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ABSTRACT

Reinforced concrete (RC) columns of skewed and curved bridges with unequal
spans and column heights can be subjected to combined loading including axial, flexure,
shear, and torsion loads during earthquakes. The combination of axial loads, shear force,
and flexural and torsional moments can result in complex failure modes of RC bridge
columns. This study carried out experimental and analytical studies to investigate the
seismic performance of circular RC columns under combined loading including torsion.
The main variables considered here were (i) the ratio of torsion-to-bending moment
(T/M), (i1) the ratio of bending moment-to-shear (M/V) or shear span (H/D), and (iii) the
level of detailing for high and moderate seismicity (high or low spiral ratio). In
particular, the effects of the spiral reinforcement ratio and shear span on strength and
ductility of circular RC columns under combined loading were addressed. In addition,
the effects of torsional loading on the bending moment-curvature, ductility, and energy
dissipation characteristics were also considered. The analytical investigation examined
the development of existing models for flexure and pure torsion. Interaction diagrams
between bending, shear and torsional loads were established from a semi-empirical
approach. A damage-based design approach for circular RC columns under combined
loads was proposed by decoupling damage index models for flexure and torsion.
Experimental and analytical results showed that the progression of damage was amplified
by an increase in torsional moment. An increase in the transverse spiral reinforcement
ratio delayed the progression of damage and changed the torsional-dominated behavior to

flexural-dominated behavior under combined flexural and torsional moments.
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1. INTRODUCTION

1.1. BACKGROUND

The elements of structural system can be subjected to combined actions including
bending, shear, and torsion irrespective of their material composition (steel, concrete, or
wood),. This loading results in a complex internal force flow due to geometrical
conditions or complex load combinations. However, no matter how complex, no loading
involves more than four basic load types: axial loads, shear forces, bending; and torsional
moments. In case of members made of perfect isotropic materials such as steel, analysis
of behavior in the elastic region under combined actions is cumbersome. The inelastic
behavior of quasi-brittle materials such as concrete can make such analyses even more
complex. In a reinforced concrete, the relative contribution of steel reinforcement and
concrete and their interaction under combined loads make the analysis even more
difficult. In spite of their complexity, the behavior of reinforced concrete sections needs
to be understood to make rational provisions in design and analysis.

Combined loadings including torsion with axial load, shear force, and bending
moment can occur in reinforced concrete (RC) elements such as arch ribs, L-shaped
bridge piers, spiral stair cases, and bridges with outrigger bents. In particular, torsional
moments occur in RC structure elements (i) due to eccentric loads caused by traffic
conditions in bridge box girders, (ii) when a spandrel beam meets at a corner without a
column, and (iii) in curved beams, staircases, and girders with horizontal projections
(Figure 1.1). In spite of the significant effect of combined actions including torsion, most
studies performed during the early twentieth century focused mainly on axial force,

flexure, pure shear, or pure torsion without considering their interactions.
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The compression behavior of plain concrete is well understood [Whitney 1937,
Hognestad 1951; Mattock 1961 and Rusch, 1961], as is that of RC [Kent 1969; Park and
Paulay 1975, Ahmad and Shah 1982, Mander and Cheng, 1984 and Mander et al., 1988].
Research on shear and torsional behavior of RC began in the nineteenth century. The first
theoretical models for shear behavior in cracked RC members date back to the turn of the
century when Ritter (1899) and Morsch (1902) formulated the 2-D plane truss concept.
By extending this model, Rausch (1929) developed three-dimensional space truss model
for torsion; this model assumed longitudinal and hoop steel reinforcement to resist
tension and concrete struts to resist compression. It also assumed that the shear flow path
would follow the centerline of the hoop steel reinforcement.

Researchers, in the second half of the twentieth century, investigated the behavior
of RC beams under combined bending and torsion [Lampert and Thiirlimann 1969;
McMullen and Warwaruk 1970; Onsongo 1978] and under combined torsion and shear
[Klus 1968; Rahal 1993]. Recently, a few studies have also investigated the behavior of
combined bending, shear, and torsion [Hsu and Wang 2000; Hsu and Liang 2003; Otsuka
et al., 2004; Tirasit and Kawashima, 2007, Greene and Belarbi, 2009a]. However, all
these studies were limited to rectangular or square sections. In addition, the cyclic
behavior under combined loading is not yet clearly understood. To date, no studies have
reported on the behavior of circular sections under combined bending, shear; and
torsional static and cyclic loads. The combination of torsion and compression is the least
studied in spite of its occurrence in bridge columns during earthquakes [Peir 1973; and
Pandit and Mawal 1973]. Studies on the behavior of RC subject to combined loading

including torsion have been limited because (a) torsion is usually considered a secondary



effect in concrete structures, (b) the members can be usually arranged in a structure so
that they are subject to only very small torsional moments, and (c) torsion tests require
special equipment and instrumentation.

At this time, the behavior and ultimate strength of RC members subject to various
combinations of shear force, axial compression, and bending moment are well understood
based on several experimental studies [Mander and Cheng, 1984 and Mander et al., 1988;
Stone and Cheok 1989; Wong et al. 1990&1993; Priestley et al. 1996; Kawashima et al.
1994, Kawano and Watanabe 1997]. Accordingly, recent analytical models have focused
primarily on inelastic flexural hysteresis behavior without considering the effects of shear
and torsion [Kent 1969; Park and Ang 1985; Priestly and Benzoni 1996; Priestly et al.,
1996 and Lehman et al., 1998]. A few studies have considered flexure and shear
interaction; however, this interaction is not yet fully understood [Ang et al., 1989; Wong
et al., 1990; Ozcebe and Saaticoglu 1989; Galal and Ghobarah 2003; and Zhang and Xu,
2008]. Torsional loadings with flexure and shear can significantly affect the flow of
internal forces of RC members, as well as their deformation capacity. The presence of
torsion with shear and flexure increases the possibility of shear-dominated failure. At
present, the knowledge of the interaction between flexural and torsional moment with
various levels of shear and compression in RC elements is very limited [Tirasit et al.,
2008 and Greene and Belarbi, 2009a &2009b]. No analytical models include the effect of
interaction among flexure, shear, and torsion and in their assessment of seismic
performance of RC members with axial loads. Due to the paucity of experimental results
on the cyclic and dynamic behavior of RC columns under combined loadings, a reliable

hysteresis model has not yet been developed. Knowledge on the effects of torsion with



various levels of compression, shear, and bending moment is necessary to make rational

design provisions for RC columns under combined loading.

1.2. COMBINED LOADING IN RC BRIDGE COLUMNS

The addition of torsional moment is more likely in skewed and horizontally
curved bridges, bridges with unequal spans or column heights, and bridges with outrigger
bents. Construction of bridges with these configurations is often unavoidable due to site
constraints imposed by rivers, railroad tracks, and other obstacles that do not necessarily
cross a bridge perpendicular to its alignment. Accordingly, bridge members are often
built in a skew or in a curved fashion to accommodate such obstacles. In addition,
multidirectional earthquake motions including significant vertical motions, structural
constraints due to a stiff deck, movement of joints, abutment restraint, and soil conditions
may also lead to combined loading effects. Because, the responses of curved bridges
under longitudinal and transverse motions are coupled, the columns can be subject to
multidirectional deformation with torsion. This combination of seismic loading can have
significant effects on the force and deformation capacity of RC columns and influences
the performance of the bridge system as a whole. Torsion may also occur due to the
eccentricity of inertial force transferred from superstructures in bridges with outrigger
bents.

In skewed bridges, a collision between the bridge deck and the abutment may
cause in-plane rotation of superstructures; consequently inducing torsion in the bridge
columns (Tirasit and Kawashima, 2005), as illustrated in Figure 1.2. A 2008 analytical

study by Tirasit and Kawashima carried out to investigate the seismic torsion response of



skewed bridge piers showed the possibility of significant torsional loading. Using the
finite element method, this work conducted a time history analysis of a four-span
continuous skewed bridge considering several parameters such as skewness, pounding,
cable restrainer system, and locking of steel bearing movement after damage. The results
show that pounding occurs between a skewed bridge deck and abutments; resulting in in-
plane deck rotation and increase of the seismic torsion in skewed bridge piers. The results
also show clearly that torsional moments in the columns closest to abutments in a skewed
bridge are higher than those in a straight bridge. Other columns are subject to
significantly lower torsion-to-bending moment (T/M) ratios of almost 0.08 at maximum
response. The work of Tirasit and Kawashima also demonstrated the possibility of
significant deck rotation due to the seismic torsional response of skewed bridge piers.
Moreover, it showed that locking of bearing movement after failure could significantly

amplify seismic torsion in skewed bridge piers.

F, Bridge Deck

Abutment

Bent with Two Columns

Figure 1.2 Torsional Moment in Columns due to Deck Rotation
(Plan View of a Skewed Bridge)



Due to the deformation of the deck under the shear force, columns will be
subjected to compatibility torsion inducing torsional moment. Figure 1.3 shows a
segment of bridge superstructure between movement joints contains one short column
and one long column. As a result, the center of rigidity is displacement from the centre of
mass towards the shorter columns. The bridge columns are subjected to torsional
moments due to eccentricity between center of mass and stiffness during an transverse

earthquake motion as shown in Figure 1.3.

Center of Mass Center of Rigidity Rotation in Bridge Deck

Line of Action of

T Inertial Forces
during earthquake

A

T, T, = Torsional Moments

Figure 1.3 Torsional Moment in Bridge Columns During an Earthquake

Belarbi et al. (2008) investigated the presence of torsion in bridge columns by
analyzing a bridge structure model (Figure 1.4). Figure 1.5 presents the results of their
seismic analyses for various earthquake motions. As this figure indicates, a supporting
bent of a bridge under complex deformation, is subjected to a combination of axial loads,

bending moments, shearing forces, and potentially to torsional rotations as well. Torsion



is more evident, however, in columns farther from abutments that are under deformation
restraints from the abutment keys (e.g., pier line 3 in Figure 1.4). Torsion effects due to
rotation of the superstructure can be significant when shear keys restrain the bridge
superstructure at the abutments, or when there is a significant decrease in torsion stiffness
relative to the bending stiffness of the column.

In general, the force produced in bridge columns due to dead and live loads is
primarily axial. During an earthquake, the inertial forces cause longitudinal loads in the
direction of the bridge, transverse loads in a horizontal plane, and orthogonal loads to the
bridge centerline causing shear and torsional loads in bridge columns. The results of
seismic analyses clearly show that the bridge columns in the bents closest to the bridge
abutments are subject to a T/M of between 0.52 and 0.33, significantly higher than that
for the bents closest to the center of the bridge. The other columns are subject to

significantly lower T/M ratios of almost 0.08 at maximum response.
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Figure 1.4 Bridge Transverse Seismic Response
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During the design of bridge systems, columns are typically selected to provide
effective dissipation of seismic energy. To improve the ductility and energy dissipation
capacity of the columns, therefore, suitable and properly detailed plastic-hinges are
provided at the end region of the column where the moments are at a maximum under
lateral response. In addition, the presence of torsion loadings can change the formation
of plastic-hinge zones. The detailing of RC columns under combined loadings including
torsion has not been studied in depth. Most codes include confinement requirements
based on the assumption that the compressive strength of the confined core of a column
after spalling should be equal to the strength of the gross section of the column before
spalling. However, the presence of torsion amplifies the occurrence of spalling and also
softens the core concrete, resulting in a reduction of the confinement effect in the core
concrete. Accordingly, the detailing requirements for transverse reinforcement must be

examined more carefully under combined loading. Moreover, local ductility contributing
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to the overall displacement ductility is ensured for columns primarily by modifying and
arranging the lateral transverse reinforcement. Thus, the existing plastic-hinge model
assumes that the length of the plastic zone in a member is proportional to the level of
detailing of the transverse reinforcement and the member’s shear span. In other words, a
member with a shorter shear span has a smaller plastic-hinge zone; hence detailing

should be modified based on consideration of factors mentioned above.

1.3. OBJECTIVES AND SCOPE

Most research on the behavior of RC under combined loading has relied on small-
scale beams. A review of previously published studies indicates that very few
investigations have examined the behavior of RC columns under combined loading.
Moreover, information is scarce on the effect of increasing the transverse reinforcement
ratio or on the effect of aspect ratio on the behavior of RC columns under combined
loading. Thus, the research presented here on RC circular columns under combined
bending, shear, and torsion loadings with various aspect ratios and spiral reinforcement
ratios can provide valuable information that was unavailable previously. The results of
this study will also support the development of analytical models and design detailing
guidelines. In addition, they will provide the basis for further development of interaction
surfaces and design guidelines for circular RC columns subjected to combined loading
including torsion.

The objective of this research program is to characterize and quantify the seismic
performance of circular RC bridge columns under combined loading including torsion.

The primary objectives of this research can be summarized as follows:
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(1) To investigate the effect of full-reversal cyclic pure torsion, cyclic bending and
shear, and torsion combined with shear and bending loads on the behavior of
circular RC bridge columns.

(i1) To investigate the effect of spiral reinforcement ratio on the failure modes and
ductility characteristics of circular RC columns under combined loading including
torsion.

(i11))To understand the effect of shear span or moment-to-shear ratio on the failure
mode and energy dissipation characteristics

(iv)To improve tools for the analysis of RC members under combined loadings at
service and ultimate-load levels. This includes modifying the existing mechanical
and damage models for combined loading.

(v) To establish interaction diagrams and propose equations for various failure modes

of circular RC columns with various aspect and spiral ratios.

1.4. RESEARCH PLAN AND METHODOLOGY

The experimental portion investigated the response of circular RC columns under
full-reversal cyclic torsional, bending; shear, and combined loadings with constant axial
load. The specific objective was to determine the effect of cyclic loads on the stiffness
degradation stiffnesses under pure flexure and torsion as well as combined loading. The
experimental work focused on (i) the interaction between torsional and bending moment
and the damage progression of the specimen resulted from the diagonal cracking in two

orthogonal directions, (ii) the characteristics of the shear-flow zone and the impact of the
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concrete softening, and (iii) the occurrence and severity of concrete cover spalling and
estimation of plastic-hinge lengths.

The analytical portion of this investigation consists of (i) development of
mechanical models such as the existing plastic-hinge-based model for flexure, (ii)
improvement of softened truss model for pure torsion, and (iii) establishment of
interaction surfaces using semi-empirical methods. The mechanical models developed
here can predict the load-deformation behavior of RC columns subject to flexural loads
and torsional moment-twist curves under pure torsion. The semi-empirical model can be
used to establish interaction curves to predict the failure of RC members under combined
loading. This work also contributes to the development of damage index models that can
be used to predict the damage behavior under combined loadings from a performance-
based design point of view.

In summary, the specific scope of the work includes:

(1) To investigate the effect of torsion by varying the torsion-to-bending moment
(T/M) ratio on strength and stiffness degradation, failure modes; and deformation
characteristics.

(i1)) To establish interaction diagrams of RC circular columns between torsion,
bending, and shear through an experimental study based on two aspect ratios
(H/D=6 and H/D=3) and two spiral ratios (0.73% and 1.32%)).

(ii1) To develop the decoupled damage index models for flexure and torsion and
study the interaction between torsional and flexural damage indices for various
levels of T/M ratios based on aspect ratios of 6 and 3 and spiral ratios of 0.73%

and 1.32%.
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(iv) To establish the limits of various damage states based on the level of cross
sectional details such as longitudinal and transverse reinforcement ratios and

loading conditions.

1.5. ORGANIZATION OF THE DISSERTATION

Section 2 presents background information and a review of literature related to
this research. It also describes existing models and code provisions for combined
loadings. Section 3 presents the details of the experimental program, including design,
construction, and testing procedures. Section 4 discusses the results of experiments and
assesses the performance of test specimens with respect to hysteresis behavior,
displacement and twist components, strain plots, and interaction diagrams. Section 5
suggests modifications of existing models for flexure and pure torsion and includes the
diagrams of interaction between flexural, shear, and torsional loads. Section 6 offers
damage index models and validate experimental results for various test parameters.
Finally, Section 7 summarizes the conclusions of this study and recommends some

directions for future research.
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2. REVIEW OF STUDIES ON BEHAVIOR OF REINFORCED CONCRETE
UNDER COMBINED LOADING INCLUDING TORSION

2.1. INTRODUCTION

The existence of torsion significantly alters the behavior of concrete members.
Although, a number of studies have addressed flexure, pure shear, and pure torsion,
independently, investigations on such loads in combinations are scarce. Among them, the
combination of torsion and axial loads is the least studied until now in spite of its
frequent occurrence in bridge columns during earthquakes (See Section 1 above for a
discussion of torsion in bridge columns). The development of rational design provisions
requires a clear understanding of the effect of torsion when combined with bending,
shear, and axial loads on the behavior of bridge columns. The following discussion
addresses, the state of research on the behavior of RC members under various
combinations of bending moment, shear force, and torsional loads. In particular, it

reviews the literature on the behavior of RC columns under combined loading in detail.

2.2. BEHAVIOR UNDER FLEXURE AND AXIAL LOADS

In general, parameters such as member sectional details, material properties, and
loading conditions characterize the behavior of RC columns under flexure, as shown in

Figure 2.1.



15

Geomqtry and — Material — ) _
Secthnal l Properties l Loading Details
Details
i i i
Length of Column, Stress Strain Relationship Amount of
Aspect Ratio, Cover, of Unconfined Concrete, Compression, Loading
Transverse Transverse and History, Type of
Reinforcement ratio, Longitudinal Steel, Spacing Loading (Psuedocyclic,
Longitudinal Ratio, and Configuration of Psuedodynamic),
Diameter of Transverse Reinforcement Earthquake Simulator
Longitudinal Bar Ratio (Confinement) Tests

Figure 2.1 Factors Affecting the Behavior of RC Columns under Combined Flexure and
Axial Compression

2.2.1. Experimental Studies. Several experimental studies have examined the
response of concrete elements under flexure and axial compression. A number of tests
have been carried out to determine the cyclic behavior of RC columns under flexure, with
or without axial compression. The earliest tests on bridge columns under seismic loading
were carried out in New Zealand and Japan. Several studies have provided valuable
information on the behavior of RC columns under cyclic uniaxial flexural loads (Kent,
1969; Ang et al., 1989; Mander et al., 1988; Stone and Cheok, 1989; Wong et al., 1990
and 1993; Priestley et al., 1996; Kawano and Watanabe, 1997; Kawashima et al., 1994;
Kowalsky and Priestley 2000, and Kunnath, 1997). The following review of these studies
classifies the behavior of RC columns according to the effect of aspect ratio,
confinement, axial load, and other parameters.

2.2.1.1 Effect of aspect ratio. The behavior of RC columns can be classified as
flexure-dominated or shear-dominated or as having significant flexure-shear interaction.

The aspect ratio of a column determines the level of flexure-shear interaction. A number
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of researchers have studied the effect of aspect ratio, namely Iwasaki et al., (1985),
Davey and Park (1975), Stone (1989), McDaniel (1997), and Vu (1999). Most
significantly, these studies have found that (i) displacement ductility capacity decreases
with a decrease in moment-to-shear ratio and (ii) shear demand increases with a reduction
in the moment-to-shear ratio. The failure modes of flexure-dominated columns are
similar to those of conventional beams under flexure. However, the failure mode under
the interaction of flexure and shear is intricate owing to complex shear transfer
mechanism at crack interfaces. This results in variation of local stresses in concrete and
steel from section to section along the length of the shear span and the depth of the cross
section. A number of failures have been reported due to inadequate shear strength and a
lack of ductile response under shear. The load transfer mechanisms and failure modes of
shear-dominated columns are shown in Figure 2.2. A few studies address this area of
flexure and shear interaction; however, a full understanding is yet lacking (Ang et al.,

1989; Wong et al., 1990 and 1993; and Kowalsky and Priestley, 2000).
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(a) Shear Tension Failure (b) Shear Compression Failure (c) Shear Bond Failure

Figure 2.2 Failure Modes of Shear-Dominated Column
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2.2.1.2 Effect of confinement. Several researchers have studied the effect of
confinement by testing columns under monotonic and cyclic axial loads (Mander et al.,
1988; Sheikh and Uzumeri, 1982; Calderone et al., 2001). The role of confinement
reinforcement is well documented in Razvi and Saatcioglu (1994). The effect of
confinement also depends on the amount and configuration of transverse reinforcement
and the level of axial load ratios. Wong et al. (1990) tested columns with a smaller aspect
ratio and found that those with a smaller transverse reinforcement have a smaller
curvature demand. Similarly, several researchers have examined the effect of spiral
reinforcement ratio on circular columns (Potangaroa, 1979; Ang, 1981; Zhan, 1986;
Stone, 1989). The increase in transverse reinforcement confines the concrete core more
effectively and improved shear resistance. However, the effect of transverse
reinforcement on shear dominated behavior is not very well understood.

2.2.1.3 Effect of axial load. Previous research has shown that an increase in
axial compression reduces displacement capacity (Atalay, 1975; Saatcioglu, 1989; and
Sheikh, 1993). The increase in axial compression increases the shear strength by
enhancing the aggregate interlock and increasing shear transfer across the compression
zone. Also, when the axial loads are in tension there is a decrease in shear strength, which
most of codes take into account. However, with increasing displacement ductility
demands, shear strength decays significantly within the plastic end regions of columns
and this effect has not yet been studied in depth. Axial loads may vary during an
earthquake due to vertical ground motions. The literature has reported failures due to
significant vertical motions (Hachem et al., 2003); therefore, the effect of axial-flexure-

shear interaction in the presence of very high vertical motions must be evaluated.
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However, tests on RC columns under dynamic loadings with various vertical ground
motions have been limited.

2.2.1.4 Other parameters. Other important parameters that influence the
behavior of RC members (in particular columns) are concrete cover thickness,
longitudinal reinforcement ratio, bar diameter, and loading patterns. No experiments have
addressed the hysteresis characteristics of RC columns with a combination of load
patterns. Nonlinear time history analyses are, therefore, difficult. Also, dynamic and
pseudodynamic test data are not currently available to clarify the dynamic behavior of
RC columns.

2.2.2. Analytical Studies. Several analytical models have been developed for
predicting the behavior of reinforced concrete member under flexure and axial load. They
are classified into mechanical models and plastic-hinge based models and discussed in
the following sections.

2.2.2.1 Mechanical models. As noted in the Section 2.2.1 above, extensive
investigation has revealed the strength and deformation capacities of RC members under
flexure and axial load. Bernoulli’s model assuming that plane sections remain plane
accurately predicts the behavior of RC sections under flexure. This model satisfies all
three principles of the mechanics of materials, namely equilibrium of forces, planar strain
compatibility; and the uniaxial constitutive laws of concrete. For flexural behavior,
traditional section analysis considering axial-flexural interaction gives acceptable
predictions of ultimate strength and yielding displacement (Mostafaei and Kabeyasawa,
2007). However, the determination of shear strength and deformation characteristics of

shear-dominated columns remains controversial. Past mechanical models for RC columns
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have focused primarily on inelastic flexural behavior; usually decoupled from axial,
shear, and torsion behavior. Various models have been proposed to predict the shear
strength prediction under monotonic loading (ASCE-ACI, 1973; Ang et al., 1989;
Watanabe and Ichinose, 1991; Priestley et al., 1994) and shear force-shear deformation
response (Collins, 1978; Vecchio and Collins, 1986; Hsu, 1993; Pang and Hsu, 1992).
Models for cyclic shear or flexure and shear are still in development. Recently, however,
Ozcebe and Saatcioglu (1989) have reported that shear displacement can be significant
even in RC members not governed by shear failure. They also indicated that RC members
with much higher shear capacity than flexural capacity do not guarantee elastic behavior
in shear deformation. Their observations suggest that RC members governed by flexural
behavior may still have significant shear displacement and hence should not be ignored in
inelastic stage. The presence of torsion along with shear force increases the shear
deformation and should be considered in predictions. Thus, an accurate mechanical
model for RC members must consider a combination of the axial and lateral behaviors.

