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PREFACE 

The National Center for Earthquake Engineering Research (NCEER) was established in 1986 to 
develop and disseminate new knowledge about earthquakes, earthquake-resistant design and seismic 
hazard mitigation procedures to minimize loss of life and property. The emphasis of the Center is on 
eastern and central United States structures, and lifelines throughout the country that may be exposed 
to any level of earthquake hazard. 

NCEER' s research is conducted under one of four Projects: the Building Project, the Nonstructural 
Components Project, and the Lifelines Project, all three of which are principally supported by the 
National Science Foundation, and the Highway Project which is primarily sponsored by the Federal 
Highway Administration. 

The research and implementation plan in years six through ten ( 1991-1996) for the Building, Nonstructural 
Components, and Lifelines Projects comprises four interdependent elements, as shown in the figure 
below. Element I, Basic Research, is carried out to support projects in the Applied Research area. 
Element II, Applied Research, is the major focus of work for years six through ten for these three 
projects. Demonstration Projects under Element III have been planned to support the Applied 
Research projects and include individual case studies and regional studies. Element IV, Implementa­
tion, will result from activity in the Applied Research projects, and from Demonstration Projects. 

ELEMENT I 
BASIC RESEARCH 

• Seismic hazards and 
ground motion 

• Geotechnical 
engineering 

• Structures and systems 

• Risk and reliability 

• Intelligent and protective 
systems 

• Socioeconomic issues 

ELEMENT II 
APPLIED RESEARCH 
• The Building Project 

• The Nonstructural 
Components Project 

• The Lifelines Project 

• The Highway Project 

ELEMENT Ill 
DEMONSTRATION PROJECTS 
Case Studies 

• Active and hybrid control 
• Hospital and data processing 

facilities 
• Short and medium span bridges 
• Water supply systems in 

Memphis and San Francisco 
Regional Studies 

• NewYorkCity 
• Mississippi Valley 
• San Francisco Bay Area 
• City of Memphis and Shelby 

County, Tennessee 

ELEMENT IV 
IMPLEMENTATION 
• Conferences/Workshops 
• Education/Training courses 
• Publications 
• Public Awareness 
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Research under the Highway Project evaluation methodologies for existing 
bridges and other highway structures structures, slopes, culverts, and 
pavements), and develops seismic procedures for bridges and other 
highway structures. Specifically, tasks are being conducted to: (1) assess the vulnerability of 
highway systems and structures; concepts for retrofitting vulnerable highway structures 
and components; (3) develop improved design and analysis methodologies for bridges, tunnels, and 
retaining structures, with particular interaction mechanisms and their 
influence on structural response; and review seismic design and performance criteria 
for new highway systems and structures. 

distinct areas: the development of improved design Highway Project research 
criteria and philosophies highway and the development of improved 
analysis and retrofitting methodologies 
discussed this report is a result of 
and was performed within Task 112-D-5.1 
Ductility and Shear" of the project as shown 

and structures. research 
"""T"'·" under the new highway construction project, 
"Capacity Detailing of Columns, Walls and Piers for 

tlowchart. 

The overall objective oft his task is to detailing requirement.<; for design 
o.fbridge columns, walls in areas of moderate seismicity. This report presents the results 
ofa research project to examine the of rectangular reinfi-;rced concrete bridge 
columns 'vvith moderate confinement. Both and analytical investigations of the 
response ofthese columns subjected to lateral research shows that 
rectangular reinforced concrete reiriforcement can 
be expected to perform moderate 
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ABSTRACT 

This study is part of a project to develop detailing guidelines for reinforced concrete bridge columns 
and walls in areas of moderate seismicity. The research examined the ductility and behavior of 
rectangular reinforced concrete bridge columns with moderate confinement. The research comprised 
experimental and analytical investigation ofthe response of such columns when subjected to lateral 
loading. 

Four half-scaled rectangular bridge columns were built and tested. The geometrical dimensions and 
the amount of longitudinal reinforcement were kept the same for all specimens. Each specimen was 
tested under constant axial load while subjected to lateral load reversals with increasing drift levels. 
The lateral loading was quasi-static and uniaxial in the column strong direction. 

Two parameters were varied: the transverse steel reinforcement amount and the axial load level. 
Based on the amount of lateral steel, the specimens were divided into two groups. The transverse 
reinforcement ratios, AJ(s·h), in the long direction for the two groups corresponded to 42 percent 
and 54 percent of the minimum lateral reinforcement required by AASHTO for seismic detailing. 
The applied axial loads were approximately O.l.fc'Agand 0.25.£'4. The specimens exhibited 
moderate displacement ductilities ranging between 4 and 7. 

In the analytical study, several existing models pertaining to the concrete stress-strain relationship 
and the plastic hinge length were utilized and compared. For unconfined concrete, the Kent and Park 
model was used. On the other hand, the modified Kent and Park model and the model by Mander 
et al. (as modified by Paulay and Priestley) were utilized to represent the constitutive relationship 
of confined concrete. The equivalent plastic hinge length was calculated using two different models, 
the Baker's model and the model by Paulay and Priestley. The analytical study revealed that for 
rectangular bridge columns with relatively low axial loads and moderate confinement, it is possible 
to predict with reasonable accuracy the response of the columns to lateral cyclic loading. 
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SECTION 1 
INTRODUCTION 

1.1 Bridge Design Philosophy in Areas of High Seismic Risk 

Structures in earthquake-prone areas should be designed to withstand strong earthquakes without 
collapse. For the majority of structures, it is often more economical to dissipate the large seismic 
energy through inelastic deformations. This can be accomplished by plastic hinging at 
predetermined locations of a structure. 

Concrete bridge structures should remain functional after large earthquakes. This requires that 
bridge superstructures do not undergo plastic deformations and that bridges maintain their gravity 
load carrying capacities. Thus, inelastic deformations in concrete bridges should be accommodated 
through the formation of plastic hinges in the columns. 

In the case of reinforced concrete bridge columns, it is necessary to allow for relatively large 
ductilities without sudden shear failure or significant strength degradation. It is well established that 
high ductilities could be achieved in reinforced concrete members by furnishing adequate lateral 
confinement steel. When properly detailed, lateral steel would provide higher ductilities, prevent 
premature buckling of main reinforcement, and avert shear failure. 

1.2 Current Seismic Provisions 

Different methods are available for the design of confinement reinforcement. A summary of the 
methods for the plastic hinge region of rectangular columns is presented in this section. Note that 
the required steel areas need to be satisfied for each orthogonal principal direction of the column 
section. 

1.2.1 American Concrete Institute (ACI) 

The American Concrete Institute (1992) provisions consider a structural member to be a column if 
the axial load index, PJ (fc' Ag), exceeds 0.1 . Parameters Pu , fc', and Ag are the factored axial 
load, concrete compressive strength, and the gross cross sectional area of the member, respectively. 
Bridge columns typically meet this requirement. The minimum total cross sectional area of 
rectangular hoops and cross ties is the greater of 

A = 0.3sh fc'[(~]- 1] 
sh c -1' A 

Jy ch 

(1-1) 

1 



and 

f' 
A = 0.09 S h _c_ 

sh c (1-2) 

where 
s = 

he 

Ag = 

Ach = 

J;,h 

fyh 

spacing of transverse reinforcement along the axis of the member. 
cross-sectional dimension of column core measured center-to-center of confining 
reinforcement. 
gross area of section. 
cross-section area of a structural member measured out-to-out of transverse 
reinforcement. 
specified yield strength of transverse reinforcement. 

The general purpose of the requirements is to improve ductility of concrete. The above equations 
intend to provide the same degree of confinement as that in spiral columns. In the ACI equation for 
spiral reinforcement, the lateral confining pressure provided by the spiral on the core concrete is 
based on axially loaded columns. The spiral is proportioned so that the compressive strength lost 
by the spalling of the cover concrete is equal to the additional compressive strength provided by the 
core concrete due to the lateral pressure exerted by the spiral when it is stressed to yield. 
Considering that ACI provisions are generally for building design, the applicability of the 
requirements to bridge columns is not addressed in the code. The spacing of lateral reinforcement 
is limited to the smaller of 100 millimeters ( 4 inches) or one-quarter of the minimum member 
dimension. 

1.2.2 American Association of State Highway and Transportation Officials (AASHTO) 

The current provisions of AASHTO (1992) are adopted from those of ACI. The lateral steel area 
is based on Equation 1-1, but Equation 1-2 has a coefficient of 0.12 instead of 0. 09. The maximum 
spacing limits in AASHTO are the same as those in ACI. 

1.2.3 California Department of Transportation (Caltrans) 

The Cal trans ( 1983) provisions specify Equation 1-1 as one of two expressions for the minimum area 
of transverse reinforcement. The other equation is: 

A h = 0.12 st h ....:_ 0.5 + 1.25 __ e_ f' ( p ) 
s cl" f'A 

where 
= 

Jy c g 

spacing of transverse reinforcement along the axis of the member. 
axial load 

2 

(1-3) 



Equation 1-3 acknowledges that tests have shown that confinement requirement should be a function 
of the magnitude of axial force. This equation is adopted from the New Zealand Code. A minimum 
spacing of 50 mm (2 in.) is specified for the transverse steel. The maximum spacing limit is the 
smallest of one-fifth of the column section dimension, 200 mm (8 in.), and six times the longitudinal 
bar diameter. The last limit is to prevent buckling of the column bars. These limits apply regardless 
of whether the lateral reinforcement is controlled by shear or confinement. 

1.2.4 Paulay and Priestley 

Based on research on bridge columns conducted at the University of Canterbury, New Zealand, Zahn 
et al. ( 1986) and Watson et al. ( 1994) derived an equation relating the amount of confinement steel 
in columns to the applied axial load and the requir~d curvature ductility. Paulay and Priestley (1992) 
simplified the equation as follows 

f ' A ( ) c g p 
A = k s h -- -- - 0.08 

sh c + A f' A 
Jy c c g 

(1-4) 

where k = 0.25 for a required curvature ductility J.l~ = 10 and k = 0.35 when J.l~ = 20. Other values 
may be found by linear interpolation or extrapolation. 

In addition to the axial load, this equation depends on the expected curvature ductility demand. The 
flexibility provided by including the ductility demand makes the expression useful for not only 
bridge columns which experience large drifts but also those which are in areas of moderate 
seismicity where the ductility demand may be lower. For low values of the axial load index, 
P u I (fc' A J, the confinement requirements become relatively small and shear will control the design. 
The maximum spacing of the confinement bars is limited to the smallest of one-third of the 
minimum column dimension, six times the longitudinal bar diameter, and 180 mm (7 in.). 

1.2.5 New Zealand Code 

The New Zealand code (1982) specifies the larger of steel area from two expressions both of which 
are functions of the axial load. The total area of transverse bars in each direction is the larger of 

( 
A ) f 1 

( 1.25 P ) A h = 0.3 S h _____!_ - 1 _c_ 0.5 + e 
s c A f. tnf' A 

c yh 'f", c g 

(1-5) 

and the steel area from Equation 1-3. These equations are similar to the AASHTO requirement 
except that they are modified by the factor which reflects the effect of axial load. The vertical 
spacing of the transverse steel is limited to the smallest of six longitudinal bar diameter, one-fifth 
of the minimum dimension ofthe column section, and 200 mm (8 in.). 

3 



1.2.6 Commission of the European Communities 

. A draft document for the seismic design of bridges was prepared in March 1994 by the Commission 
of the European Communities (1994). In this document, bridge piers with an axial load index of 
0.08 are required to be detailed to provide concrete confinement in the plastic hinge region. A 
mechanical reinforcement ratio is defined for each direction of the column as follows: 

where 

Pw = 

Asw 

transverse reinforcement ratio 
Asw/s.b 
total area of hoops or ties in the one direction of confinement 

(1-6) 

b = dimension of the concrete core perpendicular to the direction of confinement under 
consideration, measured to the outside of the perimeter hoop 

J;d design strength of longitudinal reinforcement 

led concrete compressive design strength related to the specified compressive strength, 

!c' 

The reinforcement ratio is determined from 

A 
wwd = 1.30 (0.15 + 0.01 J.lc) A c (11K - o.os) ~ 0.08 

cc 

where 

= required curvature ductility 
gross concrete area of the section 

= 

confined (core) concrete area of the section 
normalized axial load 
NJ(Acfck) 

Nc axialload 
fck characteristic concrete strength 

The minimum amount of transverse ties is specified as 

At = LAJ"ys 

s 1.6!yt 
(mm 2/m) 

where 

A1 area of one leg tie, mm2 

s distance between tie legs, mm2 

4 

(1-7) 

(1-8) 



~A= s 

= 

sum of the areas of the longitudinal bars restrained by the tie, mm2 

yield strength of tie 
yield strength of the longitudinal reinforcement 

The vertical spacing of the transverse steel is limited to the smaller of six longitudinal bar diameter 
and one-fifth of the minimum dimension of the column core section. 

