formation and large deformation were 

expected. The data collected by the transducers can be used to calculate the 

flexural and shear deformations of the specimens as will be described in 

Chapter 5.  

   

Figure 4.5. Typical attachment of transducers 

Displacement transducers were attached to rods embedded in the 

column and shaft, as illustrated in Figure 4.5. For the column, 3/8-inch 

diameter steel rods were placed through the cross section at the desired 

locations. The two rods at the same level were approximately 2 ft. apart. For 

the shaft, the same size rods were epoxied to the concrete with an 

embedment length of 1 foot. The rods at each level were 3 ft. apart.  
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4.2.2.2  Internal instrumentation 

 

Figure 4.6. Strain gauges on the longitudinal bars 

The axial deformation of the reinforcing bars was measured by the 

strain gauges, as shown in Figure 4.6. The gauges were symmetrically 

installed on the six longitudinal reinforcing bars on both the north and the 

south sides of the column and of the shaft. The gauges were placed in pairs 

on both sides of each bar at each elevation in the column while there was only 

one gauge at each location in the shaft, as shown in Figure 4.7. This was 

because the reinforcing bars in the columns could bend a little under large 

lateral loads. With two gauges, the axial deformation of a bar could be more 

accurately measured. Furthermore, strain gauges were installed on the hoops 

to measure the confinement stress. These gauges were also installed at the 

north face and south face of the specimens. In the potential plastic hinge 
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region, additional gauges were placed on the east side to collect more 

information on the local deformation. The detailed strain gauges layouts are 

included in Figure B.6 - B.9 and Figure B.15 – B.18 in Appendix B. 

 

Figure 4.7. A typical layout of strain gauges in the column and shaft at the 
column-shaft interface 

The electrical resistance strain gauges used on the reinforcing bars in 

the column are high post-yield strain gauges (YFLA’s). This type of gauge can 

measure large strains up to 15% to 20%. The strain gauges on the hoops were 

also YFLA’s. Since it was difficult to predict the expansion of the column cross 

sections at various heights, the higher deformation capacity strain gauges were 

used. On the other hand, the strain gauges mounted on the longitudinal bars in 

the shaft were foil strain gauges (FLA’s), which only had a strain limit of 5%. 

This was because the shaft would remain elastic during testing, and small 

strains were expected.  
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4.3 Loading protocol 

The lateral cyclic loads were applied at the top of the specimen by the 

two actuators attached to the hammerhead. Each cycle consisted of pulling 

the specimen north to the prescribed force or displacement limit, pushing the 

specimen south to the prescribed limit, and returning the actuators back to the 

zero-force state. As shown in Table 4.3, in the first four cycles, the actuators 

were under load control with specified load increments. Once the longitudinal 

reinforcement reached the first yield point, the loading protocol was switched 

to displacement control phase.  

OpenSees analyses conducted by Juan Murcia-Delso, who is also 

working on this project, predicted that the first yield would occur at 200 kips for 

Test 1 and at 220 kips for Test 2 based on the expected yield. Both values 

were coincidentally close to the actual first yield during testing. Hence, in the 

load controlled phase, the load amplitudes were incremented by 50 kips at a 

time to reach the load at the first yield in four cycles. After the first yield, the 

specimens were subjected to displacement controlled cycles with gradually 

increasing amplitudes, as shown in Table 4.3. Two cycles were applied at 

each amplitude. The displacement amplitude in each cycle was a multiple of 

an effective yield displacement, Δy, which was defined as the displacement 

corresponding to the yield curvature of an equivalent elastic-plastic system, as 

shown in Figure 4.8. After reaching the first yield in the tests, the effective yield 

displacement was calculated as follows. 
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max
y cycle# 4

cycle# 4

M

M
                                            Eq. 4.1 

where 
cycle# 4  is the maximum displacement that was the average of those 

measured in the positive and negative directions during Cycle 4 at a load of 

200 kips for Test 1 and of 220 kips for Test 2, 
max cycle# 4M / M  was determined 

to be approximately 1.4 for Test 1 and 1.3 for Test 2 based on a monotonic 

moment-curvature curve analysis conducted with an OpenSees model.  

Table 4.3. Loading protocol: (a) Test 1; (b) Test 2 

Cycle No. Force (kips) Displacement Comment 

1 ± 50 Kips   

2 ± 100 Kips   

3 ± 150 Kips   

4 ± 200 Kips  
Theoretical first 

yield 

5,6  ± Δy Δy   1.4 Δcycle#4  

7,8  ± 2Δy  

9,10  ± 3Δy  

11,12  ± 4Δy  

13,14  ± 5Δy  

15,16  ± 6Δy  

17,18  ± 8Δy  

19,20  ± 10Δy  

(a) 
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Table 4.3. continued  

Cycle No. Force (kips) Displacement Comment 

1 ± 50 Kips   

2 ± 100 Kips   

3 ± 150 Kips   

4 ± 220 Kips  
Theoretical first 

yield 

5,6  ± Δy Δy   1.3 Δcycle#4  

7,8  ± 2Δy  

9,10  ± 3Δy  

11,12  ± 4Δy  

13,14  ± 5Δy  

15,16  ± 6Δy  

17,18  ± 8Δy  

19,20  ± 10Δy  

(b) 
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Figure 4.8. Column actual and equivalent elastic-plastic moment curvature 
relationships 
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5 Experimental results 

The experimental results obtained for the two column-shaft assemblies 

are presented in this chapter. First, the material test data will be reported. 

Then, the column-shaft system behavior will be discussed. This will be 

followed by a detailed discussion of the column performance. 

5.1 Material properties 

Material tests were conducted on the concrete and reinforcing steel 

during the construction period and on the day of column-shaft assembly 

testing. In this section, the material test results for the columns and shafts are 

presented.  

5.1.1 Concrete  

As described in Section 3.4, the column and shaft in each specimen 

were cast at different times following the sequence shown in Figure 5.1. 

Concrete cylinders (6 in. x 12 in.) were prepared in each pour for material 

tests. Three concrete cylinders were tested for each batch on Day 7, Day 21, 

Day 28 after the pour, and on the day of the assembly test, respectively. The 

average concrete compressive strengths for the various segments of 

Specimen 1 and Specimen 2 at different ages are presented in Table 5.1. The 
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specified compressive strengths of the columns and shafts, '
cf , was 5 ksi. As 

shown in Table 5.1, the concrete strength reached the desired strength on the 

day of testing for both specimens. The strengths of the upper and lower 

portions of a column differed because the concrete came from two different 

trucks.  

       

(a)       (b) 

Figure 5.1. The construction sequences: (a) Specimen 1; (b) Specimen 2            
(the segment numbers reflect the order of casting) 

 

Table 5.1. Compressive strengths of the concrete: 
(a) Specimen 1; (b) Specimen 2 

 Section Day 7 [ksi] Day 21 [ksi] Day 28 [ksi] Day of Testing [ksi] 

Column 
4 3.85 5.22 5.17 5.60 (35 days) 

3 3.76 4.50 4.63 4.99 (35 days) 

Shaft 

2 3.07 4.08 4.44 4.92 (43 days) 

1 3.84 5.10 5.45 6.21 (48 days) 

(a) 
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Table 5.1. continued 

 Section Day 7 [ksi] Day 21 [ksi] Day 28 [ksi] Day of Testing [ksi] 

Column 

4 4.01 - 5.44 5.90 (30 days) 

3 3.87 - 5.24 5.64 (30 days) 

Shaft 
2 - 4.26 5.06 5.35 (42 days) 

1 - 4.48 - 5.76 (44 days) 

(b) 

Figure 5.2 shows the concrete stress-strain relationships for the bottom 

portion of the columns and the upper portion of the shafts of both specimens 

obtained on the day of the assembly tests. The concrete in the column and 

shaft of Specimen 2 had a higher peak strength than that in Specimen 1. The 

calculated values of the concrete modulus of elasticity, Ec, based on ACI-318 

and the strains corresponding to the peak strength, c0 , are summarized in 

Table 5.2. The concrete modulus of elasticity, Ec, is defined as the slope of the 

secant line from zero stress to 45% of the compressive strength. The 

calculated results showed that the concrete in the column bases had higher 

stiffness than that in the upper portion of the shafts. This was because the 

concrete mix used for the lower portion of the column was different from that 

for the upper portion of the shaft. Additionally, the concrete ages varied. 
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Figure 5.2. Experimental concrete stress-strain relationships on the day of the 
assembly tests 

 

Table 5.2. Concrete properties obtained from stress-strain curves 

 Segment Ec [ksi] c0  [%] 

Test 1 
3 4160.5 0.21 

2 3585.6 0.24 

Test 2 
3 4314.4 0.20 

2 3787.2 0.24 

 

5.1.2 Reinforcing steel 

Both the longitudinal and transverse reinforcing bars were Grade 60 

steel with specified minimum yield strength of 60 ksi. The average measured 
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yield and tensile strengths of the longitudinal reinforcing bars are shown in 

Table 5.3. The stress-strain relations for the longitudinal bars are shown in 

Figure 5.3. The modulus of elasticity, sE , the yield strain, y , and the strain at 

the peak stress, u , are summarized in Table 5.4. 