A number of experimental studies at the University of Toronto and the University
of Houston have generated rational models such as compression field theory (CFT) and
the softened truss model (STM), respectively, to predict the behavior of RC
square/rectangular sections under combined loading. Among these, the CFT developed
by Collins (1978) and the STM developed by Hsu (1988) are particularly significant.
Hsu’s model predicted the shear and torsional strength as well as the force-deformation
response of RC members (Hsu and Mo 1985a &1985b; Hsu et al. 1987); however, it
could not predict the concrete contribution to shear behavior. This contribution was

clarified by Pang and Hsu (1996) who developed an improved STM employing fixed-
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angle model. This model demands considerable effort to solve the complex equations
needed to derive the concrete contribution. Similarly, at the University of Toronto,
Vecchio and Collins (1986) proposed the modified compression field theory (MCFT),
which is capable of predicting not only the shear strength of both reinforced and
prestressed concrete members, but also the force-deformation response of those members.
The theory proved the accuracy of the predictions when compared to test results (Vecchio
and Collins 1986; Bhide and Collins 1989; Vecchio and Emara 1992). Detailed
descriptions of MCFT and STM are presented in the later Sections (2.4.2.2, 2.4.2.3)
below which describe analytical models for combined loading including torsion.

2.2.2.2 Plastic-hinge models for lateral load-displacement behavior. Seismic
evaluation of RC members under flexural loads requires a detailed representation of the
complete hysteretic load-displacement relationship. Available models for hysteresis
analysis include fiber, lumped-plasticity, and multilinear force-displacement. Simplified
model to approximate the displacement capacity of RC member includes the plastic-
hinge method. Moment-curvature analyses commonly form the basis for assessing the
nonlinear force displacement response of a particular RC cross section. Plastic-hinge
analyses require assumptions about the plastic zone in a structural member to calculate
plastic rotations and displacements based on plastic curvatures. They can be enhanced by
accounting for shear displacements and end rotations resulting from strain penetration
into the footing or bentcap. The equivalent plastic-hinge analysis (Park and Paulay, 1975;
Priestely et al., 1996) is a popular method for assessing plastic rotation which strongly
influences ductile seismic design This method assumes a given plastic curvature lumped

in the center of an equivalent plastic-hinge. The plastic-hinge length is the length over
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which this plastic curvature is integrated to solve the total plastic rotation by assuming to

be constant ( Figure 2.3).
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Under flexure, the displacement ductility can be derived using the moment
curvature relationship and the assumed length (Priestley et al., 1996). Using a plastic-
hinge concept and the second moment area theorem, Park and Paulay proposed an
expression for the tip displacement of a column, which is expressed in Eq. 2.1. From this
equation, they further derived a relationship between curvature ductility and displacement
ductility, as shown in Eq. 2.2. The latter equation indicates a linear relationship between
the curvature and displacement ductilities of the columns. The plastic-hinge length /, and
the column height L are two important factors influencing this relationship. The flexural
displacement distribution is essentially linear until the yielding of the longitudinal bars on
the tension side; thereafter, it becomes nonlinear. The yielding of longitudinal
reinforcement and the subsequent crushing of cover concrete result in the formation of a
flexural plastic-hinge. Well confined columns tested under flexure (single curvature)
typically form a plastic-hinge in the bottom portion where the bending moment is
greatest, as shown in Figure 2.3. The total flexural displacement of the column under

flexure can be expressed as the sum of yield displacement and plastic displacement:

A=A +A, =(4,-¢),(L-0.50) Eq. 2.1

where A; is the total displacement, A, is the yielding displacement, A, is the plastic
displacement, /, is the length of the plastic-hinge, L is the length of the column, ®, is the
curvature at ultimate moment, and @y is the curvature at yield moment.

As demonstrated by Priestely et al. (1996), the displacement ductility can be

expressed in terms of curvature ductility:
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l l Eq. 2.2
fy =143y, —I)ZP(I—O.SZ”)
where p, is the displacement ductility and pg is the curvature ductility. Further, the
estimation of flexural displacement using the above equations depends on the accuracy of
the plastic-hinge length calculations.

2.2.2.2.1 Empirical equations for plastic-hinge length. Baker (1956) proposed

the following equations for plastic-hinge length based on experiments:
z L
1 =kkoky () d Eq. 2.3
where k; is equal to 0.7 for mild steel or 0.9 for cold-worked steel, and

F,
ky =140.5-% Eq. 2.4

0

where P, represents the axial compressive force in a member, Po represents the axial
compressive strength of the member without bending moment, £; is equal to 0.6 when f’c
is 5100 psi (35.2 N/mmz2) or 0.9 when fcis 1700 psi (11.7 N/mm2) (assuming f'c is equal to
0.85 cube strength of concrete), z is the distance from the critical section to the point of
contra flexure, and d is the effective depth of member.

Baker indicated that /» lies in a range between 0.4d and 2.4d for practical range of
span/d and z/d ratios. Later, Baker (1964) proposed an expression of I, for members

confined with transverse steel as follows:
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1, =0.8kk, (g)c Eq.2.5

where c is the neutral axis depth at the ultimate moment, and the other terms are define as
for Eq. 2.5. Eq. 2.5 are valid only when concrete strain, the steel ratio is restricted.
From the results of tests on simply supported beams, Corley (1966) proposed the

following expression for the equivalent length of the plastic-hinge:

1 = o.smo.zﬁ(g) Eq.2.6

He also suggested the following conservative estimate for maximum concrete

strain;

g, :0.003+0.O2é+['os—fyj2 Eq. 2.7
z 20

where z represents the distance from the critical section to the point of contra-flexure, b

is the width of beam, d is the effective depth of the beam in inches (1 in. = 25.4 mm), psis

the ratio of the volume of confining steel (including the compression steel) to the volume

of concrete core, and £y is the yield strength of the confining steel in kips per square inch

(1 kip/in.2 = 6.89 N/mm). In discussing Corley's work, other investigators have proposed

simplified equations that fit the data with reasonable accuracy. These include:

1,=0.5d +0.05z Eq. 2.8

and
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£ =0.003+0.022402p, Eq.2.9
4

This modification to the equation for €. makes it more conservative for high values of p..
Priestley and Park (1987) proposed a plastic-hinge length considering the strain
penetration into column footings which is dependent on the rebar diameter and column

length. This plastic-hinge length is:

1,=0.08/+&f d Eq. 2.10

where [ is the length of the column, & is a coefficient equal to 0.15 in. (0.022 mm), f, is

the steel stress in the furthest rebar, and d is the diameter of the main rebar.

If the curvature distribution within the elastic range is assumed to be linearly

distributed, Ae can be calculated as follows at yield point:

1
Ae=§¢y(l,—lp)2 Eq. 2.11
where
L =l+sfd Eq. 2.12
The plastic deflection is:
/
A =41, —f) Eq.2.13

2

and the total deflection is the sum of the elastic and plastic deflections:
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A=A +4A, Eq.2.14

2.2.2.2.2 Discussion of plastic-hinge model. The formulation described in

Section 2.2.2.2.1 above is limited to well confined columns with flexure-dominated
failures. The validity of these formulations is questionable for the shear-dominated
behavior of columns subject to combined loading including torsion. In addition, in recent
years, the focus of research has shifted toward performance-oriented seismic design
(ATC 32, 1996; Lehman et al., 1998) to improve the methods to evaluate the
performance of bridge columns over the range of performance levels. As part of the
performance-based-design (PBD) approach, bridge columns are designed to reach a
particular damage level depending on the magnitude of an earthquake. Therefore, this
approach requires that inelastic response to be assessed in the presence of combined
loading including torsion. Specifically, the designers must determine the strength of the
concrete shear resistance mechanism across a wide range of ductility so that the structure
can be protected against shear- and torsion-dominated failure. Further, they must quantify
flexural response so that the dependability of flexural hinges can be assessed under

combined loading.

2.3. BEHAVIOR UNDER PURE TORSION WITH AXIAL LOADS

Pure torsion loading is rarely present in structural members, and it usually occurs
in combination with other actions such as bending and shear. However, understanding the
behavior of members subject to pure torsion is necessary for further analysis of a
structural member under combined loading. The torsional strength of an RC column

depends mainly on the amount of transverse and longitudinal reinforcement, the sectional
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dimensions including clear cover, and the concrete strength. In terms of reinforcement
ratios, the failure modes of RC columns under pure torsion can be categorized into under-
reinforced (when both the longitudinal and transverse reinforcement yield before ultimate
failure), completely over-reinforced (when neither longitudinal nor transverse
reinforcement yields before ultimate failure), and partially under-reinforced (when either
longitudinal or transverse reinforcement yields before ultimate failure). Few studies have
reported the behavior of RC columns under pure torsion (Pandit and Mawal, 1971;
Bishara and Pier, 1984).

2.3.1. Experimental Studies. Very few investigations have focused on pure
torsion and pure torsion combined with axial loads. Experimental studies and general
behavior or RC members under pure torsion and pure torsion combined with axial
compression is described in the following sections.

2.3.1.1 Pure torsion. Under pure torsional loading, diagonal cracks begin to
develop from near mid-height on the column due to the boundary conditions of the
foundation and top loading block. These diagonal cracks spread continuously in the form
of inclined spirals at an increased level of twisting. Soon after diagonal cracking, the
stiffness drops significantly. After significant yielding of transverse reinforcement, a
plastic zone forms near the mid-height of the column. The post-yield stiffness and
strength depends mainly on the amount of transverse reinforcement in the cross section.
Figure 2.4 plots the variation in torsional strength with respect to the transverse
reinforcement ratio based on the existing literature (Hindi et al., 2005). This plot clearly

shows that an increase in the transverse reinforcement ratio increases torsional strength.
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Figure 2.4 Variation of Torsional Strength with Increase in Spiral Reinforcement Ratio

The occurrence of spalling is important from a torsional design point of view. The
occurrence of spalling before or after peak load determines whether effective cross
sectional dimensions must be used in the design calculations. If spalling occurs before the
member reaches the peak load, then the concrete cover must be subtracted from the actual
dimensions during design. Researchers have investigated spalling in several ways for RC
rectangular and box sections. Hsu and Mo (1985a) have suggested a simple equation
based on cover thickness and shear flow thickness to determine the effect of spalling. In a
study by Rahal and Collins (1995a) of members under combined shear and torsion, the
potential for spalling was assumed to be proportional to several factors as follows; the
compressive force in the concrete cover, to the cover thickness, and to the area of the
splitting plane occupied by the reinforcement, and inversely proportional to the concrete

tensile strength and the size of the section. In addition, spalling can depend on a number
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of factors such as reinforcement ratio, and section type (square/rectangular/circular).
These factors have not been investigated adequately under pure torsion and combined
loading including torsion.

Seismic design relies heavily on the ductility of RC members, which in turn
depends on the transverse reinforcement ratio. Circular columns may have either hoop or
spiral as transverse reinforcement. A spirally reinforced column under pure torsion has a
direction bias. In one loading direction, the spiral locks itself, which produces more
confinement in the concrete core, thereby increasing strength and stiffness. In the other
direction, the spiral unwinds or unlocks itself, which results in lower strength and
stiffness. To eliminate the locking and unlocking effect of spiral reinforcement under
pure torsion, Hindi et al. (2005) proposed the use of two cross-spirals to enhance the
strength and ductility characteristics Columns confined with cross spiral reinforcement
have been studied under increasing axial load and combined axial and flexural loads
(Turechek and Hindi, 2006). Browning et al. (2007) found that cross spirals (two spirals
crossing opposite to each other at 45°) reduce strength deterioration, increase the
ductility, and reduce the directional bias when the same spiral reinforcement ratio
remains constant. In post-peak behavior, the dowel action of longitudinal bars has also
been reported to increase load resistance significantly at higher cycles of loading.

2.3.1.2 Torsion with axial load. Experimental research on RC columns under
torsion combined with axial compression is extremely limited. There is no experimental
data available for the combination of torsion and axial tension. Bishara and Peir (1973)
and Pandit and Mawal (1973) have reported the results of few tests on rectangular

sections under torsion combined with axial compression. Their results show that axial
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compression improves torsional strength linearly up to an axial stress level of 0.7f.'. The
maximum increase in torsional strength was 210%, measured when compressive stress
was about 65% of the cylinder strength. Various researchers have also proposed a number
of empirical equations to predict the torsional strength. Figure 2.5 illustrate the
interaction between torsion and compression. Interaction between torsion and axial
tension is not a common load combination; however, the model proposed by Rahal

(2006) has shown that the presence of axial tension considerably reduces the torsional

strength.
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Figure 2.5 Torsion Moment-Axial Compression Interaction Diagrams
[Using Results from Bishara and Peir, 1973]

2.3.2. Analytical Studies. Many theories predict the cracking and peak torsional
strength of non-circular RC members. Early theories for predicting cracking torsional
moment were based on the assumption that an RC member would behave as a

homogeneous member of plain concrete before cracking. Theories for the torsion of
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plain concrete include the elastic theory (Saint-Venant, 1856), the plastic theory
(Nylander, 1945), and the skew bending theory (Elfgren, 1974). There are several
theories capable of estimating the ultimate strength of RC members under torsion such as
skew bending theory (Lessig, 1959; Yudin, 1962; Collins et al., 1968; Hsu, 1968;
Elfgren, 1974) and the well-known truss models developed by Mitchell and Collins
(1974) and Hsu and Mo (1985a).

Bredt (1896) derived the thin-tube theory with simple equations for describing
torsional behavior. According to Bredt’s theory, the constant shear stress,z, can be

converted to a shear flow,q, by multiplying by the tube’s thickness, # (e.g., g=1h).

Collins (1972) estimated the thickness of thin tube or “shear flow zone,” in an uncracked
concrete member. Mitchell and Collins (1974) developed the first theory to satisfy
equilibrium, strain compatibility, and material laws; this theory is known as compression
field theory (CFT). Later, Hsu and Mo (1985) formulated the softened truss model (STM)
and included the material laws of biaxial loaded RC.

A basic concept of both theories is that the stress and strain are averaged, or
smeared. Both theories adopted force equilibrium and strain compatibility obtained from
a shear panel, in an idealized wall of a member’s cross section. Additional equilibrium
and compatibility equations are necessary to assemble the membrane elements (shear
panel) to a closed noncircular torsional member. These additional equations are derived
from the Bredt’s thin tube theory; they include specific equations that relate twist to shear
strain and twist to the curvature in the concrete strut (Figure 2.6). Out-of-plane warping
in the walls of noncircular sections causes curvature in the concrete struts. This curvature

in turn causes flexure in the concrete strut. The angle of the diagonal cracks to the
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member’s longitudinal centerline, «, is variable in both CFT and STM (Figure 2.7). The
use of variable-angle truss models has several implications: the use of the variable «
allows a unified treatment of shear and torsion. Further, it allows the interaction of
torsion, shear, bending, and axial load to be treated rationally. The equations of Bredt’s

thin tube theory are shown below:

T =g rdt Eq. 2.15
$ryde =24, Eq.2.16
T=24y4 Eq.2.17
t, =%;¥‘; Eq.2.18

Centerline of Shear Flow:

Perimeter is p, and enclosed area is 4,

Figure 2.6 Schematic Representation of a Tube under Pure Torsion
(Greene, 2006)
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Tensile force iIY Shear Flow
Longitudinal steel

Figure 2.7 Truss Model for RC Section under Pure Torsion

2.3.2.1 Compression field theory (CFT). Many aspects of CFT and STM are
similar; however, they differ significantly in their treatment of the shear flow zone and
the stress-strain relationship for concrete in compression. Mitchell and Collins (1974)
assumed the member was in a completely spalled condition. Under pure torsion, the
concrete at the corners was under compression, and the interface at the transverse steel
reinforcement and concrete cover was under tensile stresses resulting in spalling. At
higher torsional moments, the concrete cover and core interface do not have adequate
tensile strength to keep them from spalling off. Based on the assumption of complete
spalling, the outer cross section dimensions are assumed to be at the centerline of the
transverse steel reinforcement, meaning that the shear flow zone is entirely contained in
the enclosed transverse steel reinforcement. The uniaxial stress-strain relationship used in
the CFT for concrete in compression followed the famous parabolic Hognestad (1951)
equation. The concrete stress in the compression strut was then approximated using the

same concept of equivalent stress block used in flexure. The assumption of a uniaxial
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stress-strain relationship for concrete overestimates the compressive stress developed in
the concrete. However, the assumption of a spalled section causes a smaller “moment
arm” and compensates the overestimation of concrete stress (Hsu, 1984). Accordingly,
combined these two assumptions accurately predict the torsional capacity. Vecchio and
Collins (1986) later quantified the reduction of compressive strength and stiffness in
shear panels due to lateral tensile stress, a phenomenon known as compression softening.
The effect of softening is also present in the walls of a torsional member.

2.3.2.2 Softened truss model (STM). The STM incorporates the softening
effect and makes several new assumptions about the shear flow zone. Calculation of the
average compressive stress in the concrete strut is altered to include the proportional
stress and strain softening of concrete. Eq. 2.19 gives the average compressive stress in
terms of the peak compressive stress in the concrete strut. Equations Eq. 2.20 and Eq.
2.21 give the expression for %, in the ascending and descending branches of the o, -¢,
curve. Figure 2.8 shows the stress and strain distribution in the concrete strut assumed by
STM. It also shows the equivalent stress profile defined by Eq. 2.19. The STM was
originally presented (Hsu and Mo, 1985a) using the softening coefficient developed by
Vecchio and Collins (1982). The version described later (Hsu 1993) uses the softening
coefficient developed at the University of Houston. Unlike the CFT, the STM assumes
that the average compressive strain occurs at the mid-depth of the shear flow zone (e.g.,

&, =¢,/2), and as a result, the centerline of the shear flow is assumed to coincide with

&, as shown in Figure 2.8. In addition, the formulas for 4, and p,, Equations Eq. 2.22

and Eq. 2.23 , include the full section dimensions instead of the spalled dimensions. The
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formulas for 4, and p, given as shown in Figure 2.6 are assumed to be valid for any

arbitrary bulky cross section.

o, =ko, =k{ . Eq.2.19
for &, /¢, <1
k, =i[1—iJ Eq. 2.20
£, 3¢,
for gds/gp >1
2 2
k]: 1— gp - (1_ gp j+ gP 2%[1_@} Eq 221
(26‘0 —gp) & (250 —gp) €p 3¢,
ang’f’c adzklap

&ds

&d
lq
ﬁtd/z
7%

(a) Strain (b) Stress (c) Equivalent Stress

Figure 2.8 Stress and Strain Distributions in the Shear Flow Zone of the Concrete Strut

Ay =A4,-05pt, +1; Eq.2.22

Po =P —4, Eq. 2.23
2.3.2.3 Limitations of space truss models. The variable angle truss model

theories for RC torsional members discussed in Sections 2.3.2.1 and 2.3.3.3 can

reasonably predict the behavior up to the peak torsional moment. In under-reinforced
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members, the peak torsional moment typically occurs with the onset of the reinforcement
yielding, or soon after. The STM defines failure at concrete crushing, which is assumed

to occur when the principal compressive strain at the surface,e, reaches -0.0035

mm/mm. This can occur after both longitudinal and transverse reinforcement yield
(under-reinforced), after the reinforcement in only one direction yields (partially over-
reinforced), or before yielding occurs in either direction (over-reinforced). However, the
post-peak behavior in under-reinforced members can be affected by spalling or the
Poisson effect.

2.3.2.3.1 Spalling effect. There is considerable debate over the occurrence of

spalling in torsional members (Mitchell and Collins, 1974; Hsu and Mo, 1985a; Hsu and
Mo, 1985b; Rahal and Collins, 1995). The debate focuses on when spalling occurs during
the load-deformation response and what effect it has on peak and post-peak behavior.
Among nine torsional beams tested by Mitchell (1974) at the University of Toronto, only
one specimen showed spalling phenomenon before peak torsional moment. McMullen
and El-Degwy (1985) tested 13 prestressed beams with varying aspect ratios. They
concluded that the full cross section should be used to calculate the member’s torsional
capacity because spalling occurred either at or soon after the maximum torsional
moment. Researchers have modeled spalling in several ways. Hsu and Mo (1985b) have

suggested that the concrete cover be disregarded when analyzing a member if ¢/,
exceeds 0.75. The term ¢ is defined as the distance from the centerline of the steel cage
to the surface of the member, and ¢, is the depth of the shear flow zone. According to

this model, a member is assumed to be spalled when a factor for potential spalling

exceeds the empirical factor of spalling resistance.
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2.3.2.3.2 Poisson_effect. Due to the Poisson effect, loading along a principal

direction induces strain not only in that direction but also in the lateral direction. Belarbi

and Hsu (1994) have shown that beyond the peak stress, the shear stress (z,,) versus
shear strain (y,, ) curve exhibits a descending trend that is not predicted by the STM.
Sengupta and Belarbi (2001) have postulated that post-peak, as z,, is decreasing and y,,

is increasing, the reinforcement would have to relieve stress to maintain equilibrium.
However, after yielding, the stress in the reinforcement is either constant with increasing
strain or increasing due to strain hardening. This anomaly arises because the effect of
Poisson’s ratio in a panel element under a bi-axial stress state is disregarded. In STM and
CFT, the strains along the direction of a stress are generated only by that stress in that
direction. The lateral strain generated by stress acting in the normal direction due to the
Poisson effect is ignored. As a result, the truss models described above cannot accurately

predict the post-peak behavior.

2.4. BEHAVIOR OF RC COLUMNS UNDER COMBINED FLEXURE, SHEAR,
AND TORSION

Experimental and analytical studies on the general behavior of RC members
under combined flexure, shear force and torsion is described in the following sections.
The analytical studies also describe the variable angle truss models and their limitations
in detail.

2.4.1. Experimental Studies. Many experimental investigations have tested RC
members under combinations of torsion, flexure, and shear loads. Previous investigations
have focused on the failure modes, the effect of asymmetric longitudinal reinforcement,

and the inclination angle of diagonal cracking. The effect of varying the ratio of applied
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torsion-to-bending moments and shear forces has also been studied. However, very little
research has focused on the hysteretic behavior of RC members under cyclic torsion and
torsion combined with other actions (Collins and Chockalingam, 1979; Tirasit et al.,
2005). The following discussion describes existing experimental studies of RC members
under torsion and flexural moments, torsional moment and shear forces, and combined
bending moment, shear force and torsional moment.

2.4.1.1 Torsional and bending moment. Under pure torsional moment, all
longitudinal bars in a RC member are subject to tensile strains. However, under flexure
there is a linear strain variation with tensile strains on the bottom and compression strains
at the top as shown in Figure 2.9. In a section with symmetrically arranged
reinforcement, the strains due to torsion are nearly equal across the cross section. Due to
a combination of strains from torsion and bending, the curvature does not change if
reinforcements are distributed symmetrically (Figure 2.9a). However, if the section is
asymmetrically reinforced, the curvature changes due to the effect of additional torsional
loading (Figure 2.9b). In a member with symmetrically arranged reinforcement, the
torsional moment needed to cause failure decreases as the ratio of torsion-to-bending
moment decreases. The addition of bending moment has a minimal effect on post-

cracking stiffness (McMullen and Warwaruk 1970).
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(b) Strain Distributions in an Asymmetrical Reinforced Section

(T= Tensile Strain, C= Compressive Strain, ® = Curvature)

Figure 2.9 Strain Distributions in an RC Section under Combined Bending, and
Torsional Moment, and Shear Force

In general, RC members with asymmetric reinforcement have additional
reinforcement in tension side. In a member with asymmetrical reinforcement under pure
torsion, the face with less longitudinal reinforcement, known as the weak face, yields first
and controls the member’s capacity. Therefore, the addition of a small bending moment
increases a member’s torsional capacity (Lampert and Thiirlimann, 1969; McMullen and
Warwaruk, 1970; Onsongo, 1978). Such an addition of bending moment, also reduces the

net tensile stress in the weak face, and increases the member’s capacity. Another effect
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of asymmetrical reinforcement is that the additional strain in the weak face may cause a
difference in curvature profile and deflection. Hence, this effect must be clarified for
column members subjected to axial loads and shear forces combined with bending and
torsional moment.