· .2. 7 Example Bridge Column 

To compare the confinement steel designed based on different guidelines, a representative 
rectangular bridge columns was designed. The cross section of the column excluding the transverse 
reinforcement is shown in Figure 1-1. Th~ longitudinal steel ratio in this column is approximately 
2.2 percent. The concrete compressive strength was assumed at 27.6 MPa (4,000 psi) and the steel 
yield stress was assumed at 414 MPa (60,000 psi). The confinement steel ratio was determined as 
a function of the axial load ratio using different guidelines. The ACI and AASHTO minimum 
transverse steel requirements for gravity loads only were also included in the analysis. 

12:2~ mm 
(46") 'I 

• • • • • • • 
E 
E ,;;-'- • • 
t)t) 
'IQ ctl • • 
r'--

16-¢135> mm (#II) 

Figure 1-1 Cross Section of the Example Column 

Figure 1-2 shows the results. The confinement steel ratios based on Paulay and Priestley's method 
are for an assumed column height of 6.1 m (20') and for displacement ductilities, f.la, ranging from 
2 to 8. Notice that the value of the multiplier kin Equation 1-4 depends on the curvature ductility. 
To present the plot of Equation 1-4 in terms of displacement ductility, a plastic hinge length of 61 0 
mm (24") was assumed for the example column. The plastic hinge length is equivalent to one half 
the section depth as recommended by Paulay and Priestley (1992). For low values of axial load, 
shear and not confinement would control the amount of lateral reinforcement. Future provisions for 
some bridge columns which are located in areas of moderate seismicity could perhaps require 
reinforcement ratios which may be in between the gravity load design and the seismic design 
requirements. Note that the ACI and AASHTO requirements are independent of the level of axial 
load, whereas Caltrans results depe_nd on the axial load level although to a lesser degree than the 
results based on Paulay and Priestley. 
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For the example column, it can be seen in Figure 1-2 that the lateral reinforcement ratio required by 
AASHTO for seismic design is 33 percent more than that required by ACI. Moreover, for an axial 
load index of less than 0.4 which is typical in bridge columns, AASHTO seismic specifications 
require more transverse steel than that required by Caltrans. The difference between AASHTO and 
Caltrans requirements decreases as the axial load index approaches 0.4. At relatively low axial 
loads, the equation given by Paulay and Priestley results in a reinforcement ratio that is considerably 
less than those required by the codes. For instance, at an axial load index of0.2 and a displacement 
ductility of 8, the calculated lateral steel ratio for the example column according to the equation by 
Paulay and Priestley is 33 percent less than the minimum ratio required by either ACI or Caltrans 
and 50 percent less than the minimum ratio required by AASHTO. 

- - ACI. Seismic ---MSHTO·, Seismic Caltrans, Seismic 

- - - - Oisp. Duct =2 -- .. - .. - .. Dispi.Ouct. =4 --- .. - Dispi.Ouct. =6 

---- .... Oisp.Ouct. =8 • • • • ACI, Non-Seismic, Short - • - ACI, Non-Seismic, Long 
Direction Direction 

0.012 

I 

0.01 _______ L _______ L _______ L _______ L _______ L _______ L __ _ 

I I I 
I I 

0.008 
..c: 

~ 0.006 
: " ,.. .. ..-f ................ I .......... .. 

-II) 
<( 

0.004 

0.002 

0 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

PI (f'c. Agl 

Figure 1-2 Confinement Steel Requirements for Different Design Methods 

1.3 Review of Previous Works 

Because of the apparent similarity of the confinement provided by square ties to that of the 
rectangular ties and due to a lack of experimental data on the earthquake response of rectangular 
columns, a review of previous cyclic load tests of square columns with rectilinear ties and cross ties 
was conducted (Azizinamini et al, 1992, Ozcebe et al., 1987, Park et al., 1982, Priestley et al., 1987, 
Sheikh et al., 1993 and Soesianawati et al, 1987). Figure 1-3 shows a summary of the peak 
displacement ductilities in terms of the axial load index, Pu I (fc' Ag), where Pu ,fc ',and~ are the 
applied axial load, concrete compressive strength, and the gross cross sectional area of the member. 
The numbers in the figure refer to the names of the first authors of the publications from which the 
data were obtained. The ductilities are the maximum values attained by specimen failure or by 
terminating the test. Table 1-1 presents the main data from each reference. It can be seen that the 

6 



material properties are generally in the range of the values used in bridge columns, and the 
dimensions may be thought of as being one-fourth to one-half scaled representation of prototype 
bridge columns. The longitudinal steel ratios in the specimens tested by Ozcebe and Sheikh are 
somewhat larger than what is usually used in bridge columns. 

The axial load ratio for bridge columns is typically less than 0.3. It can be noted in Figure 1-3 that 
for moderate ductility demand of the order of 2 to 4, and for columns with a relatively small axial 
load ratio, very little data are available on specimens with rectilinear transverse steel. This is 
particularly true in light of the fact that the data points marked by "4" are for columns with a 
longitudinal steel ratio which is higher than that of bridge columns. 
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Figure 1-3 Available Test Data for Cyclic Response of Square Columns 

1.4 Objective and Scope 

0.8 

The objective of this study was to investigate the ductility of reinforced concrete bridge columns and 
develop detailing guidelines for areas of moderate seismicity. Because it was observed that the 
amount of test data on circular and square columns may be sufficient, the focus of the research was 
on rectangular columns. To investigate moderate ductilities of rectangular bridge columns, the effect 
of limited lateral reinforcement below the minimum required by current codes for seismic design 
was studied experimentally and analytically. 

Four half-scaled rectangular bridge columns were built and tested. The geometrical dimensions and 
the amount of longitudinal reinforcement were kept the same for all specimens. Based on the 
amount oflateral confinement, the specimens were divided into two groups, Group I (Specimens Al 
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and A2) and Group II (Specimens Bl and B2). The lateral confinement for the specimens in Group 
I and Group II corresponded to approximately 40 percent and 60 percent, respectively, of the current 
AASHTO seismic requirement. The column specimens were tested under constant vertical axial 
loads representing the dead load ofthe superstructure. Columns AI and Bl were each subjected to 
an axial load ofO.lf'cAg. For columns A2 and B2, the axial load was increased to 0.25 f' ~ g· The 
specimens were subjected to cyclic lateral loads with increasing drift levels. Bending was about the 
strong axis of the columns. 

Table 1-1 Specimen Data of Previous Research 

· .. 

Lateral Steel 
Lateral Steel 

Longitudinal Axial Displacement 
Yield Strength 

.. 

Ratio SteeiRatio ? 
.. 

Load Ductility /yh ,MPa 
Specimen 

I p,,% 
(Ksi) Pt,% ( %of..fc'Ag ···. 1-la 

•·• 

2.35 
414 

1.95 20 8 
(60) 

Azizi 

1.29 
414 

1.95 30 5 
(60) 

1.5 
297 

1.79 26 6 
(43) 

Priestley 

3.5 
297 

1.79 60 7 
(43) 

1.69 
470 

3.32 15 2 
(63.5) 

Ozcebe 

1.95 
425 

3.32 15 >6.5 
(61.6) 

2.3 
316 

1.79 21 >6 
(45.8) 

Park 

2 
297 

1.79 42 8 
( 43.1) 

0.84 
364 

1.51 10 10 
(53) 

Soesianawati 

0.9 
364 

1.51 30 ,;6 
(53) 

8 



SECTION2 
DUCTILITY OF REINFORCED CONCRETE COLUMNS 

2.1 Introductory Remarks 

Ductility of a structural member can be described as the ability of that member to deform beyond 
the elastic limit without significant strength degradation. Ductility is usually defined as the ratio of 
ultimate deformation to yield deformation. Thus, curvature ductility f.lq~ of a section is the ratio 
<t>ul<t>y where <f>u and <t>y are the ultimate and yield curvatures, respectively. Similarly, displacement 
ductility, f.l a• is the ratio of the displacement at ultimate to the displacement at yield, llu Illy . 

As mentioned earlier, ductility of bridge columns is essential in seismic design of bridges. The 
formation of plastic hinges in bridge columns allows for the dissipation of seismic energy through 
inelastic deformation and prompts the bridge system to "attract" smaller lateral loads under 
earthquake motion. 

The ability of reinforced concrete columns to deform beyond the elastic limit and the column 
ultimate deformation capacity depend mainly on the level of confinement of the core concrete. The 
confinement provided by lateral hoops and cross ties delays the spalling of the core concrete and 
allows concrete to attain higher strains. 

2.2 Concrete Stress-Strain Models 

To calculate the failure displacement, a representative constitutive model for concrete is needed. The 
primary features of the stress-strain relationship for concrete are the peak stress and the failure strain. 
Other parameters such as the shape of the stress-strain relationship do not generally affect the 
outcome (Paulay and Priestley, 1992). The peak stress and the failure strain are both sensitive to the 
amount and distribution of the confinement steel. Many models have been developed for the 
constitutive relationship of confined concrete, the majority of which are based on compression 
loading of test specimens (Kent and Park, 1971, Manderet al, 1988, Saatcioglu and Razvi, 1992, and 
Sheikh and Uzumeri, 1982). 

Based on a review of different models and their applicability to rectangular hoops, two confinement 
relationships, the modified Kent and Park (1971) and the other by Mander et al. (1988), were 
selected for this study. Compared to the test data on square columns described in previous sections, 
these models appear to provide the upper and lower bound estimates of displacement ductilities. 
These models are briefly described herein. 

2.2.1 Modified Kent and Park (1971) 

In this model, strength and ductility of core concrete are enhanced by the confinement provided by 
transverse hoops. The model consists of an ascending parabolic branch and a descending straight 
branch. The concrete strength, Kfc', isxeached at a strain of 0.002 K. K is defined in Equation 2-2. 
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The stress-strain relationship is 

(i) For Ec ~ 0.002K: 

f, = Kf/[O.:~K ~ ( 0.0:2Krl 
K = 1 + Psfyh 

f' c 

(ii) For Ec > 0.002K: 

fc = Kfc' [ 1 - Zm ( Ec - 0.002K)] 

0.5 

~ 0.2Kf' 
c 

_____ c_ + -Ps - - 0.002K 3 + 0.26f' 3 ~" 
145// - 1000 4 sh 

where: 

Ec strain of confined concrete 

!c 
!c' = 
J;h 

stress of confined concrete 
unconfined concrete compressive strength 
yield stress of the confining steel 

(MPa) 

Ps 
h" 
sh 

lateral steel volumetric ratio measured to outside of hoops 
width of confined core measured to outside of hoops 
center to center spacing of hoop sets 

2.2.2 Mander et al. (1988) as Modified by Paulay and Priestley (1992) 

(2-1) 

(2-2) 

(2-3) 

(2-4) 

In this model, the strength of co:rrlined concrete, fcc', is related to the confining pressure, ff, provided 
by the later~l reinforcement. For circular sections, or square sections of equal confining steel in both 
directions, the confined concrete strength is 

!,,' " J; ( ~ 1.254 + 2.254 

where: 

7 .94ft' 
1 + 

f' c 

- 2//) 
f' c 

fc' unconfined concrete compressive strength 

10 
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For a rectangular section with unequal lateral steel ratios along the depth and the width of the cross 
section (x andy directions), the confining pressures/;/ and J;y', in the x andy directions, respectively, 
can be found as follows 

(2-6) 

E! - K f 
J ly - ey Py yh (2-7) 

where 

Kex confinement effectiveness coefficient in the x direction 
Key confinement effectiveness coefficient in they direction 
Px volumetric ratio of lateral steel in the x direction 
pY volumetric ratio of lateral steel in they direction 
fy, yield stress of lateral steel 

Once the confining pressures in both directions are found, the confined concrete strength can be 
found from a set of curves. Those curves were based on multiaxial failure criterion and were verified 
by comparing the solution to triaxial tests results. 

The strain, Ecc , at maximum stress is given by 

(2-8) 

To find the ultimate strain of concrete at failure, Mander et al. applied a strain energy approach. In 
this method, the longitudinal compressive concrete strain at failure corresponds to the first fracture 
in the hoops. In addition to the monotonic stress-strain model, Mander et al. also presented a stress­
strain relationship for confined concrete under cyclic loading including the effect of strain rate on 
the stress-strain curves. A detailed description of the model is presented in Mander et al., 1988. 

Paulay and Priestley (1992) adopted a modified version of the Mander et al. model to represent the 
stress-strain behavior of confined concrete under monotonic loading. In the modified model, the 
stress-strain curve, confined strength, and strain at confined strength are kept the same as in the 
original model. However, the modified model prescribes a lower (conservative) ultimate concrete 
compression strain as follows 

E 
cu 

(2-9) 

where 

E.wn steel strain at maximum tensile stress 
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Moreover, Paulay and Priestley suggested a confinement coefficient ke of0.95 for circular columns, 
0.75 for rectangular columns, and 0.60 for rectangular walls. 