 

Table 5.3. Measured yield and ultimate strengths of the longitudinal 
reinforcement 

 Specimen 1 [ksi] Specimen 2 [ksi] 

 #11 bar #14 bar #14 bar #18 bar 

Yield strength (
yf ) 64.4 66.8 66.4 67.2 

Ultimate strength (
uf ) 91.1 97.4 92.7 93.1 

 

 

Figure 5.3. Stress-strain relations for the longitudinal reinforcement 
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Table 5.4. Steel properties obtained from stress-strain curves 

 
Es [ksi] y  [%] 

u  [%] 

Test 1 

#11 bar  28205.1 0.24 12.3 

#14 bar  27054.3 0.26 11.4 

Test 2 
#14 bar  29908.7 0.24 12.4 

#18 bar  26252.9 0.26 13.9 

 

Steel samples from hoops fabricated for the transverse reinforcement 

were tested for the tensile strength as well as for the adequacy of the butt weld. 

Because of the plastic deformation that had occurred when a bar was bent into 

a hoop, the tensile stress-strain relations do not show a distinct yield point as 

shown in Figure 5.4. Hence, the yield strength was taken as the stress that 

corresponds to a strain of 0.35% as suggested in Section 3.5.3.2 of  ACI 318-

08. The calculated average yield strengths and the average tensile strengths 

measured are shown in Table 5.5. The tests also showed that the butt-weld 

had adequate strength.   

Table 5.5. Measured yield and tensile strength of hoops 

 Specimen1 [ksi] Specimen 2 [ksi] 

 #5 hoop #6 hoop #5 hoop #7 hoop 

Yield strength ( yf ) 53.7 61.5 55.1 60.3 

Ultimate strength ( uf ) 93.1 97.1 92.9 91.6 
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Figure 5.4. Experimental stress-strain relationship for hoops 

 

5.2 Loading histories 

The tests followed the proposed loading protocols presented in Chapter 

4.  The first four cycles were controlled by load increments, and the rest were 

controlled by displacement increments. The tests were terminated when 

longitudinal reinforcing bars on the north and south sides were fractured and 

the load resistance dropped significantly. The loading histories applied to 

Specimens 1 and 2 are shown in Table 5.6 and Table 5.7, respectively. The 

loads and displacements in shaded blocks in the tables are the target 

amplitudes used in the load and displacement controlled cycles, while the 

values in unshaded blocks are the resulting displacements and forces 
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developed by the specimens. The displacement values in the tables are the 

total displacements measured at the top of the specimens.  

Table 5.6. Loading history – Test 1 

Cycle No. Force [kips] Displacement [in] Ductility 

1 ± 50  0.22, -0.19  

2 ± 100  0.49, -0.48  

3 ± 150  1.12, -1.09  

4 ± 200  2.0, -1.97  

5 +228, -234 3.14, -2.80 ~ ± Δy 

6 +206, -225 2.78, -2.80 ~ ± Δy 

7 +250, -249 4.77, -5.12 ~ ± 2Δy 

8 +231, -240 5.58, -5.59 ~ ± 2Δy 

9 +245, -250 8.40, -8.38 ~ ± 3Δy 

10 +237, -245  8.37, -8.39 ~ ± 3Δy 

11 +245, -252 11.09, -11.19 ~ ± 4Δy 

12 +236, -243 11.18, -11.19 ~ ± 4Δy 

13 +235, -231 13.06, -13.92 ~ ± 5Δy 

14 +190, -170  10.4, -13.95 ~ ± 5Δy 
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Table 5.7. Loading history – Test 2 

Cycle No. Force [kips] Displacement [in] Ductility 

1 ± 50  0.28, -0.27  

2 ± 100 0.72, -0.70  

3 ± 150  1.49, -1.49  

4 ± 200  2.49, -2.50  

5 250, -251 3.23, -3.24 ~ ± Δy 

6 244, -246 3.23, -3.24 ~ ± Δy 

7 282, -281 4.89, -6.34 ~ ± 2Δy 

8 269, -275 6.47, -6.44 ~ ± 2Δy 

9 288, -292 9.74, -9.44 ~ ± 3Δy 

10 278, -285 9.74, -9.71 ~ ± 3Δy 

11 292, -301 12.81, -12.65 ~ ± 4Δy 

12 285, -293 12.98, -12.92 ~ ± 4Δy 

13 292, -304 15.49, -15.93 ~ ± 5Δy 

14 285, -297 16.23, -16.18 ~ ± 5Δy 

15 289, -303 18.88, -19.28 ~ ± 6Δy 

16 282, -295 19.48, -19.45 ~ ± 6Δy 

17 281, -293 21.54, -22.46 ~ ± 7Δy 
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5.3 Force-deformation relations of column-shaft assemblies 

The behaviors of the two specimens were very similar. During the first 

four cycles that were controlled by load increments, both specimens remained 

in an elastic regime. The first yield occurred at 198 kips in the push direction 

and 208 kips in the pull direction for Test 1. For Test 2, the first yield occurred 

at 221 kips in the push direction and 217 kips in the pull direction. As Figure 

5.8 shows, the load-displacement curves for the column-shaft assemblies are 

more or less linear in the first four cycles.  

      

(a) 

Figure 5.5. Flexural cracks and radial splitting cracks: (a) Test 1; (b) Test 2 

 

North face South face 
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(b) 

Figure 5.5. continued  

 

  

(a) 

       

(b) 

Figure 5.6. Concrete crushing at the column base: (a) Test 1; (b) Test 2 

North face South face 

North face South face 

North face South face 
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(a) 

      

(b) 

Figure 5.7. Longitudinal bars fracture and buckling: (a) Test 1; (b) Test 2 

During testing, flexural cracks were developed in the columns and 

shafts starting at Cycle 2.  After the fourth cycle, radial splitting cracks were 

observed near the top of the shafts, as shown in Figure 5.5. The cracks 

became more severe in later cycles. For both specimens, concrete crushing, 

as shown in Figure 5.6, started at Cycle 9 at the base of the columns. For 

Specimen 1, the longitudinal bars on the north side in the column started to 

buckle, which was immediately followed by fracture after load reversal, at 

North face South face 

North face 

South face 
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Cycle 14. For Specimen 2, they occurred at Cycle 18, as shown in Figure 5.7. 

The column in Specimen 2 had #14 bars for the longitudinal reinforcement, 

while that in Specimen 1 had #11 bars. Furthermore, the transverse 

reinforcement spacing in the plastic-hinge zone of Specimen 2 was 4 in., 

conforming to the AASHTO LRFD Bridge Design Specifications, as compared 

to 6.5 in. in Specimen 1. Therefore, the onset of bar buckling in Specimen 2 

was delayed. The tests stopped at the onset of bar fracture. Overall, the force-

displacement relationships for Specimen 1 and Specimen 2 had the similar 

backbone curves with a mild load drop right after crushing was observed at the 

column base.  

(a) 

Figure 5.8. Overall responses of the column-shaft assemblies: (a)Test 1; (b)Test 2 

Bar rupture 
 

  

Bar rupture 

Bar buckling 
 

 

First 
yield 

 

Concrete crushing 
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(b) 

Figure 5.8. continued 

The displacement ductility of the assembly,  , is defined as the ratio 

of the ultimate displacement,

 

u , and the effective yield displacement, y . 

u

y



 


                                                         Eq. 5.1 

The yield displacement of the column-shaft assembly is taken as the yield 

displacement of an equivalent elasto-plastic force-displacement curve 

constructed with the experimental data, which is called the effective yield 

displacement. The effective yield point is at the intersection of the secant line 

 
Bar rupture 

 

First 
yield 

 
Concrete crushing 
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passing through the first yield of the longitudinal bars and the horizontal line 

passing through the actual peak moment, as shown in Figure 5.9.  