2.4.1.2 Torsional moment and shear forces. Due to torsional moment and shear
forces, shear stresses are produced across the cross section. Test results have shown that
outer parts of the cross section are more effective in resisting the torsional loads (Collins
et al., 1972). After cracking, core concrete in the center of the RC member has little effect
on the torsional strength of the cross section and can be disregarded. The shear flows due
to an applied torsional moment and shear forces are shown in Figure 2.10. The shear flow

due to an applied torsional moment, g, , circulates around the section as shown in Figure

2.10a. A vertically applied shear force induces a vertical shear flow. A member under
combined shear and torsion has shear flows like those shown in Figure 2.10c, i.e.,
additive near one wall and subtractive near the wall on the opposite side of the cross
section. Concrete cover spalling is more likely in the side where shear stresses are

additive.

9y —dr qy t4r

(a) Applied Torsion (b) Applied Shear Force (¢) Combined Torsion and Shear
Figure 2.10 Shear Flow in a Member under Combined Loading
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Klus (1968) has reported tests on combined actions of shear, torsion, and
relatively low bending moment. He suggests a bilinear interaction curve for torsion and
shear. Pritchard (1970) and Badawy (1977) have also reported tests on beams under
different shear forces and torsional moment. Their results were bounded by the linear and
circular interaction (Rahal, 1993). In an RC member under pure torsion, the cracks will
spiral around a member in a helical pattern. The angle of the inclined cracks is near 45°
from the longitudinal axis of the member, depending on the relative amounts of
longitudinal and transverse reinforcement. If a small shear force is applied to a similar
member, the angle of the inclined cracks on the face where the shear stresses are
subtractive increases and becomes more vertical. If the applied torsional moment and
shear force induce shear flows that are nearly equal in magnitude, then the cracks on the
subtractive face nearly vertical. In specimens tested at higher ratios of shear force to
torsional moment, the shear stresses on the subtractive face approached the “pure shear”
case, and the cracks were oriented closer to the angle on the additive side.

Many researchers have reported on the characteristics of the shear flow zone for
members under pure torsion (Mitchell and Collins, 1974; Alkhrdaji and Belarbi, 2001).
However, very little information has been published regarding the effect of an additional
applied shear force on the thickness of the shear flow zone and the variation in
compressive strain in the concrete strut. However, uniform ¢, cannot be created in a
prismatic member without inducing a bending moment in the section by static
equilibrium. Thus, all experimental work investigating combined torsional moment and

shear force might be influenced with a small amount of bending moment.
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2.4.1.3 Combined bending moment, torsional moment and shear force. For a
member reinforced with longitudinal and transverse reinforcement, three failure modes
are possible under combined bending and torsional moment, and shear forces: completely
under-reinforced (when both longitudinal and transverse steel yield), partially over-
reinforced (when only longitudinal steel or only transverse reinforcement yields), and
completely over-reinforced (when concrete crushing begins before steel yields). Figure
2.11 illustrate the possible failure sequences under combined flexural and torsional
moment and shear force.

The first tests on combined bending, shear, and torsion were reported by Nylander
(1945). He tested beams reinforced only with longitudinal bars and found that the
bending moment exerted a favorable influence on the torsional strength. Later, Cowan
(1953) confirmed this result. Lessig (1959) suggested two possible failure modes and
derived equations for the torsional strength of beams. However, his equations suggested
that the addition of bending moment could reduce the torsional strength of a beam. Much
of the experimental work involving members under combined loading has focused on the
failure modes and derived equations to define a three-dimensional interaction surfaces
(Lessig 1961; Yudin 1962; Gesund and Boston 1964). These failure modes and
interaction surfaces have typically been described using the skew bending theory. Elfgren
(1972) proposed a torsion-shear-flexure interaction by using the skew bending theory.
Ewida and McMullen (1981) concluded that predictions using the skew bending theory

agreed well with the available results.
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Figure 2.11 Possible Failure Sequences under Combined Loadings

Otsuka et al. (2004) studied nine rectangular columns under pure torsion, flexure,
and various ratios of combined bending and torsion. They concluded that the pitch of the
hoop significantly affects the hysteresis loop of torsion. They found that the energy
dissipation under combined loading increases with a decrease in hoop spacing. Although
a number of experimental studies have been reported; there is disagreement with regard
to the behavior of RC members subject to combined loading. Before a unified design
approach can be suggested, it is essential to obtain a better understanding the behavior at

cracking, yielding, and ultimate failure for RC members under combined loading.
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The literature reports very little experimental work on the behavior of rectangular
columns under combined loading; and no studies have examined circular RC columns
under combined loading. Hsu and Wang (2000) and Hsu and Liang (2003) have reported
the performance of composite columns with H-steel sections under combined loading.
They found that the flexural capacity and ductility of composite columns decreases when
constant torsion is simultaneously applied. Tirasit and Kawashima (2007) have since
reported tests on RC columns under three loading conditions: cyclic uniaxial bending and
shear, pure torsion, and combined cyclic bending, shear and torsional loads. They
introduced a parameter called the rotation-drift ratio (r) to represent the level of combined
cyclic bending and torsion. However, this ratio will not necessarily be the same as T/M
ratio after cracking. The authors reported that the flexural capacity of an RC column
decreases and that the damage tends to occur above the flexural plastic-hinge region as
the rotation-drift ratio increases. In the Figure 2.12, the interaction of bending and
torsional moment is represented. Both the 2003 and 2007 studies had the same cross
section dimensions (200 mm x 200 mm) and nearly the same longitudinal reinforcement
ratio (1.27% and 1.33%). The transverse reinforcement ratio in the study by Tirasit and
Kawashima was 0.79%, and those in the study by Otsuka et al. (2004) were 0.54% and
1.08% respectively. The concrete strength also varied among tests by a maximum of
10%. Figure 2.12 shows the interaction diagram based on the normalized ultimate
bending and torsional moments from flexure and pure torsion respectively. It should be
noted that the peaks of torsional and bending moments may not occur simultaneously. In
principle, the interaction diagram should be drawn both at peak bending and torsional

moments. The results from the studies show that the simultaneous application of bending
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and torsional moments reduce the strength of both. Although few experimental studies
have been reported, there is disagreement over the behavior of RC columns subjected to

combined loading.
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Figure 2.12 Interaction between Normalized Torsional and Bending Moments

2.4.2. Analytical Studies. Several analytical models have been developed to
predict the behavior of RC sections such as the skew bending theory and truss models.
They are briefly discussed in the following sections

2.4.2.1 Skew bending theory. Many researchers have proposed skew bending
theories for members under combined loading including torsion, bending, and shear
(Lessig, 1959; Yudin, 1962; Collins et al., 1968; Hsu, 1968; Elfgren, 1974). Skew

bending theory assumes that cracks form around the member in a helical pattern and
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create a skew failure surface with the compression zone inclined at an angle to the
member’s longitudinal axis. Sketches of three possible skew bending failure modes are

shown in Figure 2.13.

b
| (a) MODE 1 FAILURE

(b) MODE 2 FAILURE

{c) MODE 3 FAILURE

Figure 2.13 Skew Bending Failure Modes
(Adapted from Elfgren, 1974)



47

Internal torsional and bending resistance is calculated by assuming a failure mode,
and then equilibrium equations are derived by summing moments along the failure
surface. The assumptions of this theory are (1) shear stress in the compression zone does
not affect concrete strength, (ii) both the longitudinal and transverse reinforcement that
intersect the failure surface are yielding, and (ii1) there are no applied loads or changes in
transverse reinforcement spacing in the failure zone. It also neglects the effects of tension
stiffening and dowel action of the reinforcement. In these sketches, the crack angle along
a face of the member either was assumed to be 45° or was calculated based on the
relative force developed in the longitudinal and transverse reinforcement assuming yield

stresses in both.

Elfgren et al. (1974) developed a three-dimensional interaction surface for
members under combined torsion, bending, and shear. The Elfgren model idealized a
rectangular member as a box with reinforcement lumped into the four corners as
“stringers.” The components of axial force in the stringers induced by an applied
torsional moment, 7 , bending moment, M , and shear force, V', were combined using
superposition method. Warping in the cross section due to torsion was disregarded.
Failure of the concrete before the longitudinal reinforcement yields was also not
considered, so over-reinforced or partially over-reinforced sections could not be
evaluated with this theory. Equations [Eq. 2.24, Eq. 2.25, Eq. 2.26] give the
nondimensional interaction relationships for three modes of failure. The capacity of a

member under pure torsional moment, bending moment, or shear force is denoted by 7,
M, and V,, respectively. The term d, is the centerline distance between the top and

bottom stringers, and p, is the perimeter around the member measured along the
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centerline of the stringers. The parameter » is the ratio of the force in the top stringers at
yielding to the force in the bottom stringers at yielding accounting for an asymmetrical
arrangement of longitudinal reinforcement in a member. This term has the effect of
shifting the interaction surface along the M/M, axis. The inclusion of » allows the
model to predict an increase in torsional capacity for members with a small bending
moment and asymmetrical reinforcement. The interaction surface described by the

Elfgren equations is shown in Figure 2.14 for » =1/3 as presented by Hsu (1993).

V
VoA * Stringer Yielded
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Figure 2.14 Interaction Surface for Torsion, Bending, and Shear
(Adapted from Hsu, 1993)



49

The skew bending theory is limited to calculation of a member’s strength capacity
because skew bending considers only the equilibrium of forces. It cannot predict the
corresponding deformation because it does not consider the strain compatibility.
Variable-angle truss models discussed in the following section overcome this limitation

by including strain compatibility.

2 2
Mode 1: ﬂw(ﬁj +r[1j ~1 Eq.2.24
M(] o ]:7
(MY (vY (1Y
Mode 2: __L_JJF(_J +£—j =1 Eq. 2.25
r\M, v, T,
vY (Y (vr) [2d 1
Mode 3: [—J +[—j +2[—] v T Eq. 2.26
, T, V., N p, 2r

2.4.2.2 Variable-angle truss models. As in the case of pure torsion, space truss
models consider strain compatibility in addition to force equilibrium and can therefore be
used to predict a member’s load-deformation behavior as well as its capacity. The angle
of the compression strut is calculated based on the compatibility of strains, rather than by
assuming an angle or using a function of force in the reinforcement at yielding. Several
theories have used different constitutive relationships for concrete under uniaxial
compression and for softened concrete. The concept of modeling different geometries of
a RC member and the ways of accounting for out-of-plane warping effect to concrete

strut induced by torsion also varies in each of the models.
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Rabbat (1975) developed the variable-angle space truss (VAST) model to account
for combined loading, and it envisions a RC member with four chords and four wall
panels. The chords consist of longitudinal reinforcement encased in a concrete block,
and the applied bending moments and axial force are resisted by developing uniform
tension or compression in the chord. Warping in the member due to an applied torsion is
also assumed to induce axial forces in the chords. The wall panel resists applied torsional
moments and shear forces as a uniform shear stress. Both the concrete and reinforcement
resist compressive stress in the chord, and the reinforcement alone resists tension stresses.
The wall panels are of a consistent thickness and are assumed to remain plane even when
a torsional moment is applied to the member. The angle of the diagonal cracks could be
calculated for each face and is affected by the applied load and the amount of
reinforcement. This model uses an elastic, perfectly plastic stress-strain relationship for
the reinforcement. For compression, the uniaxial stress-strain relationship of a concrete
cylinder is assumed, and tension stiffening is disregarded.

2.4.2.2.1 CFT for combined torsion. bending, and axial load. The model

developed by Onsongo (1978) conceives of an RC member as a series of wall panels.
Equations for equilibrium, compatibility, and stress-strain relationships are satisfied at
each longitudinal reinforcing bar. Concrete strut curvature can also be induced by
longitudinal and transverse curvature in the wall panel. Equations were developed to
maintain the compatibility of strain in the longitudinal reinforcement. Shear strain
calculated at each longitudinal reinforcing bar affects twist in the member. Compressive

stresses are assumed to be resisted only by the concrete and tensile stresses only by the
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reinforcement. In the model, the uniaxial stress-strain relationship of a concrete cylinder
is assumed for concrete in compression, and the concrete cover is disregarded.

2.4.2.2.2 MCFT for combined shear force and torsional moment. A more

recent model by Rahal and Collins (1995a) incorporates the softening behavior of
concrete under biaxial stress into models previously developed by Mitchell and Collins
(1974) and Onsongo and Collins (Onsongo 1978). The model conceives of the member as
four wall panels and assumes that the applied loads, torsional moment, and shear force
act as shear stresses in each panel. It also adopts the strain compatibility equations
developed by CFT and the equations for longitudinal strain compatibility and curvature
of the concrete struts. However, the authors did not discuss the method used in the model
to calculate the twist in a member resulting from an applied torsional moment.

This model includes tension stiffening and introduces an empirical coefficient to
predict spalling. When the model predicts the initiation of spalling, the concrete cover is
disregarded on the faces with high shearing stress. As part of tension stiffening, the
model assumes that the tension at a crack is transmitted across the crack through local
shear stresses after the reinforcement yields, In the context of this assumption, the model
considers shear stress at the cracks, and the cracks are defined as being normal to the
principal tensile direction. However, the assumption of a shear stress at the cracks
violates the defined crack direction. Shear due to torsion was assumed to flow around the
member, and the model adopts Bredt’s expression for torsion in a thin tube, given by Eq.
2.15 was adopted. As in CFT, the shear stress in the walls induces tensile stresses in the
longitudinal and transverse reinforcement, and compressive stress in the diagonal

compression struts. Mitchell and Collins (1974) showed previously shown that for a
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member under pure torsion, the strain distribution in the concrete strut is linear.
However, s Rahal and Collins (1995a) offers no similar experimental justification for the
distributions presented in this model.

2.4.2.3 Softened truss models for combined loadings. Various versions of
STM have been extended from their original versions for shear and torsion to combined
loadings. They are briefly discussed in the following sections.

2.4.2.3.1 Tension_stiffening-softened truss model (TS-STM). The original

STM neglects the tensile strength of concrete. That model has since been expanded to
include the tension stiffening of concrete (Greene and Belarbi, 2009a&2009b). This
modification is important because it permits an improved prediction of the service-level
twist. It accounts for the concrete in tension with a stress-strain relationship and adjusts
the shear flow zone to account for the transition between an uncracked and fully cracked
member. This model has been validated using test data available in the literature.

The TS-STM assumes that a member has uniformly spaced reinforcement in the
longitudinal and transverse directions. It uses average stress-strain relationships to model
the constitutive material laws for concrete and reinforcement. For concrete under
tension, these relationships model cracked concrete as a continuum. The alignment of the
crack rotates to remain normal to the principal tensile stress and the contribution of
concrete in shear is disregarded. Dowel action too is disregarded and a perfect bond
between the concrete and reinforcement is assumed. The model has been validated by
comparing the predicted and experimental behavior of members loaded under pure

torsion and having a symmetric distribution of longitudinal reinforcement and normal
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strength concrete. However, the only behavior predicted by the model is torque, which

causes either spalling or ultimate failure.

—~ Area QTorque = qshear
~ inside
7 Centerline
L—J—J of Shear
(a) Definition of Positive Shear Flow and A4, (b) Combined Shear Flows

(c) Compatibility of Strain in Longitudinal Direction

Figure 2.15 Combined Actions-Softened Truss Model (CA-STM)
(Adapted from Greene, 2006)

2.4.2.3.2 Combined actions-softened truss model (CA-STM). The CA-STM

developed by Greene (2006) assumes, as does that of Rahal and Collins (1997) that the
walls of an RC member are as shear panels (Figure 2.15). The inclusion of tension
stiffening effect is a significant improvement. Warping in the shear panels due to the

member’s twist is assumed to induce bending in the concrete struts. The effective
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thickness of each panel is equal to the depth of the shear flow zone in the panel. Loads
applied on the member act uniformly along the edges of the wall panels as normal and
shear stresses. Equilibrium and strain compatibility are maintained in each panel, and
strain compatibility in the longitudinal direction is maintained at the center of each panel.
The member’s twist is dependent on the shear strain in each panel. Also, the curvature in
the concrete struts of a panel is dependent on the strain in the longitudinal and transverse

directions of the other panels.

2.5. CODE PROVISIONS FOR COMBINED LOADINGS

Most code provisions are based on the pure shear, pure torsion, and pure flexure
cases and there is no unified approach to the design of section subject to combined shear,
torsion, and bending. This section discusses the development of ACI and AASHTO code
provisions and their limitations. Structural standards and codes of practice are reviewed
continuously, and changes are implemented as research findings require provisions for
combined loading should be improved to include the softening of concrete and the
spalling of concrete cover. The following section briefly presents, various limitations and
their background.

2.5.1. ACI. Most shear and torsion provisions of the ACI code are based on the
modified 45°-truss model. Shear resistance is divided between the concrete contribution
(V) and the steel contribution (V). Torsion design provisions were first introduced into
the ACI building code in 1971. The early provisions assumed that torsional resistance is
divided between concrete and steel. In 1995, concrete contribution to torsional resistance

was removed, and the influence of torsion on shear strength of concrete was disregarded.
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2.5.1.1 Pure torsion. The ACI design provisions for torsion are based on thin
tube, space-truss models. The RC members can be conceptualized as thin tubes. Soon
after cracking, the tube becomes a space truss consisting of closed stirrups with
longitudinal bars in the corners, and the concrete compression diagonals approximately
centered on the stirrups. The diagonals are formed at angle ‘0’, generally understood as
45° for reinforced concrete members. For prestressed concrete members, ACI
recommends a value of 37.5°.

2.5.1.1.1 Cracking torque (T,,). The cracking torsional moment is given by

A 2
T =4 fc’( };"’ J(psi) Eq.2.27

cp

where P, is the perimeter of the concrete section and A, is the area enclosed by this

perimeter. The tensile strength of concrete in biaxial tension-compression is taken as

4\/7(,’ (psi). If the design torsional moment is less than the one quarter of T, then

torsional moments need not be considered in design. The presence of torsional moment at
or below this limit has a negligible effect on the flexural and shear strength. Similarly, the
torsional cracking strength to include the effect of prestress on the principal tensile stress,

derived using the Mohr’s circle:

’ C fc .
T,,=¢ fc[ "} I+—= (psi) Eq.2.28
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2.5.1.1.2 Minimum _torsional reinforcement.  The provisions of minimum

torsional reinforcement are based mainly on the tests by Hsu (1968). He found that
beams with same transverse and longitudinal yield strengths should have a minimum
volumetric ratio of reinforcement in the order of 0.9 to 1 percent. Hence, for torsional
design, the provisions of minimum reinforcement should be around 1 percent.

2.5.1.1.3 Torsion reinforcement. Based on the hollow tube analogy, the steel

contribution T's to the torsional resistance is:

T =24, Mcot 0 Eq.2.29
s

where A; represents the area of one leg of closed torsion reinforcement within a spacing
s, Ao represents the area enclosed by the shear flow path (taken as 0.85A,,) and Agy is the
area enclosed by the centerline of the outermost closed transverse reinforcement.
According to ACI, the angle 6 may assume any value between 30° and 60°. The required

cross sectional area of one stirrup leg for torsion is calculated as follows:

PR
" 2¢4,f, cotd

Eq.2.30

The code limits fy; to 60000 psi for the reasons of crack control.
2.5.1.2 Combined shear and torsion. The reinforcement provided for torsion
must be combined with that required for shear. Based on a typical two-leg stirrup, this

may be expressed as shown below.
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(ﬂJ:iui Eq.2.31

The code mentions that transverse stirrups used for torsional reinforcement must
be of a closed form to provide the required tensile capacity across the diagonal cracks of
all the faces. Because the concrete outside the reinforcing cage tends to spall off under
torsional loading, the code requires the transverse reinforcement to be anchored within
the concrete core. The ACI code requires that for T or L-shaped beams closed torsional
stirrups must be provided in the flanges.

2.5.1.3 Combined torsion and bending moment. Torsion leads to an axial force
‘N’ that must be resisted by longitudinal reinforcement. If torsion occurs in a RC beam
where moment also acts, the corresponding longitudinal torsion reinforcement is added to
flexural reinforcement. This longitudinal reinforcement should be placed around the
perimeter of the section for a torsional moment. In a flexural compression zone, the
tension produced by torsion is counteracted by the compression resulting from bending.
This effect allows a reduction in the area of longitudinal torsional reinforcement in the
compression zone by the area of steel corresponding to the flexural compressive force.
Based on a performance evaluation relying on previous research, the ACI code requires

that A be no less than the value calculated using Eq. 2.32.

Eq. 2.32

SNfA, (4
Al,min :—p_(_jph .
S fa
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The spacing of the longitudinal bars should not exceed 300 mm, and the bars
should be distributed around the perimeter of the cross section to control cracking. The
code allows reinforcement required for torsion to be combined with other forces provided
that the area furnished is equal to sum of the individually required areas and that the most
restrictive requirements of spacing and placement are met.

2.5.2. AASHTO LRFD. The AASHTO provisions are based on the modified
compression field theory. Similar to the ACI provisions, the general method allows a
concrete and steel contribution to the shear resistance and only a steel contribution to the
torsional resistance. The general method allows for variable concrete contribution stress
depending on numerous factors (such as prestressing, axial force, bending moment, and
amount of longitudinal reinforcement).

2.5.2.1 Shear. The shear resistance of a section is given by:

V.=V +V +V, Eq.2.33

where V. represents the concrete contribution provided by the stirrups, Vi is the shear
contribution provided by the stirrups, and V,, is a component of effective prestressing
force in direction of applied shear force. The concrete contribution to the shear resistance

V. is given as:

V,=0.0838\/f'bd, (MPa) Eq. 2.34

where f is a factor that depends on the ability of concrete to transmit the tensile stresses;

. is the specified compressive strength of concrete at 28 days; by is the effective web
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width; d, is the effective shear depth taken as 0.9d; and d= the distance from extreme
compression fiber to the centroid of tension reinforcement.
The contribution of vertical stirrups is given by:

Af d
v =Lc0t9 Eq. 2.35

where A, represents the area of the stirrups within a spacing s; S is the spacing of the
stirrup measured along the length of beams, f,,is the yield strength of the stirrups; 0 is the
angle that the principal compressive stresses and strains make with the longitudinal axis
of the beam. Diagonal cracks are assumed to be oriented at angle 6.

2.5.2.2 Pure torsion. @ The AASHTO provisions disregard the concrete
contribution to torsional resistance T,. Based on the hollow tube analogy, the steel

contribution T to the torsional resistance is given by:

Y|
T, :2A0ﬁcot9 Eq. 2.36
s

where A is the area of one leg of closed torsion reinforcement within a spacing‘s’, Ay is
the area enclosed by the shear flow path (taken as 0.85 A,p); and Ao is the area enclosed
by centerline of outermost closed transverse reinforcement

2.5.2.3 Combined shear and torsion. The parameters required to calculate V.,
V;, and T; are  and 6. These factors depend on the level of strain in the section &, and on

the level of applied shear stress v/f’c. The level of the longitudinal strain indicator as
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conservatively taken at the level of the centroid of the flexural tension reinforcement.

