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ABSTRACT 

Under earthquake loading, bridge superstructures will in general experience both translational 

and rotational motions. The rotational motions arise from a number of effects, including shaking 

response of asymmetrical structures, wave passage effects, and ground failure including fault 

rupture at the bridge site. As a consequence, supporting columns may be subjected to torsion, 

which is often ignored in typical design practice. The degree to which torsion reduces bridge 

safety because of reduced lateral strength and, more importantly, because of reduced deformation 

capacity, is unclear. 

A research program was designed to investigate whether torsional response of reinforced 

concrete (RC) bridge construction has an important effect on the strength and deformability of 

the supporting bridge columns. Five one-third scale RC bridge columns were tested in the 

laboratory under simulated seismic loading. Three circular columns and one oblong column were 

subjected to a compressive axial load and varying degrees of lateral and torsional loading, 

characterized by the imposed twist-to-drift ratio. Results are compared with results from tests of 

another column, reported previously, that was subjected to lateral displacement cycles without 

twist. It is observed that increasing the twist-to-drift ratio results in appreciable reductions in the 

lateral deformation capacity. 

Analytical models are developed to understand the effect of twist on column response. In 

addition, the degree of anticipated twist occurring in actual bridge structures is investigated using 

analytical models of simplified bridge systems under a variety of loadings, including near-fault 

ground motions and ground motions across fault-rupture zones. 

Design implications are addressed and a design procedure is proposed for enabling 

columns to achieve their intended deformation capacity under simultaneous lateral displacement 

and twisting deformations.  
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Chapter 1

Introduction

1.1 Motivation

Bridge superstructures subjected to earthquake loading will in general experience

both translational and rotational motions. The rotational motions arise from a number of

effects, including shaking response of asymmetrical structures, wave passage effects, and

ground failure including fault-rupture at the bridge site. As a consequence, the supporting

columns may be subjected to torsion under earthquake loading. In typical design practice

this torsion often is ignored. The degree to which torsion reduces bridge safety because of

reduced lateral load strength or more importantly because of reduced deformation capacity,

is unclear.

Current practice for the design of reinforced concrete (RC) columns is based on ex-

tensive experience gained from past earthquakes and laboratory tests. The design approach

aims to achieve ductile response through flexural yielding in pre-selected flexural plastic

hinges. These plastic hinges are provided with closely spaced transverse reinforcement that

imparts considerable flexural ductility capacity, whereas the rest of the column is designed
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to remain essentially elastic. Design procedures to reliably achieve the required ductility

are verified by numerous static and dynamic tests of columns. These design procedures

have proved effective in several earthquakes since they were introduced into design practice

in the 1970s.

For a bridge frame that develops torsional dynamic response under earthquake

ground shaking, two conditions need to be considered, depending on the bridge geometry:

Condition 1 — Bridge frames having multiple columns or abutments that resist

transverse loading. In this case, alternate load paths exist for resisting bridge frame

torsion. Torsion on the bridge column may result in torsional cracking, but significant

reduction in torsional stiffness following cracking likely results in redistribution of the

frame torsional action to adjacent lateral force resisting elements, thereby relieving to

some degree the torsion in the column. In this case, the main question is not whether

the column can resist the torsional moment but whether the resulting twist will affect

the flexural and shear response of the column.

Condition 2 — Bridge frames not having multiple columns or abutments that

resist transverse loading. In this case, there is no alternate load path for resisting

bridge frame torsion. This condition can be more problematic for column torsion, as

any torsional moment acting on the system must be resisted by direct torsion in the

column.

Single column bridge frames are not uncommon in typical RC bridge constuction,

however, single column bridge frames without abutments (Condition 2) are uncommon.

Condition 1 is the most common and will be the focus of this work.
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1.2 Objective and Scope

The objective of this research was to investigate whether torsional response of

RC bridge construction would have a significant effect on the strength and deformability

of the supporting bridge columns. This objective was pursued through literature review,

laboratory testing, analytical model development to understand the effect of twist on column

response, and analyses of simplified bridge systems under a variety of loadings to investigate

the degree of twist anticipated.

The scope is conventional RC bridge construction having columns reinforced with

circular hoops, and loading conditions in which an alternate load path was available so the

column did not need to resist superstructure torsion through column torsional moment.

1.3 Organization

Chapter 2 provides an overview of previous research on columns subjected to

lateral loading, concrete members subjected to torsion, the effects of seismic torsion on

concrete columns, and design provisions of concrete members subjected to torsion.

Chapter 3 introduces a series of RC bridge column test specimens that were con-

structed and tested as part of this research. The purpose of the tests was to provide data

on the seismic behavior of bridge columns subjected to simultaneous flexure, shear, and

torsion. This chapter presents test specimen design, reinforcement details, and materials

properties. It also documents construction of the test specimens.

Chapter 4 describes the experimental program used for this investigation, including

the test setup, loading protocol, and instrumentation.

Chapter 5 presents the observed and measured experimental results.
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Chapter 6 describes the analytical models developed to model flexural and torsional

response and compares the analytical and experimental results.

Chapter 7 investigates the seismic twist demand of bridge columns using simplified

bridge systems under a variety of loadings.

Chapter 8 addresses the design implications of seismic torsion and proposes a

design procedure for enabling columns to reach their estimated displacement capacity in

the presence of seismic torsion.

Chapter 9 summarizes the findings, presents conclusions, and gives guidance on

the direction of future research to be performed.

4



Chapter 2

Literature Review

2.1 Performance of Columns Subjected to Lateral Loading

There is extensive literature on the simulated seismic testing of bridge columns.

Focus has been on unidirectional lateral loading, including quasi-static, dynamic and shak-

ing table testing, with a smaller number of tests on bidirectional loading. An overview of

the behavior of RC columns subjected to unidirectional and bidirectional lateral loading

can be found in Lehman and Moehle (2000) and Hachem et al. (2003), respectively.

2.1.1 Member Behavior

According to the method outlined by Aschheim et al. (1997), the total tip dis-

placement of a cantilever column subjected to a lateral load at the tip can be idealized as

the sum of the components due to column bending (∆bending), shear deformation (∆shear),

and anchorage slip (∆slip), as shown in Eq. 2.1.

∆ = ∆bending + ∆slip + ∆shear (2.1)
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∆bending = ∆y + ∆p (2.2)

∆slip
∼= θslipL (2.3)

∆shear
∼=

V

AeffGeff
L (2.4)

where L = column length, ∆y = elastic bending component, ∆p = plastic bending compo-

nent, θslip = slip rotation, V = shear demand, Aeff = effective shear area, and Geff = effec-

tive shear modulus. Assessment of the inelastic behavior due to bending can be simplified

by using the plastic hinge method. The elastic and plastic deformation components due to

bending are illustrated in Figure 2.1 and presented in Eqs. 2.5 to 2.6, respectively.

∆y =
φyeL

2

3
(2.5)

∆p = φpLp

(
L− Lp

2

)
(2.6)

where Lp = plastic hinge length, φp = plastic curvature = φ − φye, φye = effective yield

curvature, and φ = curvature corresponding to attaining ∆p.

Researchers have empirically developed expressions for the plastic hinge length, Lp.

An overview of these models is presented in Lehman and Moehle (2000). Of these plastic

hinge length expressions, a widely used expression proposed by Priestley et al. (1996) has

been adopted by Caltrans (2004b) for estimating plastic rotations of columns, given by

Lp = 0.08L+ 0.15fyldbl ≥ 0.3fyldbl (in., ksi) (2.7)

where fyl = yield strength of longitudinal reinforcing bars, and dbl = diameter of longitudinal

reinforcing bars.
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Figure 2.1: Elastic and Plastic Deformation Components for the Plastic Hinge Model

2.1.2 Bar Slip Models

Modern construction practice requires that the longitudinal reinforcement of RC

columns be well anchored into the joint region so that anchorage failure is avoided. When

an anchored bar is subjected to tension at the joint face, a finite distance is required for the

bar to transfer tension force into the joint concrete. Therefore, the bar remains in tension

along this length, resulting in bar elongation and slippage within the joint. Figure 2.2

illustrates this so-called bar slip. Bar slip causes rigid-body rotations at the ends of RC

columns, which contributes to lateral deformations. Lehman and Moehle (2000) reported

rotations to account for approximately 30% and 20% of lateral deformations at yield for

columns with aspect ratios of four and greater than four, respectively.

Figure 2.3 illustrates equilibrium of an infinitesimal length of bar embedded in
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Reinforcing Bar

Footing or Joint Region

Bar Slip

Figure 2.2: Illustration of Bar Slip

concrete. The governing differential equation is given by

dσ(x)
dx

− ατ(x) = 0 (2.8)

where the axial stress and bond stress distribution over the length of the bar are represented

by the variables σ(x) and τ(x), respectively. The ratio of the bar circumference to the bar

area α = (πdb) /
(
πd2

b/4
)

= 4/db, where db = bar diameter. For a fully-anchored bar,

assuming linear elastic behavior and a uniform bond stress, µ, over the development length,

ld, the force in the bar, F , is

F = fsAb = µπdbld (2.9)

where fs = steel stress and Ab = cross-sectional area of the bar. Substituting for the

area of the bar
(
Ab = πd2

b/4
)
, the length over which the bar will be in tension given these

assumptions is

ld =
fsdb

4µ
(2.10)

Given the assumption of uniform bond stress, the bar stress decreases linearly from fs at

the loaded end to zero at distance ld from the loaded end. Hence, the bar slip can be
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Figure 2.3: Illustration of Bar Segment in Equilibrium

determined from integrating the strains over the development length

slip =
εsld
2

=
fsld
2Es

=
f2

s db

8Esµ
(2.11)

At yield (fs = fy), Eq. 2.11 can be rearranged to determine the uniform elastic bond stress

at yield, given by

µe =
f2

y db

8Es (slip at yield)
(2.12)

Based on experiments, Lehman and Moehle (2000) proposed a stepped bond stress

versus slip model, as shown in Figure 2.4. In this stepped bond stress model, the uniform

bond stress is assumed constant prior to yielding
(
12
√
f ′c (psi)

)
and constant past yielding(

6
√
f ′c (psi)

)
. Using this bond stress to steel stress relation, Sezen (2002) obtained a mon-

tonic relation for bar slip versus bar stress at a column base (Figure 2.5). The bar slip can

be determined by integrating the strains over the development length

slip =
∫ ld+l′d

0
ε(x) dx (2.13)

where ld = development length for the elastic region and l′d = development length for the
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Figure 2.4: Bond Stress versus Slip Model (from Lehman and Moehle, 2000)

inelastic region. Carrying out the integration gives

slip =
εsfsdb

8µe
, εs ≤ εy (2.14)

slip =
εyfydb

8µe
+

(εs + εy) (fs − fy) db

8µp
, εs > εy (2.15)

where db = reinforcing bar diameter, µe = elastic bond stress = 12
√
f ′c (psi), and µp = plastic

bond stress = 6
√
f ′c (psi). For a bilinear steel stress-strain relationship, the bar stress versus

slip relation is parabolic. Figure 2.6(a) shows this parabolic relation and a linearized version

proposed by Berry (2006).

Instead of estimating the relation between bond and steel stresses to determine

the bar slip, Zhao and Sritharan (2007) derived a bar slip versus bar stress relation based

on experimental data. The proposed constitutive model for a bar subjected to monotonic

loading consists of a straight line for the elastic region and a curvilinear portion for the post-

yield region, as shown in Figure 2.6(b). Hysteretic rules were established for this bar stress
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Figure 2.5: Reinforcement Slip Model (from Sezen, 2002)

(a) Lehman and Berry Models (from Berry, 2006) (b) Zhao Model (from Zhao and Sritharan, 2007)

Figure 2.6: Bar Stress versus Slip Models
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Figure 2.7: Determination of Slip at Yield (from Zhao and Sritharan, 2007)

versus slip relationship to model strain penetration effects for bars subjected to reversed

cyclic loading.

Zhao and Sritharan also used results from pull-out test data to perform linear

regression analysis (Figure 2.7) to establish an expression for the bar slip at yield strength,

given by

sy(mm) = 2.54

[
db(mm)

8437
fy(MPa)√
f ′c(MPa)

(2α+ 1)

]1/α

+ 0.34 (2.16)

where db = bar diameter, fy = yield strength, f ′c = concrete strength, and the parameter

used in the local bond-slip relation α = 0.4.

2.2 Seismically Induced Torsion of Bridge Structures

Seismic torsion in bridges in past earthquakes has been documented (e.g. Goel and

Chopra, 1994), analytically investigated (e.g.; Isakovic et al., 1998; Meng and Lui, 2000;

Tirasit and Kawashima, 2005), and measured during laboratory testing (e.g.; Johnson et al.,

2006; Nelson et al., 2007). Publications in this area emphasize the occurrence of torsional
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rotation in bridge structures during strong ground-shaking and that torsion should be taken

into consideration when designing the supporting bridge columns.

Goel and Chopra (1994) determined the stiffness values of the abutment-soil sys-

tems from the earthquake motions recorded at the US 101/Painter Street Overpass without

finite-element modeling of the structure or abutment-soil systems. The road deck of the

US 101/Painter Street Overpass experienced significant torsional motions about its vertical

axis during the main shock of the 1992 Cape Mendocino/Petrolia earthquake; peak acceler-

ation at the west end of the road deck was more than one-and-a-half times the value at the

east end during this earthquake. The eccentricity between the centers of mass and rigidity

contributed to the torsional motion of the deck.

Isakovic et al. (1998) performed a parametric study on the viaduct torsional sen-

sitivity of idealized four-span, single-column bent structures. Isakovic et al. found that

response was strongly influenced by the type of constraint at the abutments. Analyses

showed that viaducts with rollers at the abutments were more torsionally sensitive than

structures with pinned abutments. From the response plot presented for an asymmet-

ric bridge with rollers at the abutments, the maximum deck rotation was approximately

0.06 deg.

Meng and Lui (2000) analytically investigated the torsional effect on symmetric

and asymmetric short-span highway bridges subjected to seismically induced torque. Ro-

tation of the bridge deck was assumed to be caused by the differential friction force at the

deck ends, analogous to an impulsive torque. Furthermore, the maximum deck rotation

was related to the impulse and the rotational frequency of the deck. For the nominally

symmetric bridge considered, Meng and Lui presented an example value for deck rotation
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equal to 0.038 deg.

Tirasit and Kawashima (2005) studied the seismic torsion response of a four-span

continuous skewed bridge using the finite element method. Various conditions, incuding

skewed angle, pounding gap, and the locking of steel bearing after failure, were taken into

consideration. The in-plane deck rotation occurred due to the pounding between the skewed

bridge deck and the abutments, resulting in torsion in the piers. Tirasit and Kawashima

reported that the seismic torsions in skewed bridge piers was larger than those of straight

bridge piers and that skewed bridge piers have higher ductility demands. Moreover, the

effect of pounding was more pronounced in piers located at the center of a skewed bridge.

The maximum deck rotation presented was approximately 0.29 deg.

The University of Nevada, Reno conducted large-scale experimental shaking table

tests of a two-span (Johnson et al., 2006) and four-span (Nelson et al., 2007) reinforced con-

crete bridges. Both the two-span and four-span bridges were quarter-scale with symmetric

span lengths, supported by two-column bents. Asymmetry of the bridge specimens was due

to the different heights of the bents: aspect ratios of 6, 8, and 5 for the two-span test; and

aspect ratios of 5, 7, and 6 for the four-span test. An array of instruments were set up to

measure the response of the bridge during testing, including the longitudinal and transverse

displacement of the deck. For the two-span tests, the maximum differential displacement at

the exterior columns was 4.7 in., which resulted in 0.37 deg of twist. The in-plane rotation

for the four-span test was explicitly reported to have a maximum twist during testing equal

to 0.43 deg.
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2.3 Torsional Strength and Stiffness of Reinforced Concrete

Members

From mechanics of materials, equilibrium of a prismatic thin-tube member of ar-

bitrary cross section subjected to torsion is given by Bredt’s thin-tube theory (Ugural and

Fenster, 1995)

T = q (2Ao) (2.17)

where q = the shear flow and Ao = the area enclosed by the centerline of shear flow.

Analogously, in 1929 Rausch derived the torsional strength of a reinforced concrete

member after cracking based on the shear flow around the perimeter of an idealized space

truss. This concept came from the observation that torsion causes inclined cracks which tend

to spiral around the member (Figure 2.8). After cracking, a rectangular beam subjected to

pure torsion can be idealized as shown in Figure 2.9. A portion of one of the vertical sides

is shown in Figure 2.10. Figure 2.11 shows the shear force in Side 2 can be resolved into a

diagonal compression force parallel to the inclined compression struts and an axial tensile

force. The torsional moment capacity using the space truss model is given by

Tn =
Atfy cot θ

s
(2Ao) (2.18)

where At = cross-sectional area of hoop bar, fy = yield strength of hoops, θ = inclination

angle of cracking relative to the longitudinal axis of the member, s = hoop spacing, and

Ao = area enclosed by the hoops. This equation is based on the key assumption that the

transverse reinforcement yields and the longitudinal steel and diagonals are not overloaded.

The implications of Eq. 2.18 on the placement of reinforcement for rectangular

beams are as follows:
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Figure 2.8: Failure Mechanism of Members Subjected to Pure Torsion (from Hsu and Liang,

2002)

Figure 2.9: Thin-Walled Tube and Space Truss Analogies (from MacGregor and Ghoneim,

1995)
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Figure 2.10: Vertical Side of Space Truss (from MacGregor and Ghoneim, 1995)

Figure 2.11: Resolution of Force in Side 2 of Space Truss (from MacGregor and Ghoneim,

1995)
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1. Beams shall be reinforced with both longitudinal and transverse reinforcement.

2. Transverse reinforcement must consist of closed hoops with a significant component

perpendicular to the axis of the member, at spacing no greater than the smallest beam

dimension.

3. Longitudinal reinforcement must be distributed symmetrically around the section,

with at least one longitudinal bar in each corner of the hoop.

Detailing consequences of longitudinal and transverse reinforcement were observed

by Mitchell and Collins (1976) as follows:

Holding the beam together longitudinally — the primary function of the longitudi-

nal steel is to hold the beam together along its axis. As the longitudinal steel is in

tension, it is essential to provide adequate end anchorage.

Holding the beam together laterally — the primary function of the hoops is to hold

the beam together in the lateral directions. Spalling of the concrete cover means that

considerable care must be taken to achieve proper end anchorage of the hoops.

Mitchell and Collins also showed by laboratory tests that, in general, as the hoop spacing

and longitudinal bar spacing were increased, the crack spacing and width increased.

Hsu (1968a) investigated the behavior of rectangular beams under pure torsion

by conducting tests on nine series of beams (53 beams total). The eight major variables

were (a) amount of reinforcement, (b) solid beams versus hollow beams, (c) ratio of volume

of longitudinal bars to volume of hoops, (d) concrete strength, (e) scale effects, (f) depth-

to-width ratio of cross section, (g) spacing of longitudinal bars, and (h) spacing of hoops.

Some of the more significant findings by Hsu are:
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• Before cracking, the behavior of a reinforced concrete beam was identical to its corre-

sponding plain concrete beam with no effect from reinforcement. After cracking, the

behavior was completely different from that predicted by Saint-Venant’s theory.

• Reinforced concrete beams can be divided into under-reinforced beams, in which the

reinforcement yields before compressive crushing of the concrete, and over-reinforced

beams, in which the concrete fails before yielding of the steel.

• The concrete core of a reinforced concrete beam did not contribute to the ultimate

resistance of the solid beam (also shown by: Hsu, 1990; MacGregor and Ghoneim,

1995).

• The effect of hoop spacing had a minimal effect on the ultimate strength of beams

with identical volume ratio of hoops.

Lampert and Collins (1972) showed through laboratory tests and analyses that

for under-reinforced and properly detailed beams the torsional strength could be accurately

and simply predicted by the space truss model. However, the space truss model became

increasingly unconservative with an increasing amount of steel. This was due to the thick-

ness of the shear flow zone, which could become very large, on the order of 1/4 of the outer

cross section dimension due to softening of the concrete, which in turn would over-estimate

the area enclosed by the shear flow (Hsu, 1990).

Mitchell and Collins (1974) dealt with this unconservatism by presenting a general

rational theory for members in pure torsion, called the “diagonal compression field theory.”

Based on the plastic truss model, they were able to relate steel strains to compressive

concrete strains and thus able to model under-reinforced, partially over-reinforced, and
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over-reinforced beams. They concluded that their model was capable of predicting the

complete post-cracking torsional behavior of symmetrically reinforced concrete members.

They further refined their model to be an iterative procedure to achieve better agreement

with experimental data (Collins and Mitchell, 1980). Hsu also addressed the unconservatism

by presenting a “softened” truss model (Hsu and Moy, 1985; Hsu, 1990), showing excellent

agreement between the experimental and theoretical torsional strengths and ultimate twists

of reinforced concrete beams. Although both iterative methods were based on slightly

different assumptions about concrete properties and thickness of the shear flow zone, they

were more accurate than the simple space truss model, but much more complicated to

implement.

Most research has focused on the ultimate torsional strength of reinforced concrete

beams with the torque-twist relationship being a side product. Hsu (1968a) observed that

before cracking, the behavior of a reinforced concrete beam was identical to its corresponding

plain concrete beam with no effect from reinforcement. Thus, the torsional stiffness of the

reinforced beam would be identical to its corresponding plain concrete beam. However, the

amount of reinforcement did affect the cracking torque (Hsu, 1968b), generally increasing

with increasing reinforcement (Hsu, 1968a).

After cracking, the torque-twist relationship exhibits a short plateau followed by

an increase in resistance at a tangential stiffness equal to a small fraction of the initial

stiffness (e.g.; Hsu, 1968a; Collins et al., 1968; Lampert, 1973; Mitchell and Collins, 1974,

1978; Rabbat and Collins, 1978; Hsu and Moy, 1985). Lampert (1973) derived theoretical

expressions for the post-cracking secant stiffness of concrete beams in pure torsion based

on the space truss model. However, unlike Mitchell and Collins’ diagonal compression field
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theory and Hsu’s softened truss model, Lampert’s expression cannot follow the complete

torque-twist curve of a reinforced concrete beam subjected to pure torsion. In contrast,

the diagonal compression field theory and the softened truss model have the capability of

following the torque-twist curve and providing insight into the torsional stiffness of the beam

as it is subjected to monotonically increasing torsion. Other more sophisticated models

capable of producing the torque-twist relationship include those by Leung and Schnobrich

(1987), Rahal and Collins (1996), and Cocchi and Volpi (1996).

Relatively few publications directly address the application of truss models to

members with circular cross sections. Hsu (1968b) defines the cracking torque of a circular

section as

Tcr =
πD3

16
(0.85fr) (2.19)

where D = diameter of the cross section and fr = modulus of rupture of concrete. Collins

and Mitchell (1980) illustrate the shear flow area of a circular section.

2.4 Effects of Cyclic Torsional Loading on Reinforced Con-

crete Members

Researchers (e.g.; Jakobsen et al., 1984; Venkappa and Pandit, 1987) have shown

that, in general, reversed cyclic torsion reduces the torsional strength and stiffness of re-

inforced concrete members. The degree of reduction is sensitive to the prescribed twist

history, peak twist, peak torque, and frequency. Tests have also shown axial compression

reduces and delays the stiffness decrease (Jakobsen et al., 1984). These observations are

relevant to behavior and response of bridge columns under seismic torsion.
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Jakobsen et al. (1984) conducted tests on six one-tenth scale reinforced concrete

box columns. Four specimens were subjected to pure torsion and the remaining two were

subjected to a constant axial force and torsion. Torque was applied to the specimens by

varying the angle of twist through a pre-selected deformation path. Some of the more

significant findings by Jakobsen et al. are:

• Failure started as spalling of concrete in the corners outside the reinforcement. Further

load cycling degraded the remaining concrete in the corner, which eventually lost shear

transfer capacity.

• The secant stiffness decreased anywhere from 8 to 30 before final corner failure. The

greatest part of the decrease took place at cracking.

• Load cycling at the current maximum twist level caused stiffness reduction proceeding

at a decreasing rate, i.e., a stabilization was observed.

• Load repetitions below the current maximum twist level did not affect the stiffness

perceptibly. It seems that the maximum twist level had greater effect on the stiffness

than did the number of load repetitions.

• Axial compression reduced and delayed the decrease in stiffness. Increased reinforce-

ment also reduced the stiffness decrease.

Venkappa and Pandit (1987) conducted cyclic torsion tests on 16 reinforced con-

crete beams and two companion monotonic tests to investigate the degradation of the

torsional stiffness and strength of rectangular reinforced concrete beams under the action

of reversed cyclic loading. In the monotonic tests, the torque was continuously increased

until failure occurred. The cyclic tests were divided into four categories to study: (1) the
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influence of the total number of cycles on the peak torque at failure, (2) the influence of

prior application of a certain number of cycles of repetitive torsion on the monotonic be-

havior, (3) the behavior under cyclic torsion with successively increasing levels of the peak

torque to examine whether a peak torque lower than the monotonic cracking torque could

cause cracking if repeated a sufficiently large number of times, and (4) the nonlinearity of

response and residuals with the peak torque increasing continuously. Some of the more

significant findings by Venkappa and Pandit are:

• In the pre-cracking range, with a peak torque lower than the static cracking torque,

the response was practically linear and was marked by the absence of residual strains

and twists.

• The post-cracking range was marked by a considerable nonlinearity of strains and a

progressive degradation of torsional stiffness with each successive cycle. The stiffness

degradation was higher for higher peak torque and faster loading rate.

• The number of cycles causing failure declined sharply with increasing peak torque.

Although a higher range and a faster loading rate also resulted in a decrease in the

number of cycles, their effect was not as great as that of the peak torque.

• Torsional cracking could occur if a peak torque lower than the monotonic cracking

torque was repeated a sufficiently large number of times.

• The torsional stiffness of a beam preloaded under cyclic torsion was significantly lower

than that of a companion beam under virgin loading.
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2.5 Effects of Simulated Seismic Torsion on Reinforced Con-

crete Columns

Effects of simulated seismic loading including torsion on bridge columns have been

recently studied. The majority of research done in this area has focused on the experimental

investigation of the seismic behavior of square bridge columns under flexural and torsional

loading. Several researchers from Asia (e.g.; Ogata et al., 2000; Hsu and Wang, 2000; Hsu

and Liang, 2003; Nagata et al., 2004; Otsuka et al., 2004; Tirasit et al., 2005) have looked at

various types of square column sections (hollow, composite, and plain reinforced) subjected

to cyclic and hybrid torsional loading. In the United States, McLean and Buckingham

(1994) investigated the response of an oblong spirally reinforced column subjected to cyclic

torsion and Belarbi et al. (2007) investigated the performance of circular columns under

cyclic bending and torsion.

McLean and Buckingham (1994) investigated the seismic behavior of columns in-

corporating interlocking spirals under flexure, shear, and torsional loadings. The main tests

were performed on eight approximately 1/5 scale column specimens subjected to reversed

cyclic lateral displacements under constant axial load. A spiral cracking pattern was ex-

hibited in the specimen under combined shear and torsion (Column 8) and was typical of

cracking in reinforced concrete members under combined shear and torsional load. Ad-

ditional cycles resulted in winding and unwinding of the spiral reinforcement around the

longitudinal bars. For positive values of twist, the degradation in peak torque-carrying ca-

pacity for Column 8 was approximately 47%. In contrast, the deterioration in the capacity

of the specimen for negative values of twist was only 12%. A possible explanation for this

phenomena is that the spiral reinforcement tends to tighten around the concrete core when
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twisted in one direction and separate from the core when twisted the opposite direction.

Strain gauge readings on the spiral reinforcement and visual observation of separation of

the spiral reinforcement from the concrete during counter-clockwise loading supports this

hypothesis of an winding/unwinding mechanism. McLean and Buckingham concluded that

further research into the behavior of interlocking spiral columns subjected to torsional load

needed to be conducted, particularly in regard to twist-direction bias resulting in unwinding

of the spirals.

Ogata et al. (2000) conducted cyclic loading tests using one-tenth scale models

of tall piers having square hollow cross sections. The effects of transverse reinforcement

arrangement on ultimate displacement and equivalent viscous damping due to hysteretic

response were observed. Cyclic horizontal load and constant axial load was applied to the

specimens, except for No. 14. For specimen No. 14, cyclic horizontal and torsional loads were

applied. The column was loaded with a ratio of torsional to bending moment equal to 0.15

until cracking occurred. After cracking, loads were controlled to maintain the same ratio

between the torsional and bending deformations as was observed when cracking occurred.

The experimental data were used to develop indices for evaluating effects of arrangement

of intermediate ties on ductility.