2.3 Verification and Comparison of Concrete Models 

The displacement ductility ofthe selected square test specimens that were presented in Section 1.3 
was calculated based on the confined concrete models described in the previous sections. Those 
columns were selected for the analysis because of their relatively low axial load index which would 
be representative of axial load index in bridge columns. Measured concrete and steel properties were 
used when they were reported. Otherwise, the specified values were used. The "yield" displacement 
was calculated by including the rigid body rotation of the columns due to bond slip. The bond 
strength was assumed to be 20 ~/ d (MPa) (Leet, 1991). The plastic hinge length was assumed 

c b 
to be that recommended by Pau ay and Priestley (1992) as follows 

!P = 0.08/ + 0.022db!y (MPa) 

where 

plastic hinge length 
length from maximum bending moment to inflection point 
diameter of longitudinal bar 
yield stress of longitudinal reinforcement 

(2-10) 

Equation 2-10 is based on tests of reinforced concrete columns, and it implicitly accounts for the 
effect of bond slip. 

Comparison of calculated and measured ductilities for the selected tests are presented in Table 2-1. 
A">" in the measured column indicates that the specimen did not necessarily fail at that ductility 
level. The "<" for the last specimen indicates that the ductility of 6 was accomplished only for one 
cycle followed by a drastic strength degradation. 

The first specimen shown for Ozcebe was reinforced only with perimeter tie bars which is not 
representative of the current practice. Concrete constitutive models implicitly assume that the lateral 
bars are distributed within the section. As expected, the measured ductility capacity of this specimen 
was very low. A comparison of the measured and calculated ductilities shows that the measured 
values were generally within the limits predicted by Mander et al., as modified by Paulay and 
Priestley, and the modified Kent and Park. The modified Kent and Park modelled to upper bound 
estimates of ductilities. The results suggest that the Modified Mander model would provide a 
reasonable and a lower bound estimate of the displacement ductilities. 

12 



Table 2-1 Calculated and Measured Ductilities of Square Columns 

.. 

Specimen Jt~(l) 

Azizi 

Priestley 

Ozcebe 

Park 

Soesianawati 

(I) Modified Mander et al. 
<2> Modified Kent and Park 
(J) Measured 

6.6 

3.7 

5.9 

4.1 

8.6 

8.7 

3.2 

2.5 

5.6 

2.5 

13 

....... 

I . 11A(1,) << I t 11,(3)··••••·· 

13.7 8 

5.6 5 

10.4 6 

11.6 7 

12.6 2 

15.7 >6.5 

9.5 >6 

7.3 8 

9.6 10 

4.0 s:6 





3.1 Introduction 

SECTION3 
EXPERIMENTAL STUDIES 

Four half-scale rectangular bridge columns were designed, constructed, and tested in the course of 
this research. The objective ofthe tests was to determine the ductility capacity of newly constructed 
columns with moderate amount of confining steel. Two parameters were varied in this study: the 
transverse steel reinforcement amount and the axial load level. Each specimen was tested under 
constant axial load while subjected to lateral load reversals in the strong direction of the column. 

The specimens were designed to attain moderate ductility capacities before significant reduction in 
strength. To accomplish this, reduced amounts of confining steel below that required by the codes 
(AASHTO 1992 and Caltrans 1983) for bridge seismic design were selected. Based on the 
maximum lateral loads expected to be reached during the tests, the selected amounts of transverse 
steel were checked to ensure that the shear capacity of each specimen exceeded the corresponding 
shear demand to prevent shear failure. Other details pertaining to lateral and vertical spacing of ties, 
minimum size of tie bars, and extension of standard hooks were maintained according to code 
requirements. 

3.2 Design of Test Specimens 

The column specimens were designed to represent half-scale models of the prototype rectangular 
column discussed in Section 1.2.5 of this report. The columns were supported by rectangular 
footings which would transfer the applied loads to the strong floor of the testing laboratory. Rocking 
of the footing under lateral loads was prevented by tie-downs holding the footing to the floor. Each 
column was assumed fixed at the bottom end where it connected to the footing and hinged at the top 
end where the lateral load was to be applied. The loading point represented the column inflection 
point. Figures 3-1 and 3-2 present the final design ofthe test specimens in Group I and Group II, 
respectively. The following sections are the steps taken in designing the test specimens. 

3.2.1 Column Cross Section 

All four specimens had the same cross sectional dimensions and identical longitudinal 
reinforcement. Each test column was 380 millimeters (15 in.) wide by 610 mm (24 in.) deep and 
was reinforced with 18- 4> 19 mm (#6) bars, resulting in longitudinal reinforcement ratio, p,, of2.2%. 
The specified concrete compressive strength and steel yield stress were 27.6 MPa (4,000 psi) and 
414 MPa (60,000 psi), respectively. 

3.2.2 Column Height 

To determine the height of the column specimens, two main factors were considered: the prototype 
height and the constraints of the testing facility. A height of2050 mm (6.7 ft) was selected for the 
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column specimen. The loading assembly at the top of the specimen increased the moment arm by 
305 mm (12 in.), thus making the height from the horizontal loading point to the top of the footing 
2355 mm (7.7 ft). For bridge columns bending in single curvature under lateral loads, this height 
would correspond to a prototype column height of approximately 4700 mm (15ft). For columns 
which bend in double curvature, the corresponding full-scale column height would be approximately 
9400 mm (30 ft). 

3.2.3 Transverse Reinforcement 

To design transverse reinforcement in the potential plastic hinge zone, the minimum amount required 
by AASHTO was first calculated according to Section 1.2.2 of this report. Based on Equations 1-1 
and 1-2 with a modified coefficient of0.12, it was found that the minimum required lateral steel ratio 
A,hl(s·hc), would be 0.008. For a transverse steel ratio of0.004 (one-half of AASHTO requirement) 
and an axial load index of 0.25, Equation 1-4 given by Paulay and Priestley would predict a 
moderate displacement ductility of about four as can be seen in Figure 1-2. Based on this analysis, 
it was decided to furnish the test specimens with lateral confinement ratios in the vicinity of one-half 
of the minimum AASHTO requirement. 

To prevent premature buckling oflongitudinal bars, an upper limit on hoop set spacing, s, was set 
at six times the longitudinal bar diameter ( 6 db) resulting in a limit of 114 mm ( 4. 5 in.). Each tie set 
in the potential plastic hinge zone of the test specimens consisted of 1- 4> 6 mm (#2) perimeter hoop, 
2- 4> 6 mm (#2) cross ties in the long direction, and 2- 4> 10 mm (#3) cross ties in the short direction 
(Figures 3-1 and 3-2). Such arrangement allowed for the engagement of all longitudinal bars along 
the short side of the column, and every other longitudinal bar along the long side of the column. The 
perimeter tie free ends were 13 5o bends whereas the cross tie had 13 5o bend on one end and 90 o 
bend on the other. In all cases the bend extension was equivalent to ten times the bar diameter. A 
scaled down concrete cover of 28 mm (11fs in.) was employed. For the specimens in Group I 
(Specimens AI and A2) the tie set spacing was set at 110 mm (4.25 in.) corresponding to a 
transverse reinforcement ratio in the long direction of 0.0033 or 42 percent of the minimum 
confinement steel required by AASHTO. In Group II (Specimens Bland B2) the spacing ofthe tie 
sets was reduced to 83 mm (3.25 in.) resulting in a transverse reinforcement ratio in the long 
direction of0.0043 or 54 percent of the minimum AASHTO requirement. In the short direction, the 
lateral steel reinforcement ratios were 0.0034 and 0.0044 for specimens in Group I and Group II, 
respectively. These ratios correspond to 42 percent and 55 percent of the minimum requirement by 
AASHTO. The lateral steel ratios for the test specimens inside the potential plastic hinge regions 
are presented in Table 3-1. 

Based on the described transverse steel arrangements, the shear capacities inside the plastic hinge 
region of the test specimens were calculated and compared with the shear demands. The nominal 
shear capacity, Vn, was found from the following equation (AASHTO 1992): 
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v = v + v n c s (3-1) 

where 

Vc concrete nominal shear capacity 

steel nominal shear capacity 

Vs is given by 

(3-2) 

where 

= area of shear reinforcement 
yield strength of shear reinforcement 

= 

s = 

distance from extreme compression fiber to centroid of tension reinforcement 
spacing of shear reinforcement in direction parallel to main reinforcement 

Table 3-1 Lateral Steel Ratios inside Potential Plastic Hinge Regions of Test Specimens 

.·.·.·.· .... ·.·.·.·.·. · ... ·.· ..... ·.·.· .............. . 

·•·•·····•···•·•···•··· ···•·Latet~lSteel ~#1i9 1\M(s.hQ · 

Specimen 

Group I (Specimens A 1 & A2) 0.0033 0.0034 

Group II (Specimens B 1 & B2) 0.0043 0.0044 

When plastic hinging occurs, the nominal shear capacity of concrete is reduced due to the formation 
of flexural-shear cracks and is in inverse proportion to the ductility level. Consequently, the code 
equations (1) to calculate Vc for non-seismic loads are not applicable. A method used by Caltrans 
(Bridge Memo 20-4) relates Vc to the level of confinement, ductility ratio, and the applied axial load 
as follows 

v c 
::;;; 0.332 fJ: A (MPa) VJ c e 

(3-3) 

(3-4) 
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where 

factor that is proportional to the level of confinement and inversely proportional to 
the ductility ratio. It ranges between 0.3 and 1.0 
factor that depends on the applied compressive axial stress. It ranges between 1. 0 
for zero axial stress and 1.5 for a compressive stress of 6.9 MPa (1 000 psi) 
effective concrete area which is equal to 80% of the gross cross sectional area of 
the column 

Priestley et al. (1994) presented a different model to calculate the shear capacity. According to this 
model, the shear resistance is provided by three components as follows 

V =V +V+VP n c t (3-5) 

where 

shear force carried by concrete 
shear force carried by truss action (lateral reinforcement) 
lateral component of compression strut in the column due to the applied 
compressive axial load 

Priestley's method is adopted in the "Seismic Retrofitting Manual for Highway Bridges" (1995) with 
a simplified term for Vr In the "Seismic Retrofitting Manual for Highway Bridges," the shear 
capacity components for rectangular columns are obtained as follows 

v = v A (3-6) c c e 

Afd 
v v y cote (3-7) 

s s 

v = 0.2P (3-8) p 

Av,/y, d, s, and Ae are the same as those defined in Equations 3-2 and 3-3. 6 is the angle between the 
column axis and the diagonal concrete compression strut (6 is considered 45 o in ACI-318). vc 
depends on the attained ductility of a cross section and is obtained as follows 

(i) For non-ductile regions and for plastic hinge regions where the displacement ductility of the 
column f.14 ~ 2: 

v c = 0.29 /J: (MP a) = 3.5 /J: (psi) (3-9) 
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(ii) For plastic hinge regions where the displacement ductility of the column !la ~ 4: 

vc = 0.1 /i: (MPa) = 1.2 /i: (psi) (3-1 0) 

(iil) For displacement ductilities between 2 and 4, a linear interpolation is used. 

To estimate the shear demand, the nominal moment capacity of each specimen was first calculated. 
The nominal moment capacity is defined as the moment capacity of a concrete member without 
taking into consideration the over strength due to confinement (14). Considering that the specimens 
were moderately confined, the over strength factor was assumed to be 20%. Having the over 
strength moment capacity and the moment arm, the shear demand was calculated and compared to 
the shear capacity (Table 3-2). It was found that the specimens would be safe in shear. 

Table 3-2 Estimated* Shear Demand and Shear Capacity of the Test Specimens 

. ·.· ·.· . . . ·. .·... ··... . ·. . ..... ·.· .· .......... . 

Shear+ Caplf.~ity (C#Itra)ls)•···· •..... Sh~ai'Cap~city (FtJW~ Retrofit 1\'t~Ji~al) ···· ·•· Shear l>~mand 
kN(KJ}Js) .·. / · ··· ...... > · ····· kN(J<ips) · .·.··. · · · .···.·. · .. ·.·.··.·.·.· · ·.·.. ··· liN (J(~psJ 

* 

Specimen 

AI 

A2 

Bl 

B2 

···V. I. v.,··•• ...•.. > .•···pn l.Vl*••·•.•••·······•·••• }7c: ········•' Vp•····•·••••.·•· .. ,_,n ·······>·!············ p 
246 100 

(55.3) (22.5) 

246 125 
(55.3) (28.1) 

322 100 
(72.3) (22.5) 

322 125 
(72.3) (28.1) 

346 246 151 199 596 323 
(77.8) (55.3) (21.9) (28.8) (1 06.0) (72.6) 

371 
(83.4) 

422 
(94.8) 

447 
(100.4) 

246 
(55.3) 

322 
(72.3) 

322 
(72.3) 

151 
(21.9) 

151 
(21.9) 

151 
(21.9) 

497 894 368 
(72.0) (149.2) (82.7) 

199 672 323 
(28.8) (123.0) (72.6) 

497 970 368 
(72.0) (166.2) (82.7) 

Based on specified material properties ** Based on 6 = 45° 

3.2.4 Footing Design 

.... 