This term is calculated as:

2
0.5N+0.5cot0. 1>+ 2P| My o
24, d, e Eq.2.37
E =
! EA+E,A,

where Aj is the area of the nonprestressed steel in the section’s flexural tension zone; Ay,
is the area of presressed steel in the section’s flexural tension zone; Es is the modulus of
elasticity of nonprestressed steel; E, is the modulus of elasticity of prestressed steel; N
represents the applied axial load; M is the applied bending moment, and F,, is average
stress in prestressing steel when stress in surrounding concrete is 0.0; and this later term
can be conservatively taken as the effective prestress.

If the calculated strain is negative (i.e., the section is in compression), the general
method requires that it be multiplied by a factor F, that accounts for the area and modulus

of elasticity of concrete in compression. This factor is calculated as follows:

EA+E A
F — 77 p s
¢ E A + Ep Aps +E A,

Eq.2.38

Again, the adequacy of the longitudinal reinforcement for the resisting stresses are

given by

2 2
v 0
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The shearing stress ‘v’ due to shear and torsion in hollow sections is given by

V., il T,p,

p

v =
¢bv dv ¢Avh ?

Eq. 2.40

In solid sections, redistribution of the shearing stress is possible. Hence, the

combined shearing stresses are given by:

2 2
v:\/[z;?/f’j +(;th2J Eq. 2.41
vy oh

To prevent the over-reinforcement of a section and to ensure yielding of the

transverse reinforcement, an upper limit is proposed to normalized shear stress; this limit

is represented by

N
— <025 Eq.2.42

c

2.5.3. Comparison of Code Provisions. For torsional design, the ACI and
AASHTO code provisions disregard the concrete contribution and rely only on the steel
contribution. Torsion reinforcement is required to in addition to the reinforcement
required for shear. The angle ‘0’ of the compression diagonal is assumed to be 45° for
nonprestressed members and as low as 30° for the prestressed concrete members. In
many ways, the AASHTO provisions are similar to ACI provisions. However, in the
AASHTO provisions the 0 is determined based on the longitudinal strain conditions of

the section. The AASHTO provisions are based on the variable angle truss model, which
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allows variable concrete contribution based on the amount of prestressing, and the
longitudinal reinforcement as well as axial load and bending moment. Both the ACI and
AASHTO code provisions have been checked for the cases of pure shear, pure torsion,
and combined torsion and bending cases. However, for both prestressed and
nonprestressed members, they have not been thoroughly checked for combined torsion,
bending, and shear (Rahal, 2005). Although the AASHTO provisions are conservative for
rectangular sections, their applicability to circular sections of bridge columns is
uncertain.

The equations for cracking torque and minimum torque that must be considered in
design, and the checks on minimum reinforcement and crack width limitation have not
been adequately verified by experimental results. Further, there is some inconsistency for
pure torsion and combined torsion and shear. Under pure torsion, the ACI code
underestimates the cracking torque by as much as 30% for rectangular sections
(Koutchkali and Belarbi, 2001; Ghoneim and MacGregor, 2003). Moreover, the design
provisions are based on the assumptions that sections are under-reinforced or balanced.
The effect of parameters such as size, reinforcement ratios, and delimits for combined
loadings have not yet been established. Also, no analytical models are yet available to
predict spalling behavior under combined torsion, bending and shear. Changes to the
current specifications can be based only on the inferences from the limited experimental
studies on combined loadings. To validate current design provisions for combined
bending, shear and torsion, more experimental research should focus on RC columns of

different sectional shapes.
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2.6. SUMMARY OF REVIEW

This Section has presented the background information on experimental
investigations of the behavior of RC columns. In addition, it has surveyed the models
available to predict the behavior under bending-shear, pure torsion, and a combination of
bending, shear, and torsion. Finally, it has addressed the limitations of various models
and it discussed possibilities for further improvement. This review suggests, the
following possibilities for further work related to the development of analytical models
and code provisions.

2.6.1. Experimental Studies. Experimental results are needed to improve the
knowledge of hysteresis characteristics of RC columns with combined loading. The lack
of such results imposes difficulties for conducting the nonlinear time history analyses.
Also, no dynamic or pseudodynamic test data are currently available to clarify the
dynamic behavior of RC columns under combined loadings.

2.6.2. Analytical Models. No analytical models are available to predict the
behavior of circular sections under combined loadings. Development of such model has
been hindered by (i) a lack of sufficient information on concrete softening due to torsion
and on combined loadings including torsion, (ii) the effect of confinement of transverse
reinforcement in circular members, and (iii) an improper understanding of effectiveness
of concrete cover and spalling mechanisms.

e Constitutive models are essential to describe behavior under combined loadings,
knowledge that is also essential for finite element modeling. Simplified models

must be developed incorporating the interaction of combined loadings.
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e Analytical expressions need to be developed to quantify limit states such as
cracking, spalling, residual drift, yielding, and ultimate state under combined
loadings.

e Softening of concrete strength in the presence of shear and torsional loads and
confinement of concrete due to transverse reinforcement play a major role in
determining the ultimate strength of concrete sections under combined loadings.
Simplified models must be developed incorporating these effects.

e Simplified plastic-hinge models available to predict the behavior under axial and
bending loads are not applicable in the presence of significant torsional loading.
The length, location, and distribution of plastic-hinge zone changes depending on
the amount of torsional loading.

2.6.3. Code Provisions. AASHTO provisions are conservative for rectangular
and square sections; however, their applicability to circular and interlocking sections of
bridge columns is uncertain. Unlike rectangular columns, the circular columns have
longitudinal reinforcement uniformly distributed along the cross section. Under torsion,
rectangular sections are subject to warping but circular sections are not. Given these
differences, the failure mode of circular sections under combined loadings will be
significantly different from that of rectangular sections. These differences have not been

considered in most code provisions.
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3. EXPERIMENTAL PROGRAM

3.1. INTRODUCTION

Several parameters influence the inelastic cyclic behavior of an RC bridge
column. Among these, spiral reinforcement ratio, column shear demand, axial load ratio,
column aspect ratio, and the quantity of longitudinal reinforcement are particularly
important. Codes and standards restrict the range of these parameters in modern
construction. However, no studies have yet examined the ranges and limitations
established for these parameters or their effect on the seismic performance of RC
columns under combined loading including torsion. The paucity of experimental data is
the main reason for the present inadequate understanding of the behavior of RC columns
subjected to combined loading.

Previous research on the seismic behavior of RC columns has focused on uniaxial
behavior with some biaxial bending, but has not included a significant torsional
component (Yudin, 1962; Collins et al., 1965, Hsu, 1968; Ewida, 1981; Kawashima et
al., 1994; Hsu and Wang, 2000; Rahal, 2000). Also, most previous research on biaxial
loaded columns has used specimens where the moment is applied using eccentric verical
point loads (Wang and Hsu, 1992). These tests are not capable of quantifying the
detrimental effect of the induced torsional moment on flexural and axial capacilies.
Effect of torsion on behavior of bridge columns has not been investigated with any detail
at either small-scale or large-scale level. It is essential to take torsional effects into
consideration in seismic design of bridge columns. This Section explains the objectives

of the experimental program and describes the test setup designed to apply combined
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shear force, flexural, and torsional moment. It also describes the instrumentation used to

measure applied loads, strains, and displacements.

3.2. OBJECTIVES

Most of the interaction force diagrams developed to date is based on theoretical

derivation with little to no experimental validation. The purpose of this investigation was

to clarify the mechanisms of load resistance under combined loading and establish

interaction diagrams. The experiments in this study were intended to provide data for

calibration of models to predict behavior under combined loading including torsion. In

particular they were intended to provide additional information on:

1l.

1il.

1v.

V1.

Effects of torsional moments on the flexural and shear capacities on the column and
impact of torsion on ductility of the column.

Localization of column plastic-hinges under combined loading including torsion.
Torsion could shift the location of the plastic-hinge under large rotations.

Proper detailing and plastic-hinges under torsional loadings.

Effect of softening and loss of concrete cover due to torsion combined with
shearing forces and thereby reduction in column capacity.

Effects of warping and additional bending of diagonal concrete struts in non-
circular cross-sections.

Development of reliable torsional hysteresis model for the analysis of RC columns
subjected to combined cyclic bending and torsion and other actions.

The above list of issues has not been investigated with any detail at either small-

scale or large-scale level. It is essential to take torsional effects into consideration in
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seismic design of bridge columns. This work also explored the behavior of columns
under combined loading with regard to (i) strength, loading and unloading stiffness
degradation, (iii) extent of damage due to diagonal cracking in the orthogonal directions,
and (iv) concrete softening, (v) plastic-hinge formations, and (vi) spalling and its
significance for combined loading. The major variables were the ratio of torsional
moment-to-bending moment (T/M), bending moment-to-shear or aspect ratio (H/D) and
the change in spiral reinforcement ratio. The analytical investigation presented in Section
6 has as one of its goals to validate the existing and develop new design interaction
equations. The interaction surface shown in Figure 3.1 was used as a guide for selection
of test specimens for the experimental investigation. The points on the interaction surface
relate to the loading combination. Key points on the curve were tested and linked to the
analytical models presented in Section 6.

Various points for the test specimens were considered as the test parameter.
Points "a" and "b" in Figure 3.1 lie on the biaxial failure line. Point "a" represents a shear
dominated failure in a column with a small aspect ratio and point "b" represents flexure
failure. Two points along the shear-torsion line are indicated by a moderate level of
torsion at a 7/V ratio of 125 mm and a high level of torsion at a 7/ ratio of 500 mm.
Several tests on reduced scale RC girders without axial loads have been carried out along
this interaction curve (Rahal and Collins, 1995; Belarbi and Greene, 2009a). Line c-d
maintains a constant 7/V of 500 mm and line e-f maintains a constant 7/} ratio of
125 mm. The amount of applied torsion starts at zero and increases along lines a-e-c and
b-f-d. A column failing at point "e" would exhibit a failure due to low bending and

torsional moment and high shear, whereas failure at point "d" would be due to high
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bending and torsional moments and low shear. Similarly, failure at point "c" would be
due to high shear and torsion, and low bending moment, and at point "r' there would be
low shear and torsion, and a significant bending moment. The four points, ¢, d, e, and f,
represent four reasonable combinations of bending moment, shear force, and torsional
moment in combination of two levels of axial loads.

The relationship between moment and shear force were varied by changing the
height of the cantilever columns and yet keeping the moment capacity constant. To limit
the scope of work, the bending moment-to-shear ratio, torsion-to-bending moment ratio

and spiral reinforcement ratio were chosen as the study parameters.

T/V=125 mm

T/V=500 mm

Shear-

. Combination of
Torsion

Bending-Shear-Torsion

I
TO

Figure 3.1 Schematic of Normalized Moment Shear and Torsion Interaction Diagram
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3.3. TEST MATRIX

The experimental program was developed to establish the interaction diagrams
between shear force, flexural, and torsional moments for a given cross section with
specific longitudinal and spiral reinforcement ratios. To obtain more information about
this behavior, this work tested 14 RC columns subjected to combined bending, torsion,
and shear. This experimental program was designed to investigate the influence of
several parameters on the response and failure of modern bridge columns. Due to the
limitations of testing equipment and cost considerations, few tests are usually carried out
at full scale. The specimens used in these tests were constructed at a reduced scale.
Typically, bridge columns vary in diameter from 1.2 m to 2.4 m. The diameter of the
columns used here was 610 mm (24 in.) representing a scaling factor 0.5. All of fourteen
specimens, each with a circular cross section, were tested under various loading
conditions, specifically, pure torsion, flexure, and combined flexure, shear, and torsion.
The specimens were named according to the test parameter, spiral ratio and aspect ratio.
For example, the specimen H/D(6)-T/M(0.0)/0.73% indicates, it had an aspect ratio
(H/D) of six with a spiral reinforcement ratio of 0.73% and tested at a torsion-to-bending
moment (T/M) ratio of ‘0.0’. All the columns had a constant axial load of 592 kN except
for H/D(3)-T/M(0.2)/1.32%-A2, which had an axial load of 890 kN. The test setup
applied cyclic loads on the loading block of each column to simulate the combined
loading including torsional moment. The columns were heavily instrumented to measure
their local and global behavior and their internal strain distribution. Fourteen specimens
were tested in two series, one with a height of 3.66 m and other with a height of 1.83 m.

The use of two series was intended to reduce the M/VD or H/D ratio from 6 to 3. Among
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the columns in first series, the spiral reinforcement ratio was increased from 0.73% for

the first six columns to 1.32% for the remaining two columns. For columns in the second

series, the spiral reinforcement ratio was kept constant at 1.32%. The nominal strength of

concrete for all the columns was 34 MPa; however, the concrete strength varied by

approximately 5 MPa on the day of testing. All columns had a diameter of 610 mm.

Details of all the specimens are provided in Table 3.1.

Table 3.1 Test Matrix

Spiral
Specimen Name (;‘)) (f/(:) (mi%er) Scale Dle;s;)irgn H/D 1?131%1
Torsion
H/D(6)-T/M(0.0)/0.73% 2.1 0.73 | 3.67 1:2 Low 6 592
H/D(6)-T/M(0)/0.73% w/H 2.1 0.73 | 3.67 1:2 Low 6 592
H/D(6)-T/M(0.1)/0.73% 2.1 0.73 | 3.67 1:2 Low 6 592
H/D(6)-T/M(0.2)/0.73% 2.1 0.73 | 3.67 1:2 Low 6 592
H/D(6)-T/M(0.4)/0.73% 2.1 0.73 | 3.67 1:2 Low 6 592
H/D(6)-T/M(20)/0.73% 2.1 0.73 | 3.67 1:2 Low 6 592
H/D(6)-T/M(0.2)/1.32% 2.1 1.32 | 3.67 1:2 | Moderate | 6 592
H/D(6)-T/M(0.4)/1.32% 2.1 1.32 | 3.67 1:2 | Moderate | 6 592
H/D(3)-T/M(0.0)/1.32% 2.1 1.32 | 1.83 1:2 | Moderate | 3 592
H/D(3)-T/M(0.2)/1.32% 2.1 1.32| 1.83 1:2 | Moderate | 3 592
H/D(3)-T/M(0.4)/1.32% 2.1 1.32| 1.83 1:2 | Moderate | 3 592
H/D(3)-T/M(0.6)/1.01% 2.1 1.01 | 1.83 1:2 | Moderate | 3 592
H/D(3)-T/M(0)/1.32% 2.1 1.32| 1.83 1:2 | Moderate | 3 592
H/D(3)-T/M(0.2)/ 1.32%- A2 2.1 1.32| 1.83 1:2 | Moderate | 3 890

3.3.1. Design Requirements. Reinforced concrete bridge systems subject to

seismic loading are expected to sustain inelastic action. Therefore, the seismic design of
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bridge columns requires the formation of plastic-hinges at column ends. However, the
joint regions in the foundation beam and top cap beam are designed to limit the inelastic
response, forcing the formation of a plastic-hinge. Brittle response mechanisms,
including inelastic response in shear and bond, should be repressed; and the joint region
should remain essentially elastic. The column and joint regions were designed in
accordance with the Caltrans Bridge Design Specification (Caltrans, 2004). The joint
region studied here was designed to meet the Caltrans standard requirements and to limit
inelastic response, although inelastic strain in the embedded longitudinal reinforcement
was expected. The longitudinal bars were embedded approximately 52 diameters into the
joint and the embedment length was approximately 25% greater than by Caltrans
specifications. The response of the specimen footing was not expected to model an actual
footing in the field. The footings in the test specimens were intended to remain elastic
under the demand that results from full inelastic action of the column. The maximum
allowable tensile strain demands in the main longitudinal reinforcement of the footing
were limited to 75% of the yield strain.

3.3.2. Geometry and Reinforcement. The specimens were constructed at one
half scale of the typical column sizes ragning from 1.2 to 1.5 m. The longotudonal and
spiral reinforcement bar sizes were not scaled and were selected as used in the practical
construction. However, the longitudinal and spiral reinforcement ratios were maintained
as observed in the typical bridge construction. Column and joint details of the test
specimens are shown in the Figure 3.2. The column diameter was 610 mm modeling the
prototype column of 1.22 m diameter. The columns were reinforced longitudinally with

No. 8 bars (25.4 mm) and spaced evenly around the column. The longitudinal
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reinforcement was embedded to a joint depth of 560 mm approximately to 22 bar
diameters. The bars terminated with a 90° hook that extended 18 bar diameters parallel to
the bottom of the footing. The column spiral reinforcement ratio was 0.73%. The spiral
was 10 mm in diameter and spaced at 70 mm on center. Each of the columns with a spiral
reinforcement ratio of 1.32% had a spiral of diameter 12.5mm spaced at 70 mm on
center. The spiral reinforcement was continuous throughout the column height and joint
depth. The longitudinal and spiral reinforcement ratios were 2.1% and 0.73%,
respectively. The volumetric reinforcement ratio of longitudinal and spiral reinforcement
is calculated as shown in Eq. 3.1 and Eq. 3.2, respectively. To permit evaluation of the
effectiveness of the spiral reinforcement ratio under combined torsion and bending
moments, the ratio was increased from 0.73% to 1.32% by increasing the spiral size from
9.5 mm (0.37 in.) to 12.7 mm (0.5 in.) in diameter while keeping the same spacing. The
volumetric spiral reinforcement ratio (p;) was chosen to satisfy the confinement criteria of
CALTRANS (2004) according to Eq. 3.3. This requirement also satisfies the minimum

required spiral reinforcement ratio according to AASHTO (1998) and ACI (2008).

1004, Eq. 3.1
Pr=——"
Ag
1007y Eq.3.2
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In the above expressions, p, is the spiral reinforcement ratio, p, is the longitudinal

reinforcement ratio, p  is the minimum required spiral reinforcement ratio, P is the

applied axial load, f, is the specified yield strength of the spiral reinforcement, s is the

specified compressive strength of concrete, 4, is the total area of longitudinal bars, 4 is

the gross cross sectional area, 4 is the confined area enclosed by the centerline of the
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spiral reinforcement,4 is the diameter of the confined core of the concrete section

measured with respect to the centerline of the spiral reinforcement, s is the spacing of the

transverse reinforcement, and 4 is the cross sectional area of the spiral reinforcement.

3.4. TEST SETUP

The test setup was designed such that various amounts of bending and torsion
moments can be applied cyclically. Also, the amount of axial compression could be
varied by up to 890 kN. The test setup is shown in Figure 3.3. The flexural and torsional
moments were applied to the column by means of two servo-controlled hydraulic
actuators connected to the loading frame, which was attached in turn to the column
specimen. The base of the column was anchored to a strong floor by means of Dywidag
bars, then prestressed.

3.4.1. Applying Axial Load. A hydraulic jack on top of the column was used to
apply the axial load. The hydraulic jack transferred the load to the column via seven
unbonded high-strength prestressing steel strands running through a duct in the center of
the column and anchored to a plate underneath the test specimen. Typically, the axial
load due to the superstructure dead weight to bridge columns varies between 5% and 10%
of the concrete capacity of the columns. A target 7% of the concrete capacity (7%f . Ag)
was applied to simulate the dead load on the column in a bridge situation [Caltrans,

2002].
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The unbonded external prestressing in the axial load system should be treated as
an internal redundant force that makes a system internally indeterminate. An accurate
analysis for this system, which is different from the uniform compressive stresses applied
to the column by the hydraulic jack, must consider this internal indeterminate system.
However, relatively broader and thicker steel plates were used to distribute loads from the
jack to the loading block. Similarly, a thicker and broader steel plate was used to
distribute the load beneath the foundation, resulting in a more uniform distribution of
compressive stresses in the test portion of the column member (i.e., from top of
foundation to the center of the loading block). Moreover, the strands ran through a duct
that was closer to the neutral axis under flexure. In torsion, the outer portion of the
concrete column is more effective, and the strands for prestressing do not influence
behavior. In terms of overall behavior, therefore, the structural differences between
unbonded prestressing strands and a hydraulic jack are not significant. Moreover, the p-
delta effect is eliminated, thus simplifying the analysis.

3.4.2. Applying Shear Force, Flexural, and Torsional Moment. Shear force,
flexural, and torsional moments were applied to each column member using two servo-
controlled hydraulic actuators. Both actuators were manufacture by MTS corporation, are
in the 243.45T series and in the243.7T series. The 243.45T series actuator had a total
stroke of 508 mm and was capable of 650 kN in compression and 445 kN in tension at a
maximum fluid pressure of 20.7 MPa. The 243.7T series actuator had a total stroke of
712 mm and was capable of 1460 kN in compression and 961 kN in tension at a
maximum fluid pressure of 20.7 MPa. The actuators were controlled using a FlexTest GT

digital controller made by MTS. The controller is capable of real-time closed-loop
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control and load protocol function generation. The loadings were imposed in load control
mode until the first yielding of the spiral or longitudinal bar. Thereafter, the loadings
were imposed with a pattern of three cycles at each displacement level to provide
information related to strength and stiffness degradation characteristics. The actuators
used to apply the torsional and bending moment had built in linear variable displacement
transformers (LVDTs) to measure the piston displacements and load cells to measure the
axial forces produced by the actuator. The twist calculated from the displacements
measured by the LVDTs in the actuators could not be used as an accurate measure of the
twist in the specimen for several reasons: (i) Due to connections with the loading frame,
the twist from the actuator displacement will not be the same as applied at the center of
the column, and (i1) as the stiffness of the actuators was different and resulted in different
piston movements. As shown in the Figure 3.4, one end of each actuators was connected
to the steel referred to as loading frame, which was clamped to the specimen, and the
other end of each actuator was connected to a large steel plate post-tensioned to the
strong wall. Cyclic uniaxial flexure, pure torsion, and combined bending, shear, and
torsion were generated by controlling the servo-controlled hydraulic actuators shown in
Figure 3.4. Cyclic uniaxial flexural loading was created by applying equal forces with the
two actuators. Pure torsion was created by applying equal but opposite forces with the
two actuators. Combined cyclic flexural and torsional moments, and shear forces were
imposed by applying different forces with each actuator depending on the test
parameters. The ratio of T/M was controlled by maintaining the ratio of the forces in the
two actuators in the load control mode until the first yielding of the transverse or

longitudinal reinforcement.
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Figure 3.4 Photo of the Test Setup for Column under Flexure

In the displacement control mode, the displacements of the actuators were
adjusted to maintain the desired T/M ratio. The actuators applied the torsional moment by
applying displacements in the opposite directions. When the actuators applied the
displacements of unequal magnitude, torsional and bending moment were applied to the
column. The actuator forces measured are directly used in the calculation of torsional and
bending moments. Eq. 3.4 and Eq. 3.5 give the torsional moment (T) and bending
moment (M) based on the actuator forces. The terms P; and P, represent the forces in the
west and east actuators, respectively, and d is the distance between the vertical
centerlines of the actuators. This distance was 0.914 m. The height h of the column was
3.66 m for columns with an H/D of 6; whereas it was 1.83 m for the columns with a low

H/D of 3.
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d Eq. 3.4
2
M=(Pl+P2)*H Eq. 3.5

3.5. INSTRUMENTATION

The specimens were instrumented in order to measure their global and local
behavior and their internal strain distribution. Twist and horizontal displacement were
measured at multiple locations along the height of the column specimens using a system
of string transducers. The instrument pairs were located at five points along the height of
the column, as shown in Figure 3.5. Horizontal displacement was measured by averaging
the displacements measured by the string transducers. Twist was measured by taking
difference between the string transducer measurements and divided by the distance
between transducers. Instrumentation also included a system of LVDT rosettes to
calculate the curvature, shear, and principal strains. The LVDT rosettes were placed at
the bottom of the column where the combined effects of torsion and bending moments
would be greatest. To evaluate the internal strain distribution, the average strain
distribution in the expected plastic-hinge zone was estimated using a system of LVDT

rosettes (Figure 3.6).