Hsu and Wang (2000) experimentally investigated the inelastic behavior of steel

reinforced concrete members under cyclically applied bending and torsional loading. Test

loadings included pure bending, pure torsion, and combined cyclic bending and torsion. To

investigate the effect of torsion on the reduction of bending capacity, a series of combined

loading tests using different levels of applied torsion were conducted. Some of the more

significant findings by Hsu and Wang are:
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• Major reductions in bending strength (approximately 27%) were exhibited when mod-

erate degrees of torsion were applied (approximately 45% of the member torsional

strength).

• The effect of torsion must be taken into account when calculating the strength of steel

reinforced concrete members that may be subjected to earthquake-induced loading.

• Test data also demonstrated that the effect of torsion on reducing bending strength

was more significant for members with larger aspect ratios.

Hsu and Liang (2002) tested twelve hollow composite members under eccentric

lateral loading. The composite specimens were divided them into three test series: bending,

pure torsion, and combined loading. Monotonically increasing displacement tests were used

to obtain the flexural and torsional strengths. For the combined loading tests, a constant

axial load was applied throughout the test and the actuator at one end of the loading beam

was driven by a prescribed set of increasing cyclic displacement commands. Some of the

more significant findings by Hsu and Liang are:

• Members with large concrete thickness possessed higher flexural stiffnesses; however,

the loss in stiffness was also higher than in members with smaller concrete thicknesses.

• Major loss of member ductility was exhibited when the twist existed, which suggests

the necessity of consideration of twist for members designed for earthquake-resistant

purposes.

Nagata et al. (2004) conducted hybrid loading tests of six columns with the hori-

zontal and vertical force eccentricities of one-half and one times the width of the columns.
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Equal mass in the longitudinal and transverse direction was lumped at the top of the spec-

imen. The columns were subjected to a unilateral excitation in the longitudinal direction

(direction perpendicular to the eccentricity) and a bilateral excitation under a constant

vertical load. The ground acceleration recorded at JMA Kobe Observatory during the

1995 Kobe earthquake was used as an input motion by scaling its intensity to 30% of the

original. Some of the more significant findings by Nagata et al. are:

• Extensive failure occurred at the plastic hinge in the eccentric compression side under

both the unilateral excitation and the bilateral excitation. This resulted in a large

residual displacement in the eccentric compression side.

• The failure and the residual displacement under the bilateral excitation was more

extensive than those under the unilateral excitation.

• The eccentricity resulted in twist of the columns around their axis under both the uni-

lateral excitation and the bilateral excitation. The twist increased as the eccentricity

increased.

• The cyclic load test with the rectangular orbit resulted in more extensive deterioration

of the flexural strength than that under the hybrid loading test.

Otsuka et al. (2004) tested nine model columns with two different hoop spacings

subjected to different ratios of bending and torsional moments. Types of loading were bend-

ing/shear, pure torsion, and combined moment and torsion. Bending loads and torsional

loads were cyclic loadings, but axial forces (10% of target compressive strength of con-

crete) were maintained to be constant during the test. Torsional load surpass type loading

was defined as when the target loading ratio is greater than unity (torsion/moment > 1).
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Bending load surpass type was defined as when the target loading ratio is less than unity

(torsion/moment < 1). Neutral load type was defined as when the target loading ratio is

equal to unity (torsion/moment = 1). Some of the more significant findings by Otsuka et

al. are:

• The spacing of hoops appreciably affected the hysteresis loop for torsion, but not for

bending.

• Tensile strain in the column hoops uniformly increased due to expansion of the cross

section in torsion surpass type, but does not increase in bending surpass type.

• In bending load surpass type, the unit angle of twist at the base was larger than at

the center, because of the development of a plastic hinge by the bending moment.

Tirasit et al. (2005) conducted cyclic loading tests of seven reinforced concrete

columns to investigate the effect of combined cyclic bending and torsion on the column be-

havior. Test loading included cyclic torsion, cyclic unilateral bending, and cyclic combined

bending and torsion. A constant axial compression was applied to the specimens. The tests

were conducted under lateral displacement and twist control. The loading sequence con-

sisted of a series of reversed cycles at increasing displacement amplitudes with simultaneous

twist. Levels of combined bending and torsion were set by the twist to drift ratio. The

twist to drift ratios tested were 0 (bending only), 0.5, 1.0, 2.0, 4.0, and ∞ (torsion only).

Some of the more significant findings by Tirasit et al. are:

• Axial compression increased the torsional strength and the inclination angle of cracks

relative to the longitudinal axis of the column. However, the effect of the axial com-

pression became less significant as the twist increased.
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• Damage of the column tended to shift upward from the plastic hinge zone as the twist

to drift ratio increases. The length of the plastic hinge region tended to increase as

the twist to drift ratio increases.

• The flexural strength and the ultimate displacement of the column was reduced as

the torsion increased. On the other hand, an increase in bending moment resulted in

the deterioration of the torsional strength and the ultimate twist. This interaction

should be considered in design of columns subjected to combined flexure and torsion.

Based on the experimental results, Tirasit and Kawashima (2007) proposed a hysteretic

model for torsional and flexural hystereses of square RC columns subjected to combined

cyclic bending and torsion. The proposed hysteretic model consists of a tri-linear backbone

to idealize the flexural and torsional envelopes, along with unloading and reloading rules

for torsion. They found that the hysteretic model provided a good approximation to the

experimental result within a twist to drift ratio range of 0.5-4.0.

Belarbi et al. (2007) investigated the performance of circular columns under cyclic

combined loading. Three half-scale specimens were designed to be representative of typi-

cal existing bridge columns. The specimens were 2 ft in diameter by 12 ft in length, i.e.,

aspect ratio of 6. Longitudinal reinforcement consisted of twelve No. 8 bars evenly spaced

around the circumference. Lateral reinforcement consisted of a No. 3 spiral, spaced at

2.75 in., placed continuously throughout the column height and joint depth. The longitu-

dinal reinforcement ratio and volume ratio of lateral reinforcement were 2.1% and 0.73%,

respectively. Types of loading were reversed cyclic unilateral bending, reversed cyclic tor-

sion, and reversed cyclic combined bending and torsion. A constant axial load (7% of target

compressive strength of concrete) was applied by prestressing steel strands running through
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a duct in the center of the column. The bending tests were conducted under load control

until first yield of the longitudinal reinforcing bars and torsion tests were conducted under

load control until first yield of the spiral. After the first yield, tests were continued under

displacement control. Some of the more significant findings by Belarbi et al. are:

• Failure of the column subjected to bending was by formation of a flexural plastic hinge

at the base of the column and subsequent buckling of the longitudinal reinforcing bars.

• Failure of the column subjected to torsion was by diagonal cracking leading to forma-

tion of a torsional plastic hinge near the mid-height of the column.

• The location and the length of the plastic hinge changed due to the specific combina-

tion of bending and torsion.

• The torsional stiffness degraded more rapidly than the bending stiffness of the column

subjected to combined bending and torsion.

The investigations on cyclic torsional loading presented thus far have primarily

focused on experimental observation and have not presented analytical models to explain

their findings. Nagata et al. (2005) presented a hysteretic model for torsion to predict the

experimental results from his previous work (Nagata et al., 2004); however, it is uncou-

pled from the flexural response and offered no insight into the behavior of flexure-torsion

interaction within the plastic hinge region.
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2.6 Design Provisions for Reinforced Concrete Members Sub-

jected to Torsion

The ACI (2008) and AASHTO (2004) specifications address the torsion and torsion-

shear design of RC members. Both codes state that it is permitted to neglect torsion effects

when the factored torsional moment, Tu, is less than the threshold torsion (approximately

25% of the cracking torque).

For normal weight concrete, this threshold torsion is specified in AASHTO (2004)

as

0.25φ

[
0.125

√
f ′c

(
A2

cp

pcp

)√
1 +

fpc

0.125
√
f ′c

]
(2.20)

whereAcp = total area enclosed by the outside perimeter of the concrete section, pcp = length

of the outside perimeter of the concrete section, fpc = compressive stress in concrete after

prestress losses have occurred, and φ = resistance factor.

For nonprestressed members subjected to an axial tensile or compressive force, the

threshold torsion is specified in ACI (2008) as

φλ
√
f ′c

(
A2

cp

pcp

)√
1 +

Nu

4Agλ
√
f ′c

(2.21)

where λ = modification factor for lightweight concrete, Nu = axial force, and Ag = gross

area of the concrete section. If torsional effects are considered, the design torsion strength

shall not be less than the factored torsion demand (φTn ≥ Tu). The nominal torsion strength

of RC member is given in ACI (2008) as

Tn =
2AoAtfyt

s
cot θ (2.22)

where Ao = gross area enclosed by the shear path, as determined by analysis or equal

to 0.85Aoh, where Aoh = area enclosed by the centerline of the outermost closed hoop;
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At = cross-sectional area of hoop bar; fyt = specified yield strength of transverse reinforce-

ment; s = spacing of hoops; and θ = angle of compression diagonals, not to be taken smaller

than 30 deg nor larger than 60 deg. Moreover, the member shall satisfy minimum hoop

spacing requirements and an increase in the longitudinal reinforcement is required, evenly

distributed around the perimeter of the hoops.
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Chapter 3

Specimen Design and Construction

Four one-third scale reinforced concrete test columns were constructed in the lab-

oratory. This chapter presents the specimen design, construction details, and measured

materials properties.

3.1 Prototype Columns

The prototype column (Figure 3.1) had a circular cross section with a diameter of

6 ft, similar in many regards to columns tested previously at the University of California,

Berkeley (e.g.; Lehman and Moehle, 2000; Hachem et al., 2003). However, unlike the pre-

vious research, this study used closed-circular hoops instead of a continuous spiral for the

lateral reinforcement. This change was meant to more accurately represent current Caltrans

practice; circular columns with a diameter of 3 ft or less are built with a continuous spiral,

whereas columns with a diameter greater than 3 ft are built with closed-circular hoops (Cal-

trans Engineers, 2006). Closed-circular hoops were also chosen to avoid the phenomena of

winding and unwinding of spiral reinforcement under twisting motions observed by McLean
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and Buckingham (1994) and Belarbi et al. (2007).

To test the limits of current construction practice, the spacing of the hoops was set

equal to the maximum allowable spacing according to Caltrans (2004b), and the diameter

of the hoop reinforcement was increased to the maximum commonly in use to arrive at a

volumetric ratio of hoop reinforcement similar to that used in previous research. Addition-

ally, the longitudinal reinforcement and aspect ratio were selected considering past tests of

columns subjected to lateral loading and discussions with Caltrans Engineers (2006).

In addition to the circular cross section columns, one oblong column with interlock-

ing hoops was constructed. The prototype oblong column (Figure 3.1) had a cross-sectional

dimension of 6 ft by 10 ft, resulting in the maximum permitted center-to-center spacing of

hoops (Caltrans, 2004a). The longitudinal reinforcing bars in the interlocking portion of

the column were chosen corresponding to current Caltrans practices. Also consistent with

current practices, the interlocking bars were not anchored in the footing because they were

not necessary for the flexural capacity of the column.

3.2 Test Specimen Design

The circular and oblong prototype columns (Figure 3.1) were designed according

to the current Caltrans practice (Caltrans, 2004a, 2004b), then all dimensions were linearly

scaled by the factor 1/3. Resulting dimensions were then adjusted to accommodate available

materials. Figure 3.2 shows the test column geometry and reinforcement.

Main longitudinal reinforcement of the columns consisted of No. 5 bars evenly

spaced around the circumference of the circular and oblong columns. Longitudinal rein-

forcing bars in the interlocking portion of the oblong column consisted of No. 3 bars not
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Figure 3.1: Prototype Columns

anchored in the footing. The lateral reinforcement consisted of No. 3 closed-circular hoops,

spaced at 2.67 in., placed continuous throughout the column height and joint depth.

Due to construction tolerances, the nominal 24 in. diameter column forms were

oversized in diameter by 0.75 in. Therefore, the intended concrete cover of 1/2 in. became

5/8 in. in all the test specimens.

The following sections (Sections 3.2.1 and 3.2.2) outline the column design re-

quirements. All four test columns (Columns C1, C2, C3, and C4) were designed according

to these requirements. Section 3.2.3 outlines the footing design requirements. These foot-

ing design requirements were not followed for Column C4 and are reflected in the footing

reinforcing details.
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Figure 3.2: Test Columns

3.2.1 Longitudinal Reinforcement

Area of Reinforcement

The longitudinal reinforcement ratio is defined by

ρl =
As

Ag
(3.1)

where As = area of longitudinal reinforcement and Ag = gross cross-sectional area. The

maximum and minimum longitudinal reinforcement ratios are 0.04 and 0.01 (Caltrans,

2004b, Sec. 3.7), respectively. The longitudinal reinforcement ratio for each cross sec-
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Table 3.1: Longitudinal Reinforcement Ratio

Cross Section Provided Maximum Minimum

Circular 0.015
0.04 0.01

Oblong 0.012

tion is summarized in Table 3.1. Note that this ratio does not include the discontinuous

longitudinal reinforcement in the interlocking portion of the oblong column.

Spacing

The spacing of column longitudinal reinforcement, provided around the perimeter

of the hoops and inside the interlocking portion of the hoops, was equal to approximately

3 in.

The required minimum clear distance is defined by (Caltrans, 2004a, Sec. 8.22.1)

smin = largest of



one and one-half bar diameters, 1.5dbl

one and one-half times the maximum size coarse aggregate

1.5 in.

(3.2)

The provided spacing exceeded smin = 1.5 in. (No. 5 bar and 3/8 in. maximum size coarse

aggregate).

The maximum allowable spacing of column longitudinal reinforcement is 8 in.

(Caltrans, 2004a, Sec. 8.22.1.1), which when scaled by the factor of 1/3 equals 2.67 in. The

provided column longitudinal reinforcement spacing exceeded the maximum allowable spac-

ing by approximately 2/3 in. This was deemed acceptable to maintain similar longitudinal

reinforcement ratios and details used in previous research by Lehman and Moehle (2000).
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Development of Reinforcement

The anchorage of the column longitudinal reinforcement in the footing met the

specified minimum development length, defined by lac,min = 24dbl (Caltrans, 2004b, Sec.

8.2). The minimum development length for a No. 5 column longitudinal bar, 15 in., was

exceeded by extending the bar to the opposite face of the footing, approximately 22 in.

3.2.2 Lateral Reinforcement

The lateral reinforcement required inside the plastic hinge region met the confine-

ment, shear, and spacing requirements.

Confinement

The volume ratio of lateral reinforcement provided inside the plastic hinge length

for columns with circular or interlocking core sections is defined by (Caltrans, 2004b, Sec.

3.8.1)

ρs =
4Ab

D′s
(3.3)

where Ab = cross-sectional area of spiral or hoop, D′ = diameter of the core measured

between the centerline of the hoop, and s = spiral or hoop spacing.

The required minimum ratio of spiral or hoop reinforcement is defined by (Caltrans,

2004a, Sec. 8.18.2.2)

ρs,min = 0.45
(
Ag

Ac
− 1
)
f ′c
fyh

(3.4)

≥ 0.45
(
Ag

Ac
− 1
)
f ′c
fyh

(
0.5 +

1.25Pe

f ′cAg

)
, D ≤ 3 ft (3.5)

≥ 0.12
f ′c
fy

(
0.5 +

1.25Pe

f ′cAg

)
, D > 3 ft (3.6)
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Table 3.2: Volume Ratio of Lateral Reinforcement

Provided
Minimum

Eq. 3.4 Eq. 3.5 Eq. 3.6

0.0073 0.0033 0.0021 0.0063

where Ac = area of core measured to the outside of the hoop, f ′c = specified compressive

strength of concrete, fyh = specified yield strength of spiral or hoop reinforcement but

not more than 60 ksi, and Pe = design axial load. The provided and required volume

ratios of lateral reinforcement are summarized in Table 3.2 for fyh = 60 ksi, f ′c = 5 ksi,

and Pe = 0.1f ′cAg. Note that this provided volume ratio was computed for the nominal

column diameter (24 in.) and the intended cover concrete (0.5 in.).

Shear

The seismic shear demand was based on the plastic shear, defined by

Vo =
Mo

L
=

1.2Mp

L
(3.7)

where Mp = plastic moment strength of the column and L = length of the column. The

plastic moment capacity was calculated by moment-curvature analysis using expected ma-

terial properties (Caltrans, 2004b, Sec. 3.3). The stress-strain models for concrete and

reinforcing steel are shown in Figure 3.3 (Caltrans, 2004b, Sec. 3.2). The stress-strain

model for confined concrete was computed using the relations by Mander et al. (1988).

The moment-curvature analysis was performed in OpenSees (McKenna et al., 2000) using

a fiber discretized circular and oblong cross section (Figure 3.4). The moment-curvature

relationship for circular and oblong cross sections, including axial load (0.1f ′cAg), is shown
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Figure 3.3: Expected Material Properties for Moment-Curvature Analysis

in Figures 3.5 and 3.6, respectively.

The shear strength for ductile concrete members is based on the nominal material

strengths, defined by (Caltrans, 2004b, Sec. 3.6)

φvVn ≥ Vp, φv = 0.85 (3.8)

Vn = Vc + Vs (3.9)

where Vc = concrete shear contribution and Vs = shear reinforcement contribution.

The concrete shear strength inside the plastic hinge zone is defined by (Caltrans,

2004b, Sec. 3.6.2)

Vc = vcAe (3.10)

vc = (Factor1)(Factor2)
√
f ′c ≤ 4

√
f ′c (psi) (3.11)

where Ae = effective shear area = 0.8Ag, and Factor1 and Factor2 can be taken conserva-

tively to be 0.3 and 1.0, respectively, assuming the lower bound values (Caltrans, 2004b,

Fig. 3.8).
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Figure 3.4: Fiber Discretized Circular and Oblong Cross Section
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Figure 3.5: Moment-Curvature Relationship for Circular Cross Section
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Figure 3.6: Moment-Curvature Relationship for Oblong Cross Section

For confined circular or interlocking core sections the shear reinforcement contri-

bution is defined by (Caltrans, 2004b, Sec. 3.6.3)

Vs =
(
AvfyhD

′

s

)
≤ 8
√
f ′cAe (psi) (3.12)

Av = n
(π

2

)
Ab ≤ 0.025

D′s

fyh
(in.2) (3.13)

where n = number of individual interlocking spiral or hoop core sections and Ab = cross-

sectional area of spiral or hoop. The maximum allowable contribution of shear reinforcement

and the required minimum amount of reinforcement for shear is summarized in Tables 3.3

and 3.4, respectively. The column shear demand and capacity for each cross section are

summarized in Table 3.5.
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Table 3.3: Maximum Allowable Contribution of Shear Reinforcement (kips)

Cross Section Provided Maximum

Circular 88 205
Oblong 176 379

Table 3.4: Required Minimum Amount of Shear Reinforcement (in.2)

Cross Section Provided Minimum∗

Circular 0.17
0.025

Oblong 0.17
∗ For each individual column core

Table 3.5: Column Shear Demand and Capacity

Cross Section Vo (kips) Vs (kips) Vc (kips) φvVn (kips) Vo/φvVn

Circular 76 88 8 82 0.93
Oblong 138 176 18 165 0.84
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Spacing

The maximum spacing for lateral reinforcement in the plastic end regions is defined

by (Caltrans, 2004b, Sec. 8.2.5)

smax = smallest of



one-fifth of the least dimension of the cross section,D/5

six times the diameter of the longitudinal reinforcement, 6dbl

prototype, 8 in.; one-third scale model, 8/3 = 2.67 in.

(3.14)

The center-to-center spacing of the interlocking hoops in the oblong column was

set to the maximum allowable spacing, 0.75 times the diameter of the cage (Caltrans, 2004a,

Sec. 8.18.1.4), equal to 16 in.

3.2.3 Footing Reinforcement

Footing reinforcement details for Columns C1 and C2, Column C3, and Column C4

are shown in Figures 3.7, 3.8, and 3.9, respectively. The footing of Column C4 was not

designed for flexural strength, shear strength, or joint shear; Column C4 was to be tested

under torsional loading only, thus the footing was detailed to prevent rotation under twisting

of the column. The design for torsional loading only allowed for significant cost savings in

the plan dimensions of the footing and the amount of reinforcement.

Flexural Strength

The footing was not intended to model an actual footing in the field and thus was

not designed using industry standards. The cross section of the footing was proportioned,

based on the nominal material strengths of steel and concrete, to exceed the plastic moment
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(a) Top and Bottom Mat of Reinforcement

(b) Cross Section of Footing

Figure 3.7: Columns C1 and C2 Footing Details
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(a) Top and Bottom Mat of Reinforcement

(b) Cross Section of Footing

Figure 3.8: Column C3 Footing Details
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(a) Top and Bottom Mat of Reinforcement

(b) Cross Section of Footing

Figure 3.9: Column C4 Footing Details
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strength of the column, Mp,col.

φbMn,ftg ≥Mp,col, φb = 0.9 (3.15)

Mn,ftg ' 0.9Asfy (jdftg) (3.16)

where As = area of tension steel, fy = nominal yield strength of steel reinforcement, and

jdftg ' 0.9×(distance from extreme compression fiber to centroid of tension reinforcement).

The footing flexural demand and capacity for each cross section are summarized in Table 3.6.

Shear Strength

The corresponding design shear for the footing was equal to the plastic moment

strength of the column, Mp,col, divided by the distance from the joint region to strong floor

tie-down location, Lftg.

φvVn,ftg ≥ Vu,ftg, φv = 0.85 (3.17)

Vu,ftg = Mp,col/Lftg (3.18)

Vn,ftg = Vc + Vs (3.19)

Vc = 2
√
f ′c bftgdftg (psi) (3.20)

Vs =
Avfydftg

s
(3.21)

where bftg = width of footing and Av = area of shear reinforcement. This overly-conservative

design, given that the footing would be post-tensioned to the laboratory floor and thus

unlikely be subjected to the design forces, was to ensure that inelastic response of the

footing would not affect the test results. The footing shear demand and capacity for each

cross section are summarized in Table 3.7.
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Table 3.6: Footing Flexural Demand and Capacity

Cross Section Mp,col (kip-in.) φbMn,ftg (kip-in.) Mp,col/φbMn,ftg

Circular∗ 6050 10820 0.56
Oblong 11050 13720 0.81

∗ Columns C1 and C2

Table 3.7: Footing Shear Demand and Capacity

Cross Section Vu,ftg (kips) φvVn,ftg (kips) Vp,ftg/φvVn,ftg

Circular∗ 250 510 0.49
Oblong 460 608 0.76

∗ Columns C1 and C2

Joint Shear

The footing joint region was designed not to exceed the maximum allowable prin-

cipal stresses, defined by (Caltrans, 2004b, Sec. 7.7.1.4)

Principal Compression: pc ≤ 0.25f ′c (3.22)

Principal Tension: pt ≤ 12
√
f ′c (psi) (3.23)

where

pt,max =
fv

2
−

√(
fv

2

)2

+ v2
j (3.24)

pc,max =
fv

2
+

√(
fv

2

)2

+ v2
j (3.25)

vjv =
Tjv

Bftg
effDftg

(3.26)
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Table 3.8: Joint Stress Demand and Capacity

Cross Section pt (ksi) pc (ksi) pt,max (ksi) pc,min (ksi) pt/pt,max pc/pc,max

Circular∗ -0.07 0.41
-0.85 1.25

0.08 0.33
Oblong -0.11 0.44 0.13 0.35

∗ Columns C1 and C2

Bftg
eff =


√

2Dc Circular Cross Section

Bc +Dc Oblong Cross Section

(3.27)

fv =
Pe

Aftg
jh

(3.28)

Aftg
jh =


(
Dc +

Dftg

2

)2

Circular Cross Section(
Dc +

Dftg

2

)(
Bc +

Dftg

2

)
Oblong Cross Section

(3.29)

where Tc = column tensile force ' Mp,col/0.9D, Dc = cross-sectional dimension of column

in the direction of bending, Bc = cross-sectional dimension of column perpendicular to the

direction of bending, and Dftg = depth of footing. The joint stress demand and capacity

for each cross section are shown in Tables 3.8.

3.3 Measured Material Properties

The specified, expected, and measured properties of the reinforcing steel and con-

crete are summarized and described in this section.
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3.3.1 Concrete Properties

The scaled concrete mix, summarized in Table 3.9, was designed to model a full-

scale mix, with a target 28-day compressive strength equal to 5 ksi. Two batches of concrete

were used: one for the specimen footings and the other for the specimen columns. At the

time of casting, a slump test was performed to ensure that the concrete slump was between

3 and 5 in. Standard 6 in. by 12 in. cylinders were cast for both batches according to

ASTM C31 requirements. The test cylinders were kept in the same location as the test

specimens and were subjected to a similar environment. The forms were removed and the

cylinders were stripped on the same day.

Concrete coupons were capped with high-strength mortar and tested in compres-

sion according to ASTM C39. Compressive strength tests were performed at 7, 14, 21,

28 days after casting and near the day of column testing. Table 3.10 summarizes the age

of the concrete at the time of column testing and at time of concrete coupon testing. In

each case, three 6 in. by 12 in. concrete cylinders were tested (Table 3.11). Figure 3.10

shows the increase of compressive strength with age (columns batch only), along with a

curve passing through the data to approximate the strength increase with age (ACI, 1982).

The split-cylinder test was performed according to ASTM C496 on three 6 in. by 12 in.

concrete cylinders. The measured tensile strength of concrete near the day of Column C2

testing was found to be 0.43 ksi and 0.47 ksi for the footing and column concrete batches,

respectively.

Several months after the initial column testing (Columns C1, C2, and C3), another

test specimen with a circular cross section (Column C4) was constructed with the same

scaled concrete mix. Instead of two batches of concrete, only one batch was used for both
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Table 3.9: Concrete Mix Design

28-day strength = 5 ksi, w/c ratio = 0.426, slump = 6 ± 1 in.
Material Volume (ft3) Weight (lb)

Coarse Aggregate (3/8 in. max.) 5.98 1000
Fine Aggregate 11.82 1955

Cement 2.51 494
Flyash 1.47 211
Water 4.81 300

Type A Admixture 0.11 21.2 fl.oz.
Type F Admixture 0.30 56.4 fl.oz.

Total 27.00 3960

the specimen footing and specimen column. The concrete coupons were constructed, cured,

and prepared for testing in a similar manner as described previously. One day prior to

column testing, compressive strength and tensile strength tests were performed. For each

test, three 6 in. by 12 in. concrete cylinders were tested. The mean measured compressive

and tensile strengths were 6.89 ksi and 0.49 ksi, respectively.

The stress-strain response (columns batch only) for the unconfined concrete under

compression was measured for Columns C1, C2, and C3 near the day of test, shown in

Figures 3.11, 3.12, and 3.13, respectively. The stress-strain response for unconfined con-

crete under compression was measured for Column C4 one day prior to testing, shown in

Figure 3.14. In each case, three 6 in. by 12 in. concrete cylinders were tested.

3.3.2 Reinforcing Steel Properties

The longitudinal and hoop reinforcement was specified as ASTM A706 Grade 60

steel. The reinforcing bars were tested as-is in tension according to ASTM A370. Coupons

of the longitudinal reinforcement were readily available; preparation involved cutting each
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Table 3.10: Test Day and Concrete Testing (Days after Casting)

Column Day of Test Concrete Testing

C1 88 and 97∗ 90
C2 126 127
C3 161 162

∗ 5 and 7 in. Displacement Cycles Completed

Table 3.11: Mean Concrete Compressive Strength (ksi)

Day Footings Columns

7 3.46 3.54
14 4.24 4.49
21 4.83 5.01
28 5.20 5.43
90 6.11 6.04
127 5.92 6.17
162 5.77 5.87
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Figure 3.10: Concrete Compressive Strength Increase With Age (Columns Batch Only)
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Figure 3.11: Column C1 Unconfined Concrete Stress-Strain Response
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Figure 3.12: Column C2 Unconfined Concrete Stress-Strain Response
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Figure 3.13: Column C3 Unconfined Concrete Stress-Strain Response
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Figure 3.14: Column C4 Unconfined Concrete Stress-Strain Response
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Table 3.12: Reinforcement Properties

Type Size
Specified (ksi) Expected (ksi) Measured (ksi)

Yield Ultimate Yield Ultimate Yield Ultimate

Longitudinal
No. 5 60 80

68 95
73 100

No. 3 60 80 55 74
Hoop No. 3 60 80 60 95

bar size to approximately 2 ft in length. Coupons of the hoop reinforcement were not as

readily available; preparation involved cutting a 2 ft segment of the hoop and straightening

the curved bar. The welded splice of the hoops was also tested for tensile strength. Ten

welded splice specimens, approximately 3 ft in length, were tested in tension until fracture

at a loading rate of approximate 4 kips per minute. No specimens fractured near the weld

and were thus adequate to develop the tension strength of the hoop bars. The tension test

setups for the reinforcing bar and welded splice specimens are shown in Figure 3.15.