The reinforced concrete footings were designed such that no flexural yielding and/or shear failure 
would occur under the estimated extreme loading conditions. For ease of construction and setup, 
a uniform footing design was adopted for all four specimens. The specified concrete compressive 
strength and the steel yield stress were 27.6 MPa (4,000 psi) and 414 MPa (60,000 psi), respectively. 
Each footing was 2.44 meters (8 feet) long by 1.83 m (6ft) wide by 0.71 m (2.33 ft) deep. Since 
rocking was prevented by means of tie-downs, the footing was designed for positive and negative 
bending moments in both directions. Flexural reinforcement consisted of identical top and bottom 
steel mats. Each mat comprised 8- <P 25 mm (#8) bars in the long direction and 10- Q> 25 mm (#8) 
bars in the short direction. The bar ends consisted of a 90 o bent plus a 405 mm (16 in.) extension. 
The concrete cover was 75 mm (3 in.) on all sides. Shear reinforcement was not provided in the 
footings because it was found that the nominal shear capacity of the footing concrete exceeded the 
shear demand. A typical footing is shown in Figure 3-3. 
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3.3 Construction of Test Specimens 

The specimens were built in pairs at the laboratory. The footings were constructed on a flat plywood 
· platform to provide a smooth bottom surface to protect concrete floor of the laboratory. 

The footing form was erected then a layer of was applied to the plywood surfaces 
that would be in contact with concrete. The pre-assembled bottom mat of the footing reinforcing 
steel cage was lifted and placed inside the mould. placement of column ties inside 
the footing, the column main reinforcement was installed before placing the footing top steel mat. 
Although the footing depth was ample to develop the column main bars, all embedded column bar 
ends inside the footings were provided with " 250 mm 0 in.) extensions for added 
anchorage and ease of Prior to pouring six- <P mm (3 in.) by 740 mm (28 
in.) long plastic sleeves were placed vertically inside footing mould to allow for the passage of 
tie-down and axial load DywidagTM bars later during the test. 

The concrete was ready mixed and was supplied a local batch plant. Concrete slump was always 
measured prior to pouring. Slump measures are reported in Section 3.4 this report. The footing 
concrete was poured and vibrated 350 mm (13 in.) lifts then the surface of the footing was 
troweled to a smooth finish. Nine 150 mm (6 diameter 300 mm (12 in.) concrete cylinders 
were sampled for every footing. The were moisture cured for seven days. 

The column steel cage was completed tying the transverse steel around the main bars extending 
from the footing then the column forms were fitted place. Figure 3-4 presents a completed steel 
cage prior to pouring of footing concrete. facilitate the installation of L VDT's (linear variable 
differential transformers) along the potential plastic hinge length, five pairs of$ 6 mm (0.25 in.) by 
710 mm (28 in.) long galvanized threaded rods were placed horizontally through the mould. The 
rods were positioned parallel to the long side the column at predetermined height intervals and 
they extended about 50 mm (2 in.) outside the column face at both ends. Plastic cones were fitted 
at both ends of each rod to form cavities in the cover concrete around the rods. This was needed to 
prevent deviations in the LVDT readings during spalling of the column cover concrete. Four$ 35 
mm (13/g in.) A325 anchor bolts were placed vertically at the top of the column mould to allow for 
the hook up of the loading mechanism. For added anchorage, the bolts were fully threaded and were 
fitted with 100 mm x 75 mm x 6 mm in. x 3 in. x 0.5 in.) anchor plates at the embedded ends. 
Each bolt had a 530 mm (21 in) embedded length and 100 mm (4 in.) extension above the top of the 
column. The column concrete was placed and vibrated in 460 mm (18 in.) lifts, then moisture cured 
for seven days. Similar to the footings, nine concrete test cylinders were taken for each column. 



Figure 3-4 Reinforcement Cage of a Test Specimen 

3.4 Material Properties 

In order to evaluate the column test results, material tests were carried out to determine the actual 
material properties of concrete and steel. 

The concrete compressive strength was obtained from compression tests of the concrete cylinders. 
For each batch, sets of three cylinders were tested at seven days, eight days, a.'1d on the day 
of testing of the column specimen. Concrete slump and compressive strength results are presented 
in Table 3-3. 



Specimen 

AI 
A2 

Bl 
B2 

Table 3-3 Measured Concrete Properties 

Footing 38 (1.5) 31.7 (4.60) 

Column 50 (2) 27.2 (3.95) 

Footing 50 (2) 29.7 (4.30) 

Column 50 (2) 28.1 (4.08) 

* Average values on the day of testing 

Tensile tests ofthe reinforcing steel were carried out for bar sizes q, 6 mm (#2), q, 10 mm (#3), and 
q, 19 mm (#6). For each bar size, three specimens were tested. Figures 3-5 to 3-7 present the 
measured stress-strain relationships for bar sizes q, 6 rnrn, q, 10 mm, and q, 19 mm, respectively. 
The average measured stress-strain values of the three bar sizes are shown on the same plot in Figure 
3-8 and the average measured steel properties are also summarized in Table 3-4. 

Table 3-4 Measured Steel Properties 

.c @ Yield ·•·.•••·. . ·••••••• . ) i( ••• .. (~ 1Jltimate .... 
. 

Bar Size 
···. 

Q>6mm 
(#2) 

0.0023 455 (66) 0.160 676 (98) 

4> 10 mm 
(#3) 

428 (62) 0.121 738 (107) 0.0021 

4> 19 mm 
(#6) 

0.110 448 (65) 731 (106) 0.0022 
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Figure 3-5 Measured Stress-Strain Relationship of 4> 6 mm (#2) Steel Bars 
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Figure 3-6 Measured Stress-Strain Relationship of 4> 10 mm (#3) Steel Bars 
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3.5 Instrumentation 

The specimens were instrumented with an array of strain gages, LVDT's, and load cells. The 
instrumentation arrangement was nearly identical in the four specimens. In all, twenty eight strain 
gauges, eleven LVDT's, and three load cells were used to collect data from each test. 

In each column specimen, eight longitudinal bars and three tie sets were instrumented with strain 
gages. Longitudinal bars with strain gages were placed in the first and the last two steel layers as 
shown in Figure 3-9. Each instrumented longitudinal bar was fitted with two strain gauges, one at 
the interface of the column and the footing, and the other at mid-distance between the first and the 
second tie sets from the bottom of the column. 

To study the effectiveness of the confining steel, the first three tie sets from the bottom of the 
column were fitted with strain gages. For each tie set, four gauges were attached as follows: one 
gage at each short side of the perimeter tie, one gage at one long side of the perimeter tie, and one 
gage at one of the long cross ties. The strain gage arrangement in the transverse steel is shown in 
Figure 3-10. 

iT 
I 

0 

• j .. 

@ 
&ection A-A 

&ection 6-6 

Figure 3-9 Strain Gaging of Longitudinal Bars 
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To measure strain in the concrete and section curvature along the potential plastic hinge zone, five 
pairs of L VDT's were fitted within a height of 685 mm (27 in.) from the bottom of the column. This 
height was divided into five intervals representing five gage lengths as shown in Figure 3-11. In 
each interval, two L VDT's were placed, one at each side of the column. Based on the gauge length, 
different range LVDT's were selected. The bottom 76 mm (3 in.) and 100 mm (4 in.) gage lengths 
were fitted with ±13 mm (±0.5 in.) and ±25 mm (±1 in.) range LVDT's, respectively. The top three 
gauge lengths were all fitted with ±50 mm (±2 in.) range LVDT's. 

The lateral deflection of the column was measured along the centerline of the hydraulic actuator 
applying the lateral load. This was accomplished through the actuator LVDT. 

To measure the axial load applied by the two Dywidag1M prestressing bars, a load cell was installed 
under the top anchor mechanism of each bar. The lateral load applied at the top of the column was 
measured by means of the actuator load cell. 

28 



.I ,. 
20Qmm 

(8') 

f 
2a>CZI mm 

(ll"i 

+ IQ>Q> mm 
(4") 

~ 
IQ>Q> mm (f) 

16 mm 
(.)") 

r 

II 

@I 

G) I 

® 
® 
(1) 

I'" ~~~ mm •I (24") 
_j 

@ 

® 
® 
@ 
'W 

Figure 3-11 LVDT Setup for the Test Specimens 

Reaction Wall 
eide 

Data from strain gages, L VDT's and load cells were collected and recorded by means of a Megadac 
Model5033A data acquisition system. The system was set to scan and record instrument readings 
at a rate of one reading per second. Data recording could be stopped and resumed at any instant 
during the test. 

3.6 Test Setup 

The test specimen was lifted and set at the test location. To level the specimen and to provide full 
contact between the footing and the floor of the testing laboratory, the bottom of the footing was set 
about 13 mm (0.5 in.) above the floor, then a mix of gypsum cement was poured to fill the gap 
between the bottom ofthe footing and the floor. The test setup is shown in Figure 3-12. 

The transfer of axial and lateral loads to the specimen was accomplished through a steel I-beam that 
was placed across the top of the column as shown in Figure 3-12. The flange width, flange thickness 
and web thickness of the steel beam were 305 mm (12 in.), 50 mm (2 in.) and 25 mm (1 in.), 
respectively. The beam length was 1520 mm (5 ft) and the overall depth was 610 mm (24 in). Four 
4> 38 mm (1.5 in.) hofes were drilled in the bottom flange of the beam to allow for the passage of the 
column anchor bolts. To prevent stress concentrations and cracking of the concrete at the top of the 
column, a 610 mm (24 in.) by 380 mm (15 in.) by 16 mm (5fs in.) steel plate was placed between the 
steel beam and the top of the column. The cross beam was then placed in position and secured to 
the top of the column by means of four 4> 35 mm (1% in.) nuts. 
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To prevent rocking of the footing under the applied overturning moments during the test, four cp 32 
mm (1.25 in.) Dywidag™ bars were used to tie down the footing to the strong floor. The 
prestressing bars were passed through the sleeves in the footing and the strong floor. Each bar was 
stressed to an initial jacking force of 134 kN (30 Kips) then was anchored at the top of the footing 
and the bottom of the floor slab. 

Lateral load was applied by means of a 490 kN ( 110 Kip) MTS hydraulic actuator. The actuator 
base was first cmmected to the reaction wall by means of a connector steel plate then the actuator 
head was extended and connected to the web of the cross beam on top of the column. In its initial 
position, the actuator was level and had a potential maximum stroke of ±280 mm (±11 in.). 

Two cf> 35 mm (L375 in.) Dywidag™ bars were used to apply the axial load. The initial prestressing 
force was applied by means of one hydraulic jack per each bar. The jacks were placed at the top of 
the steel cross beam, then the prestressing bars were extended vertically and anchored at the top of 
the jacks and the bottom of the strong floor. The jacks were identical and were connected in parallel 
to the same pressurizing pump. To minimize axial load fluctuation caused by variation in the 
prestressing bars length under different drift levels, a 70 MPa ( 10,000 psi) pressure accumulator was 
hooked to the hydraulic system between the pump and the jacks. At the beginning of each test, the 
desired axial load was applied prior to lateral loading. 

3. 7 Experimental Procedure and Results 

3.7.1 General Remarks 

Unlike reinforced concrete members with only two layers of steel placed at opposite ends, a concrete 
section with main reinforcement distributed throughout the depth of the section does not normally 
exhibit a well defined yield point, but rather a yield region that depends mainly on the amount and 
the distribution of the main reinforcement. To faciiitate the analysis of such cases, it is customary 
to determine an effective yield point of the member as shown in Figure 3-13. For reinforced 
concrete columns, it is normally acceptable to assume that the calculated ultimate moment capacity 
of the unconfined section is the effective yield moment ofthe confined section (Paulay and Priestley, 
1992). 

Experimentally, one way to determine the effective yield displacement (L\y) corresponding to the 
effective yield load (My or Fv) is found as follows. First, the specimen is loaded in one direction up 
to 75 percent ofthe effective yield load then the load is reversed until it reaches 75 percent of the 
yield load in the other direction. The corresponding displacements are measured and the average 
ofthe maximum displacements in both direction is considered as 0.75.£\.v as shown in Figure 3-14. 
The effective yield displacement can then be found by extrapolation. This procedure was followed 
in this study. 