The ultimate displacement is defined as the peak displacement of the 

cycle right before the rupture of the bars occurred in either north side or south 

side of the specimen. The peak strengths of Specimen 1 occurred ± 250 kips 

for the push and pull directions, respectively, at Cycle 7, and the ultimate 

displacements of ± 14in. were reached at Cycle 13.  Specimen 2 had peak 

strengths of 292 kips and -304 kips in the push and pull directions, 

respectively, at Cycle 13, and the ultimate displacements reached ± 22 in. at 

Cycle 17. The calculated displacement ductility of both specimens are 

summarized in Table 5.8. Figure 5.10 compares the hysteretic load-

displacement curves for the two specimens, and shows that Specimen 2 had a 

better performance, which was largely due to the reduced hoop spacing in the 

plastic hinge zone.  
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(a) 

 
(b) 

Figure 5.9. Effective yield displacement of the specimens:  
(a)Specimen 1; (b) Specimen 2 



77 
 

 
 

 

Figure 5.10. Comparison of Test 1 and Test 2 results 

Table 5.8. Displacement ductility of the column-shaft assemblies 

 

First yield 
disp. [in.] 

Effective yield 
disp. [in.] 

Ultimate disp. 
[in.] 

Displacement 
ductility [in./in.] 

Push Pull Push Pull Push Pull Push Pull 

Test 1 2.26 2.32 2.72 2.64 14.00 14.00 5.15 5.30 

Test 2 2.75 2.66 3.40 3.39 21.84 22.49 6.42 6.63 

 

 

The lateral displacements at different elevations of the specimens are 

shown in Figure 5.11. The zero on the vertical coordinate represents the 

column-shaft interface. The specimen displacements were measured at five 
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points: 1/3, 2/3, and full height of the column, and shaft displacements were 

measured at the top and bottom.   

As shown in Figure 5.11(a), the displacements in the push and pull 

directions in Test 1 are rather symmetric throughout the testing. This is 

expected as the test was conducted under displacement control with equal 

displacement amplitudes in the two directions. For Test 2, the displacements 

at the top of the shaft before Cycle 4 are symmetric, but they tend to be 

asymmetric afterwards as shown in Figure 5.11(b). This was caused by 

measurement errors in the string pot, whose end was attached to the concrete 

at the top of the shaft. The concrete at the top of the shaft was cracked and 

got dislocated at Cycle 9.  

 
(a) 

Figure 5.11. Deflections along the heights of (a) Specimen 1  (b) Specimen 2 

+    Push 

- Pull 
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(b) 

Figure 5.11. continued 

 

  

                   (a)                                                              (b) 

Figure 5.12. Plastic hinge forming at the column base in Test 1 at Cycle 13: 

(a) south face (b) north face 

+    Push 
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       (a)          (b) 

Figure 5.13. Plastic hinge forming at the column base in Test 2 at Cycle 17: 

(a) south face (b) north face 

 

Figure 5.11 also indicates that the plastic hinges formed at the base of 

the columns for both tests. The physical damages in the plastic hinge regions 

of Specimen 1 and Specimen 2 are shown in Figure 5.12 and Figure 5.13.  

5.4 Curvature distribution 

The column and shaft curvatures were calculated with the readings 

from the vertical displacement transducers mounted on the east and west 

faces of the specimens. The arrangement of the transducers over a typical 

segment on the east face of a column is shown in Figure 5.14. The 

arrangement on the west face was identical to that on the east face, except 

that there were no the diagonal transducers. The curvatures were determined 

as follows. 
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Eq. 5.3 

where e and w  are the curvatures calculated from transducers on the east 

face and west faces, respectively, sev  and  nev , are the relative vertical 

displacements measured by the pair of transducers on the east face as 

defined in Figure 5.14, swv  and swv  are the relative vertical displacements 

measured on the west face, h is the gage length of the vertical transducers, 

and l is the horizontal distance between the two vertical transducers, which is 

also the  gage length of the horizontal transducers. The curvature over each 

segment is then obtained as the average of the curvatures calculated for the 

east and west faces. It is assumed to occur at the midpoint of the gage length. 

 

Figure 5.14. Arrangement of displacement transducers on the east face of a 
typical column segment  

 

sev : Relative vertical displacement measured by 

the South displacement transducer 

nev : Relative vertical displacement measured by 

the North displacement transducer 

t
u :   Relative horizontal displacement measured 

by the top displacement transducer 

bu :   Relative horizontal displacement measured 

by the bottom displacement transducer 

d:    Relative diagonal displacement measured 

by the diagonal displacement transducer 
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The curvature variations measured from the two specimens at different 

stages of loading are shown in Figure 5.15. As shown in the figure, the 

maximum curvatures are found within 3 ft. above the column base. The 

curvatures at column base from the displacement transducers, which have a 

2-in. gage length with the top surface of the shaft as the lower reference point, 

were mainly contributed by the strain penetration resulting from slip of the 

column reinforcing bars embedded in the shaft. Hence, the measurements at 

column base are not included in the plots. Additionally, the expected yield 

curvatures of the columns were calculated using the empirical formula, as 

shown in Eq. 5.4, proposed by Priestley et al. (1996) and were plotted as 

references for column responses in both the push and pull directions. 

ys

y
2.25

D


                                              Eq. 5.4          

For Test 1, the ultimate curvatures were symmetric in the push and pull 

directions. On the other hand, the curvatures in Test 2 became asymmetric at 

later stage of the testing. The different curvatures in the push and pull direction 

might be the result of different plastic penetration of column reinforcing bars in 

the shaft.  
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Curvature Distribution (Test 1)
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Figure 5.15. Curvature distribution: (a) Test 1; (b) Test 2 
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5.5 Column Deformation 

The main focus of this thesis is the behavior of the reinforced concrete 

columns observed from the tests. This is discussed in this section. 

5.5.1 Effective yield curvature 

In order to find the effective yield curvature, the moment-curvature 

curves as shown in Figure 5.16 are derived. As discussed in Section 5.4, the 

measured curvature at the column base included the contributions from flexure 

and base rotation due to strain penetration. In order to obtain the curvature due 

to flexure only as well as to capture curvature in the column segment with 

pronounced cracks in a column, the curvature is taken as the curvature over a 

length that is between 20 in. and 32 in. above the column base. The moment-

curvature relation of the column segment in this region predicts the largest 

effective yield curvature.  

Furthermore, the overturning moment at a section of the specimen was 

contributed by two parts: the lateral force applied at the column tip with a 

moment arm equal to the distance from the midpoint of the segment where the 

curvature was taken to the column top, and the vertical load with a moment 

arm equal to the column relative lateral displacement with respected to the 

midpoint of the segment where the curvature was taken. With the increase of 

the lateral deformation, the P-   effect became more pronounced and the 

moment contribution from the vertical load increased.  
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(a) 

 
(b) 

Figure 5.16. The effective yield point on the bilinear moment-curvature curve: 

(a) Test 1; (b) Test 2 
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The yield curvature of the column was taken as the yield curvature of an 

equivalent elasto-plastic moment-curvature curve constructed with the 

experimental data, as shown in Figure 5.16. This method has been discussed 

in details in Section 5.3 for calculating the effective yield displacement for the 

column-shaft assembly. The calculated effective yield curvatures in the push 

and pull directions are summarized in Table 5.9. The average value of the 

effective yield curvatures in both directions are computed so as to compare to 

that obtained from the empirical formula as well as the pushover analysis 

results in the later sections.  

Table 5.9. Calculated effective column yield curvature (Unit: 1/in.) 

 Push (+)  Pull (-)  Average  

Test 1 0.00010637 0.000097723 0.00010205 

Test 2 0.00019615 0.00012464 0.00016040 

 

 

5.5.2 Ultimate curvature 

The experimental ultimate curvatures were defined as the maximum 

curvatures over a length that is between 2 in. and 11 in. above the column 

base in the push and pull directions in the cycle right before the specimen’s 

resistance capacity started to drop significantly. The column segment between 

2 in. and 11 in. above the column base is the region closest to the column 

base, yet the curvatures measured in this region are due to flexure only and 

without the effect of strain penetration. The loss of resistance capacity in the 
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specimens was caused by the bucking and rupture of the longitudinal 

reinforcing bars. In the experiment, the maximum curvatures occurred at Cycle 

13 for Test 1 and at Cycle 17 for Test 2.  

Table 5.10. Column ultimate curvatures [Unit: 1/in.] 

 Push (+)  Pull (-)  Average  

Test 1 0.0012064 0.0012241 0.0012152 

Test 2 0.0022529          0.0016691 0.0019610 

 

5.5.3 Measured column deformation 

The lateral deflection of the columns in the column-shaft assemblies 

tested can be calculated from the experimental data using Eq. 5.4.  

     c measured s s H                                            Eq. 5.5 

where c  is the displacement at the top of the column, where the lateral load 

was applied, measured  is the total displacement measured at the top of the 

assembly, s  is the displacement measured at the top of the shaft, s  is the 

rotation measured at the top of the shaft, and H is the distance from the 

column base to the point where the lateral load was applied.  