The measured relations between tension stress and strain for the main longitudinal,

interlocking longitudinal, and hoop reinforcement are shown in Figures 3.16, 3.17, and 3.18,

respectively. Note, the area used for calculation of bar stresses were taken as the nominal

bar area for each bar size. The specified, expected, and measured strengths of the reinforcing

steel are summarized in Table 3.12.

As mentioned previously, this study used closed-circular hoops instead of a contin-

uous spiral for the lateral reinforcement. The spiral reinforcement used in previous studies

(e.g.; Lehman and Moehle, 2000; Hachem et al., 2003) was specified as ASTM A82 Grade 80

steel. Figure 3.19 shows the measured stress-strain relation for the spiral reinforcement used

in the study by Lehman and Moehle (2000). As compared with the hoop reinforcement (Fig-
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(a) Reinforcing Bar (b) Welded Splice

Figure 3.15: Tension Test Setup
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Figure 3.16: Main Longitudinal Reinforcement (No. 5 Bar) Stress-Strain Response
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Figure 3.17: Interlocking Longitudinal Reinforcement (No. 3 Bar) Stress-Strain Response
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Figure 3.18: Hoop Reinforcement (No. 3 Bar) Stress-Strain Response

58



Figure 3.19: Spiral Reinforcement Stress-Strain Response (from Lehman and Moehle, 2000)

ure 3.18), the spiral reinforcement (Figure 3.19) has a higher yield stress and yield strain,

lower strain capacity, and lower ductility. In the elastic range up to the yield strain of

the hoop reinforcement, the stress-strain relation of the hoop and spiral reinforcement are

similar.

3.4 Construction

Construction of the all the test specimens (Columns C1, C2, C3, and C4) con-

sisted of three major phases: installation of strain gauges on the reinforcement, assembly

of reinforcement cages, and concrete placement.

The columns were constructed inside the Structures Laboratory at Davis Hall on

the University of California, Berkeley campus. Steel reinforcement was fabricated by off-site

conctractors. The longitudinal reinforcement was delivered bent and cut to size, ready to be

assembled into the reinforcement cages. Similary, the hoops were delivered bent and welded,

ready to place. The concrete formwork for the footing and column cap was constructed off-
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site and errected on-site by the contractor. Additional formwork and bracing were erected

on-site by the conctractor. The concrete was provided by a nearby concrete contractor.

Prior to construction of the reinforcement cages, strain gauges were installed on

the column longitudinal and hoop reinforcement. The reinforcement cages were constructed

prior to the column cages. For ease of construction, the footing cage was tied outside the

formwork and then lowered into the formwork using the laboratory crane. Figure 3.20

shows a typical reinforcement cage inside the footing of Columns C1, C2, and C3. The

reinforcement cage inside the footing of Column C4 is shown in Figure 3.21. Once the

footing cage was properly positioned in the formwork, the column cage was erected from

bottom to top. First, the column longitudinal reinforcement was placed into the footing

cage. Next, the hoops were lowered one-by-one from the top of the column longitudinal

reinforcement to the top of the footing. Figures 3.22 and 3.23 show the finished column

cages for the circular and oblong columns, respectively. Figure 3.24 shows the strain gauges

on the longitudinal and hoop reinforcement of the column cage.

After the footing and column reinforcement cages were completed, the column

form was placed over the column cage with the help of a fork-lift. The column form was

then braced and plumbed. Next, over-sized holes were drilled into the column form for the

instrumentation rods. The holes were sealed with ethafoam to isolate the rods from the

concrete cover and prevent leakage during casting.

The specimens were cast monolithically using two concrete batches, except Col-

umn C4, which was cast using one batch. The first batch was used to cast the footings

followed by the second batch, delivered approximately two and one-half hours later, to cast

the columns. Due to access restrictions into the Structures Laboratory, a pump was used to
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convey both batches of concrete into the laboratory. Concrete was shot atop the footings

and was vibrated with stick- and form-vibrators, as shown in Figure 3.25. The columns

were continuously cast; concrete was shot into the top of the column form at a constant

rate and was meanwhile vibrated with a stick-vibrator, as shown in Figure 3.26.

A week after casting, the formwork was removed. Figures 3.27 and 3.28 show the

finished specimens prior to testing.
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Figure 3.20: Typical Footing Reinforcement Cage

Figure 3.21: Column C4 Footing Reinforcement Cage
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Figure 3.22: Typical Circular Column Reinforcement Cage
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Figure 3.23: Oblong Column Reinforcement Cage
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Figure 3.24: Strain Gauges on Longitudinal and Hoop Reinforcement

Figure 3.25: Concrete Placement and Vibration of Footing
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Figure 3.26: Concrete Placement and Vibration of Column
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Figure 3.27: Specimens Inside Laboratory Before Testing
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Figure 3.28: Column C4 Inside Laboratory Before Testing

68



Chapter 4

Experimental Program

This chapter presents the experimental program, which was designed to investi-

gate the influence of twist on the inelastic behavior of reinforced concrete bridge columns.

Development of the experimental investigation emphasized:

• Studying the effect of simultaneous lateral and twisting deformations on the stiffness,

strength, and deformation capacity of bridge columns;

• Comparing results with previous research;

• Modeling bond distribution and bar slip.

4.1 Test Program

The test program included a comparative study of the behavior of five large-

scale columns, as shown in Figure 4.1 and outlined in Table 4.1. The test program varied

cross-sectiontal geometry and type of loading; the aspect ratio of each column was 4:1.

Column 415 was tested in a previous study reported by Lehman and Moehle (2000) and
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Table 4.1: Test Matrix

Column ID Cross Section ρl (%) ρs (%) Loading Twist/Drift Ratio

415 Circular 1.5 0.7 M+P 0
C1 Circular 1.5 0.73 T+M+P 0.6
C2 Circular 1.5 0.73 T+M+P 1.2
C3 Oblong 1.2 0.73 T+M+P 0.6
C4 Circular 1.5 0.73 T+P ∞

Column C4 was tested by, and in collaboration with, Le (2008).

4.2 Test Setup

The test setup, shown in Figure 4.2, consisted of a reaction frame, various steel

sections, manually-controlled hydraulic jacks, and servo-controlled hydraulic actuators. The

steel sections were used as follows: tie-down beams to anchor the specimen to the strong-

floor of the laboratory; spreader beam to distribute the axial load applied by the two

manually-controlled hydraulic jacks; lateral loading beam to apply the imposed lateral dis-

placement and twist prescribed by the two 120 kip capacity, 36 in. stroke servo-controlled

hydraulic actuators. The actuators were attached to the reaction frame and loading beam

with 3D clevises at either end of the actuator. The actuator-clevis connection at the re-

action frame was oriented to provide 180 degrees of rotation about the horizontal axis,

whereas the actuator-clevis connection at the loading beam was oriented perpendicularly to

provide 180 degress of rotation about the vertical axis. This orientation allowed the clevis

to accommodate the prescribed lateral displacement and rotation at the tip of the column

without being damaged. The axial load setup also consisted of 3D clevises to accommodate

the lateral displacement and twist. Figure 4.3 shows Column C2 ready for testing.
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Figure 4.2: Test Setup

72



Reaction Frame

Horizontal Actuator

Vertical Jacks

Spreader Beam

Specimen

Lateral Loading Beam

Figure 4.3: Column C2 Ready for Testing
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4.3 Loading Protocol

Experimental testing was conducted in the Structures Laboratory at Davis Hall on

the University of California, Berkeley campus. A constant axial load was applied followed

by reversed cyclic lateral loading. The applied axial load was 225 kips (∼ 0.1f ′cAg) and

380 kips (∼ 0.09f ′cAg) for the circular and oblong columns, respectively, where f ′c = target

concrete compressive strength (5.0 ksi) and Ag = nominal cross-sectional area.

Reversed cyclic combined lateral and torsional loading was imposed on Columns

C1, C2, and C3 by two horizontal actuators under displacement control. The imposed

displacement history (Lehman and Moehle, 2000), shown in Figure 4.4, consisted of a

series of reversed cycles at increasing displacement amplitudes with simultaneous twist.

The displacement levels and associated twist are summarized in Table 4.2. The first four

series consisted of three reversed cycles. These pre-yield displacement levels of subsequently

increasing displacement corresponded to: pre-cracking, two levels between cracking and

yielding, and approximately first yield of the longitudinal reinforcement. The remaining six

displacement series consisted of three reversed cycles followed by a smaller cycle equal to one-

third of the previous cycle. These post-yield displacement levels of subsequently increasing

displacement corresponded to 1, 1.5, 2, 3, 5, and 7 times the ∆y, where ∆y = 1 in. = first

post-yield displacement level.

Reversed cyclic torsional loading was imposed on Column C4 by two horizontal

actuators under displacement-control. The prescribed twist pattern consisted of a series

of reversed cycles at increasing twist amplitudes, similar in shape and amplitude to the

associated twist history for Column C2 (Table 4.2).
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Table 4.2: Displacement Levels and Associated Twist

Level
Displacement

Amplitude (in.)
Associated Twist (deg)

Columns C1 and C3 Column C2

Pre-Cracking 0.06 0.02 0.04
0.15 0.05 0.1
0.30 0.1 0.2

First Yield 0.75 0.25 0.5
∆y 1 0.35 0.7

1.5∆y 1.5 0.55 1.1
2∆y 2 0.7 1.4
3∆y 3 1.1 2.1
5∆y 5 1.8 3.6
7∆y 7 2.5 5.0

4.4 Instrumentation

External and internal instrumentation was arranged to monitor both global and

local response. A total of 95, 127, and 47 data channels were used in testing Columns C1

and C2, Column C3, and Column C4, respectively. These channels corresponded to several

types of instruments, including force transducers (FT), load cells (LC), temposonics, linear

potentiometers (LP), displacement transducers (DT), and strain gauges (SG). The types of

quantities of instruments used are summarized in Table 4.3.

Data were collected by a standalone NEFF 470 data acquisition system. Command

signals for the hydraulic controllers were provided by a Keithley DAS1601. Software for

data collection and the production of control signals was provided by Autonet. It runs

under QNX which is a true real time, multi-tasking operating system. QNX is UNIX-like

in nature and well known for its reliability and stable operation and thus is well suited for

the testing lab environment.
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Table 4.3: Instrumentation

Instrument Type
No. of Channels

Columns C1 and C2 Column C3 Column C4

Force Transducer 2 2 2
Load Cell 2 2 2

Temposonic 2 2 2
Linear Potentiometer 13 13 9

Displacement Transducer 34 36 18
Strain Gauge 46 72 16

Total 95 127 47

Prior to testing, each SG, LP, and DT was calibrated. The SGs were calibrated

by shunting a resistor across the terminals inside the instrumentation box. SGs that did

not measure the proper resistance were removed and not used during testing. The LPs and

DTs were calibrated using measurements of three calibration blocks. These measurements

were input to the NEFF data acquisition system software where a corresponding calibration

factor for each LP and DT was calculated.

Data were collected at various displacement intervals with increasing increment at

larger displacement amplitude cycles. Table 4.4 shows the number of data collection points

per ramp (zero displacement to peak displacement) for each displacement level.

The forces in the servo-controlled horizontal actuators were measured by built-in

FTs. The forces in the manually-controlled vertical jacks were measured by external load

cells. The stroke of horizontal actuators was measured with temponsic senors mounted on

the actuator. The stroke of the vertical jacks was monitored visually during testing.

The global displacement and twist at the tip of the column was measured with

a pair of LPs, one to the North and one to the South, equally spaced from the column
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Table 4.4: Data Collection

Level Data Points Per Ramp

Prior to Cracking 10
First Yield 20

∆y 20
1.5∆y 30
2∆y 40
3∆y 50
5∆y 50
7∆y 50

centerline, mounted on the instrumentation frame, as shown in Figure 4.5. The North and

South LP wires were attached to a threaded rod extending from the North and South face

of the column cap, respectively. Similarly, the lateral displacement and twist along the

height of the column was measured with a pair LPs at the top of each column segment.

The lateral displacement and twist were measured at elevations of 12, 24, 36, and 48 in.

along the height of the Columns C1, C2, and C3, and at elevations 24 and 48 in. along the

height of Column C4.

The local column deformations were measured with DTs, located on either face of

the column in the loading direction, along the height of the column. The setup consisted

of several DTs mounted on aluminum brackets attached to 1/2 in. diameter threaded rods

placed through the column cross section, as shown in Figure 4.6. The arrangement of DTs

and plan view of the DTs for the circular and oblong cross sections are shown in Figures 4.7

and 4.8, respectively.

The bar slip deformation was also measured with DTs, located on either face of

the column in the loading direction. The setup consisted of a DT mounted on an aluminum
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Figure 4.5: Arrangement of Linear Potentiometers for Measurement of Global Displacement

and Twist
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Figure 4.6: Typical Displacement Transducer Setup for Measurement of Local Deformations

angle attached to a 1/2 in. diameter threaded rod that was anchored into the footing.

This setup provided a stable base to measure the bar slip at the interface of the column

and footing, as shown in Figure 4.9. Figure 4.10 shows the arrangement of DTs for the

measurement of bar slip for the circular and oblong columns. Bar slip was not measured

for Column C4.

The specimens were instrumented with SGs to measure the internal strains. The

strain gauges were installed on the longitudinal and hoop reinforcement along the height

of the column. Additional SGs were located on the longitudinal reinforcement within the

footing to measure the bond stress distribution. The locations of the SGs are shown in

Figure 4.11. Note that the Column C4 has strain gauges (4 longitudinal and 4 hoop) at the

24 and 48 in. elevations only.

Refer to Appendices A and B for more details on the test apparatus and the data

reduction procedures.
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(a) Typical Circular Section (b) Typical Oblong Section

2"

Displacement
Transducer

Instrumentation Rod 

12"

Figure 4.8: Plan View of Displacement Transducers for Measurement of Local Deformations

Welded Rod

Threaded Rod

Displacement Transducer

Aluminum Angle

Wire

Figure 4.9: Typical Displacement Transducer Setup for Measurement of Bar Slip

82



Longitudinal Bar

ELEVATION VIEW

Top of Footing

Displacement Transducer

Face of Column

Welded Rod

Threaded Rod

Instrumented Bar Location

Circular Oblong

Displacement Transducer Location

Figure 4.10: Arrangement of Displacement Transducers for Measurement of Bar Slip

83



Circular

Section 1

3 Longitudinal 4 Hoop 4 Longitudinal
4 Hoop 

Oblong

6 Longitudinal 6 Hoop 6 Longitudinal
6 Hoop 

Section 3 Section 4

ELEVATION VIEW

1

12"

12"

12"

12"

Face of Footing

Hoop Steel Strain Gauge
Longitudinal Steel Strain Gauge

6"

6"

Section 2

4 Longitudinal 

6 Longitudinal 

1
2

3

4

4

4

4

Note:
Column C4 straing gauges 
at 24" and 48"elevation only

Figure 4.11: Arrangement of Strain Gauges

84



Chapter 5

Experimental Results

This chapter presents the observed and measured response of each column tested,

including select data of Lehman 415 (Lehman and Moehle, 2000). A comparative summary

of circular columns and columns with similar twist/drift ratio is also presented. For this

comparative summary, force-displacement and torque-twist envelope curves are compared,

along with key longitudinal and hoop strain gauge data. Additional experimental data can

be found in Appendix C.

5.1 Overview

The progression of damage was similar for columns subjected to simultaneous

reversed cyclic lateral and torsional loading. The chronological progression of damage was:

1. Cracking, typically observed during the first-yield displacement level, with increased

crack width and length for subsequently increased displacement;

2. Yielding of longitudinal reinforcing bars, detected using strain gauges installed
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on longitudinal reinforcing bars prior to construction and apparent in the force-

displacement response;

3. Spalling, typically initiated above the column-footing interface during the 2 in. dis-

placement amplitude cycle, spreading vertically and laterally for subsequently increas-

ing displacement;

4. Exposure of hoops, typically observed during the 3 in. displacement amplitude

cycle;

5. Buckling and exposure of longitudinal reinforcing bars, typically observed

during the 5 in. displacement amplitude cycle, indicative of complete loss of cover

concrete;

6. Visible Extension of hoops, typically observed during the 5 in. displacement am-

plitude cycle, concurrent with buckling of longitudinal reinforcing bars;

7. Fracture of longitudinal reinforcing bars, typically initiated during the 5 in.

or 7 in. displacement amplitude cycle and continued during the 7 in. displacement

amplitude cycle, resulting in significant strength loss of the column;

5.2 Column 415

Column 415 was tested under reversed cyclic lateral loading without twist. The

applied axial load of 147 kips was approximately 0.1f ′cAg, where f ′c = the target concrete

compressive strength (3.25 ksi). The force-displacement plot is shown in Figure 5.1.

86



5.3 Column C1

Column C1 was tested under reversed cyclic combined lateral displacement and

twist loading with a twist/drift ratio = 0.6. The applied constant axial load of 225 kips was

approximately 0.1f ′cAg, where f ′c = target concrete compressive strength (5.0 ksi).

5.3.1 Observed Response

Initial cracking was observed on the East and West faces during the 0.75 in. dis-

placement amplitude cycle. The widest crack was at the column-footing interface, and

crack widths decreased with increased elevation. Note the lateral displacements were in the

East and West directions. Cracks on the East and West face were horizontal and spanned

the entire East and West faces. Subsequently increasing displacement cycles widened and

lengthened existing cracks and developed inclined cracks on the South face. Inclined cracks

were not observed on the North face during testing. The peak crack widths (largest of the

crack width measurements at the first peak East or first peak West) for Column C1 are

summarized in Table D.1. The residual crack widths (crack width measurements at the end

of each displacement amplitude cycle) for Column C1 are summarized in Table D.2.

The onset of concrete spalling was observed at the interface on the East and West

faces during the 2 in. displacement amplitude cycle. Subsequently increasing displacement

amplitudes caused the spalled regions to spread vertically and laterally, eventually spanning

the entire East and West faces. Exposure of the hoops on the East and West faces was

observed during the 3 in. displacement amplitude cycle. Concrete spalling was observed on

the South face during the first 7 in. displacement amplitude cycle and continued to spread,

eventually spanning the entire South face. The North face showed no signs of concrete
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spalling until the third 7 in. displacement amplitude cycle, which coincided with exposure

of the hoops around the entire circumference of the column. Upon completion of testing,

spalled elevation around the circumference of the column were as follows: 13 in. height on

the North face, 20 in. on the West face, 16 in. on the South face, and 21 in. on the East

face. Figure D.2 illustrates the progression of cracking and spalling of Column C1.

Significant column damage in the form of bar buckling and bar fracture was ob-

served during the final two displacement amplitude cycles. Longitudinal reinforcing bars

located on the extreme East and West faces buckled and subsequently fractured during the

5 in. and 7 in. displacement amplitude cycles, respectively; longitudinal reinforcing bars lo-

cated on the North and South faces buckled during the 7 in. displacement amplitude cycle.

In total, 17 longitudinal reinforcing bars had fractured and the remaining 5 longitudinal re-

inforcing bars had buckled upon completion of testing. Additionally, a single hoop, located

6 in. above the interface, fractured on the West face during the 7 in. displacement amplitude

cycle. Figure D.6 shows the location of buckled and fractured longitudinal reinforcing bars

of Column C1.

5.3.2 Global Response

The force-displacement response of Column C1 is shown in Figure 5.2. The torque-

twist response of Column C1 is shown in Figure 5.3. The force-displacement envelopes and

torque-twist envelopes of Column C1 are shown in Figures 5.4 and 5.5, respectively.
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5.4 Column C2

Column C2 was tested under reversed cyclic combined lateral displacement and

twist loading with a twist/drift ratio = 1.2. The applied constant axial load of 225 kips was

approximately 0.1f ′cAg, where f ′c = target concrete compressive strength (5.0 ksi).

5.4.1 Observed Response

Similar to Column C1, initial cracking was observed on the East and West faces

during the 0.75 in. displacement amplitude cycle, with the widest crack at the column-

footing interface and decreased crack widths with increase in elevation. Unlike Column C1,

cracking on the East and West faces of Column C2 were inclined, and inclined cracks were

observed on all faces. Subsequently increasing displacement cycles widened and lengthened

existing cracks, eventually spanning the entire East and West faces. The measured peak and

residual crack widths of Column C2 are summarized in Tables D.3 and D.4, respectively.

The onset of concrete spalling was observed at the interface on the East and West

faces during the 2 in. displacement amplitude cycle, similar to Column C1. Subsequently

increasing displacement amplitudes caused the spalled regions to spread vertically and later-

ally, eventually spanning the entire East and West faces. Exposure of the hoops on the East

and West faces was also observed during the 3 in. displacement amplitude cycle. Concrete

spalling was observed on the North and South faces during the third 5 in. displacement

amplitude cycle. Spalling on the North face started at an elevation of 12 in. to 19 in., and

continued to spread down to the interface during the 7 in. amplitude displacement cycle,

eventually spanning from the interface to approximately the 19 in. elevation. By the end

of the 5 in. displacement amplitude cycle, spalling on the South face spanned from the in-
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terface to approximately 14 in. elevation. Upon completion of testing, hoops were exposed

around the entire circumference of the column and spalling had spread as follows: 18 in.

height on the North face, 33 in. height on the West face, 19 in. height on the South face,

and 28 in. height on the East face. Figure D.3 illustrates the progression of cracking and

spalling of Column C2.

Significant column damage in the form of bar buckling and bar fracture was ob-

served during the 5 in. displacement amplitude cycle. Longitudinal reinforcing bars located

on the extreme East and West faces buckled during the first 5 in. displacement amplitude

cycles and fractured during the third cycle. Adjacent longitudinal reinforcing bars located

on the East and West faces fractured and bars located on the North and South faces buckled

during the 7 in. displacement amplitude cycle. In total, 13 longitudinal reinforcing bars had

fractured and the remaining 9 longitudinal reinforcing bars had buckled upon completion

of testing. Figure D.7 shows the location of buckled and fractured longitudinal reinforcing

bars of Column C2.

5.4.2 Global Response

The force-displacement response of Column C2 is shown in Figure 5.6. The torque-

twist response of Column C2 is shown in Figure 5.7. The force-displacement envelopes and

torque-twist envelopes of Column C2 are shown in Figures 5.8 and 5.9, respectively.

5.5 Column C3

Column C3 was tested under reversed cyclic combined lateral displacement and

twist loading with a twist/drift ratio = 0.6. The applied axial load of 380 kips was approx-
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imately 0.09f ′cAg, where f ′c = target concrete compressive strength (5.0 ksi).

5.5.1 Observed Response

Initial cracking was observed on the East and West faces during the 0.75 in. dis-

placement amplitude cycle. The widest crack was at the column-footing interface, and crack

widths decreased with increased elevation. Cracks on the East and West faces were hori-

zontal at the base of the column and more inclined with increased elevation. Subsequently

increasing displacement cycles widened and lengthened existing cracks and developed in-

clined cracks on the entire South face and on the upper half of the East and West faces.

Cracks on the North face were predominately horizontal during testing. The measured peak

and residual crack widths of Column C3 are summarized in Tables D.5 and D.6, respectively

The onset of concrete spalling was observed at the interface on the East and West

faces during the 2 in. displacement amplitude cycle. Subsequently increasing displacement

amplitudes caused the spalled regions to spread vertically and laterally, eventually spanning

the entire East and West faces. Concrete spalling was observed on the South face during

the first 5 in. displacement amplitude cycle, which coincided with exposure of the hoops on

the East and West faces. The North face showed no signs of concrete spalling until the third

5 in. displacement amplitude cycle. Upon completion of testing, spalled elevation around

the circumference of the column were as follows: 14 in. height on the North face, 21 in. on

the West face, 10 in. on the South face, and 23 in. on the East face. Figure D.4 illustrates

the progression of cracking and spalling of Column C3.

Significant column damage in the form of bar buckling and bar fracture was ob-

served during the final two displacement amplitude cycles. Main longitudinal reinforcing

bars (No. 5) located on the extreme East and West faces buckled during the first 5 in.
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displacement amplitude cycle and fractured during the third cycle. The remaining main

longitudinal reinforcing bars on the East and West faces fractured and the bars located on

the North and South faces buckled during the 7 in. displacement amplitude cycle. In total,

24 main longitudinal reinforcing bars had fractured and 8 main longitudinal reinforcing bars

had buckled upon completion of testing. Additionally, buckling of the interlocking longi-

tudinal reinforcing bars (No. 3) at the overlapping of hoops was also observed; no visual

observations were possible for the interior interlocking bars. Figure D.8 shows the location

of buckled and fractured longitudinal reinforcing bars of Column C3.

5.5.2 Global Response

The force-displacement response of Column C3 is shown in Figure 5.10. The

torque-twist response of Column C3 is shown in Figure 5.11. The force-displacement en-

velopes and torque-twist envelopes of Column C3 are shown in Figures 5.12 and 5.13,

respectively.

5.6 Column C4

Column C4 was tested under reversed cyclic torsional loading in collaboration with

Le (2008), similar to the twist history of Column C2. The applied axial load of 225 kips

was approximately 0.1f ′cAg, where f ′c = target concrete compressive strength (5.0 ksi).

5.6.1 Observed Response

Initial cracking was observed on all the faces during the 0.5 deg twist amplitude

cycle. Subsequently increasing twist amplitudes widened and lengthened existing cracks
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and caused more inclined cracking on all faces. Crack widths were similar on all the faces

along the height of the column. The measured peak and residual crack widths of Column C4

are summarized in Tables D.7 and D.8, respectively

The onset of concrete spalling was observed approximately mid-height of the col-

umn on all the faces during the 3.6 deg twist amplitude cycle. The height of spalling

increased from approximately 24 in. on all the faces during the first 3.6 deg twist amplitude

cycle to 24, 41, 45, and 30 in. on the North, West, East, and South faces, respectively, by

the end of the 3.6 deg amplitude cycle. The spalled regions spread vertically during the

5 deg amplitude cycle, eventually spanning about 85% of the column height on all the faces.

Figure D.5 illustrates the progression of cracking and spalling of Column C4.

During the 5 deg twist amplitude cycle it was observed that the spreader beam,

used to distribute the axial load applied by the two hydraulic jacks, was not twisting in

unison with the top of the column (Figure 5.14). Inspection of the column cap-spreader

beam connection confirmed that the anchor bolts were damaged. As a result, the spreader

beam was no longer “fixed” to the top of the column. This partially-fixed condition caused

the spreader beam to twist less than the column.

5.6.2 Global Response

The torque-twist response and torque-twist envelopes of Column C4 are shown in

Figures 5.15 and 5.16, respectively. The dotted line represents the 5 deg twist amplitude

cycle, during which the anchor bolts that attach the spreader beam to the top of the column

were damaged.

Because the spreader beam was not twisting as much as the column due to the

damaged anchor bolts, the calculated torque due to the horizontal force component of
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the vertical jacks is overestimated following the data reduction procedure presented in

Appendix B. Accordingly, overestimation of the torque due to the horizontal component of

the vertical jacks underestimates the actual torque. Therefore, the torque for the 5 deg twist

amplitude cycle should be larger than that shown in Figures 5.15 and 5.16. Unfortunately,

a reasonable estimation of the twist of the spreader beam cannot be made. For future

research, additional vertical and lateral measurements of the vertical jacks will provide

data for calculation of a more accurate torque-twist relationship.

94



−8 −6 −4 −2 0 2 4 6 8
−80

−60

−40

−20

0

20

40

60

80

Displacement (in.)

F
or

ce
 (

ki
ps

)

Figure 5.1: Column 415 Force-Displacement Response (Adapted from Lehman and Moehle,

2000)
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Figure 5.2: Column C1 Force-Displacement Response
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Figure 5.3: Column C1 Torque-Twist Response
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Figure 5.4: Column C1 Force-Displacement Envelopes
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Figure 5.5: Column C1 Torque-Twist Envelopes

97



−8 −6 −4 −2 0 2 4 6 8
−80

−60

−40

−20

0

20

40

60

80

Displacement (in.)