REFERENCE FRAME\
String-6
String=95
830
tring=4
356
tring=
356
LVDT ROSETTES String-2
356
FET FS  String-1
A C
String-8
String-7
A C
String-6
Loading Direction
-

Figure 3.5 Locations of String Transducers
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Displacement and twist were calculated from the string transducer displacements

as follows:

(A +A,)

avg 2
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0

twist

- Eq. 3.7
= arctan {(AIGI—AZ)} 1

where A,,A,are the displacements measured by the string transducers. In pure torsion,

they would be nearly equal and opposite in signs. In bending and shear tests, they would
be nearly equal, with the same sign.

3.5.1. Average Strain Measurement. The average strain across the cracks in the
expected plastic-hinge region was measured by a system of LVDT rosettes. Each LVDT
rosette was comprised of several instruments that measured the displacement across
several cracks. Some of the LVDTs in the rosette could measure a displacement of up to
+/- 12.7 mm; others could measure the displacements up to +/- 25.4 mm. The instruments
used in this investigation were fitted to an aluminum tubing system, which was connected
to two threaded bars cast into each specimen.

Three rosette systems on the western face used two pairs of instruments to
measure the distributed strain in the horizontal, vertical, and diagonal directions. The
instruments were connected such that they formed a square. The gauge length of the
vertical and horizontal instruments is 356 mm, and the gauge length of the diagonal
instrument is 503mm. Figure 3.6 shows the system of LVDT rosettes. Six distance
readings were taken for this subgrid. The longitudinal strains are the average of readings
3 and 4, and the transverse strain is the average of the readings 1 and 2. One of the
diagonal readings from 5 or 6 completed the Mohr’s circle of strains, and other was
redundant to check the consistency of measurements. The average strain measured using

the rosettes were very sensitive to the number of cracks occurring over the gage length;
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therefore, the values cannot be considered accurate and they are understood here to be
approximate. Three LVDT rosettes were employed during testing at the expected
damage locations to measure the curvature and principal strains. In each rosette, the
strains &, (along the x-axis), €, (along the y-axis), €45 (at axis inclined 45° to x directions)
were recorded by LVDTs. Using the measured strains, the engineering shear strain, &y,

and the principal strains, ¢ and ,, were calculated. The strains measured by the rosettes

stretched across several cracks, therefore, the displacement measured by the rosettes

divided by the gauge length was assumed to be the average strain in the concrete and

reinforcement.
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Figure 3.6 System of LVDT Rosette
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3.5.2. Reinforcement Strain. Strains in the spiral and longitudinal reinforcement
were measured using electric resistance foil strain gages. The gages were made of
Constantin foil with 120 ohm resistance, and had a gauge length of 6.4 mm. About 70
gages were installed on all the specimens. The strain gages applied on the longitudinal
reinforcement are shown in Figure 3.7. The typical locations of strains gages on the
longitudinal and transverse reinforcement are shown in Figures 3.8, 3.9 and 3.10
respectively [of flexure, pure torsion and for combined shear force, flexural and torsion

specimens].

Smooth Surface after Grinding Strain Gage Bonded to the Surface

Proteciive Coafing on Strain Gage Wires Soldered to Strain Gage Strain Gaged Bars Ready for
Insiallation

Figure 3.7 Applying Strain Gages on Longitudinal Reinforcement
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Figure 3.8 Typical Strain Gage Locations on Flexure Specimen
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Figure 3.10 Typical Strain Gage Locations on Combined Shear Force, Flexural and

between the jack and the top chucks. The capacity of the load cell was 890 kN.

Torsion Specimens

3.5.3. Load Cell. The axial load was measured by placing a tension load cell
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3.5.4. Data Acquisition (DAQ). The data measured by all of the electronic
instruments were collected by a data acquisition (DAQ) system consisting of two
conditioner cabinets A and B , each with a total of 64 channels used to condition and
amplify the signals. The conditioned voltage signals then sent to DAQ, converted to a
digital signal, then scaled and recorded by a personal computer. The 64 channels on the
conditioner cabinets A and B were divided into channel groups for receiving the signal
from load cells, alternating current (AC) devices, direct current (DC), and strain gages.
Some of the LVDTs were AC devices, and the string transducers and other LVDTs were
DC devices. The data recording cabinet contained analog-to-digital boards to convert the
voltage into a digital signal. Once converted, the digital signal was sent to a Dell
precision 340 personal computer with 1.80 GHz and 80 GB hard disk capacity. Two
software programs, Measurement and Automation Explorer (MAX) and LABVIEW
version 7.1, converted, scaled and recorded data. In MAX, the data signal was assigned to
a scale file, which was used to convert the signal from voltage measurements into load,
displacement, and strain data for the respective instruments and strain gages. The
LABVIEW was used to scan and record the data. The scale files in MAX were created by
calibrating the instruments and strain gages. The load cells were calibrated with a
micrometer fitted on an LVDT calibration block, and the strain gages were calibrated

with a strain gage calibration box.
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Figure 3.11 Framework for Data Analysis

Data was read from the channels every five seconds and appended to the data file.

The data was recorded in a text file with each channel occupying one column. All

computations were performed using Microsoft Excel. Although the data obtained was of
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high quality, further correction and manipulation were needed. Correcting procedures
included filtering the data to remove the noise, i.e., the excess data collected during the
pauses in the testing. Each tests involved many channels to capture the complete behavior
of RC columns. Data was collected at a frequency of 0.2 Hz. Column testing normally
lasted a day or two. Tests results for fourteen columns involves significant amount of
data. The data was reduced and analyzed by comparing results for each column based on
various parameters, evaluating the existing design practice and developing new

guidelines. The schematic plan for data reduction and analysis is shown in Figure 3.11.

3.6. MATERIALS

3.6.1. Concrete. The material properties specifications met the requirements for
ASTM designations A 615, Grade 60, or A 706. The concrete mix was designed to model
a full-scale mix to reproduce the specified compressive strength, fracture energy, and
modulus of elasticity. It was supplied by Rolla Ready Mix, a local ready-mix plant. A 34
MPa design mix with a maximum aggregate size of 25 mm was requested. Table 3.2
shows the batch weights provided for each specimen. The high-range water reducer
(super-plasticizer) was added to the mix at Missouri S&T, agitated according to the
manufacture’s requirements, then placed on the forms. The water was added only when

required to improve the workability of the concrete.
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Table 3.2 Concrete Material Quantities

Material Quantity

Cement 1366 kg

Fine Aggregate 3415 kg

Coarse Aggregate 4412 kg
Water 550 L
Air entrainment 0.6 L
High-Range Water Reducer 43L

The compressive strength of the concrete was obtained from concrete cylinders
with 152 mm in diameter and 305 mm high; the cylinders were cast and cured with the
specimens. They were capped with Rediron 9000 sulfur mortar capping compound
manufactured by Global Gilson and tested to failure using a concrete cylinder testing
machine with a 2700 kN capacity manufactured by Forney. Cylinders were tested on 7"
day, the 28" day and the day of testing of columns. The concrete cylinder specimens
were made according to Specification ASTM C 31 (2003). The cylinders were capped
according to ASTM C 617 (1998), then tested according to ASTM C 39 (2005).

3.6.2 Reinforcement. The reinforcement for this investigation was supplied by
Ambassador Steel Corporation, Kansas City. The steel coupons of the reinforcement
were tested under uniaxial tension using a Tinius-Olsen universal testing machine to
determine the modulus of elasticity; the yield stress was measured using the 0.20% offset
method, and the peak stress was determined as described in ASTM A 370 (2005).
Elongation over a 200 mm gage length was measured using an extensometer until the

coupons exhibited strain hardening, at which point the extensometer was removed. The
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measured material properties are given in Table 3.3. The stress-strain curves of the

longitudinal and transverse reinforcement are shown in Figure 3.12.

Table 3.3 Reinforcement Material Properties

Nominal Reinforcement Size

Nominal Reinforcement Size

(Columns with H/D=3)

(Columns with H/D=6)
Measured
(Spiral) (Spiral) (Longitudinal (Spiral) (Longitudinal
Reinforcement) Reinforcement)
Modulusof | 226 | 219 206 226 | 219 206
Elasticity GPa GPa GPa GPa GPa GPa
Yield Stress
(0.20% 525 541 490 525 580 546
Offset MPa MPa MPa MPa MPa MPa
Method)
675 693 702 675 590 702
Peak Stress | Mpa | MPa MPa MPa | MPa MPa
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Figure 3.12 Stress Strain Curves for Steel Reinforcement
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3.7. COLUMN MANUFACTURING

The column specimens were fabricated at the High Bay Structures laboratory at
Missouri S&T. Figure 3.13 shows the assembly of reinforcement cages. The locations of
strain gages were marked in longitudinal bars and ground before use to make a steel cage.
Out of twelve longitudinal bars, eight were used to assemble the cage. Once the cage was
assembled, the remaining four longitudinal bars with strain gages were installed. The
assembled reinforcement cage was anchored in the foundation mat as shown in Figure
3.14. Once the reinforcement cage was anchored and centered in the bottom foundation
mat of the reinforcement, the top foundation reinforcement and shear legs were installed.
Figure 3.15 shows the finished foundation reinforcement. The reinforcement for the
loading block was assembled with proper shear legs connecting the stirrups, as shown in
Figure 3.16. The PVC tubes were also installed to connect the loading frame to the
specimen and transverse guide frames for lateral prestressing. The first six columns in the
test matrix were cast in two stages. First, the foundation concrete was poured. Once the
concrete set, the column concrete was poured. All other columns were then poured at
once. The formwork of foundation for those columns included a top cover to resist the
upward pressure created when the column concrete was poured as shown in Figure 3.17,
Figure 3.18. The finished column specimen is ready for installing the axial strands, as
shown in Figure 3.19. Auxiliary specimens for concrete compression tests, splitting
tension test and modulus of rupture tests were fabricated during the concrete pour (Figure

3.20).



Figure 3.15 Finished Foundation Reinforcement with Column Cage
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Figure 3.16 Formwork and PVC Layout on Loading Block

Steel -
Reinforcement X8 Footing
Cover
Holes in
Reinforcement
for Bolts

Figure 3.17 Formwork for Foundation with Top Cover
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Dumping Concrete into Column

Figure 3.18 Concrete Pour for Foundation and Column
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Figure 3.20 Auxiliary Specimens for Concrete Material Testing

3.8. LOADING PROTOCOL

3.8.1. Columns under Flexure. Test for columns tested under flexure were
conducted in load control mode until first yielding of the longitudinal bars. The load was

applied in load control mode at intervals of 25%, 50%, 75%, and 100% of the predicted
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yielding force, corresponding to the yielding of the first longitudinal bar (£}). Figure 3.21
shows the loading protocol for the column under flexure. After the first yielding of the
longitudinal bar, test was conduted at displacement control with three cycles of loading at
each displacement ductility level (pa). Three cycles were applied to assess the stiffness
and strength degradation characteristics and energy dissipation capacity. Displacement
ductility (pa) is the ratio of displacement at any instant during loading to the
corresponding displacement at first yielding of the longitudinal bar. Hence, the horizontal
displacement corresponding to yielding of the first longitudinal reinforcement is defined
as displacement ductility (ua) of one. The stroke capcity of the actuators was not
adequate to complete the testing. Hence, the loads were applied only on the positive

directions from dutility level of eight (Figure 3.21).
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Figure 3.21 Loading Protocol for Column under Flexure
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3.8.2. Columns under Pure Torsion. The column under pure torsion was loaded
under load control at intervals of 25%, 50%, 75%, and 100% of the estimated yielding of
the first spiral (7,). The loading protocol followed for the column under pure torsion is
shown in Figure 3.22. After the first yielding of the spiral reinforcement, test was
conduted at displacement control with three cycles of loading at each displacement
ductility level (ua). Three cycles were applied to assess the stiffness and strength
degradation characteristics and energy dissipation capacity. Twist ductility (ua) is the
ratio of twist at any instant to the corresponding twist at first yielding of spiral
reinforcement. Hence, the twist corresponded to yielding torque, which in turn
corresponded to the first yielding of spiral reinforcement, is defined as a twist ductility
(ne) of one. The stroke capcity of the actuators was not adequate to complete the testing.
Hence, the loads were applied only on the negative directions from twist dutility level of

13 (Figure 3.22).
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Figure 3.22 Loading Protocol for Column under Pure Torsion
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3.8.3. Columns under Combined Shear Force, Bending, and Torsional
Moments. Three loading cycles were performed at each ductility level to assess the
degradation of column strength and stiffness. The loadings were applied along Direction
A-C following the sign convention shown in Figure 3.2. The loadings along Directions
A-C and C-A were defined as positive (unlocking) and negative (locking) cycles,
respectively. After the load control stage, the results were analyzed, and the yield
displacement and rotation were computed. In the displacement control mode, three
cycles were applied for each ductility level until the failure of the column. The three
cycles were intended to calculate the flexural and torsional energy dissipation of the
columns under combined bending and torsion. The T/M ratio for each cycle was
maintained according to the calculated piston movements during the testing. There were
some difficulties in maintaining the desired T/M ratios during loading and unloading
cycles, and there was some difference in the stiffness of the actuator systems. However,

the ratios were within the acceptable range. The loading protocol is shown in Figure 3.23.
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Figure 3.23 Loading Protocol for Columns under Combined Bending, Shear, and Torsion
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3.9. CONCLUDING REMARKS

Column testing was intended to explore the interaction of combined shear force,
flexural and torsional moments at constant axial compression. The columns were
instrumented to measure the local and global behavior and strain distribution. Two servo-
controlled hydraulic actuators were used to apply the cyclic flexural and torsional
moments. A complete description of specimen fabrication, test setup, and loading

protocol was provided. Test results for all columns are explained in the next Section.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1. INTRODUCTION

This Section provides the results of experiments on the interaction of bending,
shear, and torsional loads and their effects on the behavior of circular RC columns. The
discussion focuses on: 1) the lateral load-displacement and torsional moment-twist curves,
i1) the effects of full-reversal cyclic loads on loading and unloading stiffnesses, iii)
flexural and torsional energy dissipation, iv) concrete cover spalling, and v) damage
progression. It examines the effects of spiral reinforcement and aspect ratio on the failure
modes and energy dissipation characteristics of the columns under combined loading. It
also addresses the variation in longitudinal and transverse strains, as well as strength and
stiffness degradation characteristics at various T/M and M/V or H/D ratios. Finally, this
section presents interaction diagrams between torsional and bending moments and

discusses their significance.

4.2. OVERVIEW OF EXPERIMENTAL OBSERVATIONS

Observations of test columns indicate that the damage sequence varied from one
column to another. This section provides a general description of damage progression by
describing each category of damage. The sequence of damage varied slightly, however,
different depending on the amount of applied torsion.

1. Flexure cracking: Flexural cracks formed prior to shear cracking on columns under

bending and shear and combined bending, shear, and torsional loads. The spacing of
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the newly formed cracks decreased at higher displacements and stabilized after
yielding of longitudinal bar, leading to localized spalling.

Shear cracking: Shear cracks formed prior to flexural cracking under pure torsion

and after flexural cracking under combined bending and torsion. The spacing of
shear cracks decreased with increasing displacement/twist demands under combined
bending, shear, and torsion.

First yielding of longitudinal reinforcement: Yielding of the extreme longitudinal bar

was noticeable in the lateral displacement response under bending and shear and
under combined bending, shear, and torsion loads. Yielding of longitudinal
reinforcement was detected using the strain gage readings.

First yielding of spiral reinforcement: Yielding of the spiral reinforcement was

noticeable in the torsional moment-twist response under pure torsion and combined
bending, shear, and torsion. This yielding was detected by closely monitoring the
strain gages on the spiral reinforcement during testing and then analyzing the data in
detail.

Concrete cover spalling: For flexure-dominated columns, spalling started at the

bottom of the column, where the bending moment was greatest above the column-
footing interface. For columns under pure torsion, spalling started in the middle of
the column and grew towards top and bottom surfaces with an increase in the twist
and T/M levels. In general, with an increase in the T/M ratio, the spalling zone
increased from the bottom portion of the column. The mechanism of concrete cover
spalling was different for columns under pure flexure and for those under combined

flexure and torsion.



105

6. Complete concrete cover spalling and exposure of spiral and longitudinal steel

reinforcement: Complete loss of the concrete cover exposed the spirals and
longitudinal steel, eliminating lateral pressure from concrete cover and facilitating
the easy buckling of longitudinal steel.

7. Longitudinal reinforcement buckling and spiral fracture: At higher levels of

displacement and twist ductility, the buckling of longitudinal bars was visually
evident. In all the columns under combined bending, shear, and torsion, the
longitudinal bar buckled over more than one spiral spacing.

8. Spiral reinforcement fracture: In flexure-dominated columns, due to longitudinal

reinforcement buckling, fracturing of spiral reinforcement within the buckled length
of longitudinal reinforcement was predominant. The lateral stiffness decreased as a
result of spiral fracture, which permitted the other longitudinal bars to buckle over a

longer length.

9. Longitudinal reinforcement fracture: Fracture of the longitudinal reinforcement
occurred after significant buckling. Typically, fracture of one or more longitudinal
reinforcement bars resulted in significant strength and stiffness degradation which in

turn to overall column failure.

4.3. FLEXURAL DISPLACEMENT AND TORSIONAL TWIST DUCTILITY

Flexural and twist deformation along the length of a column under combined
bending, shear, and torsion are shown in Figure 4.1. The flexural displacement
distribution is essentially linear until yielding of the longitudinal bars on the tension side;

thereafter, it becomes nonlinear. The yielding of longitudinal reinforcement and the
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subsequent crushing of the concrete cover results in the formation of a flexural plastic-

hinge. Well confined columns tested under flexure (single curvature) typically form a

plastic-hinge zone in the bottom portion where the bending moment is greatest, as shown

in Figure 4.1a. The twist distribution of columns tested under pure torsion is essentially

linear before shear cracking, becoming nonlinear thereafter, as shown in Figure 4.1b.
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Figure 4.1 Displacements/Twist Distribution along the Length of Column

A structural system is said to be ductile if it is capable of undergoing substantial

inelastic deformations without loss of strength. Under bending-shear loading, flexural

displacement ductility can be derived using the moment curvature relationship and the
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assumed plastic-hinge length. The total flexural displacement of the column under flexure

can be expressed as the sum of yield displacement and plastic displacement:

A=A +A, =(4,-¢),(L-05]) Eq. 4.1

where A, is the total displacement, A, is the yielding displacement, /; is the length of the
plastic-hinge, ®, is the curvature at ultimate moment, and ®, is the curvature at yield

moment. The displacement ductility can be expressed in terms of curvature ductility:

) l Eq.4.2
Hy =143y, —1)%(1—0.5%)

where 1 is the displacement ductility and pg is the curvature ductility.

However, under combined bending, shear, and torsional loads the columns
undergo not only lateral displacement but also twist. Therefore, since Equations 4.1 and
4.2 were developed based on bending-shear tests, they are not applicable to columns
under combined loadings including torsion.

Similar to flexural ductility, twist ductility under torsion can be defined as the
ratio of twist to the corresponding twist at the yielding of the spiral:

Eq. 4.3

where 0 is the twist at the top of the column after the yielding of the spiral, 6, is the
yielding twist at the top of the column when spirals reach the yielding strain, and pg is the

twist ductility.
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Very few studies have examined the behavior of RC columns under combined
loadings, and the limited tests on combined loadings pose difficulties in establishing the
relationship between curvature and twist ductility. Further, the estimation of flexural
displacement using Equations 4.1 and 4.2 depends on the accuracy of the plastic-hinge
length calculations. The interaction between flexural displacement and torsional twist is
complex and little understood due to the paucity of test data. The damage zone on
columns under combined loadings is also complex, affecting either a portion of the

column or its whole length.

4.4. TEST RESULTS AND OBSERVED BEHAVIOR

The test results focuses on the overall lateral load-displacement and torsional
moment-twist hysteresis and envelope curves, and damage progression of the specimens.

4.4.1. Columns under Flexure. Two specimens one with an aspect ratio of 6 and
the other with 3 were tested under flexure and the results presented in the following
sections.

4.4.1.1 Column H/D(6)-T/M (0.0)-0.73%. This column was tested under flexure
with no torsion. Figure 4.2 shows the flexural hysteresis. After cyclical loading to 50%
of F, the column tested under bending and shear exhibited flexural cracks on the bottom
on sides A and C at a displacement of 7.37 mm. The cracks were observed up to a height
of 457.2 mm. The crack spacing was approximately 228 mm on the face C. They were
also evenly spaced on the negative cycle on the face ‘A’. During the successive cycles of
0.75 Fy and 1.00 F,, the cracks were primarily oriented in a horizontal direction. The

crack width remained less than 1.5 mm up to cycle 1.00 F, which corresponded to
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ductility level one. Narrow diagonal cracks formed at a displacement ductility level of
two. The shear crack then started extended slightly. At ductility four, cracking zone
extended up to a height of 2900 mm on the faces A and D. The concrete cover started
spalling at a drift of about 3.2%, corresponding to a ductility level of 4.5 and
displacement of 117 mm. The height of spalling also increased with an increase in the
displacement ductility level after cumulative cycles of loading. At a displacement
ductility level of five, the spalling began in the base of the footing. The push and pull
cycles in both positive and negative directions were carried out until displacement
ductility level of six due to the limitation of stroke length in one of the actuators. After
that point, push and pull cycles were carried out only in positive direction until a ductility
level of eight. The deformed configuration of the specimen at displacement ductility level
of 12 is shown in Figure 4.3.

Failure of the specimen began with the formation of a flexural plastic-hinge at the
base of the column, followed by core degradation, and finally by the buckling of
longitudinal bars on the compression side at a displacement of 460 mm and a ductility
level of 18. The progression of damage is shown in Figure 4.4. The flexural resistance
was maintained at more or less constant levels from displacement of 110 mm to one of
460 mm, with a nearly constant bending strength of 850 kN-m. During the last cycle of
loading, a longitudinal bar started buckling during unloading. The yielding zone of the
longitudinal bars was about 610 mm from the base of the column. Longitudinal bars on
Sides A and C both reached the yield strain at the predicted ductility level of one. The

spirals remained elastic up to a ductility level of six, after which they yielded. Soon after
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cracking and spalling at the location of the gages on the spiral, the gages were damaged

and data could no longer be collected.
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Longitudinal Yielding Ultimate Load Final Failure

Figure 4.4 Damage to Column H/D(6)-7/M (0.0)-0.73% under Flexure

4.4.1.2 Column H/D(3)-T/M (0.0)-1.32%.  This column was tested with a
smaller H/D ratio of three. It exhibited initial flexural cracks on sides A and C at

maximum moment location after cyclically loading to 50% of the force Fy corresponding
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to longitudinal bar yielding. These cracks continued to grow, and new cracks appeared on
both sides of the column at the higher level of ductility. The flexural resistance was
constant between 1% and 4.1% drift with a flexural strength corresponding to a lateral
load of 500 kN, as shown in Figure 4.5. The corresponding flexural strength was 900
kN-m indicating that due to a reduction in aspect ratio from six to three, there is a
marginal increase in bending strength due to the effect of footing confinement and a
subsequent increase in shear strength. The concrete cover started spalling at a drift of
about 1.3% (Figure 4.5). Failure of the specimen began with the formation of a flexural
plastic-hinge at the base of the column, followed by core degradation, and finally by the
buckling of longitudinal bars on the compression side at a drift of about 5.1%. During
the last cycle of displacement ductility 17, the longitudinal bars started buckling in the
compression side. The yielding zone of the longitudinal bars was about 460 mm from the
base of the column. Longitudinal reinforcement on sides A and C both reached the yield
strain at the predicted ductility level of one. The spirals remained elastic throughout the
loading history up to failure. As observed in the column with a H/D ratio of six, soon
after cracking and spalling at the location of the spiral gages, the gages were damaged
and no further data could be collected. Though the column was tested at a lower H/D
ratio of 3, the failure was dominated mainly by flexure due to the relatively low
longitudinal ratio of the column and increased confinement from spiral reinforcement due
to a higher spiral ratio of 1.32%. Thus, the increase in spiral ratio may have helped to
change the failure mode from brittle shear to ductile flexural failure as a result of the
increased level of shear resulting from a reduction in the shear span ratio. The progress

of the failure is shown Figure 4.6.
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Figure 4.6 Damage of Column H/D(3)-7/M (0.0)-1.32% under Flexure

4.4.2. Columns under Cyclic Pure Torsion. Pure torsion is rarely present in
structural members and usually occurs in combination with bending and shear. However,

understanding the behavior of members subjected to pure torsion, is fundamental task for
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the analysis of structural members under combined loading. Few studies have reported on
the behavior of RC circular sections under pure torsion. Hindi et al. (2005) proposed the
use of two cross spirals to enhance strength and ductility characteristics under pure
torsion. The torsional strength of a member depends mainly on the amount of transverse
and longitudinal reinforcement, the sectional dimensions, and the concrete strength. In
particular, some of the columns tested in this study had been designed with a relatively
low transverse reinforcement ratio (0.73%) according to CALTRANS (2002)
specifications. This factor must be carefully considered when interpreting the results for
columns under pure torsion.