Theoretically, the shafts should remain elastic during the tests but could 

have some flexural cracks. However, Figure 5.17 shows that the lateral force 

vs. lateral shaft displacement relations are not linear, especially for Test 2, 
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because the concrete at the top of the shafts to which the string pots were 

attached was damaged and dislocated at the later stage of testing. This was 

caused by splitting cracks and by the pulling forces from the column 

reinforcing bars. For this reason, the data at the later stage of testing have 

been discarded and the shaft response has been assumed linear as 

represented by the straight lines in Figure 5.11. This is a reasonable 

assumption as the longitudinal reinforcing bars in the shaft did not yield in the 

tests. 

Rotation at the pile top has been obtained from the readings from the 

vertical displacement transducers mounted on the shafts. Similar to the lateral 

force-shaft displacement relations, the lateral force-rotation relations are 

expected to remain more or less linear during testing. However, the cracking 

of the concrete at the top of the shafts introduced the same problem to the 

vertical displacement transducers as to the horizontal transducers. Figure 5.18 

shows that the measured relations are far from linear. Hence, theoretical linear 

relations as shown in the figure are used to calculate the rotation. 

The column displacements calculated with Equation 5.4 based on the 

above assumptions are compared to the response of the assemblies in Figure 

5.19. It shows that the contribution of the shaft deformation to the total lateral 

displacement of a column-shaft assembly is insignificant.  
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(a) 

 
(b) 

Figure 5.17. Pile force-displacement relationship: (a) Specimen 1 (b) Specimen 2 
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(a) 

 
(b) 

Figure 5.18. Pile force-rotation relationship: (a) Specimen 1 (b) Specimen 2 
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(a) 

 
 

(b) 

Figure 5.19. Force-displacement relationships for column-pile assemblies and 
columns: (a) Test 1 (b) Test 2 
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5.5.4 Column displacement ductility 

The column displacement ductility is defined in the same way as that of 

the column-shaft assembly. The column displacement ductility in each cycle is 

the ratio of the peak displacement in the cycle to the effective column yield 

displacement. The effective yield displacement is obtained from the elasto-

plastic force-displacement curve, as shown in Figure 5.20, constructed based 

on the force vs. column lateral displacement relation, with the column 

displacement calculated with the method in Section 5.5.3. The calculated 

effective yield displacements are summarized in Table 5.11. Moreover, the 

column maximum displacement and ductility at each loading cycle are 

summarized in Table 5.12. 

 
(a) 

Figure 5.20. The effective yield point on the bilinear force-displacement curve: 
(a) Test 1; (b) Test 2 
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(b) 

Figure 5.20. continued 

 

Table 5.11. Calculated effective column yield displacements 

 Push [in.] Pull [in.] Average [in.] 

Test 1 2.0553 1.9780 2.0166 

Test 2 2.7497 2.7277 2.7387 
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Table 5.12. Column peak displacements and curvature ductility in each cycles: 
(a) Test 1; (b) Test 2 

Cycle 
Displacement (in) Displacement Ductility 

Push Pull Push Pull 

4 1.44 -1.39 0.70 0.70 

5 2.52 -2.20 1.23 1.11 

6 2.26 -2.21 1.10 1.12 

7 4.98 -4.99 2.42 2.52 

8 4.98 -4.99 2.42 2.52 

9 7.75 -7.76 3.77 3.92 

10 7.76 -7.74 3.78 3.91 

11 10.54 -10.55 5.13 5.33 

12 10.58 -10.58 5.15 5.35 

13 13.38 -13.41 6.51 6.78 

(a) 

Cycle 
Displacement [in.] Displacement Ductility 

Push Pull Push Pull 

4 2.01 -2.01 0.73 0.74 

5 2.66 -2.66 0.97 0.98 

6 2.66 -2.69 0.97 0.99 

7 5.87 -5.77 2.13 2.12 

8 5.88 -5.82 2.14 2.13 

9 9.12 -8.84 3.32 3.24 

10 9.13 -9.08 3.32 3.33 

11 12.37 -12.00 4.50 4.40 
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Table 5.12. continued 

Cycle 
Displacement [in.] Displacement Ductility 

Push Pull Push Pull 

12 12.38 -12.30 4.50 4.51 

13 15.65 -15.31 5.69 5.61 

14 15.64 -15.57 5.69 5.71 

15 18.92 -18.68 6.88 6.85 

16 19.24 -19.20 7.00 7.04 

17 21.24 -21.93 7.72 8.04 

(b) 

 

The normalized force-displacement curves for the two columns are 

compared in Figure 5.21. Due to the improved confinement in Specimen 2, 

Test 2 reached an average ductility of 7.88 in Cycle 17, while Test 1 reached 

an average ductility of 6.65 in Cycle 13. In the last few cycles of each test, the 

measurements of displacement and strain are not reliable due to the severe 

damage of concrete at the column-shaft interface. The attachments of 

transducers at the column bases and upper shaft were loosened, and some 

strain gauges were lost in this region.  
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Figure 5.21. Comparison of the normalized column force-displacement relations 
for Test 1 and Test 2  

 

5.5.5  Displacement contributions from flexural deformation, base 

rotation, and shear deformation 

The flexural deformations of the columns can be calculated by 

integrating the product of the curvature, calculated for each segment as shown 

in Section 5.4, and the distance of the section from the column top along the 

column height. Specifically, the rectangular integration method is used as 

curvature is assumed constant over the height of each column segment. The 

displacement at the top of the column due to the flexural contribution from 

each column segment is computed by multiplying the curvature area by the 
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distance from the centroid of the rectangle to the top of the column. Since the 

curvature measured by the vertical displacement transducers at the column 

base (with a gage length of 2 in.) is used in the calculation, the flexural 

displacement obtained also contains the displacement contributed by the base 

rotation due to plastic penetration and bar slip. 

The displacement due to the rotation at the base of a column can be 

calculated from the strain penetration measured with the strain gauges on the 

longitudinal column reinforcing bars embedded in the shaft. The base rotation 

is the difference between the total elongations in the extreme column 

longitudinal bars embedded in the shaft divided by the distance between the 

two bars. The elongations in the extreme bars can be calculated by integrating 

the axial strains over the anchored bar length. By subtracting the product of 

the base rotation and the distance between the column base and the point at 

which the displacement is considered from the total flexural deformation 

calculated with the curvatures, the actual flexural deformation of the column 

can be obtained. 

The shear deformation contribution to the lateral displacement is 

determined from the relative displacements measured by the diagonal 

displacement transducers. However, the measured values also include the 

contributions from the horizontal deformation and vertical deformation of a 

column segment if any as shown in Figure 5.16. A method proposed by 

Carrea (2010) is used to calculate the shear deformation based on the 
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readings from 6 transducers installed in each column segment as shown in 

Figure 5.16. With this method, the shear deformation s  in each column 

segment is calculated as follows. 

 


s
s

d

cos  

with
 

Eq. 5.6 

  s h vd d d d  Eq. 5.7 

    t b
h

u u
d cos cos

2 2
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    se ne
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h

arctan( )
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 Eq. 5.10 

             

where ds is the relative diagonal displacement due to shear deformation, dh is 

the relative diagonal displacement due to the horizontal expansion, dv is the 

relative diagonal displacement due to the vertical expansion,  ut and ub are 

relative horizontal displacements measured by the horizontal displacement 

transducers,   is the angle between the diagonal and horizontal transducers,  

vse,  vne, h and l are the same as those defined in Section 5.4. The total shear 

deformation of the column is the sum of the shear deformations calculated for 

all the segments along the column height. As shown in Figure B.4 and Figure 
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B.13, the horizontal and diagonal displacement transducers were only installed 

within 68 in. above the column base. Because the shear deformation was 

small and the measured values at each column segment were close, the shear 

deformations above the 68 in. zone were assumed to be the same as that of 

the column segment farthest from the column base within the 68 in. zone.  

 

Figure 5.22. Deformations of a typical column segment  

The contributions of the flexural deformation, base rotation, and shear 

deformation of the columns to the total lateral displacements of the columns 
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are shown in Table 5.13 for selected cycles of Test 1 and Test 2. It can be 

seen that the base rotation due to the strain penetration and bar slip had a 

significant contribution to the lateral displacement of a column. However, its 

contribution decreases with increasing displacement amplitudes. Column 

flexure had the most significant contribution, while the contribution of the shear 

is negligible.  For the last three cycles, the flexural displacement component of 

Test 2 is higher than that of Test 1 due to the higher ductility of Specimen 2. 