F
or

ce
 (

ki
ps

)

Figure 5.6: Column C2 Force-Displacement Response
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Figure 5.7: Column C2 Torque-Twist Response
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Figure 5.8: Column C2 Force-Displacement Envelopes
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Figure 5.9: Column C2 Torque-Twist Envelopes
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Figure 5.10: Column C3 Force-Displacement Response
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Figure 5.11: Column C3 Torque-Twist Response
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Figure 5.12: Column C3 Force-Displacement Envelopes
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Figure 5.13: Column C3 Torque-Twist Envelopes
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Figure 5.14: Spreader Beam and Column Cap Not Twisting in Unison During First 5 deg

Twist Amplitude Cycle (Le, 2008)
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Figure 5.15: Column C4 Torque-Twist Response
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Figure 5.16: Column C4 Torque-Twist Envelopes
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5.7 Bar Slip

Direct measurement of bar slip at the column-footing interface and strains along

the length of the bar inside the footing provide data for an accurate estimate of the bond

stress distribution. Bar slip data for the tested columns can be found in Appendix C,

including slip history, joint strain history, and joint strain profiles.

The measured bar slip at yield for the column specimens is summarized in Ta-

ble 5.1. Based on the measured yield strength of the longitudinal reinforcing bars and the

target concrete compressive strength (f ′c = 5000 psi), the slip at yield according to Eq. 2.16

(Zhao and Sritharan, 2007) is equal to 0.018 in. This calculated bar slip is approximately

70% of the measured value of 0.025 in.

Using the measured bar slip at yield (Table 5.1), the average bond stress at yield

is determined using Eq. 2.12. The calculated bond stresses are divided by the square

root of the target and measured concrete compressive strengths, shown in Figure 5.17 for

Columns C1, C2, and C3. Using the target compressive strength (5000 psi), the calculated

average bond stress is equal to 7.89
√
f ′c (psi). Using the measured compressive strength,

which varies from specimen to specimen, the calculated average bond stress is equal to

7.25
√
f ′c (psi).

The calculated average bond stresses are within the range of average bond stress

values reported. Lehman and Moehle (2000) computed an average bond stress equal to

12
√
f ′c (psi) using the experimental results of Column 415. Sezen (2002) computed a mean

average bond stress equal to 11.4
√
f ′c (psi) using 12 column specimens. The range of average

bond stress of the 12 columns was from approximately 6
√
f ′c (psi) to 16

√
f ′c (psi). Ranf

(2007) developed a bond stress versus slip model, based on the stepped model by Lehman
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Table 5.1: Measured Bar Slip (in.) at Yield Level

Location Column C1 Column C2 Column C3

West Face 0.028 0.024 0.025∗, 0.029†

East Face 0.025 0.025 0.025‡

∗ NorthWest, † SouthWest, ‡ NorthEast
Note: Column C3 SouthEast not measured
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Figure 5.17: Calculated Bond Stress at Yield Level

and Moehle, using the shaking table test results of a two-span reinforced concrete bridge

(Johnson et al., 2006). Ranf proposed a best-fit average bond stress equal to 8
√
f ′c (psi).

5.8 Comparative Summary

5.8.1 Circular Columns

Observed Response

Table 5.2 qualitatively describes the damage for the 0.75∆y to 7∆y displacement

amplitude cycles of the circular columns (Columns 415, C1 and C2). Figures 5.18, 5.19,
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5.20, and 5.21 compare the crack patterns for Columns C1 and C2 after the 1, 3, 5, and

7 in. displacement amplitude cycles, respectively. As summarized in Table 5.2 and seen in

Figures 5.18 to 5.21, inclined cracking was more pronounced for Column C2 than Column

C1, i.e., more pronounced for higher twist/drift ratio. Moreover, the extent of the spalled

height and circumference was increased by the associated twist and more pronounced for

higher twist/drift ratio. The associated twist also affected the initiation of bar buckling and

subsequently bar fracture due to buckling and straightening of the longitudinal reinforcing

bars upon cyclic load reversal.

Force-Displacement Response

The force-displacement envelopes for the first and third cycles of the circular

columns (Columns 415, C1, and C2) are shown in Figure 5.22. As seen in Figure 5.22,

the flexural strength was not strongly affected by the associated twist. Deformation capac-

ity, however, was reduced by the associated twist. The reduction of deformation capacity

was more evident in the third cycle response as compared with the first cycle response.

In conjunction, the strength degradation, also more evident in the third cycle response as

compared with the first cycle response, was increased with associated twist. Overall, reduc-

tion of deformation capacity and increase of strength degradation was more pronounced for

Column C2 than Column C1, i.e., more pronounced for higher twist/drift ratio.

Torque-Twist Response

The torque-twist envelopes for the first and third cycles of the circular columns

(Columns C1, C2, and C4) are shown in Figure 5.23. As seen in Figure 5.23, the initial

torsional stiffness was similar for all twist/drift ratios, however, the torque demand varied
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Table 5.2: Qualitative Damage Description of Circular Columns

Cycle Column 415∗ Column C1 Column C2

0.75∆y horizontal cracking
just over half of
column height

horizontal cracking on
the East and West
faces

inclined cracking on all
faces

∆y increased horizontal
cracking

increased horizontal
cracking; initial in-
clined cracking on the
South face

increased inclined
cracking

1.5∆y onset of concrete
spalling located 4 in.
above the interface

increased horizontal
and inclined cracking

increased inclined
cracking

2∆y spalled region in-
creased to 6 in. height
x 5 in. circumference

onset of concrete
spalling on the East
and West faces at
the interface; inclined
cracking on all faces

onset of concrete
spalling on the East
and West faces at
the interface; inclined
cracking on all faces

3∆y spalled region in-
creased to 10 in. x
7 in.

spalled region in-
creased to 21 in. x
19 in. on the East face;
hoops on the East and
West faces exposed

spalled region in-
creased to 20 in. x
18 in. on the East face;
hoops on the East and
West faces exposed

5∆y spalled region in-
creased to 12 in. x
16 in.; spirals on the
compression/tension
face exposed

bar buckling on the
East and West faces;

bar buckling on the
East and West faces;
bar fracture on the
East and West faces
during the third cy-
cle; spalled region ex-
tended to North and
South faces

7∆y bar buckling and
fracture on the com-
pression/tension face;
spiral fracture on the
compression/tension
face

bar buckling on all
faces; bar fracture on
the East and West
faces; hoop fracture lo-
cated 6 in. above in-
terface; spalled region
extended to entire cir-
cumference; hoops on
all faces exposed

bar buckling on all
faces; bar fracture on
the East and West
faces; spalled region
extended to entire cir-
cumference; hoops on
all faces exposed

∗ Adapted from Lehman and Moehle (2000)
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depending on twist/drift ratio. Reduction of the torque demand was more pronounced for

Column C1 than Column C2, i.e., more pronounced for lower twist/drift ratios. More-

over, the onset of deteriorating torsional stiffness occurred at smaller twist demands for

Column C1 than Column C2, i.e., occurred at lower twist/drift ratio.

Strain Gauge Measurements

The longitudinal strain history of the West and East gauges of Columns C1 and C2

are shown in Figures 5.24 and 5.25, respectively. As seen in Figure 5.24, the longitudinal

strains on the West face of Columns C1 and C2 were similar along the height of the column.

However, differences exist; for example, at the interface the strains for Column C2 were

slightly larger than those for Column C1. Likewise, the longitudinal strains on the East

face of Columns C1 and C2 were also similar along the height of the column, particularly

at the 36 in. and 48 in. elevations, as seen in Figure 5.25. Similar to the West face, the

longitudinal strains at the interface of the East face were also slightly larger for Column C2

compared with Column C1.

Figure 5.26 compares the longitudinal strain profiles of the West (compression)

and East (tension) faces of the circular columns (Columns 415, C1, and C2) at the first

peak of displacement amplitude cycles 0.75, 1, 2, 3, and 5 in. Data for Column 415 were

only available up to the 2 in. cycle. Note, the yield strain shown is for the longitudinal

reinforcement of Columns C1 and C2, which is approximately equal to the yield strain

for the longitudinal reinforcement of Column 415 reported by Lehman and Moehle (2000).

The longitudinal reinforcement stress-strain relations of Columns 415, C1, and C2 are also

similar.

As seen in Figure 5.31(a)-(d), strain measurements on the tension face were larger
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at the lower elevations (ratio of column height < 0.2) for Column 415 compared with

Columns C1 and C2, however, larger strains were measured for Columns C1 and C2 com-

pared with Column 415 at the higher elevations (ratio of column height > 0.2).

The hoop strain histories of the North, South, West, and East gauges for Columns C1

and C2 are shown in Figures 5.27 to 5.30. As expected, the strain measurements were larger

on the South face (Figure 5.28) compared with the North face (Figure 5.27) due to the larger

deformation demand from combined lateral and torsional loading on the South face than

the North face. Additionally, hoop strains were larger for Column C2 compared with Col-

umn C1 along the height of the column, particularly evident on the South faces. Although

several gauges failed at the lower elevations (12 in. and 24 in.), the hoop yield strain was

reached on the West and East faces at smaller displacement amplitude cycles for Column C2

compared with Column C1.

Figures 5.31 and 5.32 compare the hoop strain profiles of the circular columns

(Columns 415, C1, and C2) on the North/South and West/East (compression/tension)

faces, respectively, at the first peak of displacement amplitude cycles 0.75, 1, 2, 3, and 5 in.

Data from Column 415 were available for all cycles except the 0.75 in. displacement ampli-

tude for Figure 5.31 and were available for the 1, 2, and 5 in. cycles only for Figure 5.32.

Note, the yield strain shown is for the hoop reinforcement of Columns C1 and C2, which is

less than the yield strain for the spiral reinforcement of Column 415 reported by Lehman

and Moehle (2000). The stress-strain relations of the hoop reinforcement (Figure 3.18) and

spiral reinforcement (Figure 3.19) are also dissimilar.

As seen in Figure 5.31, strain measurements were very similar along the height of

the columns up to the 2 in. cycle. After the 2 in. cycle, hoop strains were larger at the
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lower elevations for Column 415 compared with Columns C1 and C2. Variation of the strain

measurements for Column 415 compared with Columns C1 and C2 can be attributed to

both the effect of the twist and the use of different materials for the lateral reinforcement.

In particular, at strains exceeding the hoop yield strain, the stress-strain relation could have

a significant effect on the hoop strains. Keeping this in mind, the hoop strains were larger

for Column 415 near the base, however, hoop yielding extended to higher elevations and

was more pronounced for Column C2 compared with Column C1, i.e., more pronounced for

higher twist/drift ratio.

As seen in Figure 5.32, strain measurements on the West and East faces were at

or below the yield strain along the height of the columns up to the 2 in. cycle. After the

2 in. cycle, hoop strains exceeded the yield strain at the lower elevations for Columns C1

and C2. The hoop yielding extended to higher elevations and was more pronounced for

high twist/drift ratio at larger displacement amplitudes. The strain measurements up to

the 5 in. cycle for Column 415 did not exceed the hoop yield strain. Thus, the influence

of different materials for lateral reinforcement was not apparent, and the variation of hoop

strains for Columns C1 and C2 compared with Column 415 was due to the effect of the

twist.

5.8.2 Circular vs. Oblong Column

Observed Response

Table 5.3 qualitatively describes the damage for the 0.75∆y to 7∆y displacement

amplitude cycles of the columns with twist/drift ratio = 0.6 (Columns C1 and C3). Fig-

ures 5.33, 5.34, 5.35, and 5.36 show the crack patterns for Columns C1 and C3 after the 1,
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3, 5, and 7 in. displacement amplitude cycles, respectively.

As summarized in Table 5.3 and seen in Figures 5.33, 5.34, inclined cracking on

the West and East faces was more pronounced for Column C3 compared with Column C1,

particularly with increase in elevation along the height of the column. For both Columns C1

and C3, predominantly horizontal cracking was observed on the North face. Also observed

was the difference in the height of spalling, which was slightly less for Column C3 com-

pared with Column C1. Extensive damage in the form of bar fracture occurred earlier for

Column C3 compared with Column C1, i.e., during the third 5 in. cycle for Column C3

compared with the first 7 in. cycle for Column C1.

Force-Displacement Response

The force-displacement envelopes for the first and third cycles of columns with

twist/drift ratio = 0.6 (Columns C1 and C3) are shown in Figure 5.37. The force-displacement

envelope curves from Figure 5.37 are normalized to their maximum respective force and pre-

sented in Figure 5.38.

As seen in Figure 5.37, the initial lateral stiffness was larger for Column C3 com-

pared with Column C1. And as expected, the lateral strength of Column C3 was almost

twice the strength of Column C1. As seen in the normalized force-displacement envelope

curves (Figure 5.38), strength degradation occurred at a similar displacement demand for

Columns C1 and C3. Moreover, the deformation/ductility capacity was also similar for

Columns C1 and C3.
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Table 5.3: Qualitative Damage Description for Twist/Drift Ratio = 0.6

Cycle Column C1 Column C3

0.75∆y horizontal cracking on the
East and West faces

horizontal cracking at the
base and more inclined
with increase in elevation
on the East and West
faces; inclined cracking on
South face

∆y increased horizontal crack-
ing; initial inclined crack-
ing on the South face

increased horizontal and
inclined cracking

1.5∆y increased horizontal and
inclined cracking

increased horizontal and
inclined cracking

2∆y onset of concrete spalling
on the East and West faces
at the interface; inclined
cracking on all faces

onset of concrete spalling
on the East and West faces
at the interface; inclined
cracking on all faces

3∆y spalled region increased to
21 in. x 19 in. on the East
face; hoops on the East
and West faces exposed

spalled region increased to
14 in. x 32 in. on the
East face; spalled region
extended to South face

5∆y bar buckling on the East
and West faces;

hoops on the East and
West faces exposed;
spalled region extended to
North face; bar buckling
on the East and West
faces; bar fracture on
the East and West faces
during the third cycle;

7∆y bar buckling on all faces;
bar fracture on the East
and West faces; hoop frac-
ture located 6 in. above in-
terface; spalled region ex-
tended to entire circumfer-
ence; hoops on all faces ex-
posed

bar buckling on all faces;
bar fracture on the East
and West faces; spalled re-
gion extended to entire cir-
cumference; hoops on all
faces exposed
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Torque-Twist Response

The torque-twist envelopes for the first and third cycles of columns with twist/drift ra-

tio = 0.6 (Columns C1 and C3) are shown in Figure 5.39. The torque-twist envelope curves

from Figure 5.39 are normalized to their maximum respective torque and presented in Fig-

ure 5.40.

As expected, the initial torsional stiffness and torque demand was larger for Col-

umn C3 compared with Column C1, seen in Figure 5.39. As seen in the normalized torque-

twist envelope curves (Figure 5.40), the onset of deteriorating torsional stiffness occurred at

smaller twist demand for Column C1 compared with Column C3. This was more apparent

when comparing the third cycle of torque-twist envelopes (Figure 5.40(b)).

Strain Gauge Measurements

The longitudinal strain histories of the West and East gauges for Column C1

and C3 are shown in Figures 5.41 and 5.42, respectively. As seen in Figure 5.41, longitudinal

strain measurements on the West face tend to be larger for Column C3 compared with

Column C1, especially at the interface. A similar trend was also observed on the East face

(Figure 5.42).

Figure 5.43 compares the longitudinal strain profiles of the West (compression) and

East (tension) faces of Columns C1 and C3 at the first peak of displacement amplitude cycles

0.75, 1, 2, 3, and 5 in. For clarity, only the northern West and East strain measurements

are presented for Column C3. Although longitudinal strains were larger for Column C3

compared with Column C1 at the interface, similar strains were observed along the height

of the columns (Figure 5.43(e))
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The hoop strain histories of the North, South, West, and East gauges for Columns C1

and C3 are shown in Figures 5.44 to 5.47. As expected, the strain measurements were larger

on the South face (Figure 5.45) compared with the North face (Figure 5.44). As seen in

Figures 5.46 and 5.47, strain measurements exceeded the yield strain along the height of

the columns, with largest strains at the lower elevations (6 and 12 in.). Overall, there was

no clear trend to differentiate the hoop strains of Columns C1 and C3.

Figures 5.48 and 5.49 compare the hoop strain profiles of Columns C1 and C3

on the North/South and West/East (compression/tension) faces, respectively, at the first

peak of displacement amplitude cycles 0.75, 1, 2, 3, and 5 in. For clarity, only the northern

West and East strain measurements of Column C3 are presented in Figure 5.49. The hoop

strains were larger on the South face compared with the North face of Columns C1 and C3,

as seen in Figure 5.48, and exceeded the yield strain along the height of the column for the

3 in. cycle and greater. Likewise for the West and East faces (Figure 5.49), hoop strains

also exceeded the yield strain at the first peak of the 3 in. cycle, with the largest strains at

the lower elevations.
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Figure 5.18: Columns C1 and C2 Crack Patterns after 1 in. Displacement Amplitude Cycle
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Figure 5.19: Columns C1 and C2 Crack Patterns after 3 in. Displacement Amplitude Cycle
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Figure 5.20: Columns C1 and C2 Crack Patterns after 5 in. Displacement Amplitude Cycle
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Figure 5.21: Columns C1 and C2 Crack Patterns after 7 in. Displacement Amplitude Cycle
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Figure 5.22: Circular Column Force-Displacement Envelopes
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Figure 5.23: Circular Column Torque-Twist Envelopes
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Figure 5.24: Columns C1 and C2 Longitudinal Strain History – West Gauges
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Figure 5.25: Columns C1 and C2 Longitudinal Strain History – East Gauges

120



−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(a) 0.75 in.

Column 415
Column C1
Column C2

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(b) 1 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(c) 1.5 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(d) 2 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(e) 3 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(f) 5 in.

Compression Face

Tension Face

Figure 5.26: Circular Column Longitudinal Strain Profile – West and East Gauges
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Figure 5.27: Columns C1 and C2 Hoop Strain History – North Gauges
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Figure 5.28: Columns C1 and C2 Hoop Strain History – South Gauges
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Figure 5.29: Columns C1 and C2 Hoop Strain History – West Gauges
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Figure 5.30: Columns C1 and C2 Hoop Strain History – East Gauges
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Figure 5.31: Circular Column Hoop Strain Profile – North and South Gauges
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Figure 5.32: Circular Column Hoop Strain Profile – West and East Gauges
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Figure 5.33: Columns C1 and C3 Crack Patterns after 1 in. Displacement Amplitude Cycle
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Figure 5.34: Columns C1 and C3 Crack Patterns after 3 in. Displacement Amplitude Cycle

128



S EWN

(a) Column C1

S EWN

(b) Column C3

Figure 5.35: Columns C1 and C3 Crack Patterns after 5 in. Displacement Amplitude Cycle
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Figure 5.36: Columns C1 and C3 Crack Patterns after 7 in. Displacement Amplitude Cycle
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Figure 5.37: Circular vs. Oblong Column Force-Displacement Envelopes
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Figure 5.38: Circular vs. Oblong Column Normalized Force-Displacement Envelopes
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Figure 5.39: Circular vs. Oblong Column Torque-Twist Envelopes
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Figure 5.40: Circular vs. Oblong Column Normalized Torque-Twist Envelopes
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Figure 5.41: Columns C1 and C3 Longitudinal Strain History – West Gauges
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Figure 5.42: Columns C1 and C3 Longitudinal Strain History – East Gauges
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Figure 5.43: Columns C1 and C3 Longitudinal Strain Profile – West and East Gauges
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Figure 5.44: Columns C1 and C3 Hoop Strain History – North Gauges
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Figure 5.45: Columns C1 and C3 Hoop Strain History – South Gauges
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Figure 5.46: Columns C1 and C3 Hoop Strain History – West Gauges
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Figure 5.47: Columns C1 and C3 Hoop Strain History – East Gauges
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Figure 5.48: Columns C1 and C3 Hoop Strain Profile – North and South Gauges
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Figure 5.49: Columns C1 an C3 Hoop Strain Profile – West and East Gauges
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Chapter 6

Evaluation of Analytical Models

This chapter describes the analytical models used for modeling the response of the

test specimens. The analytical modeling includes material modeling, plastic hinge length

modeling, softened truss modeling for torsion, and three-dimensional truss modeling. A

comparison between the analytical and experimental results is also presented.

6.1 Material Modeling

Accurate modeling of materials contributes to accurate modeling of test specimen

behavior. This section describes the constitutive relationships used for modeling the stress-

strain response of concrete and reinforcing steel.

6.1.1 Concrete

The constitutive model for unconfined concrete is based on the Kent-Scott-Park

model (Kent and Park, 1971). The model is parabolic with an initial slope equal to 2f ′c/εco.

Upon reaching the concrete strain at the maximum compressive strength, the model de-
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Figure 6.1: Comparison of Measured Response with Analytical Model for Unconfined Con-

crete

grades linearly to the specified crushing strain corresponding to the crushing strength. Fig-

ure 6.1 compares the measured response from uniaxial compression tests with the analytical

model for unconfined concrete.

The enhanced strength and strain capacity for confined concrete is computed using

the relations by Mander et al. (1988). The confined concrete compressive strength f ′cc is

defined by

f ′cc = f ′co

(
−1.254 + 2.254

√
1 +

7.94f ′l
f ′co

− 2
f ′l
f ′co

)
≤ 2.23f ′co (6.1)

where the effective lateral confining stress f ′l is determined for hoop confinement as

f ′l =
1
2
ρsfyh

1− s′

2ds

1− ρcc

 (6.2)

where s′ = clear spacing between hoops, ds = centerline diameter of the hoops, ρcc = ratio

of area of longitudinal reinforcement to area of core section, and the yield strength of hoop

reinforcement fyh = 60 ksi. A simple approach, in lieu of the energy balance approach by

Mander et al., is used for defining the ultimate compressive strain for confined concrete εcu,
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Figure 6.2: Unconfined and Confined Concrete Constitutive Relationships

given by

εcu = 0.004 + 0.1ρs
fyh

f ′co
≤ 0.02 (6.3)

Figure 6.2 presents the stress-strain response for both the unconfined and confined concrete

models.

6.1.2 Reinforcing Steel

The constitutive model for the longitudinal reinforcing steel is based on the Chang-

Mander model (Chang and Mander, 1994). This model has an initial elastic slope followed

by a yield plateau. The strain at the end of the yield plateau corresponds to initial strain

hardening, at which point the backbone curve is parabolic. The peak of the parabolic

curve is defined by the strain corresponding to the ultimate stress in tension. Figures 6.3

and 6.4 compare the measured response from pull tests with the analytical model for the

main longitudinal reinforcement (No. 5 bar) and the interlocking longitudinal reinforcement

(No 3 bar), respectively.
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Figure 6.3: Comparison of Measured Response with Analytical Model for Main Longitudinal

Reinforcing Steel (No. 5 Bar)
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Figure 6.4: Comparison of Measured Response to Analytical Model for Interlocking Longi-

tudinal Reinforcing Steel (No. 3 Bar)
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Figure 6.5: Comparison of Measured Response with Analytical Model for Hoop Reinforcing

Steel

The constitutive model for the hoop reinforcing steel is based on the Giuffre-

Menegotto-Pinto model (Taucer et al., 1991). The backbone of the model is defined by an

initial (elastic) slope, a parameter controlling the transition from elastic to plastic branches,

and a post-yield (plastic) slope. Figure 6.5 compares the measured response from pull tests

with the analytical model for the hoop reinforcement (No. 3 bar).

6.2 Bar Slip Modeling

Direct measurement of the bar slip and the longitudinal reinforcement strain at

the column-footing interface provided data for the development of a bar stress versus slip

model. For the measured longitudinal strain history, the stress history can be estimated

using a reinforcing steel constitutive model. Since the longitudinal reinforcing bars are

subjected to reversed cyclic loading, this reinforcing steel constitutive model requires rules

for loading and unloading to track the cyclic stress-strain response. The reinforcing steel
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Figure 6.6: Comparison of Estimated Response with Analytical Model for Bar Slip

constitutive model selected is identical to the Chang-Mander model (Chang and Mander,

1994) for the main longitudinal reinforcing bars (Figure 6.3) with the additional rules for

modeling the cyclic behavior.

Lehman and Moehle (2000), Berry (2006), and Zhao and Sritharan (2007) (Fig-

ure 2.6) proposed models for modeling the bar stress versus slip relationship. For simplicity,

the bilinear model is adopted. The bilinear model is calibrated such that the longitudinal

bar slip at yield is equal to the measured bar slip at yield. The post-yield stiffness is set

equal to 5% of the elastic stiffness. Figure 6.6 compares the proposed bar stress versus slip

model with the estimated stress versus measured slip response of the West longitudinal bar

of Column C1. Note, the proposed envelope curve for the bar stress versus slip relationship

is limited to modeling the monotonic behavior of a longitudinal bar under tension only.
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Figure 6.7: Illustration of Lumped-Plasticity Force-Based Element

6.3 Plastic Hinge Length Modeling

Because of expected flexural yielding at the base of reinforced concrete columns,

a lumped-plasticity force-based element (Scott and Fenves, 2006) can be used to model the

force-displacement response. As shown in Figure 6.7, the element is divided into a linear-

elastic region and a plastic hinge region of a specified length (Lp). The nonlinear behavior

of the element is confined to the plastic hinge region, represented by a fiber section. The

analytical plastic hinge length is determined according to Caltrans (2004b), given in Eq. 2.7.

For the circular and oblong columns, this results in a plastic hinge length Lp = 14.5 in.

(0.15L). The lumped-plasitcy model is available in OpenSees (McKenna et al., 2000) under

the beamWithHinges element. Together with the P -∆ geometric transformation (Filippou

and Fenves, 2004), nonlinear geometry effects can be accounted for.

149



6.4 Softened Truss Modeling

The torque-twist response after cracking of a reinforced concrete section can be

modeled using the softened truss model for torsion, illustrated in Figure 6.8 (from Leu and

Lee, 2000). Figure 6.8(a) shows diagonal cracks around a beam under torsion, idealized

as a space truss; (b) shows in-plane stresses of Element A, where the L-axis is along the

longitudinal direction and the t-axis is along the transverse direction; and (c) shows the

deformations and actions on the diagonal concrete struts. This model requires a solution of

18 equations, which contain 21 unknown variables. Assuming 3 unknowns, a trial-and-error

method can be used to solve these 18 equations. The calculated torque-twist relationship

depends on many variables, in particular: section shape and dimensions, longitudinal re-

inforcing ratio, unconfined concrete compressive strength and compressive strain at the

maximum compressive stress, yield strength of hoops, and axial load.

Details of the equilibrium conditions, compatibility conditions, and constitutive

relationships for concrete can be found in Hsu (1993). Presented here is an overview of the

equations necessary to model the torque-twist curve for members subjected to pure torsion.

6.4.1 Governing Equations

Equilibrium Conditions

The two necessary equilibrium equations give the following expressions for the

shear stress in the L-t coordinate system τLt (Eq. 6.4) and torque T (Eq. 6.5)

τLt = (−σd + σr) sinα cosα (6.4)

T = τLt (2Aotd) (6.5)
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Figure 6.8: Illustration of Softened Truss Model for Torsion: (a) Space Truss; (b) In-Plane

Behavior; (c) Out-of-Plane Behavior (from Leu and Lee, 2000)
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where σd = stress in the concrete struts, σr = stress in the r direction, α = angle of

inclination of the concrete struts, Ao = area bounded by the centerline of the shear flow,

and td = thickness of the shear flow zone.

Compatibility Conditions

The three necessary compatibility equations give the following expressions for the

shear strain in the L-t coordinate system γlt (Eq. 6.6 ), angle of twist θ (Eq. 6.7), and

curvature of the concrete struts ψ (Eq. 6.8)

γLt

2
= (−εd + εr) sinα cosα (6.6)

θ =
po

2Ao
γLt (6.7)

ψ = θ sin 2α (6.8)

where εd = average concrete strain, εr = strain in the r direction, po = perimeter of the

centerline of the shear flow zone. The average concrete strain can be simply related to the

maximum strain by

εd = εds/2 (6.9)

where εds = concrete strain at the surface of the diagonal concrete strut.

6.4.2 Constitutive Laws of Materials

Concrete Struts

The average stress capacity of the diagonal strut σd, compression stress block co-

efficient k1, and softening coefficient ζ are defined by Eqs. 6.10, 6.11, and 6.12, respectively.

The tensile stress of concrete is assumed to be zero (Eq. 6.12).

σd = k1ζf
′
c (6.10)
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k1 = fk (εds, ζ) (6.11)

ζ = f2 (εd, εr) (6.12)

σr = 0 (6.13)

Mild Steel

The longitudinal steel stress fL (Eq. 6.14) and transverse steel stress ft (Eq. 6.15)

are functions of strain, εL and εt, respectively

fL = f4 (εL) (6.14)

ft = f5 (εt) (6.15)

6.4.3 Additional Equations

Thickness td as a Function of Strains

The following expression gives the thickness of the shear flow zone td in terms of

strains in the d, r, L, and t directions

td =
Ao

po

[
(−εd) (εr − εd)

(εL − εd) (εt − εd)

]
(6.16)

εL as a Function of fL

For pure torsion (σL = 0) the following expression gives the strain in the L direction

εL in terms of the longitudinal steel stress fL

εL = εd +
Ao (−εd) (−σd)

ALfL
(6.17)

In Eq. 6.17, εL and fL must be solved simultaneously with the stress-strain relationships

defined in Eq. 6.14.
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εt as a Function of ft

The following expression gives the strain in the t direction in terms of the transverse

steel stress ft

εt = εd +
Aos (−εd) (−σd)

po (Atft)
(6.18)

In Eq. 6.18, εt and ft must be solved simultaneously with the stress-strain relationship

defined in Eq. 6.15.