4.4.2.1 Column H/D(6)-T/M (0)-0.73% with hoop reinforcement. Columns
with hoop and spiral reinforcement were tested under pure torsion to study the locking
and unlocking effect of spiral reinforcement on hysteresis behavior. Figure 4.7 shows the
torsional moment-twist hysteresis curves of the column with hoop reinforcement.
Cracking began after cyclically loading the column to 50% of the predicted torsional
yield moment, 7. As the test progressed, these cracks lengthened as the applied torsion

was increased.
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Figure 4.7 Torsional Hysteresis of H/D(6)-7/M (0)-0.73% with Hoop

The first yielding of hoop reinforcement was observed at torsional moment of
275 kN-m, which was the predicted ductility level of one. The peak torsional moment
was achieved in the next ductility level of three. Peak torsional moment was higher in the
positive cycle than in the negative cycle because the test was started in the positive
loading direction, resulting in the degradation of the column stiffness. The longitudinal
bars on all sides remained elastic until a twist ductility of six. The test was stopped after
torsional strength dropped significantly, corresponding to a twist of 18 degrees. Figure

4.8 shows the progression of damage. The spalling details are shown in Table 4.1.
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Figure 4.8 Damage Progression of H/D(6)-7/M ()-0.73% with Hoop under Pure Torsion

Table 4.1 Spalling Details of H/D(6)-7/M (0)-0.73% with Hoop

. Zone of Spalling (measured in ‘mm’ from
Spalling State (DZW;:;) the bottom of the column)
g Southeast Face Northwest Face
Initial
(Twist Ductility 1.4 o 3) 2.21 1680 to 2390 1570 to 2540
Moderate
(Twist Ductility 3 to 4.5) 6.31 1520 to 2740 1220 to 2950
Stable
(Twist Ductility 4.5 to 13) 12.62 610 to 3200 510 to 3250

4.4.2.2 Column H/D(6)-T/M ()-0.73% with spiral reinforcement. This

column was also tested under pure torsion with spiral reinforcement. Figure 4.9 shows
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the torsional moment-twist hysteresis curve with spiral reinforcement ratio of 0.73%.
Initial cracking was observed during the 0.75 T, loading cycle. The rotation level
corresponding to the first diagonal cracking was 33°. The diagonal crack formed at the
height of 2000 mm. The crack spacing was approximately 356 mm on face C. The cracks
were also evenly spaced on the negative cycle on the other face A (Figure 4.10). During
the successive cycles of 0.75 Ty and 1.0 T,, the cracks were primarily oriented
diagonally. After the cycles up to Ty, the results were analyzed and the yield rotation was
calculated to be 0.3154°. During the first cycle of ductility five, the cracks were formed

along the full height of the column (Figure 4.10).
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Figure 4.9 Torsional Hysteresis Behavior of H/D(6)-7/M (0)-0.73%
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The torsional moment-twist curves were approximately linear up to cracking and
thereafter become nonlinear with a drop in the torsional stiffness. The post-cracking
stiffness decreased proportionally with an increase in the cycles of loading. The behavior
of columns with spiral reinforcement differed significantly from that of columns with
hoop reinforcement due to the locking and unlocking effects of the spiral reinforcement.
During the positive cycles of twisting, the spiral reinforcement was unlocked, which
caused spalling and reduced the confinement effect on the concrete core. On the other
hand, during the negative cycles of loading, the spirals were locked, and they contributed
to additional confinement of the concrete core. This effect is reflected in the asymmetric
nature of the observed hysteresis loop at higher levels of loading. At higher ductility
levels, the load resistance on the negative cycles was higher than that on positive cycles
of loading due to the added confinement generated by the locking effect of the spiral
reinforcement. The longitudinal bars on sides A and C remained elastic until ductility
four. The spirals, however, reached the yield strain at the predicted ductility level of one.
Differences were observed in the strain levels on Sides A and C due to the effect of
locking and unlocking of the spirals. Figure 4.11 compares the damage pattern in
columns with hoop and spiral reinforcement. Concrete core degradation was more
significant in the column with the hoop reinforcement that in that with the spiral
reinforcement. This difference was mainly due to the additional confining effect of spiral

in the locking direction, which helped to reduce damage in the concrete core.
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4.4.2.3 Column H/D(3)-T/M(0)-1.32% with spiral reinforcement.  The
torsional strength of a member depends mainly on the amount of transverse and
longitudinal reinforcement as well as on the sectional dimensions and concrete strength.
In the post-peak behavior, the dowel action of longitudinal bars significantly affects the
load resistance at higher cycles of loading (Belarbi et al., 2008b). Figure 4.12 shows the
torsional hysteresis curve of column tested under pure torsion. Under pure torsional
loading and at lower ductility levels, significant diagonal cracks began to develop near
mid-height on the column at lower levels of ductility. The cracks lengthened with the
increase of torsional moment. Soon after the yielding of the spirals, spalling was
observed. The angle of the diagonal cracks was about 40° respect to the horizontal cross
section of the column. Post-cracking stiffness decreased proportionally with increase in
the cycles of loading. The locking and unlocking effect of the spirals was also observed
in the negative and positive loading cycles as the column with spiral reinforcement ratio
of 0.73% (Figure 4.12). At higher ductility levels, the load resistance on the negative
cycles was higher than that on positive cycles of loading due to the added confinement
generated by the locking effect of the spirals. Spalling continued to increase along the
height of the column with higher levels of ductility. The concrete cover spalled however,
along the entire length of the column, and significant spalling led to the formation of a
torsional plastic-hinge near the mid-height of the column. Figure 4.13 shows the

progress on damage of the specimen.



121

Twist/Length (Deg/m)
4.4 33 22 1.1 0 11

320 — A First Spiral Yielding

] * Ultimate Torque

Z
o

Torsional Moment (kN-m)
|

Twist (Deg)
Figure 4.12 Torsional Hysteresis Behavior of H/D(3)-7/M(x)-1.32%

i e RN v S
== T - . s . =

Spiral Yielding Peak Torsion Final Cycle I

Figure 4.13 Damage to Column under Pure Torsion



122

The torsional strength of the specimen under pure torsion was compared with
AASHTO equations in Table 4.2. Cracking strength under torsional moment is given in

the metric system as:

Eq. 4.4

A° 7
T =033f| % 1+0.33':/7

where £’ is the specified compressive strength of concrete at 28 days, 7, is the torsional
cracking moment, 4 is the total area enclosed by outside perimeter of the concrete
section, p,_is the length of the perimeter of the concrete section, and s is the compressive

stress in the concrete after prestress losses have occurred either at the centroid of the
cross-section resisting transient loads or at the junction of the web and flange where the
centroid lies in the flange.

Torsional resistance was assumed to be provided only by the spiral reinforcement,

as shown in metric system. Based on the thin tube analogy, torsional resistance is given

by

24,4 f,

r AL Eq. 4.5

where A, is the area of one leg of closed torsion reinforcement within a spacing s, 4, is
the area enclosed by the shear flow path (taken as 0.854,,), A, 1s the area enclosed by the
centerline of the outermost closed transverse torsion reinforcement, and 0 is the angle of

diagonal compressive stress. The value of 6 depends on the level of strain in the section &,
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v,
and the level of applied shear stress /fc' . The cracking strength and ultimate strength of

columns with hoop and spiral reinforcement are compared with AASHTO equations, as
shown in Table 4.2. These equations are conservative compared with experimental

values.

Table 4.2 Comparison of Results with AASHTO Equations for Pure Torsion

Column with Hoop | Column with Spiral
Parameter AASHTO Reinforcement Reinforcement
(p,=0.73%) (p,=0.73%)
Cracking strength 175.4 181.3 202.5
Ultimate strength 220.0 269.9 245.6

4.4.3. Columns under Cyclic Combined Bending, Shear, and Torsion. In
general, three failure modes can be observed on RC members under combined bending,
shear, and torsion with respect to the longitudinal and transverse reinforcement ratio:
under-reinforced (longitudinal and transverse steel yield before concrete crushes),
partially over-reinforced (only longitudinal steel yields or only transverse reinforcement
yields), and over-reinforced (concrete crushing occurs before any of the longitudinal or
transverse steel yields). The behavior of columns with different spiral ratios of 0.73% and
1.32% and aspect ratios of six and three are explained in the following sections.

4.4.3.1 Columns with a spiral ratio of 0.73% and H/D ratio of 6. Three
columns with a spiral ratio of 0.73% were tested under combined bending and torsional

moments by maintaining 7/M ratios of 0.1, 0.2, and 0.4, respectively (Table 3.1). One
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column was tested at a 7/M ratio of 0.1 to validate the consideration of minimum
torsional moment from a design point of view. The ACI and AASHTO codes suggest
disregarding the presence of torsional moment if it is less than 25% of cracking torque
(T,). This level of cracking torque (7,) in a column with spiral reinforcement of 0.73%
is calculated to be about 50 kN-m. According to ACI code calculations, the theoretical
flexural strength is 786 kN-m, resulting in a 7./M, ratio of about 0.065. Hence, the
column was tested at a 7/M ratio of 0.1 to determine the effect of the simultaneous
application of a relatively small torsional moment along with bending and shear from a
design point of view. The results of tests on columns under flexure and pure torsion
provided a basis for analysis of the behavior of other specimens tested under combined
shear, bending, and torsional moments.

One column was tested at a 7/M ratio of 0.4 to establish the balance point in the
interaction diagram by reaching the yield strain of longitudinal reinforcement and spiral
reinforcement simultaneously. The bending moment AM,= 497.9kN-m corresponding to
first yielding of the longitudinal bar under bending-shear was calculated theoretically
based on flexure. The torsional moment 7, = 220 kN-m corresponding to yielding of the
spiral reinforcement was calculated using the AASHTO equation. The ratio of M,/T, was
calculated to be 0.44. Hence, test was conducted at a ratio of 0.4 to investigate the
sequence of longitudinal bar yielding and spiral yielding. The other column was tested at
an intermediate 7/M ratio of 0.2 to determine the strength and stiffness degradation for
T/M ratios between 0.1 and 0.4. Based on seismic analysis of bridges, previous studies

have found the maximum 7/M ratio to be up to 0.5 (Belarbi et al., 2008).
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Figure 4.14 shows the interaction of bending and torsional moment loading
curves for all the columns at peak levels of cycles. The columns at a T/M ratio of 0.1
reached the bending strength before reaching the torsional strength. However, the
columns tested at T/M ratios of 0.2 and 0.4 reached torsional strength before they
reached bending strength. Ratios cannot be maintained at the desired values once
bending or torsional strength is reached. After the columns reached the ultimate state, the
displacement and twist were increased at increments to complete the test. In all the
columns under combined bending and torsional moments, the actuator with lower force
had displacement in the same direction as the other actuator with a higher force. Under
pure torsion, the direction of displacement in the actuators was opposite. The pressure
force calibration of the actuators was checked and found to be consistent with behavior

observed during the testing.
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4.4.3.1.1 Column H/D(6)-T/M(0.1)-0.73% . In all the columns tested under

combined bending and torsion, flexural cracks first appeared near the bottom of the
column. The angle of the cracks became more inclined at increasing heights above the
top of the foundation with increasing cycles of loading and depending on the 7/M ratio.
Figure 4.15 shows the flexural and torsional hysteresis. It demonstrates that the specimen
was dominated by flexure due to the application of low torsional moment. The specimen
failed at low twist ductility, mainly due to the application of very low torsional moment
at a T/M ratio of 0.1, and it could not resist the applied torsional moment at a
displacement ductility level of 9.0. The corresponding torsional ductility at failure was
1.25, indicating that torsional moment occurred simultaneously corresponding to spiral

yielding and peak torque. Figure 4.16 shows the progression of damage.
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Figure 4.16 Damage to Column H/D(6)-7/M(0.1)-0.73% on the West Face

4.4.3.1.2 Column_H/D(6)-T/M(0.2)-0.73%.  Figure 4.17 shows the flexural

hysteresis and torsional hysteresis of the column tested at a 7/M ratio of 0.2. The
specimen was dominated by both flexure and torsion. That is, the column failed as a
result of both torsional and flexural damage. The specimen reached peak shear at a drift
of 3.5% with a displacement ductility of 7.0, and finally failed at a drift of 6.5% and a
displacement ductility of 9.5. The corresponding torsional twist ductility was 1.76;
however, the peak torsional moment was reached at a twist ductility of one. The locking
and unlocking effect of the spiral reinforcement was clearly reflected in the torsional

hysteresis. Figure 4.18 shows the progression of damage.
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Figure 4.18 Damage of Progression of Column H/D(6)-7/M(0.2)-0.73%

4.4.3.1.3 Column H/D(6)-T/M(0.4)-0.73%.  Figure 4.19 shows the flexural
hysteresis and torsional hysteresis of the column tested at a 7/M ratio of 0.4. The column
reached its torsion strength prior to reaching its bending strength. The damage was
initiated by spiral reinforcement yielding and cover spalling. This resulted in more energy
dissipation under torsion than under flexure; thus, the behavior of the specimen was
dominated by torsion. A significant difference due to the locking and unlocking effect of
spiral reinforcement is also apparent in the asymmetric behavior of the hysteresis curve

under both flexure and torsion (Figure 4.19). Yielding of longitudinal and spiral
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reinforcements occurred relatively close to each other for the column tested at a 7/M ratio
of 0.4. The specimen reached the peak shear at a displacement ductility of 4.5 and failed
soon after. The corresponding torsional ductility at failure was 4.0; however, the peak
torsional moment was reached at a twist ductility of 1.0. Control of the 7/M ratio was lost
soon after the column reached its torsional strength. Spalling and core degradation were
observed up to a maximum height of 910 mm from the base of column for a 7/M ratio of
0.4, demonstrating that the torsional damage location changed due to the effect of
bending. The specific location of the damage zone, however, depended on the applied
T/M ratio. Figure 4.20 shows damage progression in a T/M ratio of 0.4. In all columns
under combined bending and torsion, failure began due to combinations of severe shear
and flexural cracks leading to progressive spalling of cover concrete. The columns under
combined loading finally failed due to severe core degradation followed by buckling of

the longitudinal bars on side C.
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Figure 4.20 Damage Progression of H/D(6)-7/M(0.4)-0.73%

4.4.3.2 Columns with spiral ratio of 1.32% and H/D ratio of 6. Figure 4.21
shows the interaction of torsion and bending moment loading curves for the columns
tested under combined bending and torsion with varying spiral reinforcement ratios. The
curves indicate that all specimens reached their torsional strength prior to reaching their
flexural strength. However, the longitudinal reinforcement yielded before the spiral
reinforcement. Hence, the failure sequence in all specimens started by flexural cracking
followed by diagonal cracking, longitudinal reinforcement yielding, spalling of concrete
cover, spiral reinforcement yielding, and then final failure by buckling of the longitudinal

reinforcement. Spiral and longitudinal reinforcement yielding occurred in quick
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succession for the specimen with a spiral ratio of 0.73%. An increase in spiral ratio
significantly improved torsional and bending strength. More importantly, significant twist
ductility could also be achieved in torsional behavior. To study the effectiveness of
increasing the spiral reinforcement ratio, columns under combined loading were tested
under 7/M ratios of 0.2 and 0.4, with spiral reinforcement ratios of 0.73 and 1.32%,

respectively.
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Figure 4.21 Interaction of Torsion-Bending Moment Loading Curves at Peak of Cycle for
Various Combined Loading

4.4.3.2.1 Column _H/D(6)-T/M(0.2)-1.32% Figure 4.22 shows the flexural

hysteresis and torsional hysteresis of the column with a spiral reinforcement ratio of
1.32% and tested at a 7/M ratio of 0.2. The behavior of the specimen was dominated by
both flexure and torsion. The specimen reached peak shear at a displacement ductility of
7.0 and finally failed at a displacement ductility level of 9.5. The corresponding twist

ductility at failure was 1.76; however, the peak torsional moment was reached at a twist
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ductility level of 1.0. The locking and unlocking effect of spiral reinforcement was
clearly reflected in the torsional hysteresis as in the pure torsion (Figure 4.22b). The

progression of damage is shown in Figure 4.23.
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Figure 4.23 Damage Progression of H/D(6)-7/M(0.2)-1.32%

4.4.3.2.2 Column_H/D(6)-T/M(0.4)-1.32%.  Figure 4.24 shows the flexural

hysteresis and torsional hysteresis of the column with a spiral reinforcement ratio of
1.32%, which was tested at a 7/M ratio of 0.4. The energy dissipation under torsion was
increasing due to damage from shear cracking and spiral yielding. Thus, the behavior of
the specimen was dominated by torsion. The asymmetric behavior of the hysteresis curve
under both flexure and torsion revealed a significant difference due to the locking and
unlocking (Figure 4.24b). The specimen reached the peak shear at a displacement
ductility level of 4.5 and failed soon after. The corresponding twist ductility at failure was
4.0; however, the peak torsional moment was reached at a twist ductility of 1.0. Control

of the 7/M ratio could not be maintained after the column reached its torsional strength.
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Spalling of concrete cover and core degradation occurred up to a maximum height
of 910 mm from the base of column for a 7/M ratio of 0.4, indicating that the torsional
damage location changed due to the effect of bending. The specific location of the
damage zone, however, depends on the applied 7/M ratio. In all columns under combined
bending and torsion, failure began due to severe combinations of severe shear and
flexural cracks, leading to progressive spalling of the concrete cover. The columns under
combined loading finally failed due to severe core degradation followed by buckling of

the longitudinal bars on side C. Figure 4.25 shows the progression of damage.

First Longitudinal Spiral | Peak Peak
Cracking Bar Yielding Yielding Torsion

Figure 4.25 Damage Progression of H/D(6)-7/M(0.4)-1.32%
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4.4.3.3 Columns with spiral ratio of 1.32% and H/D ratio of 3. Two columns
with an aspect ratio of three were tested under combined bending and torsional moments
by maintaining 7/M ratios of 0.2, and 0.4, respectively. One column was tested at a T/M
ratio of 0.6; however, it had a low spiral ratio of 1.03%. The other column was tested at a
T/M ratio of 0.2 but with a higher axial load of 200 kip to study the effect of axial
compression. Figure 4.26 shows the interaction of torsional and bending moment loading

curves at peak cycles of testing.
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Figure 4.26 Interaction of Torsion and Bending Moment Loading Curves

4.4.3.3.1 Column H/D(3)-T/M(0.2)-1.32%  Figure 4.27 shows the flexural

hysteresis and torsional hysteresis of the column with a spiral reinforcement ratio of

1.32% and tested at a 7/M ratio of 0.2.
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The behavior of the specimen was dominated by both flexure and torsion. The
specimen reached the peak shear at a displacement ductility level of 7.0 and finally failed
at a displacement ductility level of 9.5. The corresponding twist ductility at failure was
1.76; however, the peak torsional moment was reached at a twist ductility of 1.0. The
locking and unlocking effect of spiral reinforcement was clearly reflected in the torsional

hysteresis, as it was in the pure torsion specimen (Figure 4.27b). The progression of

damage is shown in Figure 4.28.
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Cracking Bar Yielding Yielding Torsion/Shear Cycle .

Figure 4.28 Damage Progression of H/D(3)-7/M(0.2)-1.32%

4.4.3.3.2 Column H/D (3)-T/M (0.2)-1.32%/ with axial load of 200 kip. Figure

4.29 shows the flexural and torsional hysteresis of the column with a spiral reinforcement
ratio of 1.32% and tested at a 7/M ratio of 0.2. The behavior of the specimen was

dominated by both flexure and torsion.
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The specimen reached peak shear at a displacement ductility of 7.0 and finally
failed at a displacement ductility level of 9.5. The corresponding twist ductility at failure
was 1.76; however, the peak torsional moment was reached at a twist ductility of 1.0. The
locking and unlocking effect of spiral reinforcement was clearly reflected in the torsional

hysteresis, as it was in the pure torsion specimen (Figure 4.29b). The progression of

damage is shown in Figure 4.30.

First Longitudinal Spiral Peak
Yielding

Cracking Bar Yielding Torsion I

Figure 4.30 Damage Progression of H/D(3)-7/M(0.2)-1.32%

4.4.3.3.3 Column H/D(3)-T/M(0.4)-1.32%. Figure 4.31 shows the flexural and

torsional hysteresis of the column with a spiral reinforcement ratio of 1.32% and tested at
a T/M ratio of 0.4. The behavior of the specimen was dominated by both flexure and
torsion. The specimen reached peak shear at a drift level of 4.4% and failed. The
corresponding twist ductility at failure was 1.1; however, the peak torsional moment was
reached at a twist ductility of 1.0. The locking and unlocking effect of spiral
reinforcement was clearly reflected in the torsional hysteresis as in the pure torsion

specimen (Figure 4.31b). The damage progression is shown in Figure 4.32.
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Figure 4.32 Damage Progression of H/D(3)-7/M(0.4)-1.32%
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4.4.3.3.4 Column H/D(3)-T/M(0.6)-1.01%.  Figure 4.33 shows the flexural

hysteresis and torsional hysteresis of the column with a spiral reinforcement ratio of
1.32% and tested at a 7/M ratio of 0.6. The behavior of the specimen was dominated by
torsion due to application of higher T/M ratio of 0.6. The specimen reached the peak
shear at a drift of 2.1% and finally failed at a drift level of 4.4. The corresponding twist
ductility at failure was 1.2; however, the peak torsional moment was reached at a twist
ductility of 1.0. The locking and unlocking effect of spiral reinforcement was clearly
reflected in the torsional hysteresis as in the pure torsion specimen (Figure 4.33b). Figure

4.34 shows the damage progression of the column.
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4.5. DISCUSSION OF RESULTS

The performance of specimens with respect to hysteresis behavior, load-
displacement and torsional moment-twist envelopes are compared with respect to several
test parameters in the following sections.

4.5.1. Flexural and Torsional Hysteresis Behavior. The hysteresis behavior of
columns with low shear and low spiral ratio, low shear and high spiral ratio and high
shear and high spiral ratio are compared in the following sections.

4.5.1.1 Columns with low shear and a low spiral ratio. Figure 4.35 shows the
hysteretic load-displacement and torsional moment-twist curves of the columns tested at
low shear (H/D=6) with low spiral ratio of 0.73% at various T/M ratios. The strength and
stiffness degradation was clearly reflected both in the flexural and torsional hysteresis. It
was more significant in the torsional hysteresis with increase in T/M ratio. The

combination of bending and torsional moments reduced the torsional moment required to
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cause yielding of the transverse reinforcement and the peak torsional component.
Similarly, the combination of bending and torsional moment reduced the bending
moment required to cause yielding of the longitudinal reinforcement and the peak
component of bending moment. The ultimate displacement reduced with reduction in
flexural energy dissipation capacity with increase in T/M ratio. Similarly, the ultimate
twist reduced with torsional energy dissipation with decreasing T/M ratio. Due to the
effect of combined loading, the energy dissipation reduced with increasing T/M ratios in
the flexural hysteresis (Figure 4.35a) and with decrease in T/M ratios in torsional

hysteresis (Figure 4.35b).