Because the strain gauges on the reinforcing bars at the column-pile interface 

were lost when the columns in the two tests reached approximately a ductility 

demand of 4, the rotational displacement due to the strain penetration cannot 

be obtained after Cycle 9 in Test 1 and Cycle 11 in Test 2.  

Table 5.13. Displacement contributions from flexural, base rotation, and shear: 

 (a)Test 1; (b) Test 2 [Unit: %] 

Cycle 

Push Pull 

Flexure Base rotation Shear Flexure Base rotation Shear 

4 63.1 37.0 -0.1 55.3 42.3 2.4 

5 56.1 43.1 0.8 50.2 48.3 1.5 

6 56.8 42.7 0.4 51.5 47.0 1.5 

7 61.8 36.9 1.3 59.1 39.4 1.5 

8 60.4 38.1 1.5 59.5 38.7 1.8 

9 65.3 32.9 1.8 76.3 22.0 1.8 

11 96.4 3.6 99.8 0.2 

13 97.2 2.8 98.8 1.2 

(a) 
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Table 5.13. continued 

Cycle 

Push Pull 

Flexure  Base rotation  Shear  Flexure  Base rotation  Shear  

4 58.4 41.0 0.6 50.4 49.2 0.4 

5 67.3 32.1 0.6 48.2 50.9 0.9 

6 69.8 29.6 0.56 61.2 37.7 1.1 

7 63.9 34.8 1.3 74.7 23.8 1.5 

8 66.2 31.8 2.0 77.1 21.2 1.7 

9 67.1 30.9 2.0 82.1 15.9 2.0 

11 75.5 22.7 1.8 79.9 17.4 2.7 

13 98.8 1.2 97.1 2.9 

15 98.3 1.7 96.8 3.2 

17 99.2 0.8 98.6 1.4 

(b) 

 

5.5.6 Comparison between the measured and the calculated 
column displacements 

 

The sum of the contributions from flexure, base rotation and shear is 

compared to the measured total displacement in Table 5.9. The differences 

between the measured and the summed displacements range from 1.57% to 

26.53% for Test 1, and from 5.91% to 22.06% for Test 2. Additionally, the 

measured and calculated column displacements in the push direction have a 

better agreement than those in the pull direction. Overall, the calculated 

displacements are less than the measured ones, as shown in Figure 5.23. 
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Besides the errors in the flexure and shear deformation estimation, there are 

other sources of errors, such as the errors in estimating the rotations at the 

pile top and the lack of absolute rigidity of the strong floor.  The influence of 

the latter can be more significant in earlier cycles. 

Table 5.14. Comparison of measured displacements and summed displacements 
calculated from flexural, base rotation, and shear: (a) Test 1; (b) Test 2 

 Ductility 
Measured 

Displacement [in.] 
Calculated 

Displacement [in.] 
Differences [%] 

Cycle Push Pull Push Pull Push Pull Push Pull 

4 0.70 0.70 1.44 -1.39 1.29 -1.17 10.54 15.51 

5 1.23 1.11 2.52 -2.2 2.14 -1.71 15.25 22.44 

6 1.10 1.12 2.26 -2.21 1.91 -1.69 15.32 23.66 

7 2.42 2.52 4.98 -4.99 4.73 -3.70 5.03 25.89 

8 2.42 2.52 4.98 -4.99 4.60 -3.67 7.59 26.53 

9 3.77 3.92 7.75 -7.76 7.57 -8.52 2.37 9.77 

10 3.78 3.91 7.76 -7.74 7.12 -8.28 8.20 6.99 

11 5.13 5.33 10.54 -10.55 9.23 -11.34 12.39 7.48 

12 5.15 5.35 10.58 -10.58 9.21 -11.25 12.95 6.37 

13 6.51 6.78 13.38 -13.41 12.00 -13.62 10.28 1.57 

(a) 
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Table 5.14. continued 

 Ductility 
Measured 

Displacement [in.] 
Calculated 

Displacement [in.] 
Difference [%] 

Cycle Push Pull Push Pull Push Pull Push  Pull  

4 0.73 0.74 2.01 -2.01 1.72 -1.61 14.58 20.11 

5 0.97 0.98 2.66 -2.66 2.22 -2.10 16.39 21.16 

6 0.97 0.99 2.66 -2.69 2.21 -2.10 16.89 22.06 

7 2.13 2.12 5.87 -5.77 5.25 -5.18 10.49 10.18 

8 2.14 2.13 5.88 -5.82 5.27 -5.20 10.36 10.69 

9 3.32 3.24 9.12 -8.84 7.98 -8.28 12.48 6.30 

10 3.32 3.33 9.13 -9.08 7.82 -8.15 14.35 10.24 

11 4.50 4.40 12.37 -12.00 10.74 -11.29 13.20 5.91 

12 4.50 4.51 12.38 -12.30 10.81 -11.20 12.68 8.94 

13 5.69 5.61 15.65 -15.31 13.48 -14.39 13.84 6.00 

14 5.69 5.71 15.64 -15.57 14.01 -14.38 10.42 7.64 

15 6.88 6.85 18.92 -18.68 16.02 -17.45 15.32 6.60 

17 7.72 8.04 21.24 -21.93 19.34 -19.78 8.95 9.80 

(b)  
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(a) 

 
(b) 

Figure 5.23. Displacement contributions from flexure, base rotation, shear 
deformations and errors: (a) Test 1; (b) Test 2 
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5.6 Strain in vertical bars and hoops 

Figure 5.24 shows the strains measured by strain gauges along a 

longitudinal bar in each column. The bar location is indicated by a dot in the 

column cross section diagram.  

       

 
(a) 

Figure 5.24. Strains in column vertical reinforcement: (a) Test 1; (b) Test 2 

+   loading direction   - 

  

 D
D
i
s
p
l
a
c
e
m
e
n
t
 
D
u
c
t
i
l
i
t
y
 
7 



106 
 

 
 

 

(b) 

Figure 5.23. continued 

 

Figure 5.24(a) shows the strain variations in a column longitudinal 

reinforcement in Specimen 1 for Cycle 5 through Cycle 13, which correspond 

to a ductility demand of 1 through 6.5. The curves show that the maximum 

plastic strain penetration in the shaft was approximately 2 ft or 17 bd
 
below the 

column-shaft intersection. In Figure 5.24(b), the strain variations in a column 

bar in Specimen 2 for Cycle 11 through Cycle 17 (a ductility demand of 4 

through 8) are plotted. The plots show that the maximum plastic strain 

penetration was about 2 ft or 14 bd . Some strain gauges were lost at a ductility 

demand of 6.8.  
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Figure 5.25 shows the strains in column transverse reinforcement at 

different elevations.  In both tests, some strain gauges were lost. For example, 

in Specimen 1, the strain gauges placed on the hoop that was 6 in. above the 

column-shaft interface were destroyed during construction, and did not harvest 

any data during testing.  

 

 
(a) 

Figure 5.25. Strains in transverse reinforcement: (a) Test 1 (b) Test 2 

  

  +   loading direction   - 
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(b) 

Figure 5.24. continued 

For Test 1, the readings from the strain gauges on the hoops show that 

up to a ductility demand of 4, the hoops did not yield. The largest strain was 

recorded at about 1 ft below the column-shaft interface. However, the 

information is not complete because some strain gauges were lost in the 

plastic hinge region of Specimen 1.  For Test 2, the maximum hoop strain 

reading was recorded at about 1 ft. above the column-shaft interface.  The 

strain value was about 0.0037 at a ductility demand of 7.8. Unfortunately, 

many strain gauges on the hoops were lost at high ductility cycles, especially 

the gage that was immediately below the column-shaft interface. 
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6 Comparisons of experimental data and analytical 

results of column deformations 

 

In this chapter, the critical column response parameters obtained from 

the experimental data in the previous chapter are compared to the OpenSees 

and XTRACT analysis results. These parameters include the effective yield 

curvatures and ultimate curvatures, effective yield displacements and ultimate 

displacements, as well as displacement ductilities. These results are used to 

verify the formulas for displacement ductility and equivalent plastic hinge 

length estimations proposed by Priestley et al. (1996).   

6.1 Curvature at column base 

The curvature due to flexure calculated from the test data are compared 

to that obtained from OpenSees and XTRACT pushover analysis in this 

section. Both OpenSees and XTRACT programs studied the sectional 

behaviors at the column base, while the curvature calculated from the test 

data was the average value over a column segment. Furthermore, as 

discussed in Chapter 5, the curvatures calculated using the vertical transducer 

measurements within the 2 in. immediately above the column base includes 

the contributions from flexure as well as base rotation due to strain penetration. 