Readings of L VDT's located at the bottom of the column were employed to measure curvatures 
along the potential plastic hinge zone. To find the average strain at each L VDT location, the 
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measured displacement was divided by the corresponding gage length. This strain was considered 
to be the strain at the middle of the gauge length. Knowing the distance between the LVDT's placed 
at opposite sides, it was possible to measure curvatures at column sections along the mid-height of 
the gage lengths . 
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Figure 3-13 Idealized Moment-Curvature Relationship 
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Figure 3-14 Experimental Determination of Effective Yield Displacement 
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On the day oftesting, the desired axial load was first applied then the specimen was subjected to 
unidirectional lateral cyclic loading in the strong direction of the column. The lateral load was 
monotonic, load controlled up to ±75 percent the effective yield moment (±0.75 Mv) at the bottom 
of the column, and displacement controlled afterward. Each specimen was first subjected to one full 
cycle at post-cracking moment (Mer), one full cycle at 0.75 ~ , two full cycles at a displacement 
ductility Pt:.. of ±1, and two full cycles at a displacement ductility Pt. of ±2. Afterward, in general, 
specimens with lower axial load (Al and B 1) were then cycled at displacement ductility increments 
of 2 whereas those with higher axial loads (A2 and B2) were cycled at displacement ductility 
increments of 1, until failure. At each ductility level, the specimen was taken through at least two 
full excursions. Failure of the specimen was considered to occur when the lateral load carrying 
capacity was reduced by at least 25% of the maximum measured section capacity. This failure 
criterion was set to ensure that the test specimen does not lose stability at high drift and reduced 
strength. Test results are summarized in Table 3-5. 

Table 3-5 Measured Displacements and Ductilities 

.... 

.... .·. • .. Measured 

D.y Au 
f.!. fl. Drift Ratio % 

Specimen I mm.(in) mm (in.) 

AI 23 (0.92) 122 (4.82) 5.2 5.2 

A2 20 (0. 79) 102 (4.02) 5.1 4.4 

Bl 23 (0.92) 161 (6.33) 6.9 6.9 

B2 21 (0.82) 130(5.10) 6.2 5.5 

3.7.2 Specimen Al 

Specimen Al was first subjected to an initial axial load of615 kN (138 Kips) corresponding to an 
axial load index of 0.1. Under high lateral displacements the axial load increased but was still very 
close to the target value of 0.1 fc 'A g. In general the axial load fluctuated during the test between a 
minimum of 592 kN (133 Kips) and a maximum of 641 kN (144 Kips). Based on the measured 
material properties and an axial load of 641 kN (144 Kips), the effective yield moment of Specimen 
Al was calculated as 643 kN-m (5690 Kip-in) corresponding to a lateral load of275 kN (61.8 Kips). 

The lateral cyclic load history, shown in Figure 3-15, was applied according to the procedure 
described in Section 3. 7 .1. At a lateral load of approximately 89 kN (20 Kips), two flexural cracks 
were visible at 125 mm (5 in.) and 230 mm (9 in.) from the bottom of the column. Prior to first bar 
yield, one post-crack cycle was completed to establish the effective yield displacement, .6.Y' The 
average measured .6.Y was 23 mm (0.92 in.). The hysteretic load-displacement response of Specimen 
AI is shown in Figure 3-16. The right-hand-side Y-axis in Figure 3-16 is the applied lateral load 
normalized with respect to the calculated effective lateral yield load, Fv. 
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Figure 3-15 Lateral Load History for Specimen Al 
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At a displacement ductility f-la of approximately ±1, the specimen did not show signs of strength 
decay or significant stiffness degradation. During the second excursion of f-la = +2, slight stiffness 
degradation was apparent with minor decay in strength. When the specimen was taken to a second 
cycle of J..la = -2, the cover concrete started to spall on the compression side. As the specimen was 
pushed to higher ductility levels, the cover concrete at the bottom of the column spalled at an 
increasing rate, exposing the first and second main steel layers on both sides of the column. 
Flexural-shear cracks were also developing along the column height. The peak measured lateral load 
was 361 kN (81 Kips). This peak load occurred at the end of the first excursion of f..la = +5.2, 
corresponding to a ram displacement of 122 mm (4.82 in.). During the second excursion of 
Pa = +5.2, the compression longitudinal bars began to buckle and the 90° hook of the second tie set 
from the bottom of the column started to open, accompanied by significant reduction in the column 
stiffness. As the specimen was cycled to a third excursion of J..la =±5.2, the core concrete suffered 
more degradation and the 135° hooks on the second and third tie sets began to open. When the 
specimen was pushed to a displacement of +163 mm (6.41 in.), corresponding to f.Ja =+7, the 
longitudinal bars on the compression side completely buckled and the lateral load capacity reduced 
to 267 kN (60 Kips). This load corresponded to 74 percent of the measured peak load and 97 percent 
of the effective lateral yield load. At this point the specimen was considered to have failed. Figures 
3-17 through 3-20 show Specimen AI during several stages of the test. 

Figure 3-17 Specimen Al at Jla = +1 (1st Excursion) 
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Figure 3-18 Specimen Al at J.la = +4 (1st Excursion) 

Figure 3-19 Specimen Al at J.la = +6 (1st Excursion) 
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Figure 3-20 Plastic Hinge in Specimen Al at the End of the Test 

A review ofthe strain gage data revealed that yielding occurred in longitudinal steel at an early stage 
of the test before reaching the calculated effective section yield. Figure 3-21 presents the measured 
load-strain relationship of a first layer longitudinal bar at the column-footing interface (Gage No. 1 
in Figure 3-9). On the other hand, some of the transverse steel yielded towards the end of the test 
and some attained high strains but did not yield. Figure 3-22 and Figure 3-23 show the measured 
load-strain of lateral steel at the second and third tie set levels, respectively (Gages No. 19 and 22 
in Figure 3-10). 

The measured curvature envelope along the potential plastic hinge was obtained from the L VDT 
readings and is presented in Figure 3-24. The intersection of the curvature line at yield with the 
curvature envelope represents the upper limit of the plastic hinge. Since the lower L VDTs' readings 
were not reliable at small deflections, the measured yield curvature was obtained from the measured 
strains in the longitudinal bars at the effective yield. The intersection point was found by linear 
extension of the highest branch of the envelope curve. Consequently, the measured plastic hinge 
length was found to be 645 mm (25.4 in.). 

3.7.3 Specimen A2 

For Specimen A2, the initial applied axial load was 1505 kN (338 Kips) corresponding to an actual 
load index of0.24. During the test, the axial1oad varied between a minimum of 1479 kN (332 Kips) 
and a maximum of 1581 kN (355 Kips). For the purpose of determining the effective yield 
displacement, the effective yield moment was computed prior to the test and was found to be 
732 kN-m (6480 Kip-in). This moment corresponded to a lateral load of 314 kN (70.4 Kips) at the 
ram level. 
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Figure 3-21 Measured Lateral Load-Strain Hysteresis in Specimen Al Longitudinal Bar 
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Figure 3-22 Measured Lateral Load-Strain in Specimen Al Lateral Steel at SG 19 
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The lateral load history for Specimen A2 is presented in Figure 3-25. The first visible flexural crack 
in the column occurred at approximately 280 mm (11 in.) from the column base. The corresponding 
lateral load was 143 kN (32 Kips). At a lateral load of 232 kN (52 Kips), several flexural cracks 
appeared along the bottom half of the column. The pattern of these cracks was consistent with the 
hoop set spacing. The effective average yield displacement was determined experimentally as 20 
mm (0.79 in.). The measured lateral load-displacement response of Specimen A2 is presented in 
Figure 3-26. 

Spalling of the cover concrete started to show at the bottom of the compression side when the 
column was pushed to f.1 t:.. = + 2 for the first cycle. Despite the fact that spalling of the cover concrete 
was spreading on both sides of the column bottom with increasing drift, the hysteretic response was 
very stable and the stiffness degradation between the same ductility cycles was negligible up to 
f.lt:.. = +4. The lateral load peaked at 396 kN (89 Kips) when the displacement ductility of +5 was 
attained for the first time. At flA = -5, first excursion, the longitudinal bars on the compression side 
started to buckle between the second and the third tie sets. During the next two cycles at 
displacement ductility of 5, the lateral steel end hooks were opening at the second and the third tie 
sets. This was accompanied by significant stiffness degradation and strength decay. At flA = +6, the 
longitudinal compression bars buckled completely and the lateral load dropped to 223 kN (50 Kips), 
signifYing failure of the specimen. This load corresponded to 56 percent of the measured peak load 
and 71 percent of the effective lateral yield load (nominal load). Figures 3-27 through 3-30 show 
Specimen A2 during the development of the test. 

8 
7 
6 

<l 5 ::i. 
>.. 4 

."'::: 3 ...., 
2 u 

:J 
0 0.75 ..... 
c -0.75 Q) 

E 
-2 Q) 

u 
0 -3 a.. -4 (/) 

0 -5 
-6 
-7 
-8 

Number of Cycles 

Figure 3-25 Lateral Load History for Specimen A2 
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Figure 3-26 Measured Lateral Load-Deflection Hysteresis Loops for Specimen A2 

Figure 3-27 SpeCimen A2 at f.tD. = +1 (2nd Excursion) 
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Figure 3-30 Plastic Hinge in Specimen A2 at the End of the Test 

Measured strains in one longitudinal bar and two lateral bars are shown in Figure 3-31 and Figures 
3-32 and 3-33, respectively (Gages No.1, 18 and 19 in Figures 3-9 and 3-10). As with Specimen 
A1, yielding of the outer layer longitudinal bars in Specimen A2 was reached before the point of 
effective section yield. On the other hand, yielding of the lateral steel coincided with the specimen 
failure. 

Figure 3-34 exhibits the plastic hinge measured curvature envelope for Specimen A2. The 
corresponding measured plastic hinge length was 747 mm (29.4 in.). 

3.7.4 Specimen Bl 

Specimen B1 was initially subjected to an axial load of 601 kN (135 Kips) or 0.09/c'Ag. At high 
drift levels, the axial load peaked at 637 kN (143 Kips). The calculated effective yield moment and 
the corresponding lateral load were 645 kN-m (5710 Kip-in) and 276 kN (62 Kips), respectively. 

Figure 3-35 shows the lateral loading history of Specimen Bl. No effort was made to observe the 
initial flexural cracks because it was believed that the column concrete was pre-cracked during 
specimen setup. Since the axial load of Specimen B 1 was similar to that of Specimen A 1, it was 
decided to assume that both specimens had the same effective yield displacement of 23 mm 
(0.92 in.). The load-displacement hysteresis for Specimen B1 is shown in Figure 3-36. 
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Figure 3-31 Measured Lateral Load-Strain Hysteresis in Specimen A2 Longitudinal Bar 
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Figure 3-32 Measured Lateral Load-Strain in Specimen A2 Lateral Steel at SG 18 
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Figure 3-33 Measured Lateral Load-Strain in Specimen A2 Lateral Steel at SG 19 
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Figure 3-34 Measured Curvature Envelope along the Plastic Hinge of Specimen A2 
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At displacement ductility Jla = +2, first loop, the cover concrete at the bottom of the column started 
to spall. As the test progressed and the column was pushed to higher drifts, the cover concrete 
spalling spread upward along the potential plastic hinge length. The hysteresis loops were stable 
up to a displacement ductility of 6 although signs of minor stiffness degradation were showing 
during second loops. During the second cycle of Jlt. = +6, the 90° hook of the second tie set on the 
compression side started to open. At displacement ductility of 7, the core concrete deteriorated 
rapidly and the end hooks of the second and the third tie sets opened. This was accompanied by 
buckling of the longitudinal bars and strength decay. As the specimen was pushed to the target 
displacement ductility of 8, the second bar of the first steel layer on the compression side fractured 
due to low-cycle fatigue. The test was terminated when the lateral load dropped to 209 kN ( 4 7 Kips) 
at a ram displacement of 186 mm (7.33 in.). The peak recorded lateral load was 379 kN (85 Kips) 
and it occurred at Jla = +6, first loop. The load at failure was 55 percent of the measured peak load 
and 75 percent ofthe nominal lateral load. Figures 3-37 through 3-40 show Specimen B1 during 
different stages of the test. 

The longitudinal bar load-strain behavior in Specimen B 1 was similar to those of Specimen A 1 and 
Specimen A2. The outer two layers longitudinal bars yielded early in the test as is shown in Figure 
3-41 (Gage No. 1 in Figure 3-9). The yielding in the transverse steel occurred on the onset of 
specimen failure. Figures 3-42 and 3-43 present the lateral load versus tie strain at two locations in 
the specimen (Gages No. 20 and 22, respectively, in Figure 3-10). 