Formulas for Ao and po

According to Hsu (1993), formulas for the area bounded by the centerline of the

shear flow Ao and the perimeter of the centerline of the shear flow po can be derived,

assuming that the centerline of the shear flow coincides with the centerline of the shear

flow zone. For a circular and oblong cross-section (Figure 6.9), Ao and po are defined in

Eqs. 6.19 and 6.20, respectively

Ao = Ac −
1
2
pctd +

π

4
t2d (6.19)

po = pc − πtd (6.20)

where Ac = cross-sectional area and pc = perimeter of the section.

For a circular cross-section (Figure 6.9a) of diameter D, Ac and pc are defined in

Eqs. 6.21 and 6.22, respectively

Ac =
π

4
D2 (6.21)

pc = πD (6.22)

For an oblong cross-section (Figure 6.9b), Ac and pc are defined in Eqs. 6.23
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Figure 6.9: Calculation of Ao and po

and 6.24, respectively

Ac =
π

4
D2

L + (Dt −DL)DL (6.23)

pc = πDL + 2 (Dt −DL) (6.24)

where Dt = transverse column diameter and DL = longitudinal column diameter.

εr and α as a Function of Strains

The following expression gives the strain in the r direction, εr (Eq. 6.25), and the

angle of inclination of the concrete struts, α (Eq. 6.26), in terms of strains in the d, L, and t

directions

εr = εL + εt − εd (6.25)

tan2 α =
εL − εd
εt − εd

(6.26)
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Figure 6.10: Stress-Strain Curve for Softened Concrete

6.4.4 Selected Constitutive Relationships

Concrete Struts

The ascending and descending branches of the softened stress-strain curve (Fig-

ure 6.10) are defined by Eqs. 6.27a and 6.27b, respectively

σ = ζf ′c

[
2
(

ε

ζεo

)
−
(

ε

ζεo

)2
]
,

ε

ζεo
≤ 1 (6.27a)

σ = ζf ′c

[
1−

(
ε− ζεo

2εo − ζεo

)2
]
,

ε

ζεo
> 1 (6.27b)

When the strain distribution in the concrete struts is assumed to be linear, the

coefficient k1 (Eq. 6.10) can be obtained from integrating the compression stress block and

using Eqs. 6.27a and 6.27b. The following gives the two expressions for the coefficient k1

k1 =
εds

ζεo

(
1− 1

3
εds

ζεo

)
,

εds

ζεo
≤ 1 (6.28a)

k1 =
[
1− ζ2

(2− ζ)2

](
1− 1

3
ζεo
εds

)
+

ζ2

(2− ζ)2
εds

ζεo

(
1− 1

3
εds

ζεo

)
,

εds

ζεo
> 1 (6.28b)

Hsu and Moy (1985), Vecchio and Collins (1986), and Zhang and Hsu (1998) have

proposed expressions for modeling the softening of the stiffness and strength of the concrete

struts due to the effect of transverse tensile cracking. The expression for the softening
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coefficient, ζ, given in Hsu (1993) is adopted, which takes the form

ζ =
0.9√

1 + 600εr
(6.29)

Reinforcing Steel

The longitudinal steel (Eq. 6.14) and transverse steel (Eq. 6.15) constitutive re-

lationships are based on the measured response from pull tests of the main longitudinal

reinforcement (Figure 3.16) and hoop reinforcement (Figure 3.18), respectively. The stress-

strain relationship for the longitudinal steel and transverse steel are presented in Figures 6.3

and 6.5, respectively.

6.4.5 Solution Procedure

The steps necessary to compute the torque-twist (T versus θ) curve are:

1. Select a value of εd.

2. Assume values of εr and td.

3. Calculate ζ, k1, and σd from Eqs. 6.12, 6.11, and 6.10, respectively.

4. Calculate Ao and po by Eqs. 6.19 and 6.20, respectively.

5. Solve the strains and stresses in the longitudinal steel (εL and fL) from Eqs. 6.17

and 6.14, respectively, and in the transverse steel (εt and ft) from Eqs. 6.18 and 6.15,

respectively.

6. Calculate εr from Eq. 6.25 and td from Eq. 6.16. If εr and td are the same as assumed,

proceed to Step 7. If εr and td are not the same as assumed, then assume other values

and repeat Steps 3-5.
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7. Calculate α, τLt, T , γLt, and θ from Eqs. 6.26, 6.4, 6.5, 6.6, 6.7, and 6.8, respectively.

This produces one point on the T versus θ curve.

8. To calculate additional points on the torque-twist curve, select another value of εd

and repeat Steps 2 to 7.

Instead of arbitrarily selecting values for εr and td (Step 2), Leung (1982) used a

more efficient procedure for obtaining good initial guesses for solving the space truss model.

This improved procedure was the secant method for nonlinear simultaneous equations (Bur-

den and Faires, 2001). Similar to Leung, the secant method is implemented for finding two

roots (case of n = 2), the values of εr and td for a selected value of εd.

The iteration scheme starts with three, i.e. (n+ 1), trial solutions

x =
[
x1 x2 x3

]
=

ε1r ε2r ε3d

t1d t2d t3d

 (6.30)

Multipliers of the trial solution sets are determined by solving the system of equations below
f1

(
x1
)

f1

(
x2
)

f1

(
x3
)

f2

(
x1
)

f2

(
x2
)

f2

(
x3
)

1 1 1




Π1

Π2

Π3

 =


0

0

1

 (6.31)

where the functions f1 and f2 are specific for the softened truss model of the form

f1 (x) = εr − (εL + εt − εd) = 0 (6.32)

f2 (x) = td −
(
Ao

po

[
(−εd) (εr − εd)

(εL − εd) (εt − εd)

])
= 0 (6.33)

and the derivatives of the functions are assumed to exist. The solution produces a new set

of trial solutions

x̄ = Π1x1 + Π2x2 + Π1x2 (6.34)
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A new pool of trial solutions is obtained by replacing one of the previous trial solutions with

the new set of trial solutions. The jth column of the previous solutions which produces the

largest norm
∣∣∣∣xj

∣∣∣∣
2

is replaced by x̄. The iteration scheme starts again from Eq. 6.30 with

the new pool of trial solutions, and terminates when the calculated and assumed values of

εr and td (Step 6) are the same.

This iteration scheme requires initial trial solutions to start. Leung (1982) found

that for the case of pure torsion, convergence is almost always achieved, even for bad initial

guesses. This was found to be the case in the present study using initial trial solutions of

ε1r , ε
2
r , and ε3r equal to 0, 1.0x10−3, and 2.0x10−3, respectively, and initial trial solutions of

t1d, t
2
d, and t3d equal to D/10, D/7, and D/4, respectively. For subsequent values of εd, the

previous step is used as a good initial guess as long as the εd increment is sufficiently small.

6.4.6 Effects of Axial Load and Steel Model

Axial Load

The calculated torque-twist curves without axial load and with axial load (0.1f ′cAg),

are shown for the circular and oblong column specimens in Figures 6.11 and 6.12, respec-

tively. In addition to the torque versus twist relationship (a), each figure also shows the

hoop strain (b), thickness of shear flow zone (c), longitudinal strain (d), angle of inclina-

tion relative to the longitudinal axis (e), and softening coefficient (f) versus twist. As seen

in Figures 6.11 and 6.12, the calculated torque capacity increases while the twist capac-

ity decreases with axial load compared to zero axial load for both the circular and oblong

columns. As a result of the peak torque occurring at a smaller twist for columns with axial

load, the twist necessary to yield the hoops decreases with axial load. Inclusion of axial
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load also decreases the longitudinal steel strains, increases the thickness of the shear flow

zone, and decreases the angle of inclination of the concrete struts.

Steel Modeling

Solution of the softened truss model requires significant computational effort not

only to obtain values for εr and td, but also to solve for the strains of the reinforcing steel.

The longitudinal strain (εL) and transverse strain (εt) must be solved simultaneously for

a given stress-strain relationship, as given in Eqs. 6.17 and 6.17, respectively. Using an

elastic perfectly-plastic (EPP) model for both the longitudinal and transverse reinforcing

steel reduces the number of iterations necessary to satisfy Eqs. 6.17 and 6.17 because of the

simple stress-strain relationship. Figures 6.13 and 6.14 compares the torque-twist curves,

including axial load (0.1f ′cAg), using the calibrated steel models (Figures 6.11 and 6.12)

and the EPP model (fyl = 73 ksi and fyt = 60 ksi), for the circular and oblong column

specimens, respectively.

As seen in Figures 6.13 and 6.14, the calibrated model is not as stiff as the EPP

prior to reaching the peak torque, due to the gradual transition from elastic to plastic

branches of the calibrated hoop steel model. This difference in initial elastic stiffness of the

steel causes the EPP model to underestimate the twist at the peak torque. However, there

is reasonable agreement of torque capacity for the columns with the calibrated and EPP

models. Reasonable agreement of hoop strains for the two models is also found, particularly

for the twist necessary to yield the hoops. As expected, there is excellent agreement of

longitudinal strains for the calibrated and EPP models, since the longitudinal strains do

not reach the yield strain and thus the post-yield differences of the calibrated and EPP

longitudinal steel models are not engaged.

160



0 0.02 0.04 0.06 0.08 0.1
0

500

1000

1500

2000

2500

3000

Unit Twist (deg/in.)

To
rq

ue
 (k

ip
!i

n.
)

(a)

Axial Load = 225 kips
Zero Axial Load

0 0.02 0.04 0.06 0.08 0.1
0

0.002

0.004

0.006

0.008

0.01

Yield Strain

Unit Twist (deg/in.)

H
oo

p 
St

ra
in

(b)

0 0.02 0.04 0.06 0.08 0.1
0

0.002

0.004

0.006

0.008

0.01

Yield Strain

Unit Twist (deg/in.)

Lo
ng

itu
di

na
l S

tra
in

(d)

0 0.02 0.04 0.06 0.08 0.1
2

3

4

5

6

7

8

Unit Twist (deg/in.)

Th
ic

kn
es

s o
f S

he
ar

flo
w

 Z
on

e 
(in

.) (c)

0 0.02 0.04 0.06 0.08 0.1
0

0.2

0.4

0.6

0.8

1

Unit Twist (deg/in.)

So
fte

ni
ng

 C
oe

ff
ic

ie
nt

(f)

0 0.02 0.04 0.06 0.08 0.1
20

25

30

35

40

45

50

Unit Twist (deg/in.)

A
ng

le
 o

f I
nc

lin
at

io
n 

(d
eg

)

(e)

Figure 6.11: Effect of Axial Load on the Circular Column Torque-Twist Response Using

Softened Truss Model for Torsion
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Figure 6.12: Effect of Axial Load on the Oblong Column Torque-Twist Response Using

Softened Truss Model for Torsion
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Overall, calculation of the torque-twist response for the circular and oblong column

specimens using the EPP models for both longitudinal and transverse reinforcing steels gives

good results compared to results using the calibrated steel models.

6.5 Three-Dimensional Truss Modeling

Truss models (also known as strut and tie models) provide a simplified analytical

method for evaluating the nonlinear behavior of reinforced concrete members. Park and

Eom (2007) showed reasonable agreement when comparing the nonlinear truss model to

existing test specimens with various reinforcing details under cyclic loading. The nonlinear

truss models developed by Park and Eom and other truss models developed by previous

researchers have been limited to 2D geometry and loading. This section proposes a method

for constructing a 3D truss model of a RC column, which can be used to model the response

to lateral, torsional, and combined lateral and torsional loading.

6.5.1 Modeling of Truss Elements

Figure 6.15 illustrates the proposed method for constructing the 3D truss model.

The concrete and reinforcing bar cross-sectional areas are denoted asAc andAr, respectively.

Longitudinal Element

The longitudinal elements L, located at the corners of the idealized octagon cross

section, are modeled with confined concrete and steel reinforcing bars in parallel.

The area of confined concrete corresponding to each longitudinal element is deter-

mined using the following steps. First, the column cross section is divided into eight wedges
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Figure 6.13: Effect of Steel Model on the Circular Column Torque-Twist Response Using

Softened Truss Model for Torsion
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Figure 6.14: Effect of Steel Model on the Oblong Column Torque-Twist Response Using

Softened Truss Model for Torsion
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of equal size, as shown by the dashed lines in Figure 6.15(b). Next, moment-curvature

analysis under flexural and axial loads (zero torsion) is performed to determine the neutral

axis depth of the section, c, at the ultimate curvature capacity, φu. Then, the area of the

wedge in compression is calculated, shown by the shaded portion in Figure 6.15(b). The

area of this sector corresponds to the area of confined concrete lumped at the corner of

the idealized octagon cross section. The steel reinforcing bar area corresponding to each

longitudinal element, also lumped at the corner of the idealized octagon cross section, is

defined as

Ar =
As

8
(6.35)

where As = area of longitudinal reinforcement.

Lumping of the steel reinforcement and concrete introduces error in the moment-

curvature response of the column cross section. Figure 6.16 compares the moment-curvature

response of a fully-fiberized section (solid black line) with a fiber section with lumped steel

(dashed black line) and with a section with lumped steel and concrete (solid red line). As

seen in Figure 6.16, the moment-curvature response is similar for the fully-fiberized section

and fiber section with lumped steel. This is not surprising because condensing the area of

longitudinal reinforcement from 22 evenly spaced locations to the 8 corners of the idealized

octagon does not significantly affect the strain profile of the cross section. The section

with lumped steel and concrete shows good agreement of initial stiffness and post-yield

tangent stiffness with the fully-fiberized section. However, the section with lumped steel

and concrete over-estimates the moment capacity. This over-predicition of moment-capacity

is due to lumping of the confined concrete at the corners of the idealized octagon.
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Figure 6.16: Comparison of Moment-Curvature Response of Fiberized and Lumped Sections

Diagonal Element

The diagonal elements D are idealized as an unconfined concrete element. As

shown in Figure 6.15(c), the angle of inclination of the diagonal elements is

α = arctan
(
bd
st

)
(6.36)

where bd = side length of octagon and st = spacing of transverse elements. This angle α

can vary depending on the defined spacing st, which ranges from 30 to 60 deg adopting ACI

(2008) provisions on limitations of angles for compression diagonals. The cross-sectional

area of the diagonal element is defined as

Ac = hdtd (6.37)

where the depth of the diagonal element hd = st (sinα) and td = thickness of the equivalent

thin-walled tube from sectional analysis using the softened truss model for torsion. The

diagonal concrete elements are symmetrically arranged, similar to the work of Park and
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Eom (2007), to model the reversed cyclic behavior of RC members and to model the change

of stiffness due to cracking of members.

Transverse Element

The transverse elements T are modeled with transverse steel reinforcing bars only.

The shear resistance is assumed to be entirely due to shear reinforcement. As shown in

Figure 6.15(d), the cross-sectional area of the transverse element is defined as

Ar =
(st

s

)
Abt (6.38)

where st = spacing of the transverse elements, s = hoop spacing, and Abt = cross-sectional

area of hoop reinforcing bar.

6.5.2 Implementation

The 3D truss model for a circular column is modeled using OpenSees (McKenna

et al., 2000), shown in Figure 6.17. Selection of the thickness and angle of inclination of

the diagonal elements is based on sectional analysis of the column cross section using the

softened truss model for torsion (Figure 6.11). The thickness and angle of inclination at

the maximum computed torque from sectional analysis are used. To account for nonlin-

ear geometry affects, the corotational truss formulation (corotTruss) is used for all the

elements.

The stress-strain relationship for the confined concrete and reinforcing steel por-

tion of the longitudinal elements are based on data from material testing and modeled

using the uniaxial materials Concrete01 (Figure 6.2) and ReinforcingSteel (Figure 6.3),

respectively. The stress-strain relationship for the transverse elements is based on material
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Figure 6.17: Illustration of 3D Nonlinear Truss Model
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testing (Figure 6.5) and modeled using the uniaxial material Steel02.

To model the cracking of the diagonal elements, the unconfined concrete is modeled

using the uniaxial material Concrete02, which models tensile strength and linear tension

softening. The value for the tensile strength is based on the measured tensile strength

during split-cylinder testing of unconfined concrete and the tension softening stiffness is

assumed to equal 10% of the modulus of elasticity of concrete (0.1Ec). Moreover, to include

the effect of concrete softening due to transverse tensile strain, the compressive strength and

strain at the maximum compressive stress are modified by a softening coefficient. Similar

to selection of the thickness and angle of inclination of the diagonal elements, the softening

coefficient at the maximum computed torque from sectional analysis is used.

6.6 Comparison of Analytical and Experimental Results

This section compares the analytical and experimental results for torsional loading

only and lateral loading only. Limitations of the analytical models are discussed as they

pertain to combined lateral and torsional loading.

6.6.1 Torsional Loading

Figures 6.18 and 6.19 show the measured and calculated torque-twist response for

the circular and oblong column specimens, respectively, including the cracking torque and

nominal torque capacity according to ACI (2008). The cracking torque was estimated as

four times the threshold torsion (Eq. 2.21) and the nominal torque (Eq. 2.22) was deter-

mined using an the angle of inclination at the peak torque using the softened truss model

(Figures 6.11 and 6.12).
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The torque-twist response of circular columns subjected to torsional loading only

(Column C4) is compared with the 3D truss model and softened truss model in Figure 6.18.

For completeness, the torque-twist response of circular columns subjected to combined

lateral and torsional loading (Columns C1 and C2) is also included. There is excellent

agreement of initial torsional stiffness between the 3D truss model and the torque-twist

response of Column C4. There is also excellent agreement of cracking torque between the

3D truss model and that obtained using equations from ACI (2008) with the measured

cracking torque of Column C4. No comparison for initial torsional stiffness or cracking

torque can be made for the softened truss model because it is valid only after cracking.

After cracking, there is reasonable agreement of the post-cracking stiffness between

the 3D truss model, the softened truss model, and Column C4. Moreover, both models also

do a reasonable job of estimating the twist at which yielding of the hoop occurs, indicated by

circles on the torque-twist curves. The 3D truss model overestimates the torque capacity

of the column, whereas the softened truss model does a good job. There is also a good

agreement between nominal torque capacity according to ACI (2008) and the maximum

torque response of Column C4.

Figure 6.19 compares the torque-twist response of the oblong column subjected

to combined lateral and torsional loading (Column C3) and the softened truss model. Ob-

viously, this is not a one-to-one comparison because the softened truss model is limited

to torsional loading only whereas the torque-twist response of Column C3 is for combined

lateral and torsional loading (twist/drift ratio = 0.6). Thus, as expected there is poor

agreement between the softened truss model and Column C3. An appropriate comparison

would be between the softened truss model and test data for an oblong column subjected
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to torsional loading only, which would allow for assessment of the accuracy of the softened

truss model. The nominal torque capacity according to ACI (2008) and the maximum

torque calculated using the softened truss model can be compared. The ACI (2008) model

results in a torsion strength moderately less than that calculated using the softened truss

model.

6.6.2 Lateral Loading

Figures 6.20 and 6.21 show the measured and calculated force-displacement re-

sponse for the circular and oblong column specimens, respectively, including the expected

first yield of the longitudinal reinforcement.

Figure 6.20 compares the measured force-displacement response of the circular

columns subjected to lateral loading only (Column 415) and combined lateral and torsional

loading (Columns C1 and C2) with the responses calculated using the 3D truss model and

the plastic hinge length model. There is reasonable agreement of the force-displacement

response (initial stiffness and lateral load capacity) and displacement at first yield of the

longitudinal reinforcement between the plastic hinge model and Column 415. The plastic

hinge model also models well the initial stiffness and lateral load capacity of Column C1

and C2, but it does not recognize the reduced stiffness and displacement capacity observed

for these columns as a result of the combined lateral and torsional loading. As observed in

Chapter 5, torsional loading results in the reduction of deformation capacity and increase

of strength degradation, both of which are more pronounced for higher twist/drift ratios.

The 3D truss model does not do as well as the plastic hinge model of modeling

the force-displacement response of Column 415. As seen in Figure 6.20, the 3D truss

model over-estimates the initial stiffness and the peak lateral load. Moreover, the 3D truss
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model estimates yielding of the hoops in the flexural compression zone prior to yielding of

the longitudinal reinforcing bars, which does not model the real behavior of Column 415.

The premature yielding is caused by the presence of the diagonal elements around the

entire perimeter of the analytical model, as required for modeling torsional behavior. Such

elements would not normally be used in the flexural compression zone of a flexure-only

column without torsion. When diagonal elements are included, the flexural compression

is resisted by both the longitudinal and diagonal elements, creating compressive forces

in the diagonal elements. These compressive forces must be resisted by tension in the

transverse elements modeling the hoops. Although hoops do participate in resisting the

flexural compression force through dilation of the compressed concrete, the angles of the

diagonal members, as required for torsion, overestimate the “dilation” effect under pure

flexure. The result is that the hoops yield prematurely in the analytical model. This force

distribution is illustrated in Figure 6.22 for the compression face at the base of the 3D truss

model.

Figure 6.21 compares the force-displacment response of the oblong column sub-

jected to combined lateral and torsional loading (Column C3) to the plastic hinge length

model. There is good agreement of initial lateral stiffness and lateral load capacity between

the plastic hinge model and Column C3; however, there is poor agreement of deformation

capacity. Again, the poor agreement of deformation capacity is due to limitations of the

plastic hinge model, which can not model the effect of torsional-flexural interaction on the

hoops.
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6.6.3 Combined Lateral and Torsional Loading

Unlike the softened truss model and plastic hinge model, the 3D truss model can be

used to model combined loading but does not do a good job in modeling the real behavior.

Under combined loading, similar to the case of lateral loading, the diagonal elements induce

unrealistically large hoop strains in the flexural compression zone. Thus, the 3D truss model

under combined loading does not model correctly the variation of hoop strain around the

perimeter of the section, which is necessary to model the flexural-torsional interaction.

Therefore, the 3D truss model should be used for modeling the torque-twist response only

for the case of pure torsion with or without axial load.
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Figure 6.18: Circular Column Measured and Calculated Torque-Twist Response
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Figure 6.19: Oblong Column Measured and Calculated Torque-Twist Response
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Figure 6.20: Circular Column Measured and Calculated Force-Displacement Response
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Figure 6.21: Oblong Column Measured and Calculated Force-Displacement Response
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Flexural Compression

Figure 6.22: Illustration of Element Forces on the Compression Face at the Base of the

3D Truss Model Under Flexure
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Chapter 7

Investigation to Estimate Seismic

Twist Demand

Due to limited recorded data on the torsion response of bridge structures, the

seismic twist demands on representative bridges is unclear. This chapter investigates the

seismic twist that occurs in columns of “ordinary” bridges whose design is governed by

Caltrans (2004a, 2004b). For this purpose, a bridge similar to the types presented in the

PEER lifelines report by Ketchum et al. (2004) is modeled and subjected to strong ground-

shaking representative of a highly seismic region.

7.1 Bridge Description

The bridge considered is a three-span, cast-in-place concrete box girder super-

structure with a single-column bent substructure, as shown in Figure 7.1. The material

properties are based on the expected properties according to Caltrans (2004b, Sec. 3.2).

The expected concrete compressive strength for both the superstructure and substructure
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Figure 7.1: Bridge Considered

is 5 ksi. The expected yield strength for A706, Grade 60 reinforcing steel is 68 ksi.

A bridge with identical column aspect ratios equal to four was selected for the

design of the “benchmark bridge”. A suite of bridges was created by varying the aspect

ratios given this design. Table 7.1 summarizes the bridges.

7.1.1 Superstructure

The superstructure (Figure 7.2) is a typical 3-lane, 4-cell box girder section, with

a width of 36 ft and a depth of 5 ft. The box girder has a top and bottom thickness of 7 in.
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Table 7.1: Column Aspect Ratios

Bridge No.
Aspect Ratio

Bent 2 Bent 3

1∗

4

4
2 6
3 8
4 10

5

6

4
6 6
7 8
8 10

9

8

4
10 6
11 8
12 10

13

10

4
14 6
15 8
16 10

∗ Benchmark Bridge
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Figure 7.2: Box Girder Cross Section

Figure 7.3: Column Cross Section

and a vertical web thickness of 12 in., similar for each cell.

7.1.2 Substructure

The superstructure is supported by two single-column bents, designed according to

current Caltrans specifications (Caltrans, 2004a, 2004b). The column cross section is shown

in Figure 7.3. The longitudinal reinforcement consists of 28 No. 11 bars and the transverse

reinforcement consists of No. 7 hoops spaced at 4.25 in. The resulting longitudinal steel

reinforcement ratio and transverse volumetric steel ratios are ρl = 1.5% and ρs = 1.0%,

respectively.
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Figure 7.4: Discretized Bridge Model

7.1.3 Abutments

Seat-type abutments without shear keys, detailed with a knock-off backwall, pro-

vide bearing support for the end spans of the bridge. The top of the backwall contains a

weak plane that fails under large longitudinal displacement, providing a large gap between

the backwall and the superstructure. The large gap allows the longitudinal displacements

to develop unimpeded in either direction (Priestley et al., 1996).

7.2 Structural Modeling of Bridge

The modeling objective is to estimate the seismic torsion demand on the bridge

columns. The analytical model describes the geometry, seismic mass distribution, boundary

conditions, and loading as closely as possible to model the structural response. The bridge

is modeled in OpenSees (McKenna et al., 2000) and is shown in Figure 7.4.
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Figure 7.5: Longitudinal Reinforcing Steel Model

7.2.1 Materials Models

Reinforcing Steel

The constitutive model for the longitudinal reinforcing steel is based on the Chang-

Mander model (Chang and Mander, 1994), modeled by the ReinforcingSteel material in

OpenSees. The elastic stiffness is Es = 29000 ksi with an expected yield strength fye = 68 ksi

and an expected tensile strength fue = 95 ksi. The onset of strain hardening and the ultimate

tensile strain are based on the expected material properties for reinforcing steel according

to Caltrans (2004b). Figure 7.5 shows the stress-strain relationship for the longitudinal

reinforcing steel model.

Concrete

The constitutive model for unconfined and confined concrete is based on the Kent-

Scott-Park model (Kent and Park, 1971), modeled by the Concrete01 material in OpenSees.

The expected unconfined concrete compressive strength is f ′co = 5 ksi at a corresponding
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Table 7.2: Superstructure Elastic Properties

A (in.2) Iz (in.4) Iy (in.4) Ix (in.4) J (in.4)

8.81x103 4.76x106 1.56x108 1.60x108 2.01x107

compressive strain εco = 0.002. The ultimate (spalling) strain, εsp, is assumed to be 0.005.

The enhanced strength and strain capacity for confined concrete is computed using the

relations by Mander et al. (1988). Figure 7.6 shows the stress-strain relationship for the

unconfined and confined concrete models.

7.2.2 Superstructure

The superstructure is modeled with a linear-elastic beam-column element placed

at the geometric centroid of the box girder cross section, with the properties described in

Table 7.2.

The flexural stiffness is modified to approximate the cracked stiffness Ieff = 0.75Ig,
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as recommend by Caltrans (2004b, Sec. 5.6.1). The torsional moment of inertia J is

approximated assuming a thin-walled section of varying thickness consisting of the perimeter

of the box girder (Ugural and Fenster, 1995), given by

J =
2twebtdeckW

2
sD

2
s

Wstweb +Dstdeck
(7.1)

where tweb = thickness of the vertical web, tdeck = top and bottom thickness, Ws = width

of the box girder section, and Ds = depth of the box girder section. A reduction of torsional

moment of inertia is not required because the bridge superstructure meet the requirements

for an Ordinary Standard bridge (Caltrans, 2004b, Sec. 1.1).

Each span is discretized into five equal subspans to better approximate the mass

distribution. Each node is assigned three translation mass terms and one rotational (mass

moment of inertia about the centroid) term, determined from the self-weight properties.

7.2.3 Substructure

The columns are modeled in OpenSees using fully three-dimensional fiberized non-

linear beam-column elements (Filippou and Neuenhofer, 1998) with five integration points

per element. To account for nonlinear geometry effects, the P -∆ geometric transformation

(Filippou and Fenves, 2004) is used for the columns.