Hence, these curvatures can not be directly compared to the analytical results 

of the OpenSees and XTRACT sectional models which only consider flexural 
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deformation. The curvatures are taken as the average curvatures over 2 in. to 

30 in. above the column base. Comparing to a 16 ft. tall or a 18 ft. tall column, 

this region can still be considered as the base of the column in the system.  

6.1.1 Ultimate curvature 

The moment-curvature relations for the OpenSees model, the XTRACT 

model, and the tested columns are shown in Figure 6.1. As discussed in 

Chapter 5, the experimental ultimate curvatures are defined as the maximum 

curvatures reached in the push and pull directions in the cycle right before the 

longitudinal reinforcing bars ruptured.  

The XTRACT software specifies the ultimate strain limit state as either 

the crushing of the concrete core or the onset of the longitudinal bar fracture. 

The concrete core crushing strain is calculated from transverse reinforcing bar 

yield stress, transverse reinforcing steel strain at fracture, transverse 

volumetric reinforcing steel ratio and confined concrete strength which are 

obtained from the material tests. The bar fracture strains are 0.123 for Test 1 

and 0.124 for Test 2 which were determined by the material tests. The 

analysis results show that, for both tests, the failure limit states are controlled 

by the concrete crushing in the core. The crushing strain of the confined 

concrete, cu , in the analysis is 0.0151 for Test 1 and 0.0186 for Test 2. The 

ultimate curvatures from the analysis are governed by this limit state. 
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(a) 

 
(b) 

Figure 6.1. Moment-curvature relationships of the cross sections at the column 
bases: (a) Specimen 1; (b) Specimen 2 
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 The ultimate curvature from the OpenSees model is associated with 

the failure limit state defined by Caltrans SDC (Caltrans, 2010).  Caltrans SDC 

states that the curvature capacity is reached when the concrete strain reaches 

cu  or the longitudinal reinforcing steel reaches the reduced ultimate strain 

R
su . For #11 and larger bars,  R

su
 
is specified to be 0.06 in the Caltrans SDC. 

The ultimate compressive strain cu  is defined by the stress-stain model for 

confined concrete proposed by Mander et al. (1988). According to Mander et 

al., the ultimate strain occurs at the first hoop fracture. The ultimate strain 

value computed with an energy balance consideration is approximately 5 cc , 

where cc  is the strain corresponding to the maximum stress for confined 

concrete, and cc  is 0.007 for Test 1 and 0.009 for Test 2. For both tests, the 

failure limit states are controlled by concrete core crushing in the OpenSees 

analysis. 

The ultimate curvatures for the three cases are obtained as described 

above and are shown in Table 6.1 and Figure 6.1. Figure 6.1 shows that the 

pushover moment-curvature curve of the XTRACT model coincides with that 

of the OpenSees model; yet the ultimate curvatures of the OpenSees model 

are larger than those of the XTRACT model in both the push and pull 

directions. Compared to the experimental data, both computer models 

overpredicted the ultimate curvatures of Specimen 1 and of Specimen 2.  
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Table 6.1. Column ultimate curvatures [Unit: 1/in.]  

 
OpenSees model 

(Caltrans SDC, 2010) 
XTRACT model Experimental data 

Test 1 0.001871 0.001369 0.001215 

Test 2 0.001940 0.001680 0.001961 

  

6.1.2 Effective yield curvature 

In this study, a summary of the effective yield curvatures obtained using 

an empirical formula proposed by Priestley et al. (1996), by the computer 

models and from test data are presented in Table 6.2. 

Priestley et al. has proposed that the effective yield curvature 
y

  of a 

circular bridge column can be expressed in terms of the yield strain of the 

longitudinal reinforcement (
ys
 ) and the diameter of the column (D), as 

expressed in Eq. 6.1.  

ys

y
2.25

D


                                              Eq. 6.1          

Since the column diameters and the reinforcing steel yield stains are the same 

for both specimens, the calculated effective yield curvatures are identical, as 

shown in Table 6.2.  

Moreover, the effective yield curvature can be determined from the 

equivalent bilinear moment-curvature relation with the curvatures and 

moments at the first yield and at the expected flexural strength, as explained in 



114 
 

 
 

Chapter 5. The bilinear relations are extracted from the OpenSees and 

XTRACT analysis results, and the effective yield curvatures are found as the 

intersection of the two lines shown in Figure 6.2 and Figure 6.3.  The 

calculated effective yield curvatures from the OpenSees and XTRACT models 

are summarized in Table 6.2.  

 

 
(a) 

Figure 6.2. The effective yield curvatures based on OpenSees models: 
(a) Specimen 1; (b) Specimen 2 
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(b) 

Figure 6.2. continued 
 

 
(a) 

Figure 6.3. The effective yield curvatures based on XTRACT models: 
(a) Specimen 1; (b) Specimen 2 
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(b) 

Figure 6.3. continued 

 

 

Figure 6.4. Elastic deformation components of a column 

Furthermore, as discussed in Chapter 5, the lateral displacement at the 

column top can be calculated from the curvature distribution. Because the 

curvature variation along the column before the effective yield is assumed 
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linear, as shown in Figure 6.4, the relationship between the effective yield 

curvature,y , and the effective yield displacement, y , can be derived as Eq. 

6.2.  

y

y 2

3

H


                                              Eq. 6.2 

To find y , y  is obtained from the bilinear force-displacement curve 

constructed from the test data as has been calculated in Chapter 5. The 

values of y  are calculated from Eq. 6.2 and summarized in Table 6.2.   

The effective yield curvatures obtained directly from the experimental 

data using the bilinear moment-curvature curve approximation are also 

included in Table 6.2.  

Table 6.2. Calculated effective column yield curvatures [Unit: 1/in.] 

 

Priestley et 
al., 1996 

Empirical 
formula 

Eq. 6.1 

OpenSees 
model 

XTRACT 
model 

Eq. 6.2 with 

y from test 

data 

Experimental 
data 

Test 1 0.0001125 0.0001227 0.0001114 0.0001641 0.0001020 

Test 2 0.0001125 0.0001285 0.0001202 0.0001761 0.0001604 

 



118 
 

 
 

6.2 Column displacement 

The column lateral displacement was measured directly in the 

experiment and was calculated from the curvatures along the column height 

including the base rotation. The displacements at the first yield, at the effective 

yield and at the ultimate stage from the tests are compared to those obtained 

from OpenSees analysis in this section. 

6.2.1 Displacement at the first yield 

As mentioned in Chapter 5, the vertical transducer readings at the later 

stages of the tests are not reliable due to the concrete damage at the column-

pile interface. At the first yield, there were only a few flexural cracks and all the 

gauges were still intact. Therefore, the directly measured displacements are 

compared to the displacements obtained from the curvatures at the stage of 

the first yield to check the consistency between the two since the shear 

deformation should be negligible. The results in Table 6.3 show that the 

displacements calculated from the curvatures are less than the measured 

ones with the differences less than 20%.  
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Table 6.3. Column displacements at first yield 

 

Calculated from curvatures 
and base rotations 

Measured 

push pull push pull 

Test 1 1.510 1.394 1.728 1.698 

Test 2 1.879 1.723 2.243 2.162 

6.2.2 Effective yield displacement 

In this section, various ways to find the effective yield displacement are 

attempted and the results are compared. There are two main methods 

considered. The first is to derive the effective yield displacement from the 

effective yield curvature using Eq. 6.3.  

2
y

y

H

3


                                             Eq. 6.3 

Table 6.4. Comparison of column effective yield displacements calculated from 
OpenSees models and from test data [Unit: in.] 

 

Eq. 6.3 with 

y from 

formula 
(Priestley et 

al.,1996) 

Eq. 6.3  with 

y from test 

data 

Eq. 6.3  with 

y from 

OpenSees 
model 

OpenSees 
model 

Experimental 
data 

Test 1 1.382 1.254 1.508 1.271 2.017 

Test 2 1.750 2.494 2.148 1.806 2.739 
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(a) 

 
(b) 

Figure 6.5. Effective yield displacement from OpenSees moment-curvature 
curves: (a) Test 1; (b) Test 2 
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As discussed in Section 6.1.2, the effective yield curvature can be 

obtained using the empirical formula proposed by Priestley et al. (1996), or 

from the bilinear approximation based on the moment-curvature relations of 

the tested columns or of the OpenSees sectional model.  