The measured curvature envelope along the potential plastic hinge length is shown in Figure 3-44. 
Since the top segment of the right-hand-side envelope was not realistic (Figure 3-44), it was decided 
that this segment could be more appropriately represented by the extension of the second envelope 
segment from the top. The corresponding measured plastic hinge length would be 767 mm 
(30.2 in.). 
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Figure 3-35 Lateral Load History for Specimen Bl 
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Figure 3-36 Measured Lateral Load-Deflection Hysteresis Loops for Specimen Bl 

Figure 3-37 Specimen Blat Jla = -4 (1st Excursion) 
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Figure 3-40 Plastic Hinge in Specimen Bl at the End of the Test 
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Figure 3-41 Measured Lateral Load-Strain Hysteresis in Specimen Bl Longitudinal Bar 
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Figure 3-42 Measured Lateral Load-Strain in Specimen Bl Lateral Steel at SG 20 
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Figure 3-43 Measured Lateral Load-Strain in Specimen Bl Lateral Steel at SG 22 
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Figure 3-44 Measured Curvature Envelope along the Plastic Hinge of Specimen Bl 

3.7.5 Specimen B2 

Specimen B2 was subjected to an initial axial load of 1514 kN (340 Kips) corresponding to an axial 
load index of 0.23. At low amplitude displacements, the minimum measured axial load was 
1497 kN (336 Kips). A maximum axial load of 1603 kN (360 Kips) was recorded during high 
amplitude displacements. Based on an axial load of 1532 kN (344 Kips), the calculated effective 
yield moment and the corresponding lateral load were 742 kN-m (6570 Kip-in) and 318 kN 
(71.3 Kips), respectively. 

The lateral load history for Specimen B2 is shown in Figure 3-45. Similar to the other specimens, 
flexural cracks along the column height started to develop before the section effective yield was 
reached. The measured effective yield displacement was 21 mm (0.81 in.). The sudden jump to a 
high displacement in the fifth loading cycle was due to a malfunction in the hydraulic system which 
caused the actuator to increase the lateral displacement from 30 mm (1.16 in.) to more than 76 mm 
(3 in.) in about five seconds. The lateral loads corresponding to those displacements were 356 kN 
(75.4 Kips) and 408 kN (91.5 Kips), respectively. The induced high lateral load initiated the spall 
of cover concrete at the compression side. The hysteretic load-displacement response for Specimen 
B2 is shown in Figure 3-46. 

Specimen B2 exhibited very stable hysteresis loops up to a displacement ductility of 6. At this point, 
the lateral load peaked at 417 kN (93.7 Kips). During the second excursion of Jla = +6, the 90° hook 
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of the third tie set started to open on the compression side of the specimen. The core concrete was 
deteriorating at a faster rate during the third cycle of flA = 6 and the longitudinal bars started to 
buckle. The test was terminated after the specimen was pushed to a lateral displacement of 150 mm 
(5.95 in.) and the corresponding lateral load dropped to 258 kN (58.0 Kips). The failure load was 
62 percent of the measured peak load or 81 percent of the effective lateral yield load. Figures 3-47 
through 3-50 show Specimen B2 at different stages of the test. 

Figure 3-51 and Figures 3-52 and 3-53 present the measured lateral load-strain relationships at one 
longitudinal bar and two transverse bars, respectively (Gages No. 1, 19 and 22, respectively, in 
Figures 3-9 and 3-10). The measured plastic hinge length at the end of the test was 612 mm 
(24.1 in.). The measured curvature envelope and plastic hinge length at the bottom of the column 
are reflected in Figure 3-54. 
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Figure 3-45 Lateral Load History for Specimen B2 
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Figure 3-46 Measured Lateral Load-Deflection Hysteresis Loops for Specimen B2 

Figure 3-47 Specimen B2 at J.16 = -1 (1st Excursion) 
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Figure 3-50 Plastic Hinge in Specimen B2 at the End of the Test 
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Figure 3-51 Measured Lateral Load-Strain Hysteresis in Specimen B2 Longitudinal Bar 
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Figure 3-52 Measured Lateral Load-Strain in Specimen B2 Lateral Steel at SG 19 
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Figure 3-53 Measured Lateral Load-Strain in Specimen B2 lateral Steel at SG 22 
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Figure 3-54 Measured Curvature Envelope along the Plastic Hinge of Specimen B2 

3.8 Summary and Observations 

A summary of the measured lateral loads, curvature at yield, and plastic hinge lengths is presented 
in Table 3-6. 

Table 3-6 Measured Lateral Loads, Yield Curvatures, and Plastic Hinge Lengths 

Yield Curvature Lateral Force, kN (Kips) Plastic Hinge Length, mm (in) 

!py Based on Measured Based on Measured 
Specimen rad/m (rad/ill) @Yield Peak 

Loads Curvatures 

Al 
8.19 X 10-J 275 361 554 645 

(0.208 X I0-3) (61.8) (81.0) (21.8) (25.4) 

A2 
8.46 X IO·l 314 396 488 747 

(0.215x 10·3) (70.4) (89.0) (19.2) (29.4) 

Bl 
9.45 X 10·3 276 379 632 767 

(0.240 X J0·3) (62.0) (85.0) (24.9) (30.2) 

9.45x 10·3 318 417 526 612 
B2 

(0.240 x 1 o-3) (71.3) (93.7) (20.7) (24.1) 
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Review and comparison of the test data allowed for several observations as follows: 

1. The lateral deflection response of concrete members such as those tested in this study consists 
mainly of three components: flexural, shear, and bond slip (Paulay and Priestley, 1992). 
When deflection is mainly due to flexure, the hysteresis loops are normally wide and "fat" with 
little pinching effect at the beginning of the reloading stage. On the other hand, when a major 
portion of the response is due to high shear and/or bond slip deflections, the hysteresis loops 
are characterized by strong pinching effect. Examination of the measured lateral load­
deflection hysteresis loops of the specimens tested in this study indicate that the deflection 
response was mainly flexural. The prominent pinching at higher ductility levels can be 
attributed to the closing of flexural cracks prior to which the applied load is met with little 
resistance until the cracks are closed. 

2. The effect of axial load on ductility can be observed by comparing the measured ductilities of 
specimens with the same transverse steel amount. Specimens AI and B 1 attained slightly 
higher ductilities than specimens A2 and B2, respectively. Although the specimens with lower 
axial load (approximately O.l.fc 'A g) reached higher ductilities than their respective counterparts 
with higher axial loads (approximately 0.25 f/Ag), the difference in ductilities was not 
substantial. This is probably due to the fact that at relatively low axial load ranges the axial 
load effect on ductility is minimal. 

3. Even though the lateral steel ratio was approximately 40 percent of that required by codes in 
Specimens Al and A2, the specimens were able to carry the vertical load up to displacement 
ductility of 5 and a drift ratio in excess of 4 percent. 

4. Even with reduced amounts of lateral steel below those required by the codes for seismic 
provision, specimens with higher amounts of transverse steel (B 1 and B2) attained higher 
ductilities than their respective counterparts with lower amounts oflateral steel (AI and A2). 
This observation holds true provided that shear failure and premature longitudinal bar buckling 
are prevented by proper design and detailing. 

5. The absence of the "P-d effect'' in the tests was due to the fact that the Dywidag™ bars 
applying the axial load assumed a curvature similar to the column curvature as the specimen 
was pushed to higher drift levels. Thus, the axial load remained nearly concentric throughout 
the test. 

6. The number of specimens tested in this study was too limited to draw conclusive remarks 
relating the plastic hinge length to the lateral steel amount and the axial load level. However, 
it was observed that there was no specific trend associating the plastic hinge length to either 
the confining steel amount or the axial load level. 
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4.1 Introduction 

SECTION 4 
ANALYTICAL STUDY 

In Section 3, it was experimentally shown that rectangular reinforced concrete bridge columns with 
approximately 50 percent less lateral steel than the minimum required by AASHTO were able to 
attain moderate displacement ductilities ranging between 4 and 7. In this section, the analytical 
models used to predict the response of such columns are discussed. 

The analysis was based on existing models and procedures that have been widely used to predict the 
response of reinforced concrete columns to lateral loading. To calculate column deflections, models 
pertaining to concrete stress-strain relationship, bond slip and shear deformations, and plastic hinge 
length were first selected. The calculated response beyond the yield point was highly sensitive to the 
estimated plastic hinge length and, to a lesser extent, to the stress-strain concrete model. This 
section describes the theoretical derivations and results. The analytical results are also presented and 
compared to the test results. 

4.2 Theoretical Analysis 

4.2.1 Lateral Deflection 

For a cantilever column subjected to a lateral load at the free end, the total lateral deflection can be 
attributed to deformations due to flexure, bond slip (yield penetration) between the bar anchored in 
the footing and the surrounding concrete, and shear. Additional lateral deflection due to rocking of 
the footing may also occur. The cantilever column may represent a fixed-pinned column and may 
also represent the segment of a fixed-fixed column between the section of maximum bending 
moment and the point of contraflexure. When footing rotation is prevented, the total lateral tip 
deflection of the cantilever column, ll1 , may be expressed as (Paulay and Priestley, 1992): 

deflection due to flexure 
deflection due to bond slip 
deflection due to shear 

(4-1) 

When the lateral deformation of the column is mainly due to flexure, it is possible for the column 
to form a plastic hinge at the critical section. For a column with uniform cross section, the plastic 
hinge forms at the fixed end. As is shown in Figure 4-1, the flexural deflection can be found as: 

(4-2) 
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where 

ll.Y lateral deflection at effective flexural yield of the critical section 
ll.P additional deflection due to rigid body rotation at the plastic hinge 

Figure 4-1 Flexural Deflection of a Cantilever Column 

Figure 4-2 shows the bending moment diagram and the corresponding curvature of the cantilever 
column when the fixed end reaches the yield moment, My . Mer and q> cr are the cracking moment and 
the corresponding curvature, respectively. The lateral tip deflection at yield, Ay, can then be found 
by applying the moment area theorem as follows 

l 

Lly = J <px dx 

0 

(4-3) 

which is the static moment of the area under the curvature diagram about the free end of the column. 

When a plastic hinge is formed at the fixed end of the cantilever column, the additional lateral tip 
deflection, ll.P , due to rigid body rotation associated with plastic hinging can be found from 
geometry. Figure 4-3 presents an idealized curvature profile of the cantilever column after the 
plastic hinge has developed. In this idealization, the actual plastic hinge length is replaced by an 
equivalent plastic hinge length that would result in the same plastic displacement at the free end. 
Assuming that the total plastic rotation is concentrated at the middle of the equivalent plastic hinge, 
ll.P can be found as (Paulay and Priestley, 1992) 

Ll = fcp - <p ) l ( l - l p l 
p \ u y p 2 

(4-4) 
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where 

<t>u ultimate curvature of the column cross section 
q>Y yield curvature 
!P equivalent plastic hinge length 
l total length of the cantilever column 

T 
H 

Figure 4-2 Bending Moment and Curvature at Yield of Fixed End 

lp 

Figure 4-3 Idealized Curvature at the Equivalent Plastic Hinge 

To account for the additional deflection due to yield penetration into the footing, the bond slip 
rotation at the fixed end is first estimated. It has been shown that the bond slip rotation, 6', can be 
found as (see Appendix A for derivation) 
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8' = _!_ _!y_ !y2 I ( 3!_)2 
8Eud-d M s y 

where 

db 
Es 
J; 
My 
M 
d = 
d' 
u 

bar diameter 
modulus of elasticity of steel reinforcement 
yield stress of steel 
yield moment 
applied moment 
distance of tension bars to the extreme compression fibers 
distance of compression bars to the extreme compression fiber 
bond strength of main bars 

(4-5) 

For SINo. 35 (#11) or smaller deformed bars, the basic bond strength of tension bars can be found 
as (10) 

u = 
20 {1: 

db 
~ 5.5 (MPa) (4-6) 

u = 
9.5 {1;' 

~ 

db 
800 (psi) (4-7) 

At yield, the bond slip rotation, 6', can be found from Equation 4-5 where the applied moment is set 
equal to the effective yield moment of the column. The corresponding lateral tip deflection of the 
column can then be found by multiplying the bond slip rotation by the cantilever length. Bond slip 
rotation beyond yield can be implicit in Equation 4-4 by using an appropriate lr Thus, the bond slip 
deflection term, lls , in Equation 4-1 can be reduced to 

Ll = 8' .I 
s (4-8) 

Since the column specimens in this study were subjected to relatively low axial loads, the lateral 
deflection due to shear may be estimated by utilizing shear deflection formulas used for reinforced 
concrete beams. Although such approach would slightly overestimate the shear deflection, yet the 
calculated shear deflections would be indicative of the magnitude order of the actual shear 
deflections. For a beam with 45° diagonal cracks, Park and Paulay (1975) derive the beam shear 
stiffness , Kv, 45 , as 

Pv 
K = E b d 

v,4s 1 + 4 n Pv s w 
(4-9) 
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where 

shear deflection in one unit length due to one unit shear load 
elastic modulus of shear reinforcement 
section width perpendicular to applied shear 
effective section depth parallel to applied shear 
E./Ec (modular ratio) 
elastic modulus of concrete 
A,!sbw (shear reinforcement ratio) 
area of shear reinforcement 
spacing of shear reinforcement sets along the member longitudinal axis 

Knowing the member shear stiffness, applied shear, and member length, it would be possible to 
calculate the tip shear deflection of a reinforced concrete cantilever. 