The column cross section is discretized into 96 core concrete, 24 cover concrete,

and 28 longitudinal steel reinforcement fibers, as shown in Figure 3.4. Each fiber has

an assigned material model to represent the uniaxial stress-strain behavior. The computed

and idealized moment-curvature relationships for the column section, including compressive

axial load (0.1f ′cAg), are shown in Figure 7.7.

The torsional behavior is modeled elastically with the elastic stiffness modified to

186



0 0.0005 0.001 0.0015
0

4

&

12
( 104

Curvature (1/in.)

6
om

en
t (

9i
p!

in
.)

(!
y
; M

y
)

(!
ye

; M
n
) (!

u
; M

u
)

Computed
Ideali?ed

Figure 7.7: Moment-Curvature Relationship for Column Section

approximate the cracked stiffness Jeff = 0.2Jg, reduced for columns according to Caltrans

(2004b, Sec. 5.6.2). The computed torque-unit twist relationship for the column section

using the softened truss, including compressive axial load (0.1f ′cAg), is shown in Figure 7.8.

7.2.4 Abutments

The abutments are modeled assuming the limiting case of providing bearing sup-

port only to the superstructure. The shear keys are assumed to have failed, providing no

transverse resistance, and the longitudinal displacement is assumed to be accommodated

by a sufficient gap between the superstructure and the abutment backwall. As reported by

Isakovic et al. (1998) and Goel and Chopra (2008), bridge structures with rollers at the

abutments are more torsionally sensitive, so this modeling assumption should produce a

conservatively high estimate of twist response.
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7.3 Ground Motions

For each bridge configuration listed in Table 7.1, two location scenarios are consid-

ered for determining representative ground motions. The first scenario considers a bridge

located near a fault and the second scenario considers a bridge crossing a fault rupture zone.

7.3.1 Near-Fault Ground Motions

Recorded near-fault ground motions are readily available from past earthquakes.

These recorded ground motions are assumed to be spatially non-varying, i.e., similar excita-

tion at all bridge supports. Thus, the spatial variability that may arise from the incoherence

effect, the wave-passage effect, the attenuation effect, and the site-response effect is not con-

sidered. Der Kiureghian et al. (1997) analyzed a bridge with 120 ft spans and did not find

a correlation between increased response and spatial variability effects, i.e., sometimes the

response increased and other times the response decreased. The effect of spatial variability

188



on the response of bridges is beyond the scope of this investigation, hence, the recorded

ground motions are treated as uniform excitation.

The PEER NGA database (PEER, 2008) was used to select a suite of ground

motions at a distance 0 to 20 km for magnitude bins Mw = 7.0± 0.25 and 7.5± 0.25, listed

in Tables 7.3 and 7.4, respectively. The selected ground motions are grouped by event and

listed with the recording name in both horizontal components, the closest distance from the

station to the fault rupture plane, the peak ground acceleration (PGA), and NEHRP site

class (BSSC, 2000).

The elastic response spectra (5% damping) for magnitude bins Mw = 7.0 ± 0.25

and 7.5 ± 0.25 ground motions are shown in Figures 7.9 and 7.10, respectively. The plots

show the spectrum (thin solid black line) for each ground motion, the mean (thick solid

black line) for all the ground motions, the mean minus one standard deviation (dashed-

dotted black line), mean plus one standard deviation (dashed black line), and the closest

magnitude group ARS curve for PGA = 0.6g and soil profile type D (Caltrans, 2004b,

Appendix B). The acceleration value of 0.6g was chosen based on the PGA contour near

the Hayward Fault on the current Caltrans Seismic Hazard Map (Caltrans, 1996).

As seen in Figure 7.9, there is poor agreement over the entire range of periods

between the mean spectrum for magnitude bin Mw = 7.0 ± 0.25 and the ARS curves for

Mw = 6.5 ± 0.25 and Mw = 7.25 ± 0.25. However, the mean plus one standard deviation

matches well with the ARS curve for Mw = 7.25 ± 0.25. Poor agreement is also seen in

Figure 7.10 between the mean spectrum for magnitude bin Mw = 7.5± 0.25 and the ARS

curves for Mw = 7.25 ± 0.25 and Mw = 8.0 ± 0.25. The mean spectrum is below the ARS

curves for the entire range of periods.
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Figure 7.9: Elastic Response Spectra (5% Damping) for Magnitude Bin Mw = 7.0 ± 0.25:

(a) Spectral Acceleration and (b) Spectral Displacement
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Figure 7.10: Elastic Response Spectra (5% Damping) for Magnitude Bin Mw = 7.5± 0.25:

(a) Spectral Acceleration and (b) Spectral Displacement
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7.3.2 Ground Motions Across Fault-Rupture Zones

Ground motions recorded very close to fault-rupture zones are essentially non-

existent, and therefore numerical simulations are necessary. Dreger et al. (2007) numer-

ically simulated ground motions at stations spaced 15 m from the fault (Figure 7.11) for

a magnitude 6.5 earthquake. Five fault geometry models systematically varying the dip

and rake, while keeping the strike fixed, were performed. Ground motions from the ver-

tical strike-slip (dip = 90 deg, rake = 180 deg) were selected because analyses by Goel

and Chopra (2008) on bridges crossing fault-rupture zones found these motions caused the

largest seismic demands in the transverse direction. The simulated fault-parallel (FP) and

fault-normal (FN) ground displacements at stations across a vertical strike-slip fault are

presented in Figure 7.12.

Goel and Chopra (2008) used the ground motions (Figure 7.12) to analyze a bridge

with supports spaced at 30 m, i.e., stations 1, 3, 4, and 6. These essentially identical

waveforms of fault-parallel ground motions on one side of the fault and fault-normal ground

motions across the fault, lend themselves to be used as input for bridges with supports at

similar spacings (e.g., 80-120 ft). In this light, the simulated ground motions are applied as

follows: stations 1, 3, 4, and 6 are applied to abutment 1, bent 2, bent 3, and abutment 4,

respectively.

Figure 7.13 presents the elastic response spectra (5% damping) for FP, FN, and

total (FP+FN) ground motions at station 3, including the ARS curve for PGA = 0.6g

and soil profile type D (Caltrans, 2004b, Appendix B). The total ground motion response

quantities are calculated by taking the vector sum of the FP and FN response.

As seen in Figure 7.13, there is poor agreement between the spectrum of the total
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Figure 7.11: Location of Stations Across Fault (from Goel and Chopra, 2008)

ground motion (solid black line) and the ARS curve (red solid line) in the short period range

(< 1 sec). However, the spectrum of the total ground motion is larger for the period range

1-3 sec, within the range of periods of Caltrans “ordinary” bridge structures. Additionally,

the spectrum of the total ground motion is more influenced by the FN ground motion

(dashed-dotted black line) than the FP ground motion (dashed black line), as the spectrum

of the total ground motion and the spectrum of the FN ground motion are very similar.

The spectrum of the FP ground motion is below the spectrum of the FN and total ground

motions, and below the ARS curve, for the entire range of periods.

As seen in the ground displacements (Figure 7.12) and in the response spectra

(Figure 7.13), the simulated ground motions lack the high frequency content of recorded

ground motions from actual seismic events. This is due to the elastic half space earth

model and uniform slip distribution used to generate the ground motions. As discussed

by Dreger et al. (2007) these simplifying assumptions affect the character of the ground

motions as follows: nonlinear behavior is likely for the range of computed strains; a more

complex velocity model with a low velocity zone would have substantial effect on the FN

motions; and a variable slip distribution would affect both the directivity component and

static offsets, yet the the general shape of the motions would be similar.
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Figure 7.12: Fault-Parallel and Fault-Normal Ground Displacements at Stations Across a

Strike-Slip Fault (Adapted from Dreger et al., 2007)

Other Earthquake Magnitudes

Simulated FP ground motions for earthquakes with different magnitudes on a

vertical strike-slip fault were generated according to Dreger et al. (2007), outlined in Goel

and Chopra (2008, Appendix A). This simple approach utilizes the relationships for rise

time TR (Eq. 7.2) and total fault-offset ugo (Eq. 7.3) in terms of magnitude Mw for motion

in the fault-parallel direction (Somerville et al., 1999)

TR = 100.5(Mw−6.69) (sec) (7.2)

ugo = 100.5(Mw−2.91) (cm) (7.3)

The ground displacements for the other earthquake magnitudes are obtained by multiplying

the time scale (Eq. 7.4) and the displacement scale (Eq. 7.5) of the numerically simulated
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Figure 7.13: Elastic Response Spectra (5% Damping) for Fault-Normal, Fault-Parallel, and

Total Ground Motions: (a) Spectral Acceleration and (b) Spectral Displacement
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ground displacement for a magnitude 6.5 by the following ratios:

TR (Mw)
TR (Mw = 6.5)

(7.4)

ugo (Mw)
ugo (Mw = 6.5)

(7.5)

The effects of earthquake magnitude on the fault-parallel ground motion, for magnitudes 6.0,

6.5, 7.0, and 7.5, are shown in Figure 7.14. Figure 7.15 presents the elastic response spectra

(5% damping) for the ground motions of Figure 7.14.

7.4 Seismic Analysis

Prior to seismic analysis, a linear-elastic model, based on the cracked section prop-

erties of the box girder and columns, is used to determine the vibration periods and mode

shapes of the bridge. The first four vibration periods and mode shapes of the benchmark

bridge are shown in Figure 7.16. The lowest vibration mode (1.02 sec) involves transverse

vibration of the entire bridge. The second vibration mode (0.57 sec) involves torsional vi-

bration of the bridge about the superstructure center of mass. The third vibration mode

(0.35 sec) involves longitudinal vibration of the entire bridge. The fourth vibration mode

(0.30 sec) involves vertical vibration of the three superstructure spans.

Damping for all bridges is provided by Rayleigh viscous damping (Chopra, 2001)

c = aom + a1k (7.6)

where m = mass matrix of the system, k = initial elastic stiffness matrix of the system;

and ao and a1 = mass- and stiffness-proportionality coefficients. Five percent damping

is assumed in the first and third vibration modes. For the benchmark bridge, the mass

proportional coefficient is 0.46 sec−1 and the stiffness proportional coefficient is 0.0041 sec.
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Figure 7.14: Effects of Earthquake Magnitude on Fault-Parallel Ground Motions: (a)

Ground Displacement; (b) Ground Velocity; and (c) Ground Acceleration (Adapted from

Goel and Chopra, 2008)
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T3 = 0.35 sec T4 = 0.30 sec

Figure 7.16: Vibration Periods and Mode Shapes of Benchmark Bridge
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Figure 7.17: Rayleigh Damping of Benchmark Bridge

The variation of damping ratio versus vibration period of the benchmark bridge are shown

in Figure 7.17. The damping ratio for modes 1, 2, 3, and 4 are 5%, 4.4%, 5%, and 5.5%,

respectively.

A static analysis is first preformed by applying the gravity loads. Next, the dy-

namic analysis is performed in OpenSees using Newmark’s average acceleration time in-

tegrator with Newton-Raphson iteration to advance to the next time step (Filippou and

Fenves, 2004). The norm of the displacement increment (NormDispIncr) test with a con-

vergence tolerance of 1x10−9 is used to monitor convergence at each iteration step of the

solution for all dynamic analyses.

For the near-fault records, each pair of records is run in two orthogonal directions

using the uniform excitation (UniformExcitation) pattern. First, horizontal components 1

and 2 are input as the longitudinal and transverse excitations, respectively, and then the

horizontal components are swapped, i.e., horizontal component 1 is the transverse excitation

and horizontal component 2 is the longitudinal excitation. For the fault-ruputre ground
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motions, the ground displacements are input as support excitations at the base nodes and

the imposed nodal displacements and boundary constraints are enforced using the penalty

method with a factor of 1x1012.

7.5 Results

Figures 7.18 and 7.19 demonstrate that the benchmark bridge model is working

properly; flexural response of the columns is expected without twist under near-fault ground

motion and simultaneous flexural and torsional response of the columns is expected under

ground motion crossing a fault. The dynamic response of the benchmark bridge subjected to

a recorded near-fault ground motion (Loma Prieta 1989 earthquake, Station LGPC) and a

simulated ground motion crossing a fault (magnitude 6.5 event) are presented in Figures 7.18

and 7.19, respectively. Both figures show (a) column longitudinal displacement history; (b)

column transverse displacement history; (c) column twist history; (d) bent 2 Y moment vs.

X displacement; (e) bent 2 X moment vs. Y displacement; (f) bent 2 torque vs. twist; (g)

bent 3 Y moment vs. X displacement; (h) bent 3 X moment vs. Y displacement; and (i)

bent 3 torque vs. twist.

The analysis results are focused on the seismic torsion demand of the columns

(bents 2 and 3) in terms of the twist ductility. The twist ductility is defined as

µt =
θtwist

ψyL
(7.7)

where θtwist = maximum twist demand from seismic analysis, ψy = unit twist to yield the

hoops (Figure 7.8), and L = column length (varies).

Figures 7.20 and 7.21 present the twist demand of the bridges subjected to ground

motions from magnitude bins Mw = 7.0±0.25 and Mw = 7.5±0.25, respectively. The twist
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ductility demands for the same motions are shown in Figures 7.22 and 7.23, respectively.

Figures 7.24 and 7.25 plot the twist ductility demand vs. displacement ductility demand for

the same motions.

The twist history response of bridges crossing a fault, subjected to the simulated

ground motions for a Mw = 6.5 event, are shown in Figures 7.26 to 7.29. Each plot shows

the twist history response due to the total ground motion (FN+FP) and the FP component

only. The longitudinal versus transverse displacement of bents 2 and 3 of Bridge No. 1

and 16 are shown in Figures 7.33 and 7.34, respectively, for the total ground motion and

FP component only. The twist demand of the bridges subjected to the total ground motion

and FP component only are presented in Figure 7.30. Figures 7.31 and 7.32 show the twist

ductility and twist ductility vs. displacement ductility, respectively, of bents 2 and 3 of each

bridge due to the total ground motion.

Figures 7.35 to 7.38 present the twist history response of bridges subjected to

scaled FP ground motions. Each plot shows the twist history response for FP ground

motions corresponding to Mw = 6.0, 6.5, 7.0, and 7.5 events. The twist ductility and

twist ductility vs. displacement ductility of bents 2 and 3 of each bridge, grouped by event

magnitude, are shown in Figures 7.40 and 7.41, respectively.
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Figure 7.20: Twist Demand of Bridges Subjected to Magnitude BinMw = 7.0±0.25 Ground

Motions
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Figure 7.21: Twist Demand of Bridges Subjected to Magnitude BinMw = 7.5±0.25 Ground

Motions
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Figure 7.22: Twist Ductility of Bridges Subjected to Magnitude Bin Mw = 7.0 ± 0.25

Ground Motions
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Figure 7.23: Twist Ductility of Bridges Subjected to Magnitude Bin Mw = 7.5 ± 0.25

Ground Motions
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Figure 7.24: Twist Ductility vs. Displacement Ductility of Bridges Subjected to Magnitude

Bin Mw = 7.0± 0.25 Ground Motions
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Figure 7.25: Twist Ductility vs. Displacement Ductility of Bridges Subjected to Magnitude

Bin Mw = 7.5± 0.25 Ground Motions
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Figure 7.26: Twist History of Bridge Nos. 1 to 4 Subjected to Simulated Ground Motions

Crossing Fault
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Figure 7.27: Twist History of Bridge Nos. 5 to 8 Subjected to Simulated Ground Motions

Crossing Fault
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Figure 7.28: Twist History of Bridge Nos. 9 to 12 Subjected to Simulated Ground Motions

Crossing Fault
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Figure 7.29: Twist History of Bridge Nos. 13 to 16 Subjected to Simulated Ground Motions

Crossing Fault
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Figure 7.30: Twist Demand of Bridges Subjected to Simulated Ground Motions Crossing

Fault
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Figure 7.31: Twist Ductility of Bridges Subjected to Simulated Ground Motions Crossing

Fault
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Figure 7.32: Twist Ductility vs. Displacement Ductility of Bridges Subjected to Simulated

Ground Motions Crossing Fault
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Figure 7.33: Longitudinal and Transverse Column Displacements of Bridge No. 1
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Figure 7.34: Longitudinal and Transverse Column Displacements of Bridge No. 16
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Figure 7.35: Twist History of Bridge Nos. 1 to 4 Subjected to Scaled FP Ground Motions
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Figure 7.36: Twist History of Bridge Nos. 5 to 8 Subjected to Scaled FP Ground Motions
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Figure 7.37: Twist History of Bridge Nos. 9 to 12 Subjected to Scaled FP Ground Motions
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Figure 7.38: Twist History of Bridge Nos. 13 to 16 Subjected to Scaled FP Ground Motions
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Figure 7.39: Twist Demand of Bridges Subjected to Scaled FP Ground Motions
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Figure 7.40: Twist Ductility of Bridges Subjected to Scaled FP Ground Motions
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Figure 7.41: Twist Ductility vs. Displacement Ductility of Bridges Subjected to Scaled FP

Ground Motions
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7.6 Findings

The twist demand for magnitude bin Mw = 7.0 ± 0.25 (Figures 7.20) and Mw =

7.5 ± 0.25 (Figure 7.21) varies according to bridge configuration. As expected, for bridges

with equal column heights (Bridge No. 1, 6, 11, and 16), there is essentially zero twist

demand due to the symmetric stiffness and uniform ground motion applied. However, twist

occurs for the bridges having asymmetric stiffness, i.e., unequal column heights (e.g., Bridge

Nos. 4 and 13). The largest twist demands tend to occur for columns with larger aspect

ratios, which also require more twist to yield the hoops. Thus, a better representation of

the seismic torsion demand on the columns is the twist ductility. As seen in Figures 7.22

and 7.23, the twist ductility does not exceed 0.5 for any of the bridges subjected to the

near-faul ground motions (Tables 7.3 and 7.4). The maximum displacement ductility at the

maximum twist ductility is approximately 2.8 and 3.5 for magnitude bin Mw = 7.0 ± 0.25

(Figures 7.24) and Mw = 7.5± 0.25 (Figure 7.25), respectively.

Twist demand (Figure 7.30) occurs for both symmetric and asymmetric bridges

crossing a fault (Figures 7.26 to 7.29). For the simulated ground motions for Mw = 6.5

event, the twist ductility (Figure 7.31) for any of the bridges does not exceed 0.5 and the

corresponding maximum displacement ductility (Figure 7.32) does not exceed 3.

Examining the twist history response of the bridges when subjected to the total

(FP+FN) ground motion and to the FP component only reveals that more twist is generated

when using the FP component only compared with the total ground motion. The complex

interaction of the FP and FN components of the total ground motion on the bridge response

(Figures 7.33 and 7.34) reduces the opposing transverse displacements, which reduces the

amount of twist, as compared with the FP component only. This suggests that analysis of
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bridges crossing faults using the FP component of ground motion only should give reasonable

estimates of the twist demand for scaled FP ground motions (Figure 7.14). This conclusion

is valid only for the case where the bridge is at 90 deg to the orientation of the fault rupture.

The twist history response of the bridges subjected to the scaled FP ground mo-

tions (Figures 7.26 to 7.29) varies according to event magnitude. As seen in Figure 7.30,

the greater the fault-offset, i.e., larger event magnitude, the greater the twist demand for

all the bridges. However, the twist demand is not only dependent on the fault-offset, but

also dependent on the rise time of the FP ground motions, evident by twist demands that

are greater from dynamic analysis as compared with those due to the fault-offset only. The

twist demands range from approximately 1 deg (Mw = 6.0) to 3 deg (Mw = 7.5). The

corresponding twist ductility (Figure 7.40) also increases with event magnitude. The maxi-

mum twist ductility is approximately 0.25, 0.4, 0.75, and 1.2 for Mw = 6.0, 6.5, 7.0, and 7.5,

respectively. As the twist ductility increases, the displacement ductility decreases, as seen

in Figure 7.41. The corresponding maximum displacement ductility at the maximum twist

ductility is approximately 2, 2.3, 1.3, and 0.7, for Mw = 6.0, 6.5, 7.0, and 7.5, respectively.

Overall, for the limited number of bridge configurations and ground motions used

in this study, the column hoop reinforcement is not expected to yield due to twist under most

cases. Specifically, bridges subjected to bidirectional near-fault ground motions (magnitude

bins Mw = 7.0± 0.25 and Mw = 7.5± 0.25), simulated ground motions across fault-rupture

zones for magnitude 6.5 earthquake, and scaled FP ground motions (Mw = 6.0, 6.5, and

7.0) did not generate sufficient twist to exceed a twist ductility of one. The scaled FP

ground motion Mw = 7.5 did cause the twist ductility to exceed one for some bridges.
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Chapter 8

Design Implications and Tentative

Design Procedure

This chapter addresses design implications of the laboratory tests and analyti-

cal models reported in previous chapters. A tentative design procedure is proposed to

increase the flexural ductility capacity of columns subjected to combined twist and lat-

eral displacement histories. The tentative design procedure is based on observations from

the laboratory and analytical program, but has not been demonstrated through laboratory

testing of columns designed according to the design procedure.

8.1 Effect of Torsion on Flexural Ductility Capacity

Chapter 5 presented test data comparing the load-deformation responses of columns

with and without imposed torsion. Figure 8.1 summarizes the observed relation between

drift and twist at failure for circular cross section columns 415, C1, C2, and C4. To de-

fine failure, the envelope curves for first cycles and third cycles were constructed. For
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Figure 8.1: Relation Between Twist and Drift Capacity

Columns 415, C1, and C2, failure was defined as the drift and corresponding twist for

which the third-cycle lateral force envelope dropped to 85% of the peak lateral force. For

Column C4, failure was defined as the twist at which the third-cycle envelope torque dropped

to 85% of the corresponding first-cycle torque. Twist is reported as the unit twist in units

of degrees per inch, defined as the total twist in degrees divided by the column length in

inches. Values are given as recorded for the one-third-scale test specimens as well as scaled

to full scale.

As shown in Figure 8.1, the lateral drift capacity decreased with increasing twist-

to-drift ratio. Furthermore, the unit twist corresponding to lateral drift capacity was ap-

proximately 0.016 deg/inch for Column C1, increasing moderately for Columns C2 and C4.

It is concluded that imposed twist can reduce the flexural drift/ductility capacity of rein-

forced concrete bridge columns with circular hoop reinforcement.

For the columns studied in this research program, observed failure appeared to be
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linked with yielding of the circular hoop reinforcement in the following way. For Column 415

(Lehman and Moehle, 2000) under lateral loading without twist, yielding of the hoops was

not observed. Failure in that column (and other similar columns reported by Lehman and

Moehle (2000); Hachem et al. (2003); Belarbi et al. (2007)) was associated with buckling of

longitudinal reinforcement followed by tensile fracture of the reinforcement upon reversed

loading. Transverse reinforcement apparently was more than sufficient to confine the core

concrete, but insufficient to prevent local buckling of reinforcement. For Columns C1,

C2, and C3 under combined lateral and torsional loading, yielding of hoop reinforcement

occurred, leading to earlier buckling and fracture of the longitudinal reinforcement. In

Column C4 under torsional loading without lateral deformation, hoop yielding also occurred,

leading to general decay in the torque-twist response.

8.2 Theoretical Relation between Quantity of Hoop Rein-

forcement and Yield Twist

The softened truss model was presented in Chapter 6. According to this model,

the angle of diagonal cracks and diagonal compression struts in pure torsion depends on

the relative quantities of longitudinal reinforcement (and axial load) and transverse rein-

forcement. Varying the quantities of reinforcement also can affect the twist at onset of

yielding of the hoop reinforcement. Figure 8.2 shows the effect for a column having the

same geometry and reinforcement as Column C4 but with differing amounts of transverse

reinforcement. The continuous curve shows results for the hoop volume ratio used in Col-

umn C4, whereas the broken curves are for increased hoop reinforcement. As can be seen,

increasing the volume ratio of hoop reinforcement (by decreasing hoop spacing) increases
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Table 8.1: Column Parameters

Parameter Value

D (ft) 4, 5, 6, 8, 10
ρl (%) 1.0, 1.5, 2.0, 3.0
ρs (%) 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75, 3.0
f ′c (ksi) 5 (target), 6, 7

the twist corresponding to hoop yielding. It will be shown subsequently that hoop yielding

under pure torsion can be eliminated completely by further increasing the quantity of hoop

reinforcement.

A parameter study was conducted to further investigate the torque-twist behav-

ior of full-scale circular cross section columns. The parameters of the study were column

diameter D, longitudinal steel ratio ρl, transverse reinforcement ratio ρs, and concrete com-

pressive strength f ′c, as summarized in Table 8.1. For all columns, the hoop reinforcement

was modeled using an elastic-perfectly plastic model with yield strength fyh = 60 ksi. Axial

load was set equal to 0.1f ′cAg where f ′c is the target compressive strength (5 ksi).

Figures 8.3 to 8.7 show the effect of ρs on the torque-twist relation for f ′c = 5 ksi

for full-scale columns of different diameters. For clarity, only the curves for longitudinal

steel ratio ρl = 1.5% are presented. It can be seen that increasing ρs increases the twist

at which hoop yielding occurs. Moreover, it is possible to preclude hoop yielding (for pure

torsional loading) by increasing the hoop reinforcement sufficiently.

According to Figure 8.5, a full-scale column having properties similar to those

reported here would experience yielding of hoop reinforcement for twist approximately equal

to 0.007 deg/inch. This rotation is close to the rotation (scaled to full scale) at which
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Figure 8.3: Effect of ρs on the Torque-Twist Response of 4 ft Diameter Columns

231



0 0.005 0.01 0.015 0.02
0

1

2

3

4

5

6
x 10

4

!
s
 = 0.5%

3.0%

Unit Twist (deg/in.)

To
rq

ue
 (k

ip
!i

n.
)

(a)

0 0.005 0.01 0.015 0.02
0

0.002

0.004

0.006

0.008

0.01

Yield Strain
!

s
 = 0.5%

3.0%

Unit Twist (deg/in.)

H
oo

p 
St

ra
in

(b)

0 0.005 0.01 0.015 0.02
0

0.002

0.004

0.006

0.008

0.01

Yield Strain

Unit Twist (deg/in.)

Lo
ng

itu
di

na
l S

tra
in

(d)

0 0.005 0.01 0.015 0.02
6

8

10

12

14

16

18

!
s
 = 0.5%

3.0%

Unit Twist (deg/in.)

Th
ic

kn
es

s o
f S

he
ar

flo
w

 Z
on

e 
(in

.) (c)

0 0.005 0.01 0.015 0.02
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

!
s
 = 0.5%

3.0%

Unit Twist (deg/in.)

So
fte

ni
ng

 C
oe

ff
ic

ie
nt

(f)

0 0.005 0.01 0.015 0.02
20

25

30

35

40

45

50

!
s
 = 0.5%

3.0%

Unit Twist (deg/in.)

A
ng

le
 o

f I
nc

lin
at

io
n 

(d
eg

)

(e)

Figure 8.4: Effect of ρs on the Torque-Twist Response of 5 ft Diameter Columns
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Figure 8.5: Effect of ρs on the Torque-Twist Response of 6 ft Diameter Columns
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Figure 8.6: Effect of ρs on the Torque-Twist Response of 8 ft Diameter Columns
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Figure 8.7: Effect of ρs on the Torque-Twist Response of 10 ft Diameter Columns
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Columns C1 and C2 experienced failure (Figure 8.1). The broken curve in Figure 8.1,

whose precise location admittedly is incompletely defined by the available data, indicates

that the reduction in displacement capacity would be on the order of ten percent if the

twist was approximately half the twist corresponding to yield in pure torsion. Assuming

ten percent reduction to be within the acceptable range suggests a limit for the twist demand

for use in design.

The results of Figures 8.3 through 8.7 were repeated for f ′c = 6 ksi and 7 ksi, and

for different reinforcement ratios ρl. The detailed results are not shown here for brevity.

Rather, Figures 8.8 and 8.9 summarize the effects of concrete compressive strength and

steel reinforcement ratio on the yield twist. The symbols correspond to calculated results,

and the straight lines correspond to best fit lines determined by linear regression. It can be

observed that the longitudinal steel ratio ρl does not have a significant effect on the torque-

twist response within the range of longitudinal and transverse reinforcement considered and,

likewise, does not significantly affect the yield twist. Concrete compressive strength f ′c has

a more significant effect on yield twist, with higher compressive strength resulting in lower

twist. (Therefore, in a design method that establishes transverse reinforcement to achieve

a target yield twist, a high estimate of the concrete compressive strength should be used.)

Also, yielding does not occur (lack of yield markers) for ρs > 1.5%.