Additionally, the effective yield displacement can be obtained from the 

bilinear force-displacement relation that is constructed either with test data as 

discussed in Chapter 5, or with the OpenSees analysis results of a cantilever 

column model, as shown in Figure 6.5. In the experiment, the column 

reinforcing bars were embedded in the shaft which would allow some rotation 

at the base of the column because of the plastic penetration. However, the 

OpenSees model consists of a cantilever column with a fixed base. Therefore, 

it is expected that the measured column displacements should be larger than 

the analysis results, as shown in Table 6.4. 

6.2.3 Ultimate displacement 

 

Figure 6.6. Plastic deformation components of a column  
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In an analytical model, the ultimate displacement, u , is contributed by 

the elastic and plastic deformations. The curvature variation along the height is 

nonlinear, especially in the plastic region. To simplify the calculations, the 

curvature distribution can be idealized as shown in Figure 6.6. The effective 

yield displacement, y , can be obtained using Eq. 6.3, as discussed in 

Section 6.2.2. The displacement due to plastic deformation, p , can be 

obtained by integrating the plastic curvature  capacity, p , over the effective 

plastic hinge length, pL , and then multiply the result by the distance from the 

centroid of the plastic hinge area to the top of the column.  

u y p y p p pL (H 0.5L )                                  Eq. 6.4 

where  

p u y      

To find the analytical ultimate displacement using Eq. 6.4, the effective 

yield curvature ( y ) and the ultimate curvature ( u ) are taken from the 

OpenSees sectional analysis results, as discussed in the previous sections. 

The effective yield displacement, y , is calculated using Eq. 6.3 with y  from 

the OpenSees sectional model. In addition, the equivalent plastic hinge 

lengths,
 pL , are calculated using the empirical formula proposed by Priestley 

et al. (1996) for a typical RC bridge column, as shown in Eq. 6.5. 



123 
 

 
 

p y b y bL 0.08H 0.15f d 0.3f d                              Eq. 6.5  

where H is the column height in inches, yf  is the yield strength of the 

reinforcing bars in ksi, and bd  is the diameter  of the reinforcing bars in inches.  

The displacements due to flexure and base rotation calculated with Eq. 

6.4 are compared to the direct measurements from the tests in Table 6.5. For 

the experimental results, as discussed in Chapter 5, the displacement due to 

flexure and base rotation at the ultimate stage was 98.0% of the total column 

displacement for Test 1, and 98.9% for Test 2, and rest was due to shear. The 

analytical results have the ultimate displacement 19.6% less than the test 

results for Specimen 1, and 32.1% less for Specimen 2. 

Table 6.5.  Comparison of column ultimate displacements due to flexure and 
base rotation calculated from Eq. 6.4 and from test data [Unit: in.] 

 
Eq. 6.4 with y u  from 

OpenSees sectional model 
Experimental data 

Test 1 10.55 13.13 

Test 2 14.48 21.34 

 

In Chapter 5, the measured displacements due to flexure and that due 

to base rotation are decoupled. The displacement due to base rotation is 

determined by multiplying the rotation angle by the column height. The direct 

way to find the base rotation is to use the strain penetration measured with the 

strain gauges on the longitudinal column reinforcing bars embedded in the 

shaft, as described in Chapter 5. However, considerable amount of strain 
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gauges near the column-shaft interface were lost at the later stage of testing. 

Only the rotations of the first ten cycles can be obtained with reliable strain 

gauge readings for both tests. Therefore, an alternative solution is used to 

obtain the ultimate base rotations by using the measurements from the vertical 

transducers right above the column-shaft interface. The base rotation due to 

strain penetration can be calculated from the difference between the curvature 

over the first column segment immediately above the column base measured 

with a gauge length of 2 in. and that of the second column segment above the 

column base. This is based on the assumption that the curvature over the two 

segments is more or less constant. In Table 6.6 and Table 6.7, the base 

rotations obtained from the vertical transducer readings and from the strain 

gauge readings for the first ten cycles are summarized for both tests. The 

differences are computed by dividing the differences of the two by the rotation 

obtained from the strain gauge readings. The results show that the method 

using the vertical transducer readings is a reasonable alternative to estimate 

the ultimate base rotations due to strain penetration. The estimated ultimate 

base rotations are shown in Table 6.8.  

The displacement due to base rotation is obtained by multiplying the 

rotation angle by the column height. The displacement due to flexure alone is 

the difference between the measured column displacement and the 

displacement due to base rotation. The contributions to the total displacement 

from the two are summarized in Table 6.9 and Table 6.10. 
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Table 6.6. Comparison of measured rotations and the rotations obtained from the 
OpenSees models for Specimen 1 [Unit: in./in.] 

Cycle 

Calculated base rotation 
due to strain penetration 

based on vertical 
transducer readings 

Base rotation due to strain 
penetration measured by the 

strain gauges along the 
column bar anchorage length 

Difference 

[%] 

First 
yield 

0.002973 0.00387 23.24 

5 0.005266 0.00700 24.75 

6 0.004621 0.00583 20.78 

7 0.01196 0.01146 4.33 

8 0.01156 0.01162 0.53 

9 0.01870 0.01644 13.71 

10 0.01757 0.01617 8.62 

 

Table 6.7. Comparison of measured rotations and the rotations obtained from the 
OpenSees models for Specimen 2 [Unit: in./in.] 

Cycle 

Calculated base rotation 
due to strain penetration 

based on vertical 
transducer readings 

Base rotation due to strain 
penetration measured by the 

strain gauges along the 
column bar anchorage length 

Difference 

[%] 

First 
yield 

0.003115 0.006560 52.52 

5 0.003886 0.007138 45.56 

6 0.003896 0.006588 40.86 

7 0.011341 0.012749 11.04 

8 0.010383 0.010562 1.69 

9 0.014893 0.014815 0.53 

10 0.013988 0.012870 8.69 
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Table 6.8. Column base rotation due to strain penetration at ultimate strength 

 

Measured total 
rotation at the 

column base over 2” 
gauge length 

Estimated base 
rotation due to 

curvature over 2” 
gauge length 

Base rotation due to 
strain penetration 

Test 1 0.029342 0.002430 0.0269 

Test 2 0.04647 0.003922 0.0425 

 

For the analytical model, the displacements due to flexure, flexure , and 

base rotation, rotation  , can be decoupled by rearranging the terms in Eq. 6.4 

and Eq. 6.5.  

u flexure rotation                                       Eq. 6.6 

with 

' '
flexure y p p pL (H 0.5L )     

                          
 Eq. 6.7

 

" " ' "
rotation p p p p p pL (H 0.5L ) L L    

                        
 Eq. 6.8

 

'
pL 0.08H

                                        
 Eq. 6.9

 

"
p y bL 0.15f d

                                     
 Eq. 6.10

 

where p  is obtained from OpenSees section analysis, y  is calculated using 

Eq. 6.3 with y from OpenSees section analysis.  The displacement 

contributions from flexure and base rotation for the analytical model are 

summarized, and compared to the experimental data in Table 6.9 and Table 
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6.10. The tables show that the column displacements estimated by the 

analytical method are close to the experimental results.  

Table 6.9. Comparison of column ultimate displacements due to flexure 
calculated from analytical results and from test data  

 

Analytical results Experimental data 

Displacements 
[in.] 

Contribution to 
the total disp.[%] 

Displacements 
[in.] 

Contribution to 
the total disp.[%] 

Test 1 10.55 61.5 7.97 60.7 

Test 2 14.48 59.8 12.16 57.0 

 

Table 6.10. Comparison of column ultimate displacements due to base rotation 
calculated from analytical results and from test data  

 

Analytical results Experimental data 

Displacements 
[in.] 

Contribution to 
the total disp.[%] 

Displacements 
[in.] 

Contribution to 
the total disp.[%] 

Test 1 6.60 38.5 5.16 39.3 

Test 2 9.73 40.2 9.18 43.0 

6.3 Displacement ductility 

The displacement ductility of a column is the ratio of the ultimate 

displacement to the effective yield displacement, both of which can be directly 

obtained from the experiment data, as discussed in Chapter 5. Moreover, 

according to Priestly et al. (1996), the displacement ductility can also be 

derived from the curvature ductility (


 ) and the equivalent plastic hinge length 
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(
pL ) as expressed in Eq. 6.6. The curvature ductility is defined as the ratio of 

the ultimate curvature to the effective yield curvature.  

p p pu

y n

L LM
1 3( 1) (1 0.5 )

M H H
 


       


              Eq. 6.11 

with  

u

y




 


 

where H is the column height, 
uM  is the ultimate moment and 

nM  is the 

nominal moment. 
uM

 
and 

nM  are assumed the same in this study. 
pL  is 

calculated using Eq. 6.5.  