4.2.2 Moment-Curvature Analysis 

The theoretical moment-curvature relationships of the test specimens were calculated based on plane 
section analysis which assumes that plane sections before bending remain plane after bending (linear 
strain gradient). To facilitate the analysis, the constitutive relationships of steel and concrete were 
first idealized, then the moment-curvature analysis was performed using the computer program 
IAl.UNR (1989). The program is written in FORTRAN-77 and it calculates the moment-curvature 
of rectangular reinforced concrete sections. In addition to the axial load and the outermost concrete 
strain limit for which the analysis is required, the input data include the geometrical dimensions of 
the section, the areas and locations of the main reinforcement layers, and the constitutive 
relationships of steel and concrete. 

The constitutive relationship for steel was idealized using a tri-linear curve. The first segment 
represented the stress-strain behavior of steel up to the yield point, followed by a yield plateau up 
to the beginning of strain hardening, and finally, a strain hardening segment up to the fracture of 
steel. The longitudinal steel idealized stress-strain curve used in the analysis is shown in Figure 4-4. 

Since the computer program IAl.UNR can use only one concrete constitutive relationship, the 
section of each test specimen was analyzed twice. In the first analysis, the concrete was assumed 
to be unconfined up to the section effective yield point. Full section properties were used in this 
analysis. To calculate the curvature and the corresponding moment at ultimate, the section was 
analyzed again presuming that the cover concrete had spalled and that the core concrete had assumed 
a confined concrete stress-strain behavior. Thus, two concrete models were needed to represent the 
constitutive relationships of unconfined and confined concrete sections. 

The Kent and Park concrete model ( 1971) was selected to represent the behavior of unconfined 
concrete. This model is the basis of the modified Kent and Park model for confined concrete which 
was presented in Section 2.2.1 of this report. To define the unconfined model, a K factor of unity 
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is used in Equations 2-1,2-3 and 2-4. Figure 4-5 shows the theoretical unconfined concrete stress­
strain relationships for the specimens in Group I and Group II. 

Two different models were used to represent the behavior of confined concrete. The first model was 
the modified Kent and Park (1971) and the other was the model by Mander et al (1988) as modified 
by Paulay and Priestley (1992). The two models were presented in Section 2.2 of this report. The 
theoretical stress-strain relationships of both models are shown in Figure 4-6 and Figure 4-7 for the 
specimens in Group I and Group II, respectively. 
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Based on the measured material properties and the applied axial loads, the curvatures at section 
cracking, yield, and ultimate were calculated for the four test specimens. The calculated results are 
presented in Table 4-1. 

Table 4-1 Calculated Curvature 

.. ·. 

Curvature 
rad/m{rad/in) 

· .. · 

Modified Kent & ! 
Kent& Park 

Park 
Mander et at.* 

Specimen 'Per <py 'Pu 'Pu 

Al 
o.787 x w-3 7.91 x w-l 92.5 X !Q-3 97.2 X 10 3 

co.o2o x 1 o-3) (0.20 I X 10'3) (2.35 x w-3) (2.47 x w-3) 

A2 
1.300 X !Q-3 8.19 x I0-3 66.1 X IQ-3 72.8 x w-3 

(0.033 x 1 o-3) (0.208 x 1 o-3) c 1.68 x w-3) (1.85 X 10·3) 

Bl 
0.787 X JQ-l 7.87 x w-l 128.4 X J0-3 116.5 x w-' 

co.o2o x 1 o-3) (0.200 X 10 3) (3.26 x I0-3) (2.96 X 10'3) 

B2 
1.300 X J0-3 8.11 X 10·3 92.9 x 10·3 89.4 x w-3 

(0.033 x w-1) (0.206 x w-1) (2.36 x 1 o-3) (2.27 x 1 o-3) 

* As modtfied by Paulay and Pnestley 

4.2.3 Plastic Hinge Length 

To calculate the plastic deflection, ll.P using Equation 4-4, it is essential to properly evaluate the 
equivalent plastic hinge length, lP . Based on previous studies by other researchers, two empirical 
methods were selected and used in this study to calculate the equivalent plastic hinge length. 

Baker (1964) investigated plastic hinging of reinforced concrete members and presented two 
different expressions for the evaluation of the plastic hinge length of unconfined and confined 
members. For members with unconfined concrete, the equivalent plastic hinge length is given by 

lp "k,k,k,( ~) 114 d (4-10) 

where 

k1 0.7 for mild steel and 0.9 for cold-worked steel 
k2 1 + 0.5P,/P0 

P" axial compressive load 
P 0 axial compressive strength of member 
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k3 0.6 forfc'= 35.2 MPa (5100 psi) 
0.9 forfc' = 11.7 MPa (1700 psi) 

z distance of critical section to point of contraflexure 
d effective depth of member 

For members confined with transverse steel, Baker proposed a modified version of Equation 4-1 0 
to calculate the equivalent plastic hinge length as follows 

I P = 0 8 k 1 k3 ( ~) c ( 4-11) 

where 

c neutral axis depth under the ultimate moment 

It can be seen that Baker's equation for confined concrete implicitly includes the effects of axial load 
(through c) and confinement on the equivalent plastic hinge length. 

Paulay and Priestley (1992), on the other hand, proposed an empirical expression to calculate the 
equivalent plastic hinge length of reinforced concrete members which is independent of the axial 
load and the amount of confining steel. This expression is given by 

l p 

lp = 0.08/ + 0.15db!y 

where 

(MPa) 

(Ksi) 

l length of member between critical section and point of contraflexure 
dh longitudinal bar diameter 
J; yield stress of longitudinal bars 

(4-12) 

(4-13) 

Based on Equations 4-11 and 4-12, the equivalent plastic hinge length of each test specimen was 
calculated twice using measured material properties. The calculated equivalent plastic hinge lengths 
are presented in Table 4-2. Note that the Baker method resulted in equivalent plastc hinge lengths 
which were 7 to 4 7 percent higher than those based on Paulay and Priestley. 

4.2.4 Calculated Deflections 

Based on the analytical procedures presented in section 4.2.1, the lateral deflections were calculated 
at yield and ultimate points. In this section, the calculated displacements according to different 
models are presented and compared. Measured material properties were used. 
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At yield, the calculated lateral deflections due to flexure (111) and bond slip (11s) were 13.2 mm ( 0.52 
in.) and 2.0 mm ( 0.08 in.), respectively, for all four specimens. The calculated values were identical 
in all specimens due to the fact that at low axial loads, the modest change in the applied axial load 
from 0.1 .fc 'Ag to 0.25 .fc 'Ag resulted in negligible difference in the calculated displacements. 
Moreover, the small variation in the concrete compressive strengths did not cause any significant 
difference in the calculated displacements. 

Table 4-2 Calculated Equivalent Plastic Hinge Lengths 

i .. 
/P•,mm{ih) 

Specimen Paulay & Priestley Baker 

Al 375 (14.7) 410 (16.2) 

A2 375 (14.7) 550(21.7) 

Bl 375 (14.7) 400 (15.8) 

B2 375 (14.7) 530 (20.9) 

The calculated plastic displacement (11p), in contrast, was strongly sensitive to the models selected 
for the equivalent plastic hinge length and the stress-strain relationship of confined concrete. For 
each equivalent plastic hinge length given in Table 4-2, the plastic displacement was calculated twice 
corresponding to the two confined concrete models considered in this study. The calculated plastic 
displacements are presented in Table 4-3. 

Table 4-3 Calculated Ultimate Plastic Displacement, 11P 

Calculated* Plastic Displacement, Ap 
mm (in.) 

Modified Kent & Park Concrete 
Mander et al. Concrete Model** 

Model 

lp by lp by lp by 
Specimen Priestley Baker Priestley 

AI 67.8 (2.67) 74.2 (2.92) 71.6 (2.82) 

A2 46.5 ( 1.83) 65.8 (2.59) 51.8 (2.04) 

Bl 95.5 (3.80) 103.3 (4.07) 87.1 (3.43) 

B2 67.8 (2.67) 93.3 (3.67) 65.0 (2.56) 

* Based on measured matenal propert1es and apphed axmlloads 
** As modified by Paulay and Priestley 
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78.3 (3.08) 

73.4 (2.89) 

93.2 (3.67) 

89.4 (3.52) 



Beam shear deflections were calculated based on the shear stiffness given by Equation 4-9. Because 
the steel cross beam depth should not be considered as part of the shear span, a concrete beam length 
of 2032 mm (80 in.) was considered in the shear deflection analysis. The calculated beam shear 
deflections are presented in Table 4-4. 

The calculated total displacements and displacement ductilities were found by summing the 
calculated displacement components at yield and at ultimate. This process was repeated for all 
plastic hinge length and confined concrete model combinations. Table 4-5 presents the calculated 
results according to the modified Kent and Park concrete model whereas Table 4-6 presents the 
calculated results corresponding to the Mander et al. concrete model. 

Table 4-4 Calculated Beam Shear Deflections 

Beam Shear J)eflection~ !:J.," 

/ 
in~ (in.) 

Specimen @Yield •·• i( @ Ultimate 

AI 4.8 (0.19) 6.4 (0.25) 

A2 5.6 (0.22) 6.9 (0.27) 

BI 3.8 (O.I5) 5.3 (0.2I) 

B2 4.3 (O.I7) 5.6 (0.22) 

Table 4-5 Calculated Displacements* and Ductilities-Modified Kent and Park Model 

I lp• b}'Priest1¢y 
.... ·. 

...... 

······· 

lp. by Baker · 
(!:J.t)y . · 

tt . 
· ... · ·. 

mm (in.) I (!:J.t)u .. ·. Drift (!:J.i),. Drift 
Specimen •••••• mm (in.) I Jl£ 

.···· 
Ratio% lllm ·(in~) .... J!A Ratio 0/o 

· .... · ... 

AI 
20.0 87.8 

4.4 3.8 
94.2 

4.7 4.0 
(0.79) (3.46) (3. 7I) 

A2 
20.8 67.3 

3.2 2.9 
86.6 

4.2 3.7 
(0.82) (2.65) (3.4I) 

BI 
I9.0 114.5 

6. I 4.9 
I22.3 

6.4 5.2 
(0.75) (4.55) (4.82) 

B2 
I9.5 87.3 

4.5 3.7 
II2.8 

5.8 4.8 
(0.77) (3.44) (4.44) 

* Includmg flexural, bond slip, and shear displacements 
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Table 4-6 Calculated Displacements* and Ductilities-Mander et al. Model** 

··• ... 
lp. by Priestley 

(di)y .···· 
(At)u ········ mm (in.) 

Specimen mm (in.) lla 

·.·.············· 

Al 
20.0 91.6 

4.6 
(0.79) (3.61) 

A2 
20.8 72.6 

3.5 
(0.82) (2.86) 

Bl 
19.0 106.1 

5.6 
(0.75) (4.18) 

B2 
19.5 84.5 

4.3 
(0.77) (3.33) 

* Includmg flexural, bond shp, and shear displacements 
* * As modified by Paulay and Priestley 

4.3 Remarks and Observations 

I I.., by B~ker 
.... 

: ·.·•· 
(.At)u Drift Drift 

Ratio% 1 ntlll (inn I 
JlA Ratio 0/o .···· · 

3.9 
98.3 

4.9 4.2 
(3.87) 

3.1 
94.2 

4.5 4.0 
(3.71) 

4.5 
112.2 

5.9 4.8 
(4.42) 

3.6 
108.9 

5.6 4.7 
(4.29) 

The use of different mathematical models in the analytical study allowed for the evaluation of those 
models and their applicability to predict the response of rectangular bridge columns to lateral 
loading. 

The calculated ultimate displacements revealed that the flexural component of the lateral 
displacement is highly sensitive to the equivalent plastic hinge length. The expression given by 
Baker (Equation 4-11) to calculate the equivalent plastic hinge length yielded closer results to the 
measured values than the expression given by Paulay and Priestley (Equation 4-12). 

The predicted displacements and ductilities were not very sensitive to the selected confined concrete 
model. When the calculated plastic hinge length as given by Baker's equation was considered, the 
predicted response was very close to the measured response as can be seen in Tables 4-5, 4-6 and 
3-5. The concrete model by Mander et al. (as modified by Paulay and Priestley) resulted in better 
response predictions for Specimens AI and A2 than the Modified Kent and Park model. For 
Specimens B 1 and B2, the calculated response according to the Modified Kent and Park model was 
in better agreement with the measured response than that according to the modified Mander's model. 

The theoretical analysis appears to slightly underestimate the actual response. Comparisons between 
the calculated and measured displacements at yield and ultimate are presented in Tables 4-7 and 4-8, 
respectively. The calculated ultimate displacements were always less than their respective measured 
displacements. This could be partly because the theoretical models applied in this study are 
inherently conservative (lower bound) especially in predicting the ultimate confined concrete strain. 
The measured displacements could also be artificially higher due to some additional displacements 
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induced by the loading mechanism. Under lateral loads, the top cross steel beam might have slightly 
rotated or slid until it became tightly snug against the anchor bolts at the top of the column. These 
effects, of course, are only significant in the yield displacements. 