8.3 Proposed Design Procedure

The preceding results indicate that twisting a circular cross section bridge column

reduces the lateral displacement capacity. The failure appears to be triggered by twist-

induced yielding of the transverse reinforcement. Furthermore, at least for columns under
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Figure 8.8: Effect of ρs and f ′c on the Yield Twist of 4, 5, and 6 ft Diameter Columns
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Figure 8.9: Effect of ρs and f ′c on the Yield Twist of 8 and 10 ft Diameter Columns
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pure torsion, yielding of transverse reinforcement can be delayed by increasing the trans-

verse reinforcement volume ratio. The available laboratory data are for a single transverse

reinforcement ratio, and therefore cannot demonstrate how lateral displacement capacity

can be increased by increasing the transverse reinforcement ratio. Lacking laboratory data

to demonstrate effects in detail, a simple approach is proposed, as described in the following

paragraph.

For bridge columns susceptible to twist under earthquake loading, the twist de-

mand should be compared with the yield twist for columns under pure torsional loading.

Charts similar to those in Figures 8.8 and 8.9 are suitable for determining the quantity of

hoop reinforcement corresponding to yielding under pure twist. If the twist demand is less

than half the yield twist, the effect on flexural displacement capacity is small, such that

torsional effects can be ignored. Otherwise, the provided transverse reinforcement should

not be less than ρs = ρ′s + ρ′′s , where ρ′s is the transverse reinforcement ratio required for

lateral displacement in the absence of twist, and ρ′′s is the transverse reinforcement required

to prevent hoop yielding under pure twist loading.

The twist demand can be determined using dynamic analysis considering ground

shaking and/or fault offset demands, as appropriate. Chapter 7 presented procedures and

results for dynamic analysis considering near-fault and cross-fault conditions, for a range

of irregular bridge frames. For the near-fault condition, the torsion ductility demand was

less than 0.5 for all cases considered, indicating torsion effects can be ignored for a broad

range of irregular bridge structures. On the other hand, for cross-fault conditions, ductility

demands exceeding 0.5 were observed, especially for larger magnitude earthquakes. In such

cases, torsion effects on flexural ductility capacity should not be ignored.
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Figure 8.10: Illustration of Maximum Expected Twist Demand

The observed insensitivity to torsion effects for near-fault (not cross-fault) motions

can be explained by the model in Figure 8.10. In this model, the maximum twist demand

is defined by assuming the columns are deflected to their maximum flexural displacement

capacity in opposite directions. In this case, the superstructure twist is equal to

θtwist =
∆c1 + ∆c2

Lspan
(8.1)

in which ∆c1 and ∆c2 are the displacement capacities of column bents 1 and 2 and Lspan

is the span between the column bents. For the case of equal column heights L1 = L2 = L,

we can write the unit twist as

θtwist

L
=

∆c1/L+ ∆c2/L

Lspan
(8.2)

As an example, for flexural drift capacity ∆c1/L and ∆c2/L = 0.05 in the absence

of twist, Eq. 8.2 gives θtwist/L = 0.1/Lspan. From Figure 8.8, for ρs = 0.0075, the unit twist

at yield for a 6-ft diameter column is approximately 0.0075 deg/in. = 0.0016 rad/ft. Thus

according to Eq. 8.2, the column would be at half the yield twist (the critical value proposed

above) only for Lspan ≤ 125 ft. Note that this result is for the extreme and unlikely case of

the two columns deflected to their ultimate flexural displacement capacity simultaneously
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in opposite directions. For the case of one column being stationary and the other being

displaced to its ultimate displacement capacity, the condition becomes Lspan ≤ 63 ft.

The preceding examples demonstrate the extreme conditions required for torsion

to be a controlling design parameter for a symmetric bridge structures. As a structure

becomes less symmetric (e.g., different column diameters or heights), torsional sensitivity

increases.
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Chapter 9

Summary, Conclusions, and Future

Research

9.1 Summary

Bridge superstructures subjected to earthquake loading will in general experience

both translational and rotational motions. As a consequence, the supporting columns may

be subjected to torsion under earthquake loading. The degree to which torsion reduces

lateral load strength or deformation capacity is unclear. A research program was under-

taken to characterize the effects of earthquake-induced torsion on the flexural ductility of

reinforced concrete bridge columns. This objective was pursued through literature review,

laboratory testing, analytical model development to understand the effects of twist on col-

umn response, and analyses of simplified bridge systems under a variety of loadings to

investigate the degree of twist anticipated.
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9.1.1 Literature Review

Previous research on the performance of reinforced concrete columns subjected

to lateral loading was reviewed. The review included seismic torsion of bridge structures,

torsional strength and stiffness of members, effects of cyclic torsional loading and simulated

seismic loading on members, and design provisions for members subjected to torsion.

9.1.2 Laboratory Testing Phase

Four conventional one-third scale reinforced concrete bridge columns were tested

under simulated seismic loading. The principal test variables were cross section type and

twist to drift ratio. Three of the specimens were identical circular columns and one of

the specimens was an oblong column; all four columns were reinforced with circular hoops.

The response of the columns was observed visually and monitored through various force,

displacement, and strain measuring devices. Experimental results were presented for each

of the four columns tested.

Column C1 had a circular cross section and was tested under simultaneously re-

versed cyclic lateral and torsional loading with a twist/drift ratio = 0.6. The applied

constant axial load of 225 kips was approximately 0.1f ′cAg, where f ′c = target concrete

compressive strength (5.0 ksi). During testing, inclined cracks were observed on the South

face; cracking on the East, West, and North faces consisted of predominantly horizontal

cracks. Significant column damage in the form of bar buckling and bar fracture was ob-

served during the final cycles, which resulted in reduction of lateral strength and stiffness.

Longitudinal reinforcing bars located on the extreme East and West faces buckled during

the 5 in. displacement amplitude cycles and subsequently fractured during the 7 in. dis-
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placement amplitude cycles; longitudinal reinforcing bars located on the North and South

faces buckled during the 7 in. displacement amplitude cycles. Additionally, a single hoop,

located 6 in. above the interface, fractured on the West face during the 7 in. displacement

amplitude cycles.

Column C2 was nominally identical to Column C1 except it was tested with a

twist/drift ratio = 1.2. During testing, inclined cracks were observed on all faces. Significant

column damage in the form of bar buckling and bar fracture, which resulted in reduction of

lateral strength and stiffness, was observed during the 5 in. displacement amplitude cycle.

Longitudinal reinforcing bars located on the extreme East and West faces buckled during the

first 5 in. displacement amplitude cycles and subsequently fractured during the third cycle.

Adjacent longitudinal reinforcing bars located on the East and West faces fractured and

bars located on the North and South faces buckled during the 7 in. displacement amplitude

cycle.

Column C3 had an oblong cross section and was tested under simultaneously

reversed cyclic combined lateral and torsional loading with a twist/drift ratio = 0.6. The

applied constant axial load was 380 kips (0.09f ′cAg). During testing, horizontal cracks

were observed at the base of column on the East and West facess and cracks were more

inclined with increase in elevation. Cracks on the South face were inclined, whereas cracks

on the North face were predominately horizontal. Significant column damage in the form

of bar buckling and bar fracture was observed during the final two displacement amplitude

cycles, which resulted in reduction of lateral strength and stiffness. Main longitudinal

reinforcing bars (No. 5) located on the extreme East and West faces buckled during the

first 5 in. displacement amplitude cycle and subsequently fractured during the third cycle.
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The remaining main longitudinal reinforcing bars on the East and West faces fractured

and the bars located on the North and South faces buckled during the 7 in. displacement

amplitude cycle. Additionally, buckling of the interlocking longitudinal reinforcing bars

(No. 3) at the overlapping of hoops was also observed; no visual observations were possible

for the interior interlocking bars.

Similar to Columns C1 and C2, Column C4 had a circular cross section with an

applied constant axial load of 225 kips (0.1f ′cAg). However, unlike Columns C1 and C2,

Column C4 was tested under reversed cyclic torsional loading, similar to the twist history

of Column C2. During testing, inclined cracks spiralling around the member were observed.

The onset of concrete spalling was observed approximately mid-height of the column on

all the faces during the 3.6 deg twist amplitude cycle. Upon completion of the 5 deg twist

amplitude cycle, the spalled region had spread, spanning about 85% of the column height

on all the faces

9.1.3 Analytical Phase

The analytical phase of this investigation consisted of two components. First,

analytical models were developed to understand the effects of twist on column response.

Second, analyses of simplified bridge systems under a variety of loadings were performed to

investigate the degree of twist anticipated.

To understand the effect of twist on column response, three analytical models were

developed, namely, the plastic hinge length model, the softened truss model for torsion, and

a 3D truss model. The force-displacement response of the columns was modeled with the

plastic hinge model, using the lumped-plastic force-based element available in OpenSees.

Nonlinear geometry effects were accounted for with the P -∆ geometric transformation. The
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torque-twist response of the columns was modeled with the softened truss model, which can

model the torque-twist curve after cracking of concrete. A 3D truss model was developed

to model the response of the columns under lateral loading only, torsional loading only,

and combined lateral and torsional loading. The analytical and experimental results were

compared and evaluated.

Simplified bridge systems were analyzed under near-fault ground motions and

ground motions across a fault-rupture zone to investigate the degree of twist anticipated.

The bridge systems consisted of a three-span superstructure supported on two single-column

bents. The aspect ratio of the columns was varied, equal to 4, 6, 8, and 10. For the near-

fault ground motions, the PEER NGA database was used to select a suite of ground motions

at a distance 0-20 km for magnitude bins 7.0± 0.25 and 7.5± 0.25. Each pair of recorded

ground motions was applied as uniform bidirectional excitation. First, horizontal compo-

nents 1 and 2 were input as the longitudinal and transverse excitations, respectively, and

then horizontal components were swapped. For the ground motions across fault-rupture

zones, numerically simulated ground motions for a magnitude 6.5 event were used. Simu-

lated FP ground motions for earthquakes with different magnitudes on a vertical strike-slip

fault were also generated, according to scaling laws for rise time and total fault-offset. The

simulated ground displacements were inputt as support excitations at the base nodes of the

bridge.
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9.2 Conclusions

9.2.1 Laboratory Testing Phase

The laboratory testing phase of this investigation provided observed and measured

data for the characterization of the effect of seismic torsion on the flexural ductility of the

test specimens. The following primary conclusions are restricted to the range of column

geometries tested:

• Combined torsion and lateral loading changed concrete cracking from predominantly

horizontal cracks associated with flexure to inclined cracks associated with torsion-

induced shear. The degree of cracking was greater on the faces of the column where

torsion and shear loading added to the local shear stresses and less on other faces.

• Combined torsion and lateral loading increased the strain demands on the hoop re-

inforcement, leading to earlier yielding of the hoops. The reduced restraint from the

hoops appears to have contributed to earlier buckling and subsequent fracture of the

longitudinal reinforcement.

• Combined torsion and lateral loading resulted in more rapid degradation of lateral

resistance. For a given set of reinforcement details, increasing the twist demand

reduced the lateral displacement capacity.

• The applied torsion did not appear to adversely affect the flexural strength of the

columns. This observation likely is limited to columns for which torsional resistance

is controlled by the hoop reinforcement, as in the case of the test columns.
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9.2.2 Analytical Phase

The analytical phase of this investigation developed analytical models to under-

stand the effects of twist on column response and to investigate the degree of twist antici-

pated for simplified bridge systems. The primary conclusions are:

• The plastic hinge model was able to model the force-displacement response of the

columns tested under lateral loading only.

• The softened truss model was able to model the post-cracking torque-twist response

of columns under torsional loading only. It is not intended to model behavior before

cracking.

• The 3D truss model was suitable for modeling the initial torsional stiffness, post-

cracking stiffness, and occurrence of yielding of the hoops. However, the 3D truss

model over-predicted the torsional strength of columns under torsional loading only.

• The 3D truss model was able to model the force-displacement response. However, the

strength was overestimated using this model. Other models such as the plastic-hinge

model can produce equally accurate results with less modeling and computational

effort.

• The 3D truss model has shortcomings for generalized loadings because the orientation

of the truss members is fixed in the model whereas the effective truss mechanism in a

column varies with loading. As a consequence, the 3D model was not able to model

correctly the variation of hoop strain around the perimeter of the section, which is

necessary to model the flexural-torsional interaction. Therefore, the 3D truss model

is not recommended for generalized loading.
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• Parameter studies identified the effect of configuration and material properties on

torque-twist response of circular cross section bridge columns. Yielding of hoop re-

inforcement under twist loading can be avoided by increasing the quantity of hoop

reinforcement as the twist increases. Charts are provided for determining required

hoop reinforcement.

• For the range of simplified bridge systems studied, the degree of anticipated twist for

near-fault ground motions is less than the twist corresponding to hoop yielding under

pure torsion.

• In contrast, bridge systems subjected to simulated ground motions across fault-rupture

zones may see twist deformations sufficient to exceed the yield twist under pure tor-

sion. This is the result of the combination of static offset and transient motion. For the

bridge systems and earthquake magnitudes tested, hoop yielding was anticipated for

several configurations and ground motions associated with the magnitude 7.5 event.

9.2.3 Design Implications

Based on data from laboratory testing and analytical modeling of the effect of

twist on column response, the primary design implications are:

• Twist results in earlier yielding of the hoops, which results in reduced flexural de-

formation capacity due to reduction of the ultimate compressive strain of the core

concrete due to loss of confining effect of the hoops, buckling of the longitudinal rein-

forcing bars due to loss of lateral restraint by the hoops, and subsequent fracture of

the longitudinal reinforcing bars due to buckling and straightening of the bars under

reversed cyclic loading.
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• Analysis suggests that increasing the hoops to delay yielding would enable the column

to respond as intended.

9.2.4 Proposed Design Procedure

A design procedure was proposed for enabling the columns subjected to combined

lateral and torsional loading to reach their estimated displacement capacity. The proce-

dure is based on observations from the laboratory tests and analytical studies, as well as

engineering judgment. The procedure has not been verified through laboratory tests, but

is recommended as an interim approach pending further laboratory tests. The primary

elements of the approach are:

• For reasonably symmetric bridge structures not crossing a fault generating the design

ground motions, effects of torsion can be ignored.

• For bridges with significant torsional imbalance, analyses should be conducted to

estimate the degree of twist anticipated for deslgn-level earthquakes. For bridges with

relatively long spans between movement joints, simple static analyses under arbitrary

displacements may be sufficient to demonstrate that column twist is small relative

to the yield twist, in which case twist can be ignored. For smaller spans, dynamic

analyses may be required to identify the design twist.

• For bridges crossing active faults, detailed studies of the additive effects of static offset

and transient response should be conducted to determine the design twist.

• Where the design twist is less than half the yield twist under pure torsion loading,

effects of twist can be ignored. Otherwise, the quantity of hoops required to prevent
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yielding in pure torsion should be determined, and that quantity should be added to

the hoops required for lateral drift demands.

9.3 Future Research

Future investigations should address the following:

• Test additional circular columns with increased hoops in plastic hinge region under

combined lateral and torsional loading to verify that delaying yielding of hoops due

to twist will enable the column to perform as intended

• Test oblong column under torsional loading only

• Develop analytical models capable of accurately simulating response of bridge columns

under combined lateral and torsional cyclic deformations.

• Conduct additional analytical studies to develop additional simplified methods to

estimate twist demands under earthquake loading, including cases of bridges crossing

fault rupture zones.
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Appendix A

Test Setup

As discussed in Chapter 4, the test setup consisted of various components for the

application of axial and lateral load. This appendix presents additional information on

the assembly and configuration of the test setup, which consisted of four major phases:

positioning the specimen, post-tensioning the specimen to the laboratory floor, axial load

setup, and lateral load setup.

A.1 Specimen Positioning

Each specimen was lifted by the crane and lowered into the test location, ap-

proximately 9 ft from the reaction frame. The specimen was aligned on the holes of the

laboratory floor, which are spaced at 3 ft on center. The columns were then plumbed using

shims between the specimen footing and the laboratory floor. Once plumbed, the specimen

was lifted with the crane about 2 ft to allow sufficient room for placing of hydrostone, as

shown in Figure A.1. Next, the specimen was gently lowered into the hydrostone. The

hydrostone was allowed to cure for a minimum of 24 hours prior to post-tensioning the
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Figure A.1: Positioning of Specimen on Laboratory Floor

specimen to the laboratory floor.

A.2 Specimen Post-tensioning

Once the hydrostone had cured, the tie-down beams were placed on the specimen

footing. The holes in the tie-down beams were aligned with the holes in the footing and

the laboratory floor. Next, stress bars were inserted in the holes of the laboratory floor and

thru the tie-down beams. A hydraulic jack was used to post-tension each stress bar.

Each specimen was post-tensioned to the laboratory floor with six stress bars to

prevent sliding and rotation during testing. The stress bars running through the footing

were post-tensioned to a force of 200 kips, whereas the stress bars outside of the footing

were post-tensioned to 100 kips. Figure A.2 illustrates equilibrium of the specimen under

lateral and axial loading. Assuming the specimen acts as a rigid member, the required
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Table A.1: Specimen Rotation/Sliding Demand and Capacity

Cross Section Vo (kips)
Vmax (kips) Vo/Vmax

Rotation Sliding Rotation Sliding

Circular 76 385 165 0.2 0.46
Oblong 138 445 240 0.31 0.58

lateral force to initiate rotation and sliding are

Vmax =


[Pbardbar + Paxial (dbar/2)] /L Rotation

µ (2Pbar + Paxial) Sliding

(A.1)

where Pbar = post-tensioning force for one side of the specimen footing, Paxial = column

axial force, dbar = distance between stress bars, L = column length, and µ = coefficient

of friction. The specimen rotation/sliding demand and capacity for each cross section is

summarized in Table A.1, assuming µ = 0.2

A.3 Axial Load Setup

The axial load was transferred to the column by stress bars, located on the North

and South faces of the specimen, through a spreader beam. Each stress bar was attached to

the spreader beam using a 3D clevis, which was attached to the underside of the spreader

beam using four 1 in. diameter threaded rods, and a coupling nut between the stress bar

and clevis. A manually-controlled hydraulic jack was used to load each stress bar, as shown

in Figure A.3. A cage consisting of an upper steel plate, a lower 3D clevis, and four 1 in.

diameter threaded rods was constructed around each jack. The lower clevis was attached to

a stress bar, which was post-tensioned to the laboratory floor, using a coupling nut. Steel
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Sliding Resistance

Rotational Resistance

Figure A.2: Specimen Equilibrium Under Axial and Lateral Loading

plates, which were hydrostoned to the laboratory floor, were used as bearing supports for

the stress bars.

A.4 Lateral Load Setup

The lateral load setup involved attaching the horizontal actuators to the reaction

frame, attaching the lateral loading beam to the face of the column cap, and connecting the

actuator clevises to the lateral loading beam. The horizontal actuators were attached to the

reaction frame in the fully-retracted position. The lateral loading beam was post-tensioned

to the face of the column cap using four stress bars passing through the column cap and

four stress bars outside of the column cap. Due to interference of stiffeners, the lateral

loading beam was post-tensioned to the face of the oblong column with four stress bars

passing through the column cap. Additionally, four 1 in. diameter threaded rods tightened
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Figure A.3: Axial Load Setup
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using the impact gun were used in lieu of stress bars. The actuator clevises were connected

to the lateral loading beam by extending the horizontal actuators sufficiently to initiate

contact between the clevis and beam. The clevis and beam holes were aligned and bolts

were installed to complete installation.

The lateral load setup was designed to test the columns to failure. Failure required

exceeding the displacement and twist capacity of the columns as well as imposing the

necessary lateral force and torque to reach these displacements.

The design lateral displacement was 10 in. or approximately equal to a displace-

ment ductility of 10, based on the measured force-displacement response of Lehman 415

(Lehman and Moehle, 2000). The minimum design lateral force, corresponding to the nec-

essary lateral force to displace the column 10 in., was estimated equal to the plastic shear for

the oblong cross section computed in Section 3.2. An upper-bound for twist/drift ratio = 2.0

was chosen.

The minimum design torque was estimated using the space truss analogy (ACI,

2008) for the oblong cross section, shown in Equation 2.18. The inclination of cracking was

taken equal to α = 45 deg and the area enclosed by the shear flow path equal conservatively

to the gross cross-sectional area Ao = Ag. The resulting minimum design lateral force and

torque was 115 kips and 4130 kip-in., respectively.

The horizontal actuator demands, for a range of spacings, are summarized in

Table A.2 for a design lateral displacement and twist equal to 10 in. and 2.0 radians,

respectively, and for a design lateral force and torque equal to 150 kips and 5000 kip-in.,

respectively. The 84 in. spacing meets the allowable actuator extension and force if the

actuators are positioned at mid-stroke to provide ±18 in. stroke and 120 kips force. The
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Table A.2: Horizontal Acutator Demands

Spacing (in.)
Extension (in.) Force (kips)

North South North South

48 4.8 14.4 164 -44
60 3.6 15.6 143 -23
72 2.4 16.8 129 -9
84 1.2 18.0 120 0
96 0 19.2 112 8

horizontal actuators were spaced at 82.5 in., centered about the column centerline, and

positioned at mid-stroke when attached to the lateral loading beam.
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Appendix B

Data Reduction

This appendix presents an overview of how the measured data was reduced to

produce global response data and column region response data.

B.1 Displacements and Forces

B.1.1 Lateral Displacement and Twist

The lateral displacement δ was determined as the average of the LP measurements

∆ =
∆N + ∆S

2
(B.1)

The twist θ was determined as the difference in LP measurements divided by the distance

between LP’s

θ =
∆S −∆N

dlp
(B.2)

where dlp = distance between the LP’s.
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B.1.2 Lateral Force and Torque

The horizontal component of the vertical jacks, caused by lateral displacement and

twist of the column, further added to the forces measured by the built-in force transducers

of the horizontal actuators. This is shown schematically in Figure B.1, where the vertical

tip displacement of the column was assumed to be negligible and the measured lateral force

and torque were larger than the actual lateral force and torque, being more pronounced at

larger amplitude displacement cycles. Thus, the lateral force F was equal to the sum of the

actuator forces minus the horizontal component of the vertical jacks F jack
h , determined by

F = FN + FS − F jack
h (B.3)

F jack
h = F jack

Nh + F jack
Sh (B.4)

F jack
Nh = F jack

N

 ∆jack
N√

(Lpin-pin)2 +
(
∆jack

N

)2

 (B.5)

F jack
Sh = F jack

S

 ∆jack
S√

(Lpin-pin)2 +
(
∆jack

S

)2

 (B.6)

∆jack
N = ∆− θ

(
djack

2

)
(B.7)

∆jack
S = ∆ + θ

(
djack

2

)
(B.8)

where djack = distance between vertical jacks and Lpin-pin = distance between clevis pins.

The torque T was determined as the difference in actuator forces multiplied by

half to distance between actuators, which were equally spaced from the column centerline,

minus the torque due to the horizontal component of the vertical jacks

T = (FS − FN )
(
dact

2

)
− T jack

h (B.9)
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T jack
h =

(
F jack

Sh − F jack
Sh

)(djack

2

)
(B.10)

where dact = distance between the horizontal actuators.

B.2 Column Deformations

The DTs along the height of the column (Figure 4.7) were used to calculate the

horizontal, axial, rotational, and shear deformation. Figure B.2 shows a typical column

segment in the original configuration and the four deformation modes. The segment height

and width are h and b, respectively. The length of the diagonal was d =
√
h2 + b2.

B.2.1 Average Vertical Strain

The average vertical strain ε̄v was the average vertical displacement divided by the

original segment height

ε̄v =
∆v

h
(B.11)

where ∆v = vertical extension. The vertical extension ∆v was the average of the two vertical

displacements, defined by

∆v =
∆W + ∆E

2
(B.12)

B.2.2 Average Horizontal Strain

The average horizontal strain ε̄h was the average horizontal displacement divided

by the original segment width

ε̄h =
∆h

b
(B.13)
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(PLAN VIEW)

(SIDE VIEW)

Figure B.1: Force Components of Vertical Jack Under Lateral Displacement
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where ∆h = horizontal expansion. The horizontal expansion ∆h was the average of the two

horizontal displacements, defined by

∆h =
∆T + ∆B

2
(B.14)

B.2.3 Average Curvature

The average curvature was approximated as the segment rotation divided by the

segment height

φ̄ =
θ

h
(B.15)

where θ = segment rotation. The segment rotation θ was the difference of the two vertical

displacements divided by the original segment width, defined by

θ =
∆W −∆E

b
(B.16)

B.2.4 Average Longitudinal Strain

The average longitudinal strain at the column faces was approximated using the

external DT by the following

ε̄l =
∆v − e tan θ

h
(B.17)

where e = distance from the center of the column to the desired location.

B.2.5 Shear Strain

The shear strain due to shear was the average shear strain of a segment, defined

by

γV =
γN + γS

2
(B.18)
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where γN and γS was the shear strain measured on the North and South face, respectively.

The shear strain due to torsion was the difference of the shear strain measured on the North

and South face, defined by

γT = γN − γS (B.19)

The local shear strain γ was approximated as

γ =

√
(d+ ∆D)2 − (h+ ∆v)

2 − (b+ ∆h)

h+ ∆v
(B.20)

where ∆D = extension of the diagonal instrument. Eq. B.20 was determined by removing

the extension of the instrument due to horizontal and vertical extension.

B.3 Displacement Components

As explained in Section 2.1, the total tip displacement of a cantilever column

subjected to a lateral load at the tip can be idealized as the summation of the components

due to column bending, shear deformation, and anchorage slip (Eq. 2.1). Unfortunately, the

displacement components cannot be measured precisely and thus are approximated using

the column deformations along the height of the column (Section B.2).

B.3.1 Column Bending

The lateral displacement of a column due to bending can be calculated by inte-

grating the flexural curvature along the height of the column

∆bending =
∫ L

0
φ (x)x dx (B.21)

The flexural curvature φ (x) cannot be continuously measured along the height of the col-

umn, but rather at segments along the height. For a discrete number of segments, the
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Figure B.2: Column Segment Deformation Modes
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Figure B.3: Actual and Measured Average Curvature Distribution for a Cantilever Column

lateral displacement can be approximated as

∆bending '
n∑
1

(area under curve)i × (distance to centroid)i (B.22)

where n = total number of segments. Figure B.3 shows the idealized and measured average

curvature distributions for a cantilever column subjected to lateral load. The measured

average curvatures can be used to calculate the displacement due to bending in the following

manner

∆bending '
[
(φ1h)×

(
L− 1

2
h

)]
+
[
(φ2h)×

(
L− 3

2
h

)]
+
[
(φ3h)×

(
L− 5

2
h

)]
+
[
(φ4h)×

(
L− 7

2
h

)]
+
[(

1
2
φ4L

)(
2
3
L

)] (B.23)

where φ1 = average curvature for elevation 0-12 in., φ2 = average curvature for elevation

12-24 in., φ3 = average curvature for elevation 24-36 in., and φ4 = average curvature for

elevation 36-48 in.
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Figure B.4: Calculated Slip Rotation for Displacement due to Anchorage Slip

B.3.2 Anchorage Slip

The displacement component due to anchorage slip can also be approximated using

the slip extension instruments attached to the longitudinal reinforcing bars at the East and

West faces of the column (Figure 4.10). The slip displacement and slip rotation, illustrated

in Figure B.4, can be calculated with the following

∆slip = θslipL '
(
uW − uE

D′′

)
L (B.24)

where uW = slip extension on the West face, uE = slip extension on the East face, and

D′′ = distance between the longitudinal reinforcing bars.

B.3.3 Shear Deformation

The displacement component due to shear deformation can be approximated using

the measured average shear strain due to shear force along the height of the column. Fig-

ure B.5 shows the idealized and measured average shear strain distributions for a cantilever
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Figure B.5: Actual and Calculated Shear Strain Distribution for a Cantilever Column

column subjected to lateral load. The measured average shear strain due to shear force can

be used to calculate the displacement due to shear deformation in the following manner

∆shear ' γ1h+ γ2h+ γ3h+ γ4

(
h+

L

2

)
(B.25)

where γ1 = shear strain for elevation 0-12 in., γ2 = shear strain for elevation 12-24 in.,

γ3 = shear strain for elevation 24-36 in., γ4 = shear strain for elevation 36-48 in.,
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Appendix C

Experimental Data

This appendix presents the measured response of the four column specimens tested.

The reduction of raw data was performed according to Appendix B.

C.1 Global Response

The lateral displacement histories along the height of the columns are shown in

Figures C.1, C.4, and C.7 for Columns C1, C2, and C3, respectively. Figures C.2, C.5,

and C.8 show the lateral displacement profiles for Columns C1, C2, and C3, respectively.

Measurements corresponding to the first peak of each displacement amplitude cycle are indi-

cated by markers. The contributions of slip, shear, and bending to the lateral displacement

are shown in Figures C.2, C.5, and C.8 for Columns C1, C2, and C3, respectively.