Drift A/L (%) Twist/Length (Deg/m)

1095 -876 -657 -438 -219 0 219 438 657 876 1095 82 656 -492 -328 -1.64 0 164 328 492 656 82

220 —|
200 —
180 —]
160 —

240““““““““““875 320

‘ — 700
— 525
— 350

— 175

Lateral Load (kN)
8
|

— -175

Torsional Moment (kN-m)
8
\

I
o
Bending Moment (kN-m)

] HDE}210073% | [ 5
] -2.10/0.73%
o TIM=0 180 i , —
- DY WP 0 3N - )/ fl R = — -525 ~ _ ¢ w) | —eeee=
160 TIM=0.1 200 ) ]
480 ] TIM=0.2 240 —| |
00 - SRRV |- TM=0.4 | [~ 7% = e
220 — 1 -280 N
B L L O L O L L L L B R B B LN B R B 20 L L L L L L L AL L L L B
-400 -350 -300 -250 200 -150-100 -50 0 50 100 150 200 250 300 350 400 30 25 20 15 10 5 0 5 10 15 20 25 30
Displacement (mm) Twist (Deg)
(a) Flexural (b) Torsional

Figure 4.35 Hysteresis Behavior of Columns with Low Shear and Low Spiral Ratio

4.5.1.2 Columns with low shear and a high spiral ratio. Figures 4.36 and 4.37
compares the hysteretic load-displacement and torsional moment-twist curves of the

columns at low shear with spiral ratios of 0.73% and 1.32% at T/M ratios of 0.2 and 0.4.
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Figure 4.36 Hysteresis Behavior of Columns with Low Shear and High Spiral Ratio
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Figure 4.37 Hysteresis Behavior of Columns with Low Shear and High Spiral Ratio
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Strength and stiffness increased both in the flexural and torsional hysteresis with
an increase in the spiral reinforcement ratio. Due to increase in spiral ratio, the torsional
strength and stiffness increased significantly due to its improved contribution to the
resistance of shear and torsional loads. Figure 4.36 compares the flexural and torsional
hysteresis curves for the column with a spiral reinforcement ratio of 0.73% and 1.32%
subject to a T/M ratio of 0.2. The specimen failed as a result of both flexural and
torsional strength and stiffness degradation. Damage contribution due to yielding of
spiral and longitudinal reinforcement occurred at the same rate. Thus, the failure of the
specimen was by both constant rate of flexural and torsional stiffness and strength
degradation. Figure 4.37 shows the flexural and torsional hysteresis curves of the column
with a spiral reinforcement ratio of 0.73% and 1.32% subjected to a T/M ratio of 0.4. The
behavior of the specimen was dominated by torsion. The flexural strength and stiffness of
the specimen did not degrade before its failure by torsion. The asymmetric behavior of
the hysteresis curve under both flexure and torsion revealed a significant difference due
to the locking and unlocking effect. Due to the effect of combined loading, the post-
cracking torsional stiffness degraded faster than that observed under pure torsion.
Torsional strength, bending strength, and deformational capacity also improved
significantly with an increase in the spiral reinforcement ratio. Due to the effect of
combined loading, the energy dissipation also increased with increasing spiral in the
flexural hysteresis curves and in torsional hysteresis curves.

Figure 4.38 shows hysteretic load-displacement and torsional moment-twist
curves respectively, of the columns tested at moderate shear (H/D=3) with spiral ratio of

1.32%. Both the flexural and torsional hysteresis clearly reflected the strength and
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stiffness degradation. The strength and stiffness degradation was more evident in the
torsional hysteresis as observed; in the columns tested at low shear. Due to the effect of
combined loading, the energy dissipation also decreased as the T/M ratio increased in the

flexural hysteresis (Figure 4.38a) and it decreased in torsional hysteresis (Figure 4.38b).
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Figure 4.38 Hysteresis Behavior of Columns with Moderate Shear and High Spiral Ratio

4.5.2. Lateral Load-Displacement Envelopes. The lateral load-displacement
curves of columns with low shear and low spiral ratio, low shear and high spiral ratio and
high shear and high spiral ratio are compared in the following sections.

4.5.2.1 Columns with low shear and a low spiral ratio. Figure 4.39 compares
the lateral load-displacement envelope curves of the columns tested at low shear with low
spiral ratio of 0.73% under combined loading. Due to the effect of combined loading,
torsional and bending strengths dropped considerably according to the applied 7/M ratio.

Marginal strength and stiffness degradation was observed for the column tested at a 7/M
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ratio of 0.1. For the other columns tested at higher 7/M ratios of 0.2 and 0.4, strength and
stiffness degraded significantly with an increase in the loading cycles at each ductility
level. With an increase in the 7/M ratio, the yielding displacement increased, and the

lateral load corresponding to the first yielding of longitudinal reinforcement decreased.
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Figure 4.39 Comparison of Lateral Load-Displacement Envelopes of Columns with Low
Shear and Low Spiral Ratio

4.5.2.2 Columns with low shear and a high spiral ratio. Figure 4.40 compares
the load-displacement curves. It clearly shows that due to the effect of combined loading,
bending strength decreases considerably according to the applied T/M ratio as observed
in the columns with a low spiral ratio. Strength and stiffness degraded with increases in
the loading cycles at each ductility level. Torsional strength, bending strength, and
deformational capacity improved significantly with an increase in the spiral

reinforcement ratio. The components of shear stresses from bending and torsion are
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additive, resulting in more damage and less load resistance. Thus, the asymmetric nature
of the flexural envelopes under combined bending and torsion occurred because one face

was subject to higher shearing stresses.
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Figure 4.40 Comparison of Lateral Load-Displacement Envelopes of Columns with Low
Shear and High Spiral Ratio

4.5.2.3 Columns with moderate shear and a high spiral ratio. Figure 4.41
compares the lateral load-displacement envelope curves under combined loading for the
columns tested at moderate shear (H/D=3). Due to the effect of combined loading,
torsional and bending strengths dropped considerably according to the applied 7/M ratio,
as observed in the columns with low shear and a low spiral ratio. For the columns tested
at higher 7/M ratios of 0.2 and 0.4, strength and stiffness degraded significantly with an

increase in the loading cycles at each ductility level. With an increase in the 7/M ratio,
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the yielding displacement increased, and the lateral load corresponding to the first

yielding of longitudinal reinforcement decreased.
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Figure 4.41 Comparison of Lateral Load-Displacement Envelopes of Columns with
Moderate Shear and High Spiral Ratio

4.5.3. Torsional Moment-Twist Envelopes. The lateral load-displacement
curves of columns with low shear and low spiral ratio, low shear and high spiral ratio and
high shear and high spiral ratio are compared in the following sections.

4.5.3.1 Columns with low shear and a low spiral ratio. Figure 4.42 compares
the torsional moment-twist curves for columns with a low spiral ratio of 0.73% and low
shear (H/D=6). Due to the effect of combined loading, these curves demonstrate that
torsional strengths decreased considerably according to the applied T/M ratio. The
asymmetric nature of the torsional envelopes was due to the locking and unlocking effect

of the spiral reinforcement, as explained in the behavior of columns under pure torsion.
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Figure 4.42 Comparison of Torsional Moment-Twist Envelopes for Columns with Low
Shear and Low Spiral Ratio

4.5.3.2 Columns with low shear and a high spiral ratio. Figure 4.43 compares
the torsional moment-twist curves for the columns with a spiral ratio of 0.73% and 1.32%
tested at low shear (H/D=6). Torsional strength improved significantly, and the twist
capacity increased with increase in spiral ratio. The locking effect of spiral ratio was

more pronounced at a higher spiral ratio and T/M ratio.
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Figure 4.43 Comparison of Torsional Moment-Twist Envelopes for Columns with Low
Shear and High Spiral Ratio

4.5.3.3 Columns with moderate shear and a high spiral ratio. Figure 4.44
compared the torsional moment-twist envelopes of columns tested at moderate shear with
a high spiral ratio. Strength and stiffness degraded significantly with an increase in the
loading cycles at each ductility level for all the columns. The asymmetric nature of the
torsional envelopes was again due to the locking and unlocking effect of the spiral
reinforcement as observed in the columns tested at low shear with low spiral ratio. Due to
the combination of bending and torsional moments, the post-yield torsional stiffness

degraded faster than under pure torsion.
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Figure 4.44 Comparison of Torsional Moment-Twist Envelopes of Columns with
Moderate Shear and High Spiral Ratio

4.5.4. Comparison of Principal Tensile and Shear Strains. Three layers of
linear variable displacement transformer (LVDT) rosettes were employed to measure the
curvature and principal strains at the expected damage locations as explained in Section
3.5.1. Figure 4.45 shows the variation in shear strains with respect to lateral load and
torsional moment for the columns tested under combined loading. Measured average
strains were very sensitive to the number of cracks occurring over the gage length.
Accordingly, the values cannot be considered accurate, but approximate. Though, these
values are approximate the variation in shear strain was clearly observed. The shear
strains increased with an increase in the T/M ratio for any given bending moment (Figure
4.45a) and decreased with an increase in the T/M ratio for any given torsional moment

(Figure 4.45D).
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Figure 4.45 Variation in Shear Strain from Rosette at 600 mm from Base

Figure 4.46 shows the variation in principal tensile strain with respect to the
applied bending moment and torsional moment. It also shows that the principal tensile

strain increased with an increase in the T/M ratio.
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Figure 4.46 Variation in Principal Tensile Strains from Rosette at 600mm from Base

4.5.5. Comparison of Displacement and Twist Profiles along the Height.
Figure 4.47 shows the displacement distribution along the height of the columns under
combined bending and torsion. It clearly reflects the stiffness degradation due to the
addition of torsional moments at the yield as well as at ultimate state. However, this

degradation was more evident at the ultimate state.
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The twist distribution along the height of the columns is shown in Figure 4.47b.
Torsional stiffness did not show significant degradation until the yield of transverse
reinforcement (both spiral and hoop). The twist distribution, however, clearly shows that
stiffness degradation (in the damage zone) was more prominent at the middle height of
the column under pure torsion after the yielding of transverse reinforcement. Lesser
degradation in torsional strength was observed at the top and bottom due to the influence
of boundary conditions from the loading block and foundation.

4.5.6. Bending Moment-Curvature Behavior. Moment-curvature analyses are
widely used as a basis for assessing the nonlinear force displacement response of an RC
member subjected to inelastic deformation demands under seismic loads. For this work,
the curvature was calculated at 240 mm from the top of foundation. The yield curvature
increased with respect to increases in the applied 7/M ratio. Although flexural strength
was attained earlier for the column with a 7/M ratio of 0.4, there was a reduction in
flexural stiffness, which in turn resulted in more curvature due to the simultaneous
application of a higher level of torsion (Figure 4.48). Also, torsion changes the damage
location in a column, which changes the behavior under combined loading. Methods for
estimation of plastic-hinge lengths proposed by Priestley et al. (1996) are not applicable
in the presence of torsional loadings because they do not yield practical results. Also, the
yield moment increased and yield curvature dropped considerably with increase in the

spiral reinforcement ratio (Figure 4.48b).
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Figure 4.48 Bending Moment-Curvature Behavior under Combined Loading

4.5.7. Cracking and Spalling Distribution.
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Under combined shear force,

bending, and torsional moments, the strain distribution in longitudinal and spiral

reinforcement vary across the depth of the cross section and along the height of the
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column. The inclination of principal compressive stress or the crack angle also varies
along the length of the column and across the cross section. Figure 4.49 shows that with
an increase in the 7/M ratio, the angle of diagonal compression measured with respect to
longitudinal axis increases. Test results show that these values varied from 134° under
pure torsion to 90° for the column tested under flexure only, indicating that spirals will be
highly strained with an increase in the applied 7/M ratio, and longitudinal reinforcement

will be highly strained with a reduction in applied 7/M ratios.

i

g
t

Figure 4.49 Effect of Combined Torsional and Bending Moments on the
Crack Distribution

Spalling of the concrete cover has been shown to be of concern for columns
subjected to high axial loads or combined loading. Spalling of concrete cover starts at a
load lower than the theoretical flexural strength. In the presence of torsional loads, the
capacity of the column is limited to that of the spalling load. Two processes are
prerequisites for the spalling of concrete cover away from the concrete core. The first
involves interface cracking between the concrete cover and the core; the second requires
a driving mechanism to push the concrete cover away from the section. Although

ultimate strength may or may not be affected by spalling, it definitely affects the
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serviceability requirements. A minimum thickness of concrete cover is recommended by
various design codes to protect the reinforcement from severe environmental conditions
which cause carrion or to satisfy design requirements for fire. This minimum thickness of
concrete cover depends on the type and exposure of the member and the fire rating.
Greater cover thickness, however, can also have adverse effects if the member is
subjected to shear or combined shear and torsion. If the principal tensile stress due to
shearing stresses from torsional moment and shear force exceeds the tensile strength of
the concrete, spalling of concrete cover occurs along the plane of weakness formed by the
transverse reinforcement. A thick concrete cover increases the possibility of spalling and
leads to larger crack width and spacing (Rahal and Collins, 1995).

Figure 4.50 shows the spalling distribution along the height of the column. Under
flexural loading, the spalling is influenced by the cover-to-lateral dimension ratio, the
amount of transverse reinforcement, the axial load ratio, and the aspect ratio. Under
torsional loadings, the concrete cover is assumed to spall off before the ultimate torsional
capacity is reached; the shear flow path is related to the dimension of the stirrups. The
timing of spalling is important from a design point of view. Whether it occurs before or
after a column reaches the peak torsional load determines the effective cross-sectional
dimensions to be used in the design calculations. If spalling occurs before a column
reaches peak load, only core section excluding the concrete cover should be considered in
the calculation of ultimate capacity of RC members. Researchers have modeled spalling
in several ways for RC rectangular and box sections. Hsu and Mo (1985a) have
suggested a simple model based on cover thickness and shear flow thickness to determine

the whether spalling would occur or not. In a study by Rahal and Collins (1995) of
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members under combined shear force and torsional moment, the potential for spalling
was assumed to be proportional to the compressive force in the concrete cover, the cover
thickness, and the area of the splitting plane occupied by the reinforcement; it was
assumed to be inversely proportional to the concrete tensile strength and the size of the
section. Spalling, however, depends on a number of factors, such as reinforcement ratio,
clear cover, and type of section (square, rectangular, or circular), none of which have

been adequately investigated.
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Figure 4.50 Effect of Combined Loading including Torsion on Spalling Distribution

4.5.8. Ductility and Energy Dissipation Characteristics. From a performance-
based design point of view, designers are interested in strength, stiffness, deformation,
and the energy dissipation capacity of members under combined loading [Lehman et al.,

1998]. Energy dissipation capacity is an important parameter in assessing the seismic
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performance of a structure. Reinforced concrete members dissipate energy through crack
formation, internal friction resulting from plastic deformation of the reinforcement, and
friction due to sliding of the concrete struts. The strength and stability of bridge columns
and their superstructures depend on the capacity of the columns to sustain numerous
inelastic deformation reversals without significant strength decay. Table 4.3 defines the
parameters needed to define the energy dissipation and equivalent damping ratios of the
RC columns with respect to flexural and torsional behavior. The energy dissipated in one

cycle is the area under that cycle of loading in bending and torsion, as shown in Figure

4.51.
Table 4.3 Parameters for Energy Dissipation and Equivalent Damping Ratio
Parameters Torsional Hysteresis Bending Hysteresis
El’lergy ED‘torsiun = Ahy.\'t,tumion Eq' 4‘6 ED»ﬂl‘«\'W‘L’ = Ahy.s‘t,/](’xure Eq' 4' 7
Dissipation
Average Peak | 7 :%(me 7, Eq.48 | p Lk _F.) Eq. 4.9
Moment/Force 2
Averagg Peak 0, =l(6max 6,..) Eq. 4.10 A, =1(Amax A, Eq. 4. 11
Twist/ 2 2
Displacement
Effective — Eq. 412 1, - h Eq.4.13
Stiffness “ O o A,
Strain Energy in :M(g 5 Eq. 4.14 A, :L(A ? Eq. 4. 15
Equivalent e 2 " e 2
System
Equivalent o _ Ausorion_ Eq. 4.16 £ _ At penwe Eq. 4.17
. eq torsion 47Z'A - eq, flexure 472_14
Damping System e torsion e, flexure
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Figure 4.51 Energy Dissipation and Equivalent Definition of Parameters

Figure 4.52a and Figure 4.52b compare energy dissipated by the columns in the

form of bending (g ) respectively, for columns with a transverse

D ,bending

) and torsion (E,

spiral reinforcement ratio of 0.73% and an aspect ratio of 6. Bending energy dissipation
decreases significantly with as the T/M ratio increases. Also, the torsional energy
dissipation capacity decreases as the T/M ratio decreases (Figure 4.52). Similarly, Figure
4.53 shows variation in the equivalent damping ratio with respect to an increase in T/M
ratios. The equivalent damping ratio is significantly lower for torsional hysteresis than for

bending hysteresis.
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4.6. TORSION AND BENDING MOMENT INTERACTION DIAGRAMS

Test results were used to create the interaction diagrams (Figure 4.54) between
torsion and bending moment. All the specimens subjected to combined loading reached
their torsional capacity before reaching their flexural capacity. The longitudinal
reinforcement, however, yielded before the spiral reinforcement.  Yielding of
longitudinal and spiral reinforcements occurred in quick succession for the columns
reinforced with a spiral ratio of 0.73%. An increased spiral reinforcement ratio
significantly improved the torsional and bending strengths. Interaction diagrams between
torsion and bending moments were determined at the peak torsional moment (Figure
4.54a) and peak shear (Figure 4.54b) for all the columns tested. The 7/M ratio was
maintained close to the desired loading ratio in all the columns until peak torsional
moment was attained in the unlocking direction. Soon after the columns reached peak
torsional strength, the desired loading ratio could no longer be maintained because the
torsional stiffness was degrading much faster in both the unlocking and locking
directions. The bending strength, however, started degrading faster than the torsional
strength in the locking direction for the columns with a spiral reinforcement ratio of 1.32%;
hence, the load ratio could not be maintained to complete the test. ~As expected, the
columns with a lower aspect ratio (H/D=3) had more shear capacity (i.e., approximately
about twice that of the columns with a higher aspect ratio (H/D=6)). However, there was
no appreciable change in the torsional moment and bending moment capacity due to

change in aspect ratio.
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Interaction between bending and torsional moment depended on a number of
factors, such as the amount of transverse and longitudinal reinforcements, the aspect ratio
of the section, and concrete strength. The effect of combined loading on flexural cracking
and longitudinal yielding was not significant until the 7/M ratio reached 0.2. Combined
loading, however, had a pronounced effect on spiral yielding and ultimate torsional
strength. Torsional moment corresponding to yielding of the spiral reinforcement and the
ultimate torsional strength followed in quick succession in all the tested columns. This
indicates that a transverse reinforcement ratio which is adequate from a confinement
design point of view may not satisfy design performance standards in the presence of

torsional loadings.

4.7. EFFECT OF SHEAR SPAN

The behavior of RC columns can be classified as flexure- or shear-dominated or
with significant flexure-shear interaction. The aspect ratio of a column determines the
level of interaction between flexure and shear. Few studies have addressed flexure and
shear interaction; therefore, the phenomenon is not well understood (Ang et al., 1989; and
Kowalsky and Priestley, 2000). To adopt plastic analysis methods in the design of RC
members by assigning plastic-hinges at the weak regions, inelastic response at the plastic
zone must be assessed in the presence of combined loadings including torsion with
various levels of shear. Specifically, designers must quantify flexural response so that the
dependability of flexural plastic-hinges can be assessed under dominant shear/torsional

loads.
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The results of tests on six columns supported an investigation of the effect of
shear span under combined loading including torsion. One column was tested under
cyclic flexure (H/D=3), (i1) one under cyclic pure torsion (H/D=3), and (ii1) four under
combined cyclic bending and torsion with varying ratios of T/M (such as 0.2 and 0.4) and
different shear spans (H/D=6 and 3). Analytical models were used to predict the behavior
of columns with an aspect ratio of 6 under flexure and of others under pure torsion. All
the columns had a spiral reinforcement ratio of 1.32%. Figure 4.55 shows the interaction
of torsion and bending moment loading curves for the columns under combined loading
with two different aspect ratios. These curves indicate that the columns with low and
high aspect ratios reached their torsional and bending moment capacity almost
simultaneously in the unlocking direction. Their behavior in the locking direction,
however, was somewhat different. After yielding of the spiral and longitudinal
reinforcement, the bending and torsional strength increased in a nonlinear fashion due to
the locking effect of the spiral, which resulted in better confinement of the concrete core.
Hence, the ratios were not closely maintained in the locking direction. Torsional and
bending strength did not change significantly with a change in the aspect ratio, mainly
due to the flexural failure mode observed in the columns with high and low aspect ratios.
However, the effect of aspect ratio would have been more pronounced if the columns had

failed in shear.
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Figure 4.55 Interaction of Torsion-Bending Moment Loading Curves for
Aspect Ratios of 6 and 3

Figure 4.56 shows the lateral load-displacement and torsional moment-twist
curves for specimens under combined loading. As expected, the columns with a lower
aspect ratio had more shear capacity (i.e., about twice that of the columns with a higher
aspect ratio). However, there was no appreciable increase in the torsional moment
capacity. The displacement and twist capacity decreased considerably with a reduction in
aspect ratio. Interaction diagrams between torsion and bending moments were determined
at peak torsional moment (Figure 4.57a) and peak shear (Figure 4.57b) for the columns
tested. The T/M ratio was not maintained close to the desired loading ratio in the locking
direction due to the locking effects of the spiral reinforcement. This variation in T/M
ratio resulted in nonlinear variation in bending and torsional stiffness after the spiral and

longitudinal reinforcement yielded.
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Figure 4.57 Torsion-Bending Moments Interaction Diagrams

The presence of shear stresses due to torsional moment and shear force induced
strains not only in the transverse reinforcement but also in the longitudinal reinforcement.

The effect of shear span on strain distribution is shown in Figure 4.58 and 4.59 for the
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specimens tested under T/M ratios of 0.2 and 0.4. Both longitudinal and transverse strain

increased due to the increased level of shear force applied on the columns with moderate

shear.
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Figure 4.60 compares damage distribution in columns with various aspect ratios.
For the lower T/M ratio of 0.2, the damage distribution in the column with a high aspect
ratio (H/D=6) was localized to 26% of the total height of the column, whereas it was 40%
for the column with a lower aspect ratio (H/D=3). For a higher T/M ratio of 0.4, the
damage distribution was nearly the same in columns with high and low aspect ratios
(H/D=6, H/D=3) 1.e., about 75% of the height of the column. These results show that for
flexure dominant behavior, damage distribution was more localized for columns with a
high aspect ratio. Finite element analysis of the columns with different aspect ratio under

combined loading also illustrated the similar behavior (Prakash et al., 2009).