Table 4-7 Measured and Calculated Displacements at Yield 

Specimen 

A1 

A2 

B1 

B2 

Measured (Aj)m 

•·••••·· • •.•• . ··•·• llliil (in.) 

23 (0.92) 

20 (0.79) 

23 (0.92) 

21 (0.82) 

Calculat~~ (Ay)c 

nun (hi~) .• ·••·••··. 

(A,v)t/(.djf).., 
•• • •• 

20 (0.79) 0.86 

20.8 (0.82) 1.04 

19.0 (0.75) 0.82 

19.5 (0.77) 0.94 

Table 4-8 Comparison of Measured and Calculated Displacements at Ultimate 

I . ·.·.·· · Calculated/Measured • Displacement a.t U1tirm.tte 
···•··. . . 

· ....... · 

.. · ..... ·.. . ... 
IP by)Jaker lp by Priestley 

1 Measured .. 1----.----.. -. ....,... .> ............ -•• -; .. ---•. --... -· ... --1-----------r----.-...__._~ 
(.6.u)m Modtfied Kent & ·.. Mander at al. Modified Kent & Mander at al. 

mm(in.) .•••.. ParkConcrete ·••··· C()ncrete Model Park Concrete Concrete Model·•• .. 

Model · · ·. •·•• ·······••. •·•••••••• •··•·• l\1odel . . . .·.·.·. .·. • •· 
·r-----------r----;_--_-;~--~------~----------r-............... -. ------~ 

.· ···•· ....•. · ..... (Au)c/(4u)rn .... (Au)cf(Au)m (A,)CJ(A.,)m JAa)c/(A~)~ ..•••• Specimen r 

A1 122 (4.82) 0.77 0.80 0.72 0.75 

A2 102 (4.02) 0.85 0.92 0.66 0.71 

B1 161 (6.33) 0.76 0.70 0.72 0.66 

B2 130 (5.10) 0.87 0.84 0.67 0.65 

In general, the existing analytical tools for monotonic loading analysis appear to result in reasonably 
accurate prediction of ductilities of rectangular bridge columns with moderate confinement. 
Moreover, the design equation given by Paulay and Priestley (Equation 1-4) to calculate the required 
amount of confining steel agrees well with the test results of the specimens that were subjected to 
an axial load index of 0.25 (Specimens A2 and B2). For an axial load index of 0.25, Equation 1-4 
results in confinement steel ratios (A/s·hc) of0.0042 and 0.0048 for required displacement ductilities 
of 5 and 6, respectively (see Figure 1-2). The confinement steel ratios in Specimens A2 and B2 were 
0.0033 and 0.0043, respectively, and the corresponding measured displacement ductilities were 5.1 
and 6.2. At the lower axial load index of 0.1 (Specimens A1 and B 1 ), Equation 1-4 would result in 
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confinement steel ratios less than those required by the codes for non-seismic design. However, 
other considerstions, such as shear capacity and longitudinal bar buckling, would rather govern the 
required minimum amount of lateral steel. 
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5.1 Summary 

SECTION 5 
SUMMARY AND CONCLUSIONS 

The study presented in this report examined the ductility and behavior of rectangular reinforced 
concrete bridge columns with moderate confinement. The research comprised experimental and 
analytical investigation of the response of such columns when subjected to lateral loading. 

5.1.1 Experimental Study 

For the experimental part of the study, four half-scaled rectangular bridge columns were built and 
tested. The geometrical dimensions and the amount of longitudinal reinforcement were kept the 
same for all specimens. The cross section of each column was 3 80 mm ( 15 in.) by 61 0 mm (24 in.) 
with longitudinal reinforcement volumetric ratio, p1 , of 2.2 percent. The columns were built as 
cantilever columns with a total height between the horizontal loading point and the top of the footing 
of2335 mm (92 in.). Each specimen was tested under constant axial load while subjected to lateral 
load reversals with increasing drift levels. The loading was quasi-static and it was uniaxial in the 
column strong direction. 

Two parameters were varied: the transverse steel reinforcement amount and the axial load level. 
Based on the amount of lateral steel, the specimens were divided into two groups. The transverse 
reinforcement ratios, A)(s·h), in the long direction for Group I (Specimens Al and A2) and Group 
II (Specimens B 1 and B2) were 0.0033 and 0.0043, respectively. These ratios corresponded to 42 
percent and 54 percent of the minimum lateral reinforcement required by AASHTO for seismic 
detailing. The tie sets vertical spacing was kept less than six longitudinal bar diameters. Other 
confinement details pertaining to hook extension and longitudinal bar engagement were maintained 
according to AASHTO requirements. The nominal shear capacity of the specimens was calculated 
and was found to exceed the shear demand under the test conditions. The applied axial loads were 
approximately O.lfc'Ag for Specimens Aland Bland 0.25fc'Ag for Specimens A2 and·B2. 

The specimens were tested to failure. Failure was considered to have occurred when the lateral load 
carrying capacity was reduced by at least 15 percent of the maximum measured lateral load. 
Although flexural-shear cracks developed along the column height, all specimens were able to attain 
moderate ductilities without failing in shear. The measured displacement ductilities of Specimens 
Al, A2, Bland B2 were 5.2, 5.1 6.9 and 6.2, respectively. The corresponding drift ratios were 5.2 
percent, 4.4 percent, 6.9 percent and 5.5 percent. Plastic hinges were developed in all four 
specimens at the bottom of the columns. The measured plastic hinge lengths were 645 mm 
(25.4 in.), 747 mm (29.4 in.), 767 mm (30.2 in.) and 612 mm (24.1 in.) for Specimens Al, A2, Bl 
and B2, respectively. 
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5.1.2 Analytical Study 

The calculated response of the test specimens to lateral loading was based on plane section analysis. 
To calculate column deflections, models pertaining to concrete stress-strain relationship, bond slip 
and shear deformations, and plastic hinge length were selected. 

The Kent and Park model (1971) was employed to represent the constitutive relationship of 
unconfined concrete. For confined concrete, two widely used models were selected for this study. 
One model was the modified Kent and Park (1971 ), and the other was based on a model developed 
by Mander, et al. (1988). 

The plastic hinge length was calculated according to two different empirical expressions. The first 
expression, given by Baker (1964), implicitly included the effects of axial load level and the amount 
of confining steel on the plastic hinge length. The other model was presented by Paulay and 
Priestley (1992) and was independent of the degree of confinement and the applied axial load. 

Bond slip rotation was calculated using an expression that was derived from basic relationships 
relating to geometry, compatibility, and bond strength between the main bars and the concrete in the 
footing. 

Since the test specimens were subjected to relatively low axial loads, shear deformations were 
approximated by utilizing a method used for calculating the shear deflection of reinforced concrete 
beams. The method, described in Park and Paulay (1975), required that a unit shear stiffness term 
be calculated first. Based on the unit shear stiffness, column length, and applied shear force, the 
shear deflection at the top of the column specimen was calculated. 

The moment-curvature analysis was performed using the computer program IA l.UNR. The program 
was written in FORTRAN-77 and it calculates the moment-curvature of rectangular reinforced 
concrete sections. 

The calculated equivalent plastic hinge length varied widely between the two equivalent plastic 
hinge length expressions employed in this study. According to the expression by Paulay and 
Priestley (1992), the calculated equivalent plastic hinge length was 375 mm (14.7 in.) for all four 
column specimens. On the other hand, Baker's equation (1964) resulted in equivalent plastic hinge 
lengths of 410 mm (16.2 in.), 550 mm (21.7 in.), 400 mm (15.8 in.), and 530 mm (20.9 in.) for 
Specimens AI, A2, B 1, and B2, respectively. 

The analysis result revealed that the yield displacements were only slightly dependent on the 
concrete model used in the analysis. However, the calculated ultimate displacements were very 
sensitive to the calculated ultimate concrete strain and the equivalent plastic hinge length. The 
displacements at the top of the columns were calculated for all combinations of concrete models and 
plastic hinge lengths. The results were summarized in Tables 4-5 and 4-6. 
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5.2 Conclusions 

Based on the experimental observations, test data analysis, and theoretical study performed in this 
research, the following conclusions can be drawn. 

1. At relatively low axial loads (0.1 fc 'Ag to 0.25 fc 'A) such as those encountered in bridges, 
rectangular reinforced concrete columns with confinement steel at approximately 50 per cent 
the minimum amount required by the AASHTO seismic provisions may exhibit moderate 
displacement ductilities ranging between 4 and 7. This would be true provided that shear 
failure and premature bar buckling are prevented by proper detailing of transverse steel. 

2. For rectangular bridge columns with relatively low axial loads and moderate confinement such 
as those employed in this study, it is possible to predict with reasonable accuracy the response 
of the columns to lateral cyclic loading. However, proper evaluation ofthe plastic hinge length 
would greatly enhance the accuracy of the predicted ultimate displacements. 

3. Within the range of parameters included in this study, the calculated ultimate displacements 
based on Baker's equation (1964) for the equivalent plastic hinge length were closer to the 
measured ultimate displacements than those calculated using the equivalent plastic hinge 
length expression given by Paulay and Priestley. 

4. The inclusion of shear deformations in this study resulted in more accurate prediction of 
displacements and ductilities. The calculated shear displacements constituted approximately 
20 percent of the yield displacements. 

5. Even at low axial loads and moderate confinement, some observations made in this study 
conform with the results of previous studies done by other researchers on columns with 
significantly higher axial loads and confinement levels. For the same degree of confinement, 
the ductility capacity of reinforced concrete columns decreases as the applied axial load 
increases. On the other hand, for the same axial load, the ductility capacity of reinforced 
concrete columns is enhanced with higher level of confinement. Moreover, failure in ductile 
columns is normally initiated by opening of the hoop bends in the plastic hinge region, 
followed by buckling of main bars. 

6. The equation given by Paulay and Priestley (Equation 1-4) relating the amount of confinement 
steel to the ductility capacity and the applied axial load was in good agreement with the test 
results of the specimens that were subjected to an axial load index of 0.25. However, at an 
axial load index of 0.1, the equation underestimates the required amount of confinement steel. 

5.3 Recommendations 

Current design philosophy in earthquake engineering is based on the "Demand-Capacity" concept. 
Recent developments in earthquake ground motion estimation ( 1994) has made it possible to 
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produce Uniform Hazard Spectra (UHS) maps for all regions of the United States. In the UHS maps, 
the spectral values for different structural periods are based on the same probability of being 
exceeded for a specified time window. These maps can be used to estimate the seismic "demand" 
on bridge structures in different parts of the country. 

In locations where the demand is moderate, it would be practical to design bridge columns to attain 
moderate ductility levels. In this study, it was shown that for rectangular columns with moderate 
amount of confinement steel, it was possible to achieve moderate ductilities without compromising 
the axial load carrying capacity of the columns. Thus good seismic performance of rectangular 
columns with moderate amount of transverse reinforcement may be expected in areas of low to 
moderate seismicity. However, post-earthquake serviceability can not be guaranteed since the 
strength of such columns is limited by lateral steel hook opening or hoop fracture which is difficult 
to repair. 
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APPENDIX A 
BOND SLIP ROTATION 

Consider the reinforced concrete member shown in Figure A-1. The tensile steel bar has a 
development length ld and bar diameter db. When the member is subjected to a bending moment M, 
the bond slip of the embedded tensile bar in the adjacent member causes a rotation 6'. 
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Figure A-1 Bond Slip Rotation 

Assume that the bond stress, u , along the embedded bar development length is uniform and that the 
stress in the tension bar at point A is Is. From equlibrium it follows that the tensile stress of the 
tension bar along ld varies linearly from zero at the free end of the bar to Is at the interface. Hence, 
the average stress in the embedded portion of the tension bar isfs/2. 

Consider the free body of the embedded length idofthe tensile bar. From equilibrium of forces the 
following equality can be written 

ld(rtdb)u = A 8 J: (A-1) 

Then, the development length, ld, can be expressed as 

I = Asfs 
d 

rr:.udb 
(A-2) 

The average strain along the development length may be written as 

(A-3) 

where Es is the modulus of elasticity of the steel bar. 
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The total bar extension, fl., at the interface can be found from !.1 = E)d. Substituting from Equations 
A-2 and A-3, the bar extension would be 

d !2 
Ll = _b_s_ 

8E u 
(A-4) 

s 

Assuming that the beam will rotate about the centroid of the compression bar, the corresponding 
concrete element rotation, 8', is related to the bar extension as follows 

8' == 
d - d' 

where ( d - d') is the distance between tension and compression bars. 

Knowing that f, I /y = M I MY, the tensile stress in the tension bar may be expressed as 

M f ~f-
s YM 

y 

(A-5) 

(A-6) 

Substituting Equations A-4 and A-6 into Equation A-5 the bond slip rotation is obtained as 

(A-7) 
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