The twist histories along the height of the columns are shown in Figures C.10,

C.12, C.14, and C.16 for Columns C1, C2, C3, and C4, respectively. The twist profiles

corresponding to the first peak of each displacement amplitude cycle are shown in Fig-

ures C.11, C.13, and C.15 for Columns C1, C2, and C3, respectively. Figure C.17 shows the
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twist profile for Column C4 corresponding to the first peak of each twist amplitude cycle.

Measurements are indicated by markers.

C.2 Column Region

The arrangement of DTs (Figure 4.7) and SGs (Figure 4.11) were used to measure

the local deformations along the height of the columns.

C.2.1 Horizontal Expansion

The horizontal expansion was measured on the North and South faces along the

height of Columns C1, C2, C3, and C4, shown in Figures C.18, C.20, C.22, and C.24, re-

spectively. The average horizontal expansion profiles corresponding to the first peak of each

displacement amplitude cycle are shown in Figures C.19, C.21, and C.23 for Columns C1,

C2, and C3, respectively. Figure C.25 shows the average horizontal profile for Column C4

corresponding to the first peak of each twist amplitude cycle. Measurements are indicated

by markers.

C.2.2 Average Curvature

The average curvature was approximated for each column segment of Columns C1,

C2, and C3, shown in Figures C.26, C.28, and C.30, respectively. Two average curvatures

are presented for the bottom-most segment: the solid line corresponds to the total segment

rotation divided by the segment height and the dashed line corresponds to the total rotation

minus the slip rotation divided by the segment height. The average curvature profiles

are shown in Figures C.27, C.29, and C.31 for Columns C1, C2, and C3, respectively.
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Measurements corresponding to the first peak of each displacement amplitude cycle are

indicated by markers.

C.2.3 Average Longitudinal Strain

The average longitudinal strain was approximated using the external DTs at the

location of the extreme West and East longitudinal reinforcing bars for Columns C1, C2,

and C3, shown in Figures C.32, C.34, and C.36, respectively. The total segment rotation

from the arrangement of DTs was used in the calculation for the bottom-most segment.

The average longitudinal strain profiles are shown in Figures C.33, C.35, and C.37 for

Columns C1, C2, and C3, respectively. Measurements corresponding to the first peak of

each displacement amplitude cycle are indicated by markers.

C.2.4 Shear Strain

The segment shear strain was measured on the North and South faces of Columns C1,

C2, C3, and C4, shown in Figures C.38, C.40, C.42, and C.44, respectively. The shear strain

due to shear (average of North and South faces) and the shear strain due to torsion (differ-

ence of North and South faces) profiles corresponding to the first peak of each displacement

amplitude cycle are shown in Figures C.39, C.43, and C.43 for Columns C1, C2, and C3,

respectively. Figure C.45 shows the shear strain due to shear and shear strain due to tor-

sion profiles for Column C4 corresponding to the first peak of each twist amplitude cycle.

Measurements are indicated by markers.
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C.2.5 Longitudinal Strains

The longitudinal strain gauge histories and profiles of Columns C1, C2, and C3 are

shown in Figures C.46 to C.49, Figures C.50 to C.53, and Figures C.54 to C.57, respectively.

Measurements corresponding to the first peak of each displacement amplitude cycle are

indicated by markers. Figures C.58 and C.59 show the longitudinal strain gauge history

and profile corresponding to the first peak of each twist amplitude cycle, respectively, for

Column C4.

C.2.6 Hoop Strains

The hoop strain gauge histories and profiles of Columns C1, C2, and C3 are shown

in Figures C.60 to C.63, Figures C.64 to C.67, and Figures C.68 to C.71, respectively.

Measurements corresponding to the first peak of each displacement amplitude cycle are

indicated by markers. Figures C.72 and C.73 show the hoop strain gauge history and profile

corresponding to the first peak of each twist amplitude cycle, respectively, for Column C4.

C.3 Joint Region

The arrangement of DTs (Figure 4.10) and strain gauges (Figure 4.11) were used

to measure the joint region deformations.

The bar slip histories of Columns C1, C2, and C3 are shown in Figures C.74,

C.75, and C.76, respectively. The joint strain histories and profiles of Columns C1, C2,

and C3 are shown in Figures C.77 to C.79, Figures C.80 to C.82, and Figures C.83 to C.85,

respectively. Measurements corresponding to the first peak of each displacement amplitude

cycle are indicated by markers.
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Figure C.1: Column C1 Level Displacement History
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Figure C.2: Column C1 Displacement Profile
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Figure C.3: Column C1 Displacement Components
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Figure C.5: Column C2 Displacement Profile
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Figure C.6: Column C2 Displacement Components
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Figure C.8: Column C3 Displacement Profile
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Figure C.9: Column C3 Displacement Components

287



0.06 0.75 1 1.5 2 3 5 7
−6

−4

−2

0

2

4

6

Displacement Amplitude Cycle (in.)

T
w

is
t (

de
g)

(a) Tip

0.06 0.75 1 1.5 2 3 5 7
−6

−4

−2

0

2

4

6

Displacement Amplitude Cycle (in.)

T
w

is
t (

de
g)

(b) Elevation: 48 in.

0.06 0.75 1 1.5 2 3 5 7
−6

−4

−2

0

2

4

6

Displacement Amplitude Cycle (in.)

T
w

is
t (

de
g)

(c) Elevation: 36 in.

0.06 0.75 1 1.5 2 3 5 7
−6

−4

−2

0

2

4

6

Displacement Amplitude Cycle (in.)

T
w

is
t (

de
g)

(d) Elevation: 24 in.

0.06 0.75 1 1.5 2 3 5 7
−6

−4

−2

0

2

4

6

Displacement Amplitude Cycle (in.)

T
w

is
t (

de
g)

(e) Elevation: 12 in.
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Figure C.18: Column C1 Horizontal Expansion History
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Figure C.19: Column C1 Average Horizontal Expansion Profile
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Figure C.20: Column C2 Horizontal Expansion History
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Figure C.21: Column C2 Average Horizontal Expansion Profile
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Figure C.22: Column C3 Horizontal Expansion History
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Figure C.23: Column C3 Average Horizontal Expansion Profile
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Figure C.24: Column C4 Horizontal Expansion History
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Figure C.25: Column C4 Average Horizontal Expansion Profile

303



0.06 0.75 1 1.5 2 3 5 7
−0.008

−0.004

0

0.004

0.008

Displacement Amplitude Cycle (in.)

A
ve

ra
ge

 C
ur

va
tu

re
 (

1/
in

.)

(d) Elevation: 0−12 in.

Total
Total−Slip

0.06 0.75 1 1.5 2 3 5 7
−0.008

−0.004

0

0.004

0.008

Displacement Amplitude Cycle (in.)

A
ve

ra
ge

 C
ur

va
tu

re
 (

1/
in

.)

(c) Elevation: 12−24 in.

Total

0.06 0.75 1 1.5 2 3 5 7
−0.008

−0.004

0

0.004

0.008

Displacement Amplitude Cycle (in.)

A
ve

ra
ge

 C
ur

va
tu

re
 (

1/
in

.)

(b) Elevation: 24−36 in.

Total

0.06 0.75 1 1.5 2 3 5 7
−0.008

−0.004

0

0.004

0.008

Displacement Amplitude Cycle (in.)

A
ve

ra
ge

 C
ur

va
tu

re
 (

1/
in

.)
(a) Elevation: 36−48 in.

Total
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Figure C.28: Column C2 Average Curvature History

306



0 0.001 0.002 0.003

0

0.1

0.2

0.3

0.4

0.5

Average Curvature (1/in.)

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(a) 0.75 in.

Total
Total!Slip

0 0.001 0.002 0.003

0

0.1

0.2

0.3

0.4

0.5

Average Curvature (1/in.)

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(b) 1 in.

0 0.001 0.002 0.003

0

0.1

0.2

0.3

0.4

0.5

Average Curvature (1/in.)

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(c) 1.5 in.

0 0.001 0.002 0.003

0

0.1

0.2

0.3

0.4

0.5

Average Curvature (1/in.)

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(d) 2 in.

0 0.001 0.002 0.003

0

0.1

0.2

0.3

0.4

0.5

Average Curvature (1/in.)

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(e) 3 in.

0 0.001 0.002 0.003

0

0.1

0.2

0.3

0.4

0.5

Average Curvature (1/in.)

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(f) 5 in.

Figure C.29: Column C2 Average Curvature Profile
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Figure C.30: Column C3 Average Curvature History
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Figure C.31: Column C3 Average Curvature Profile
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Figure C.33: Column C1 Average Longitudinal Strain Profile
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Figure C.35: Column C2 Average Longitudinal Strain Profile
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Figure C.37: Column C3 Average Longitudinal Strain Profile
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Figure C.39: Column C1 Shear Strain Profile

317



0.06 0.75 1 1.5 2 3 5 7
−0.08

−0.04

0

0.04

0.08

Displacement Amplitude Cycle (in.)

S
he

ar
 S

tr
ai

n 
(r

ad
.) (d) Elevation: 0−12 in.

0.06 0.75 1 1.5 2 3 5 7
−0.08

−0.04

0

0.04

0.08

Displacement Amplitude Cycle (in.)

S
he

ar
 S

tr
ai

n 
(r

ad
.) (c) Elevation: 12−24 in.

0.06 0.75 1 1.5 2 3 5 7
−0.08

−0.04

0

0.04

0.08

Displacement Amplitude Cycle (in.)

S
he

ar
 S

tr
ai

n 
(r

ad
.) (b) Elevation: 24−36 in.

0.06 0.75 1 1.5 2 3 5 7
−0.08

−0.04

0

0.04

0.08

Displacement Amplitude Cycle (in.)

S
he

ar
 S

tr
ai

n 
(r

ad
.) (a) Elevation: 36−48 in.

North Face
South Face
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Figure C.43: Column C3 Shear Strain Profile
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Figure C.46: Column C1 Longitudinal Strain History – North and South Gauges
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Figure C.47: Column C1 Longitudinal Strain Profile – North and South Gauges
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Figure C.48: Column C1 Longitudinal Strain History – West and East Gauges
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Figure C.49: Column C1 Longitudinal Strain Profile – West and East Gauges

327



0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(e) Interface

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(d) Elevation: 12 in.

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(c) Elevation: 24 in.

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(b) Elevation: 36 in.

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(a) Elevation: 48 in.

North SG
South SG

Figure C.50: Column C2 Longitudinal Strain History – North and South Gauges
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Figure C.51: Column C2 Longitudinal Strain Profile – North and South Gauges
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Figure C.52: Column C2 Longitudinal Strain History – West and East Gauges
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Figure C.53: Column C2 Longitudinal Strain Profile – West and East Gauges
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Figure C.54: Column C3 Longitudinal Strain History – North and South Gauges
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Figure C.55: Column C3 Longitudinal Strain Profile – North and South Gauges
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Figure C.56: Column C3 Longitudinal Strain History – West and East Gauges
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Figure C.57: Column C3 Longitudinal Strain Profile – West and East Gauges
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Figure C.59: Column C4 Longitudinal Strain Profile
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Figure C.60: Column C1 Hoop Strain History – North and South Gauges
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Figure C.61: Column C1 Hoop Strain Profile – North and South Gauges

339



0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(e) Elevation: 6 in.

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(d) Elevation: 12 in.

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(c) Elevation: 24 in.

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(b) Elevation: 36 in.

0.06 0.75 1 1.5 2 3 5 7
−0.01

0

0.01

0.02

0.03

Yield Strain

Displacement Amplitude Cycle (in.)

S
tr

ai
n

(a) Elevation: 48 in.

West SG
East SG

Figure C.62: Column C1 Hoop Strain History – West and East Gauges
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Figure C.63: Column C1 Hoop Strain Profile – West and East Gauges
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Figure C.64: Column C2 Hoop Strain History – North and South Gauges
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Figure C.65: Column C2 Hoop Strain Profile – North and South Gauges
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Figure C.66: Column C2 Hoop Strain History – West and East Gauges

344



−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(a) 0.75 in.

West SGs
East SGs

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(b) 1 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(c) 1.5 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(d) 2 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(e) 3 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(f) 5 in.

Figure C.67: Column C2 Hoop Strain Profile – West and East Gauges
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Figure C.68: Column C3 Hoop Strain History – North and South Gauges

346



−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(a) 0.75 in.

North SGs
South SGs

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(b) 1 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(c) 1.5 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(d) 2 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(e) 3 in.

−0.01 0 0.01 0.02 0.03

0

0.1

0.2

0.3

0.4

0.5
Yield Strain

Strain

R
at

io
 o

f C
ol

um
n 

H
ei

gh
t

(f) 5 in.

Figure C.69: Column C3 Hoop Strain Profile – North and South Gauges
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Figure C.70: Column C3 Hoop Strain History – West and East Gauges
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Figure C.71: Column C3 Hoop Strain Profile – West and East Gauges
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Figure C.72: Column C4 Hoop Strain History
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Figure C.73: Column C4 Hoop Strain Profile

351



0.06 0.75 1 1.5 2 3 5 7
−0.1

−0.05

0

0.05

0.1

0.15

0.2

Displacement Amplitude Cycle (in.)

S
lip

 (
in

.)

West Bar
East Bar

Figure C.74: Column C1 Bar Slip History
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Figure C.76: Column C3 Bar Slip History
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Figure C.77: Column C1 Joint Strain History – West Gauges
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Figure C.78: Column C1 Joint Strain History – East Gauges
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Figure C.79: Column C1 Joint Strain Profile
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Figure C.80: Column C2 Joint Strain History – West Gauges
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Figure C.81: Column C2 Joint Strain History – East Gauges
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Figure C.82: Column C2 Joint Strain Profile
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Figure C.83: Column C3 Joint Strain History – West Gauges
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Figure C.84: Column C3 Joint Strain History – East Gauges
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Figure C.85: Column C3 Joint Strain Profile
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Appendix D

Damage Progression

The progression of damage was documented using photographs taken at the first

peak East, first peak West, and at the end of each displacement amplitude cycle. Firewire

cameras, which were setup to take images at four to five second intervals, were also posi-

tioned on tripods around each test specimen to record column damage.

D.1 Crack Patterns

Crack patterns were marked at the first peak East, first peak West, and at the

end of each displacement amplitude cycle. Figure D.1 illustrates the flattened surface of the

circular column, with sides marked N, W, S, and E representing North, West, South, and

East, respectively. A similar convention was used for the oblong column (not shown). The

crack patterns after completion of the 0.75, 1, 1.5, 2, 3, 5, and 7 in. displacement amplitude

cycles for Columns C1, C2, and C3 are shown in Figures D.2, D.3, and D.4, respectively.

The crack patterns after completion of the 0.5, 0.7, 1.1, 1.4, 2.1, 3.6, 5 deg twist amplitude

cycles for Column C4 are shown in Figure D.5.

359



Figure D.1: Illustration of Convention
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Figure D.2: Column C1 Crack Patterns
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Figure D.3: Column C2 Crack Patterns
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Figure D.5: Column C4 Crack Patterns

364



Fractured

Buckled

N

S

W E

Figure D.6: Column C1 Location of Buckled and Fractured Bars

D.2 Measured Crack Widths

Crack widths were marked and measured on all sides of the column along the

entire height at the first peak East, first peak West, and at the end of each displacement

amplitude cycle. The largest of the first peak East or first peak West measured crack widths

are summarized for Columns C1, C2, and C3 in Tables D.1, D.3, and D.5, respectively. The

residual crack widths measured at the end of the 0.75, 1, 1.5, 2, 3, 5, and 7 in. displacement

amplitude cycles for Columns C1, C2, and C3 are summarized in Tables D.2, D.4, and D.6,

respectively. The peak and residual cracks widths at the end of the 0.5, 0.7, 1.1, 1.4, 2.1, 3.6,

5 deg twist amplitude cycles for Column C4 are shown in Figures D.7 and D.8, respectively.

D.3 Location of Fractured and Buckled Bars

The location of fractured and buckled longitudinal reinforcing bars upon com-

pletion of testing for Columns C1, C2, and C3 are shown in Figures D.6, D.7, and D.8,

respectively.
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Table D.1: Column C1 Peak Crack Widths

Location Displacement Amplitude (in.)

Face Elevation 0.75 1 1.5 2 3 5 7

North

Interface 0.010 0.013 0.013 0.016 0.030 0.063 0.050
0–12 in. * * * 0.016 0.030 0.040 0.060
12–24 in. * * 0.010 0.013 0.013 0.040 0.080
24–36 in. * * * * * 0.010 0.016
36–48 in. * * * * * * 0.013
48–96 in. * * * * * * *

South

Interface * 0.010 0.016 0.016 0.030 0.060 †
0–12 in. * * 0.013 0.013 0.040 0.060 0.070
12–24 in. * * 0.013 0.013 0.030 0.040 0.080
24–36 in. * * 0.013 0.013 0.016 0.020 0.030
36–48 in. * * 0.010 0.010 0.013 0.013 0.016
48–96 in. * * 0.010 0.010 0.010 0.010 0.010

East

Interface 0.013 0.030 0.040 0.070 0.050 † †
0–12 in. * * 0.016 0.060 0.050 † †
12–24 in. 0.013 0.016 0.030 0.020 0.020 0.050 0.020
24–36 in. 0.010 0.013 0.016 0.013 0.020 0.020 0.013
36–48 in. * * 0.013 0.013 0.013 0.010 0.010
48–96 in. * * 0.010 * 0.010 0.010 *

West

Interface 0.013 0.020 0.030 0.040 † † †
0–12 in. 0.010 0.013 0.030 0.030 0.040 † †
12–24 in. 0.010 0.016 0.016 0.050 0.060 0.188 0.080
24–36 in. 0.010 0.013 0.013 0.016 0.020 0.030 0.020
36–48 in. * 0.010 0.013 0.016 0.020 0.020 0.016
48–96 in. * * 0.013 0.016 0.016 0.016 0.010

∗ Less than 0.010 in.
† Not measured
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Table D.2: Column C1 Residual Crack Widths

Location Displacement Amplitude (in.)

Face Elevation 0.75 1 1.5 2 3 5 7

North

Interface * * * * * 0.010 †
0–12 in. * * * * 0.010 0.013 †
12–24 in. * * * * * 0.013 0.030
24–36 in. * * * * * * 0.013
36–48 in. * * * * * * 0.010
48–96 in. * * * * * * *

South

Interface * * * * * 0.010 †
0–12 in. * * * * * 0.016 †
12–24 in. * * * * * 0.013 0.016
24–36 in. * * * * * 0.010 0.013
36–48 in. * * * * * * 0.010
48–96 in. * * * * * * *

East

Interface * * * * † † †
0–12 in. * * * * 0.016 † †
12–24 in. * * * * 0.010 0.016 0.016
24–36 in. * * * * * 0.010 0.010
36–48 in. * * * * * * 0.010
48–96 in. * * * * * * *

West

Interface * * * * † † †
0–12 in. * * * * 0.010 † †
12–24 in. * * * * 0.010 0.016 0.040
24–36 in. * * * * 0.010 0.010 0.020
36–48 in. * * * * * 0.010 0.013
48–96 in. * * * * * 0.010 *

∗ Less than 0.010 in.
† Not measured

367



Table D.3: Column C2 Peak Crack Widths

Location Displacement Amplitude (in.)

Face Elevation 0.75 1 1.5 2 3 5 7

North

Interface * * 0.010 0.016 0.016 0.020 †
0–12 in. * * 0.013 0.020 0.060 0.070 †
12–24 in. * * 0.010 0.016 0.020 0.040 †
24–36 in. * * 0.010 0.010 0.013 0.016 0.013
36–48 in. * 0.010 0.010 0.016 0.013 0.013 0.013
48–96 in. * * * * 0.010 0.010 0.010

South

Interface * * * * * 0.020 †
0–12 in. * 0.010 0.013 0.020 0.070 0.188 †
12–24 in. * 0.013 0.013 0.016 0.040 0.125 †
24–36 in. 0.010 0.010 0.013 0.016 0.016 0.016 0.013
36–48 in. * 0.010 0.013 0.013 0.016 0.016 0.010
48–96 in. * 0.010 0.013 0.013 0.016 0.016 0.013

East

Interface 0.013 0.016 0.020 0.060 0.125 † †
0–12 in. 0.010 0.013 0.030 0.030 † † †
12–24 in. 0.013 0.016 0.020 0.030 0.030 † †
24–36 in. 0.013 0.013 0.016 0.020 0.030 0.020 †
36–48 in. 0.010 0.013 0.016 0.013 0.016 0.020 0.013
48–96 in. 0.010 0.010 0.013 0.013 0.016 0.013 0.010

West

Interface 0.010 0.016 0.030 0.060 0.125 † †
0–12 in. * 0.013 0.020 0.050 † † †
12–24 in. 0.010 0.016 0.020 0.030 † † †
24–36 in. 0.010 0.016 0.016 0.020 0.030 0.040 †
36–48 in. 0.010 0.013 0.013 0.016 0.016 0.020 0.013
48–96 in. * 0.010 0.010 0.013 0.016 0.016 0.013

∗ Less than 0.010 in.
† Not measured
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Table D.4: Column C2 Residual Crack Widths

Location Displacement Amplitude (in.)

Face Elevation 0.75 1 1.5 2 3 5 7

North

Interface * * * * * * †
0–12 in. * * * * * * †
12–24 in. * * * * * † †
24–36 in. * * * * * * 0.016
36–48 in. * * * * * * *
48–96 in. * * * * * * *

South

Interface * * * * * † †
0–12 in. * * * * * † †
12–24 in. * * * * 0.013 † †
24–36 in. * * * * * * 0.010
36–48 in. * * * * * * *
48–96 in. * * * * * * *

East

Interface * * * * * † †
0–12 in. * * * * * † †
12–24 in. * * * * * † †
24–36 in. * * * * * † †
36–48 in. * * * * * * *
48–96 in. * * * * * * *

West

Interface * * * 0.030 † † †
0–12 in. * * * 0.013 † † †
12–24 in. * * * * † † †
24–36 in. * * * * * † †
36–48 in. * * * * * * *
48–96 in. * * * * * * *

∗ Less than 0.010 in.
† Not measured
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Table D.5: Column C3 Peak Crack Widths

Location Displacement Amplitude (in.)

Face Elevation 0.75 1 1.5 2 3 5 7

North

Interface * * 0.013 0.030 0.060 0.070 †
0–12 in. * * 0.010 0.010 0.030 0.125 †
12–24 in. * * 0.010 0.010 0.020 0.030 0.125
24–36 in. * * * * 0.010 0.020 0.016
36–48 in. * * * * * * *
48–96 in. * * * * * * *

South

Interface * * 0.020 0.020 0.020 † †
0–12 in. * * 0.020 0.020 0.050 † †
12–24 in. * * 0.013 0.016 0.020 0.080 0.030
24–36 in. * * 0.016 0.016 0.016 0.020 0.016
36–48 in. * * 0.010 0.013 0.016 0.016 0.013
48–96 in. * * 0.010 0.013 0.013 0.016 0.013

East

Interface 0.013 0.016 0.050 0.050 0.060 † †
0–12 in. * 0.016 0.060 0.060 0.050 † †
12–24 in. * 0.020 0.040 0.040 0.040 † †
24–36 in. 0.010 0.016 0.016 0.016 0.020 0.020 0.020
36–48 in. 0.013 0.013 0.016 0.016 0.020 0.020 0.020
48–96 in. 0.013 0.013 0.013 0.013 0.030 0.020 0.020

West

Interface 0.016 0.016 0.040 0.070 0.250 † †
0–12 in. * 0.016 0.030 0.060 0.125 † †
12–24 in. 0.013 0.016 0.020 0.030 0.050 † †
24–36 in. 0.010 0.013 0.020 0.020 0.030 0.016 0.016
36–48 in. * 0.013 0.016 0.020 0.016 0.020 0.016
48–96 in. * 0.010 0.016 0.016 0.020 0.030 0.016

∗ Less than 0.010 in.
† Not measured
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Table D.6: Column C3 Residual Crack Widths

Location Displacement Amplitude (in.)

Face Elevation 0.75 1 1.5 2 3 5 7

North

Interface * * * * * † †
0–12 in. * * * * * † †
12–24 in. * * * * * 0.010 †
24–36 in. * * * * * * *
36–48 in. * * * * * * *
48–96 in. * * * * * * *

South

Interface * * * * 0.010 † †
0–12 in. * * * * 0.010 † †
12–24 in. * * * * * 0.013 0.030
24–36 in. * * * * * * *
36–48 in. * * * * * * *
48–96 in. * * * * * * *

East

Interface * * * * † † †
0–12 in. * * * * † † †
12–24 in. * * * * 0.010 † †
24–36 in. * * * * * 0.010 0.010
36–48 in. * * * * * * 0.013
48–96 in. * * * * * * 0.010

West

Interface * * * * † † †
0–12 in. * * * * † † †
12–24 in. * * * * 0.010 † †
24–36 in. * * * * * * *
36–48 in. * * * * * * *
48–96 in. * * * * * * *

∗ Less than 0.010 in.
† Not measured
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Table D.7: Column C4 Peak Crack Widths

Location Twist Amplitude (deg)

Face Elevation 0.5 0.7 1.1 1.4 2.1 3.6 5

North

Interface * * † † † † †
0–24 in. * * † † † † †
24–48 in. * * † † † † †
48–96 in. 0.010 * † † † † †

South

Interface * * † † † † †
0–24 in. * * † † † † †
24–48 in. * * † † † † †
48–96 in. 0.010 0.015 † † † † †

East

Interface * * * † † † †
0–24 in. * * 0.013 † † † †
24–48 in. * * 0.016 † † † †
48–96 in. 0.015 0.015 0.020 † † † †

West

Interface * * * * * * †
0–24 in. * * 0.013 0.013 0.016 0.020 †
24–48 in. * * 0.013 0.013 0.016 0.034 †
48–96 in. 0.010 0.015 0.016 0.016 0.020 0.030 †

∗ Less than 0.010 in.
† Not measured
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Figure D.7: Column C2 Location of Buckled and Fractured Bars
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Table D.8: Column C4 Residual Crack Widths (Adapted from Le, 2008)

Location Twist Amplitude (deg)

Face Elevation 0.5 0.7 1.1 1.4 2.1 3.6 5

North

Interface * † † † † † †
0–24 in. * † † † † † †
24–48 in. * † † † † † †
48–96 in. * † † † † † †

South

Interface * † † † † † †
0–24 in. * † † † † † †
24–48 in. * † † † † † †
48–96 in. * † † † † † †

East

Interface * † † † † † †
0–24 in. * † † † † † †
24–48 in. * † † † † † †
48–96 in. 0.010 † † † † † †

West

Interface * * * * * * †
0–24 in. * * * * * * *
24–48 in. * * * * * † †
48–96 in. 0.010 0.010 0.010 0.010 0.010 0.010 †

∗ Less than 0.010 in.
† Not measured
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Figure D.8: Column C3 Location of Buckled and Fractured Bars
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D.4 Photographs

The damage states after completion of the 0.75, 1, 1.5, 2, 3, 5, and 7 in. dis-

placement amplitude cycle are shown in Figures D.9 to D.15 for Column C1; Figures D.16

to D.22 for Column C2; and Figures D.23 to D.29 for Column C3. The damage states of

Column C4 after completion of the 0.5, 0.7, 1.1, 1.4, 2.1, 3.6, 5 deg twist amplitude cycles

are shown in Figures D.30 to D.36.
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.9: Column C1 after 0.75 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.10: Column C1 after 1 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.11: Column C1 after 1.5 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.12: Column C1 after 2 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.13: Column C1 after 3 in. Displacement Amplitude Cycle

380



(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.14: Column C1 after 5 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.15: Column C1 Final Damage State
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.16: Column C2 after 0.75 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.17: Column C2 after 1 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.18: Column C2 after 1.5 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.19: Column C2 after 2 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.20: Column C2 after 3.0 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.21: Column C2 after 5 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.22: Column C2 Final Damage State
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.23: Column C3 after 0.75 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.24: Column C3 after 1 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.25: Column C3 after 1.5 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.26: Column C3 after 2 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.27: Column C3 after 3 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.28: Column C3 after 5 in. Displacement Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.29: Column C3 Final Damage State
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.30: Column C4 after 0.5 deg Twist Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.31: Column C4 after 0.7 deg Twist Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.32: Column C4 after 1.1 deg Twist Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.33: Column C4 after 1.4 deg Twist Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.34: Column C4 after 2.1 deg Twist Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.35: Column C4 after 3.6 deg Twist Amplitude Cycle
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(a) North Face (b) South Face

(c) East Face (d) West Face

Figure D.36: Column C4 after 5 deg Twist Amplitude Cycle
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