The displacement ductility calculated using the test data is compared to 

that computed with the analytical models from the OpenSees sectional model 

in Table 6.11. The results show a good correlation between the analytical and 

experimental results.  

Table 6.11. Comparison of column displacement ductility calculated from 
OpenSees sectional models and from test data 

 
Eq. 6.6 with results of OpenSees 

sectional model 
Experimental data  

Test 1 6.96 6.65 

Test 2 7.23 7.88 
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6.4 Plastic hinge length 

A plastic hinge occurs in a concrete column when the bending moment 

at the critical section exceeds the yield moment. A plastic hinge contributes 

significantly to the lateral displacement at the top of the column. The 

equivalent plastic hinge length, pL , is the theoretical length of the damage 

concentration at the column base. It depends on the level of the lateral 

displacement, the plastic curvature at the column base, the base rotation due 

to strain penetration, and the column height.  

The equivalent plastic hinge length, pL , used to calculate the ultimate 

displacement and displacement ductility in Section 0 and Section 6.3, 

respectively, takes into account the localization of plastic deformation at the 

column base as well as the strain penetration of the vertical column reinforcing 

bars anchored in the shaft below (Priestley et al., 1996). The two components 

in Eq. 6.5 reflect these contributions. However, as shown in Eq. 6.8 in the 

analytical calculation, the displacement due to base rotation is associated not 

only with "
pL , but also with '

pL .  

On the other hand, the displacement due to flexure is associated with 

'
pL , as shown in Eq. 6.7. With the measured column displacement due to 

flexure alone, '
pL  can be estimated using Eq. 6.7, where p  is obtained from 

OpenSees section analysis, and y  is calculated using Eq. 6.3 with y from 
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OpenSees section analysis. The results are compared to the '
pL  computed 

using Eq. 6.9, which is part of the empirical formula to calculate the equivalent 

plastic hinge length proposed by Priestley et al. (1996).  H1 is the column 

height of Specimen 1, and H2 is the column height of Specimen 2.  

Table 6.12. Comparison of the equivalent plastic hinge lengths due to flexure 
calculated from the empirical formula and from analytical results  

 

Estimation from empirical 
formula,  Eq. 6.9

 

Priestley et al. (1996) 

Estimation from 
measured data 

Test 1
 

0.08H1 0.106H1 

Test 2
 

0.08H2 0.126H2 
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7 Conclusion 

7.1 Summary 

Two reinforced concrete column-shaft assemblies were constructed 

and tested in the Powell Structural Systems Lab at UCSD. The specimens had 

reduced embedment lengths for column reinforcement cage extending into the 

Type II shafts as compared to the current Caltrans practice. The experiments 

captured the responses of full-scale column-shaft assemblies under fully 

reversed lateral load cycles, evaluated the adequacy of the reduced 

embedment lengths, and provided test data to closely examine the bond-slip 

behavior of the bars. This report focuses on the plastic hinging behavior at the 

column base, and the ductility capacities of the columns with reinforcing bars 

larger than #11. 

The experiments were carried out in an indoor laboratory without soils 

around the piles. A soil-pile-column system was modeled and analyzed with 

OpenSees program prior to the specimen design to determine an adequate 

pile length so that the behavior of the piles in the tests would be close to that 

of a pile embedded in soils. The p-y element based on Matlock’s soft clay 

model was adopted to simulate the soil behavior in the analysis. Parametric 

studies were conducted on the calibrated model to investigate the sensitivity of 

the results to the model parameters, such as the diameters and heights of the 

column and the pile, and the undrained shear strength of the surrounding 
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soils. Through these studies, shaft heights of 2 and 2.25 times the column 

diameters were used for Specimen and Specimen 2, respectively. 

In the tests, the behaviors of the columns were dominated by flexural 

deformation and base rotation due to strain penetration. The contribution from 

shear was negligible. Damages occurred in the concentrated plastic regions at 

the column base. Concrete spalling, and longitudinal bar buckling and fracture 

were localized within 4 ft above the base of the columns. 

In Test 1, two longitudinal bars on the north face and two bars on the 

south face of the column fractured, and three bars on each side buckled. In 

Test 2, one longitudinal bar on the north side fractured. Additional three bars 

on the north and one on the south were found buckled. Transverse hoops 

yielded but did not fracture for both tests. The concrete in the core area 

remained most intact and some spalling were found around buckled and 

fractured reinforcing bars. The tests were terminated when the load carrying 

capacities of the test specimens started to drop significantly. The ultimate 

deformation was defined as the maximum displacements of the last cycle 

before bar fracture occurred.  

The experimental results agree with the results of the OpenSees and 

XTRACT models. Previous studies have developed calibrated formulas to 

estimate the effective plastic hinge length and column ductility. These 

expressions were evaluated with the test data in this study.  
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7.2 Conclusions 

Based on the comparison between the experimental data and analytical 

results, as well as the parametric studies, the following conclusions can be 

drawn: 

-  The reduced hoop spacing in the plastic hinge region led to a higher 

column ductility 

- The reduced embedment lengths of the column reinforcing cages 

extending into the Type II shafts, as compared to the current Caltrans 

practice, is sufficient to fully develop the load resistance capacities of the 

columns.  

- The lateral displacements at the top of the columns were mainly 

contributed by column flexure and base rotation. The contributions from the 

column flexure and the base rotation are over 96%, and the shear 

contribution is negligible. 

- The formula for the effective yield displacement proposed by Priestley et al. 

(1992) is similar to the OpenSees analysis result, but leads to a value 30% 

less than that from the test data.  

- The ultimate curvature defined in the Caltrans SDC is a conservative 

estimation. The ultimate displacement calculated from it is less than the 

experimental result.  

- The displacement ductilities computed from the OpenSees models agree 

with those of the test specimens.  
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- The effective plastic hinge lengths due to flexure calculated from the 

empirical formula proposed by Priestley et al.(1996) are less than those 

obtained from the experimental data by 32.5% for Specimen1 and 57.5% 

for Specimen 2.  
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Appendix A: Design of specimens 

 

 

Figure A.1. Reinforcement design in column and shaft (specimen 1) 
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Figure A.2. Reinforcement design in column and shaft – section details 
(specimen 1) 
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Figure A.3. Footing reinforcement design (specimen 1) 
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Figure A.4. Footing reinforcement design – section details (specimen 1) 
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Figure A.5. Hammerhead reinforcement design (specimen 1) 
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Figure A.6. Hammerhead reinforcement design – section details (specimen 1) 
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Figure A.7. Reinfocement design in column and shaft (specimen 2) 
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Figure A.8. Reinfocement design in column and shaft – section details 
(specimen 2) 
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Figure A.9. Footing reinforcement design (specimen 2) 
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Figure A.10. Footing reinforcement design – section details (specimen 2) 
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Figure A.11. Hammerhead reinforcement design (specimen 2) 
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Figure A.12. Hammerhead reinforcement design – section details (specimen 2) 
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Appendix B: Instrumentation plans  

 

 

Figure B.1. String Potentiometer (Specimen 1) 
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Figure B.2. Vertical transducers on the east face (Specimen 1) 
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Figure B.3. Vertical transducers on the west face (Specimen 1) 
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Figure B.4. Horizontal and diagonal transducers on the west face (Specimen 1) 
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Figure B.5. Sliding and base rotation transducers (Specimen 1) 
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Figure B.6. Strain gauges on the longitudinal column reinforcing bars 
(Specimen 1) 
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Figure B.7. Strain gauges on the longitudinal shaft reinforcing bars 
(Specimen 1) 
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Figure B.8. The layouts of the strain gauges on the hoops in the column and 
shaft (Specimen 1) 
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Figure B.9. Strain gauges on the hoops in the column and shaft (Specimen 1) 
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Figure B.10. String Potentiometer (Specimen 2) 
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Figure B.11. Vertical transducers on the east face (Specimen 2) 
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Figure B.12. Vertical transducers on the west face (Specimen 2) 
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Figure B.13. Horizontal and diagonal transducers on the east face (Specimen 2) 
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Figure B.14. Sliding and base rotation transducers (Specimen 2) 
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Figure B.15. Strain gauges on the longitudinal column reinforcing bars 
(Specimen 2) 
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Figure B.16. Strain gauges on the longitudinal shaft reinforcing bars  
(Specimen 2) 
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Figure B.17. Strain gauges on the hoops in the column (Specimen 2) 
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Figure B.18. Strain gauges on the hoops in the shaft (Specimen 2) 
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