H/D(6)-T/N(0.2) H-"D(_G}Tf"l\ 1(0.4)

H/D(3)-T/M(0.2)

Figure 4.60 Effect of Shear Span on Damage Distribution under Combined Bending and
Torsional Moments

Columns with a lower aspect ratio of three or shear-dominated columns had less

energy dissipation capacity in both bending and torsion than did columns with an aspect

ratio of six (Figure 4.61). The lower aspect ratio reduced torsional twist and displacement
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ductility. Further, the equivalent damping ratio decreased with a reduction in the aspect

ratio or with decrease in the moment-to-shear ratio (Figure 4.62).
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4.8. EFFECT OF SPIRAL REINFORCEMENT RATIO

Figure 4.63 compares the torsional moment-twist hysteresis curves of columns
with spiral reinforcement ratios of 0.73% and 1.32% under pure torsion. These curves
are approximately linear up to the point of cracking; thereafter, they become nonlinear
with a reduction in torsional stiffness. Post-cracking stiffness decreased proportionally
with an increase in the cycles of loading until the effect of dowel action became apparent
with a spiral reinforcement ratio of 0.73%. The column with a spiral reinforcement ratio
of 1.32% had greater post-cracking stiffness and strength. The yielding strength
increased up to 20% and the ultimate strength up to 30% due to an increase in the spiral
reinforcement ratio from 0.73% to 1.32%. The locking and unlocking effect of the
spirals was also apparent in both negative and positive loading cycles. During the
positive cycles of twisting, the spirals were unlocked, which contributed to significant
spalling and reduced the confinement effect on the concrete core. On the other hand,
during the negative cycles of loading, the spirals were locked and contributed more to the
confinement of concrete core. This effect was reflected in the asymmetry of the
hysteresis loop at higher levels of loading. At higher cycles of loading, the load
resistance in the negative cycles was higher than that in the positive cycles of loading due
to the added confinement generated by the locking effect of the spiral reinforcement. The
column with a spiral reinforcement ratio of 1.32% had higher post-cracking stiffness and
strength. The yielding strength increased up to 20% and the ultimate strength up to 30%
due to an increase in the spiral reinforcement ratio from 0.73% to 1.32%. More

importantly, twist ductility increased significantly.
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Ratios
Four columns were tested under combined bending and torsional moments by
maintaining T/M ratios of 0.2 and 0.4 at two different spiral reinforcement ratios of
0.73% and 1.32%, as shown in Table 3.1. In all the columns tested under combined
flexural and torsional moments, flexural cracks first appeared near the bottom of the
column. With increasing cycles of loading and higher T/M ratios, the angle of the cracks
became more inclined at greater heights above the top of the footing. In all columns, side
A exhibited less damage than side C, (Figure 3.3) largely because that side A always
experienced more shear stresses. These additional stresses were due to the additive
components of stresses caused by shear and torsion, and they were greater than stresses in

side C where torsional shear stresses were subtracted from shear stresses.
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Figure 4.64 compares the flexural hysteresis and torsional hysteresis of the
column with a spiral reinforcement ratio of 0.73% and 1.32%, tested at a T/M ratio of
0.2. The behavior of the specimen was dominated by both flexure and torsion. The

failure of the specimen was by both flexural and torsional stiffness and strength

degradation.
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Figure 4.64 Comparison of Hysteresis Behavior of T/M (0.2)-H/D(6) with Spiral Ratios
0f 0.73% and 1.32%

Figure 4.65 shows the flexural hysteresis and torsional hysteresis of the column
with a spiral reinforcement ratio of 0.73% and 1.32%, tested at a T/M ratio of 0.4. The
behavior of the specimen was dominated by torsion due to damage initiation from spiral
yielding and concrete cover spalling under high torsional moment. The flexural strength
and stiffness of the specimen did not degrade before the failure by torsion. The
asymmetric behavior of the hysteresis curve under both flexure and torsion revealed the

significant effects of the locking and unlocking.
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Figure 4.65 Comparison of Hysteresis Behavior of T/M (0.4)-H/D(6) with Spiral Ratios
0f 0.73% and 1.32%

Figure 4.66 compares the lateral load-displacement and the torsional moment-
twist curves. These curves are due to the effect of combined loading, and they indicated
that the torsional strength decreased with a decrease in T/M ratio, and bending strength
decreased with an increased in T/M ratio. The asymmetric nature of the torsional
envelopes was due to the locking and unlocking effect of the spirals. Due to combined
loading, the post-cracking torsional stiffness degraded faster than that observed under
pure torsion. Torsional strength, bending strength, and deformational capacity are also
improved significantly with an increase in the spiral reinforcement ratio. The
components of shear stresses from bending and torsion were additive, resulting in more
damage and less load resistance. Thus, the asymmetric nature of the flexural envelopes
under combined bending and torsion was due to the fact that one face was subject to

higher shearing stresses than the other.
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Figure 4.67 shows the effect of an increasing spiral reinforcement ratio on the

progression of failure under combined loading. This increase reduced the damage level

at spiral yielding and at ultimate torsional moment compared to the column with a lower

spiral reinforcement ratio.

Spiral Ratio 0.73% Spiral Ratio 1.32%

(a) First Yielding of Spiral

Spiral Ratio 0.73% Spiral Ratio 1.32%

(b) Peak Torsional Moment

Spiral Ratio 0.73% Spiral Ratio 1.32%

Figure 4.67 Effect of Spiral Reinforcement Ratio on Failure Modes under Combined

(c) Overall Failure

Bending and Torsion at T/M=0.4
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Figure 4.68 and Figure 4.69 show the effect of an increased spiral reinforcement

ratio on longitudinal and spiral strain distribution for test columns with a T/M ratio of

0.2. Figure 4.70 and Figure 4.71 show the same effect on the test column with a T/M

ratio of 0.4. Although an increase in the spiral reinforcement ratio reduced longitudinal

strain only marginally, spiral strains decreased considerably in test columns with T/M

ratios of 0.2 and 0.4 at the same load level. This reduction shows that an increase in the

spiral reinforcement ratio limited the torsional damage by increasing the torsional

strength and stiffness under combined bending and torsional moments. Finite element

analysis of the columns with different spiral ratio under combined loading also illustrated

the similar behavior (Belarbi et al., 2009).
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Figure 4.72 shows the effect of increasing the transverse spiral reinforcement ratio
on energy dissipation capacity and ductility. It indicates that increasing the transverse
spiral reinforcement ratio significantly increased the energy dissipation capacity and
ductility under combined bending and torsion. Similarly, Figure 4.73 shows the effect of
increasing the transverse spiral reinforcement ratio on the equivalent damping ratio. For
both bending and torsional hysteresis in the transverse spiral reinforcement ratio
significantly increased energy dissipation and improved the equivalent damping ratio

(Figure 4.72, Figure 4.73).
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Figure 4.74 shows the interaction of torsion and bending moment loading curves
for the columns tested under combined bending and torsional moments at the peak of
each ductility level. These curves indicate that The T/M ratio was maintained close to the
desired loading ratio in all columns until peak torsional moment in the unlocking
direction. Soon after peak torsional strength, the desired loading ratio could not be
maintained because torsional stiffness degraded much faster in both the unlocking and
locking directions. However, bending strength degraded faster than torsional strength in
the locking direction for the columns with a spiral reinforcement ratio of 1.32%; hence,
the load ratio could not be maintained to complete the test. The longitudinal
reinforcement yielded before the spiral reinforcement yielded in all the test columns.
Hence, the failure sequence in all test columns was flexural cracking, followed by shear
cracking, longitudinal reinforcement yielding, spalling, and spiral yielding. Overall
failure occurred finally with buckling of the longitudinal bars immediately after
significant core degradation, as observed in the columns with varying shear span.
Yielding of longitudinal and spiral reinforcement occurred at roughly same time for the
test column with a spiral reinforcement ratio of 0.73%. With an increase in the spiral
reinforcement ratio, torsional and bending strengths improved significantly. More

importantly, significant twist ductility was achieved in torsional moment-twist behavior.
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Figure 4.74 Interaction of Torsion and Bending Moments Loading Curves for Various
Spiral Ratios

For all the test columns, torsion-bending moment interaction diagrams were
created at peak torsional moment (Figure 4.75) and peak shear force (Figure 4.76).
Significant improvement in strength was obtained with increased in spiral reinforcement
ratio. The effect of spiral reinforcement ratio in increasing the torsional strength was
more effective than in flexural strength. The locking effect of spiral was more effective
with increase in spiral ratio. This is reflected in asymmetric nature of interaction
diagrams. More importantly, increase in spiral ratio changed the failure mode from
torsional dominant to flexural dominant. These results indicate that design detailing
(particularly the transverse reinforcement configuration and its spacing) must change in

columns when torsional moments are anticipated.
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4.9. CONCLUDING REMARKS

This Section presented the test results for columns under flexure, pure torsion, and
shear force combined with flexural and torsional moments. The test results provide
significant information that will improve the understanding of the behavior of circular RC
columns under combined loading including torsion. The objective of the program was to
quantify the influence of three factors on the behavior of circular RC columns: the T/M
ratio, an increase in the spiral reinforcement ratio, and a reduction in aspect ratio. The test
results support the following conclusions:

4.9.1. General Conclusions.

« Degradation in the strength of columns with aspect ratios of six and three under
flexure occurs by formation of a flexural plastic-hinge at the base of the column,
followed by core degradation, and finally by the buckling of longitudinal bars on the
compression side.

« Columns subject to pure torsion was induced fail by severe diagonal cracking,
leading to the formation of a torsional plastic-hinge near the mid-height of the column.

« Columns under combined shear force, flexural, and torsional moments fail due
to severe core degradation followed by the buckling of the longitudinal bars. However,
the location of the plastic zone shifts up from the base of the column according to the
applied T/M ratio.

4.9.2. Effect of Torsion-to-Bending Moment Ratio.

« The location and length of the plastic-hinge changes with specific combinations

of bending and torsion, i.e., with changes in the torsion-to-bending ratio.
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« A combination of flexural and torsional moments reduces the torsional moments
required to cause yielding of the transverse reinforcement and the peak torsional strength.

« Similarly, a combination of flexural and torsional moment reduces the bending
moment required to cause yielding of the longitudinal reinforcement and the peak
flexural strength.

« Under combined torsion and bending, torsional stiffness degrades more rapidly
than bending stiffness with the increments of displacement/twist for the columns
reinforced with both 0.73% and 1.32% transverse reinforcement.

o The ultimate displacement decreases with a reduction in the flexural energy
dissipation capacity accompanied by an increase in the T/M ratio. Similarly, ultimate
twist decreases with a reduction in the torsional energy dissipation capacity accompanied
by a reduction in the T/M ratio.

4.9.3. Effect of Spiral Reinforcement Ratio.

« Degradation in the strength of a column under pure torsion is contained by
increasing the spiral reinforcement ratio. Such an increase improves torsional strength
and twist ductility by increasing deformational capacity after spiral reinforcement
yielding.

« An increase in the spiral reinforcement ratio provides more confinement and
thus reduces the degradation of bending and torsional strength under combined flexural
and torsional moments.

« An increase in the spiral reinforcement ratio limits the damage corresponding to
spiral yielding and peak torsional moment of a column under combined flexural and

torsional moment when compared to the one with a lower spiral reinforcement ratio.
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4.9.4. Effect of Aspect Ratio.

o The shear capacity of columns under flexure increases with a reduction in
aspect ratio. However, displacement and twist at ultimate shear and ultimate torque of
columns under combined loadings decreases significantly.

« Localized core degradation of concrete occurs at mid-height of columns with a
high aspect ratio of six under pure torsion due to stress concentration in this region.
However, the stress distribution is more uniform in columns with a low aspect ratio of
three, resulting in no localized failure.

« No appreciable reduction in bending and torsional strength occurs with a
reduction in aspect ratio. This is mainly due to the predominant of the flexural failure
mode, which was due to low longitudinal reinforcement ratio considered in this study.
However, energy dissipation under bending and torsional moments decreases

considerably with reduction in shear span ratio.
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5. ANALYTICAL STUDIES USING MECHANICAL MODELS FOR FLEXURE,
SHEAR, TORSION AND INTERACTION DIAGRAMS

5.1. INTRODUCTION

Reinforced concrete members can be subjected to torsional moments in addition
to flexural moment, axial load, and shear forces during earthquake excitations. In the 3-
dimensional case, a beam or a column element can be subjected to six internal forces
(Figure 5.1): three normal (axial force and two bending moments) forces and three
tangential (torsion and two shear forces) forces. For most design situations, flexural
moment and shear forces are considered primary effects, whereas torsion is regarded as
secondary. In this study, an attempt is made to investigate and improve the existing
analytical models for flexure, pure torsion and combined loading.

The objectives of the analytical investigation are to (i) modify and extend the
existing models for circular sections under flexure by incorporating the changes in
confinement models, (ii) develop the existing softened truss model for circular section
under pure torsion by eliminating the warping considerations, and (iii) to validate the
torsion, bending and shear force interaction diagrams of experimental results by using
semi-empirical formulations. The failure interaction curves under combined flexure,
shear force, and torsional moments are calculated using a semi-empirical relationship
proposed by Elfgren (1972) based on the results of flexure, pure shear, and pure torsion.

Under flexure, plastic-hinge-based models incorporating the moment curvature
analysis were used to predict the load-displacement behavior. Modified compression field
theory was used to predict the behavior under pure shear. The softened truss model

developed for circular section was used to study (i) the interaction of axial compression
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and torsional moment and (ii) the effect of spiral reinforcement ratio. The predictions
from analytical models were compared with experimental results and the findings are

discussed.

My(\

/ v,
N~

Vs

/ !

X

Figure 5.1 General Case of Loading on an RC Member

5.2. PLASTIC-HINGE-BASED MODEL FOR FLEXURE

The design of RC columns requires analytical models that can accurately predict
the load-displacement behavior under flexure. Plastic-hinge-based models have been
widely adopted for predicting the behavior of RC columns under flexure dominated
behavior. Moment-curvature analysis forms the basis of plastic-hinge-based models, it is
discussed in the following section.

5.2.1. Moment-Curvature Analysis. Conventional layer-by-layer approach is
applied for the moment-curvature analysis which is performed by iterating the extreme

compressive fiber strain (&) from the initial increment value to the ultimate strain

capability of the concrete (Figure 5.2). For each iteration, the neutral axis is found by
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iterating through the section depth until the axial force is balanced, that is, to satisfy the
compatibility and equilibrium conditions. The concrete sections are broken up into layers
and integrated through their depth. The force at each layer is determined by calculating
the stress from the strain at each location as shown in Figure 5.2. The approach used here
was similar to that adopted by Priestley et al. (1996), with some modifications to the

confinement models as described below.

c(x) b(X)

Figure 5.2 Strain Profile Across the Circular Cross Section
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5.2.2. Concrete Stress-Strain Behavior. For concrete cover, an unconfined
parabolic stress-strain curve is assumed in the moment-curvature analysis as shown in
Figure 5.3. This region follows Mander's model for unconfined concrete until the strain
reaches the spalling strain. At that point, the stress drops to zero. Mander’s stress-strain
model is also used for confined concrete which also accounts for spalling outside the

confinement area.

A

Confined

Sl oo 2 . concrete

First hoop

o. I fracture
Unconfined! :
(%]
4 concrete | \
o f’ : |
5 co [~ Esec 1 1
- 1
.g Spalling : I
< Strain : :
1 1
| |
| |
1 1
t >
gc() 2800 g(,’(,‘ 86‘1,4

Axial Strain €.

Figure 5.3 Stress-Strain Model for Concrete in Compression

The confinement stress-strain formula for columns with spiral reinforcement is

shown in Eq. 5.8, and the relevant parameters that are used in the equation are shown

below. The area of concrete core is calculated by Eq. 5.1. The transverse reinforcement



203

ratio is defined by Eq. 5.13. The confinement efficiency factor £, is given by Eq. 5.5. The

effective lateral confining stress is given by Eq. 5.7.

? Eq. 5.1
Am:3_14*Dc q
4
Acc = Acore reinf Eq 5.2
d =D —(s—d)/2 Eq. 53

A =3.14xd, x—* Eq. 5.4
k — Ae Eq 5 5

p. =3.14%d 2 / (D, xs) Eq. 5.6
Jp=kFp* 12 Eq. 5.7
f‘cc’xr Eq.5.8

r—1+x
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' ' Eq 59
f.=f 12254 /1+—7'3jﬁ —271?—1.254]

Eq. 5.
L& q.5.10
gCC
f' Eq. 5.11
g =0.002| 1+5| £< -1
/.
__E Eq. 5.12
EC_ESEC
E, =5000,/f! Egq. 5.13
' Eq.5.14
ESEC = @C q 5
&

where f;' represents confining pressure; ¢, is maximum confined strain; and E. is the

Concrete compressive modulus. The ultimate strain formula [Eq. 5.15] is used rather
than a computation of the complicated strain energy balance for the confinement
reinforcing (Priestley et al., 1996).

Ey Eq.5.15
£, =0.004+1.4p x f, x?

These equations and stress-strain formulations simplify the computations and provide a

slightly more conservative result.
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5.2.3. Stress-Strain Relationship for Reinforcement. The stress-strain
relationship of reinforcement shown in Figure 5.4 is used in the plastic-hinge model. The

stress-strain relationship given by Eq. 5.16 was assumed for both the transverse and

longitudinal reinforcement (Priestely et al., 1996).

0.12—¢ 2 Eq 5.16
= 1.5-0.5 2
. fy{ [ 0.112 j }

where E, is the modulus of elasticity, and f, and &, are the stress and strain in the

reinforcement, respectively. In this stress-strain relationship, ¢, is taken as 0.008 and

¢ 1s taken as 0.12.

su

Stress

Strain

Figure 5.4 Material Models for Reinforcement for Monotonic Loading of Grade 60

5.2.4. Axial and Moment Equilibrium Equations. The axial equilibrium of

forces is calculated as:
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T - Eq. 5.17
P= _[ [bcu)fc (e)+ ((b(x) =b. ) (g))]dx + Z:‘ A.f.(s,)
x=(D/2)=c .
where
5x=%(x—0.5D+c) Eq.5.18
The moment equilibrium is given by

M = Df |:bc(X)f;’ (e)+ ((b(x) =b.o) S (Q))}xdx + Zn:‘ A f(e)x Eq. 5.19

x=(D/2)-c .

where AC) , Jau(8) , and 1:(8) are the stress strain relationship for the confined concrete,

unconfined concrete, and reinforcing steel, respectively, and 4 is the area of reinforcing

bar with distance * from the centroidal axis.

The curvature is given by

€, Eq. 5.20

5.2.5. Solution Procedure for Moment Curvature Prediction. The entire
response from zero shear force to the peak shear force can be calculated by varying ¢,
from near zero to a limiting value. The value of &, should be limited to 0.0035 mm/mm
for unconfined concrete or the ultimate compression strain for the confined core concrete
as defined in Eq. 5.15. The following information must be given: cross section

dimensions, D; quantity and spacing of reinforcement and prestressing, 4,, 4,, and s ;
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reinforcement material properties, f,,, f;,, E,; and concrete material property, f, .

The following procedure was used to solve the plastic-hinge-based model.

1.

Select a value of ¢, .

Assume a value for the depth of neutral axis ¢
Calculate the corresponding concrete stress in concrete cover and core for each
value of the depth of neutral axis at a particular increment.

Calculate the steel strain distribution according to the assumed value of ¢ and c

Using the steel strain distribution, calculate the stress according to Eq. 5.16.
Check for the axial and moment equilibrium as per Eq. 5.17 and Eq. 5.19.

If the equilibrium equations are not satisfied, change the depth of the neutral axis
and solve for the value by satisfying axial and moment equilibrium.

This process resulted in specified value of moment and the corresponding

curvature for the assumed concrete strain. Similarly, concrete strains were incremented

and the whole curve of moment-curvature was predicted. Using the calculated moment-

curvature relationships, force-displacement envelopes can be calculated using plastic-

hinge models.

5.3. FORCE-DISPLACEMENT BEHAVIOR USING PLASTIC-HINGE MODEL

The plastic-hinge model used in this study assumes that the curvature between the

section of first yield and the critical section is linearly distributed. The first yield moment

corresponds to the first yielding of the longitudinal bar on the tension side of the section.

The distance from the section where the first yielding occurs to the critical section

(bottom-most section in a cantilever column) is treated as the length on which the
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transition occurs and is referred to here as /,. As the lateral force increases, and while the
moment at the critical section is less than the yield moment for the given combined axial
load and bending moment, the entire length is in a linear elastic state and there is no /. As
the moment at the critical section reaches the yield moment, the [/, starts to increase,
reaching its maximum when the critical section experiences the maximum moment as

expressed in Eq. 5.21.

Eq. 5.21

MV
=10="")

where [ is the total length, M, is the yield moment under combined axial load and
bending moment, and M, is the moment at the critical section. Let the maximum value of
plastic-hinge length be /p-max. Therefore, [, is always either growing or it remains constant
at its maximum achieved value so far. When the curvature is less than that corresponding
to the maximum moment (for the existing force at the step), the curvature at the top of the
plastic-hinge is equal to the actual analytical value corresponding to the moment
situation. Analytically, it is equal to the yield curvature @y and its corresponding moment

is My, which is also equal to:

-1 Eq. 5.22

When the curvature on the critical section exceeds the curvature corresponding to

the maximum moment, the curvature at the top of this [, drops linearly with the part
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above it that has been within the elastic-linear range so far. If the moment at this instance
is M, and the yield curvature and moment corresponding to the existing situation are M,

and @y, respectively, then the curvature at the top of /» is equal to:

M, : Eq. 5.23
M,

Y

9, = 9,(

where @y is the curvature at the top of the plastic-hinge and @, is the first yield

curvature. The term Mip is the moment at the top of the plastic-hinge; it is calculated as:

-1 Eq. 5.24

Mu P
D =9, (E)( )

The displacement at the tip of the column 4 is then

A=A, +A, Eq. 5.25

where A, is the plastic flexural deflection. This deflection is calculated as

Iy _ Eq 5.26
A, = j[% + ¢“I ! x](l—lp +X)dx
0 »
Here, A, is the elastic deflection, calculated as
11, ¢ Eq. 5.27

A, = ! (- )xdx
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The accuracy of the analyses is summarized for the columns tested in flexure in

this study in Table 5.1. The analytical predictions and experimental data are compared in

Figure 5.5. The measured flexural strength varied from 95% to 98% of the calculated

flexural strength. The measured stiffness (calculated at first yield of the reinforcement or

at a strain of 0.002, whichever came first) varied from 81% to 98% of the calculated

effective stiffness. Deflection at the tip of the column, where the horizontal force was

applied during the test, was considered a combination of the elastic deflection associated

with the elastic portion of the column and the plastic deflection associated with

deformation within the plastic-hinge region. Shear deformation and bond slip are not

considered in the modeling; therefore, the displacements at ultimate load are

approximate.

Table 5.1 Comparison of Results with Plastic-Hinge Model for Flexure

Parameter Spiral Ratio of 0.73% Spiral Ratio of 1.32%
Model Experiment Model Experiment
Flexural Moment at
First Yielding M, 520 502 524 542
(kN-m)
Ultimate Flexural
Moment My 805 850 860 854
(kN-m)




Lateral Load (kN)

Lateral Load (kN)

Figure 5.5 Comparison of Experimental and Analytical Results under Flexure
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5.4. MCFT MODEL FOR SHEAR CAPACITY

Previous work has established a reliable means to predict pure shear capacity for
membrane elements (Vecchio and Collins, 1988, Belarbi and Hsu 1993; Pang and Hsu,
1994) and prismatic members. However, very few experimental and analytical works
studied the shear capacity of circular RC members [Kowalsky and Priestley, 2000].
Among well-established analytical models, the MCFT offers good predictions for circular
sections (Collins et al., 2002). Hence, it is used in this study to predict the behavior of
circular RC members considered in the experimental program. Figure 5.6 summarizes the
equilibrium, compatibility and stress-strain relationships used by the MCFT. In the
relationships, 0 is the angle between the x-axis, and the direction of the principal
compressive average strain. These average strains were measured over base lengths
greater than the crack spacing. For specified applied loads, the angle, 0, the average
stresses and the average strains can be calculated from the given equilibrium equations in
terms of average stresses, the given compatibility equations in terms of average strains,
and the given average stress-strain relationships. A detailed description of MCFT is

provided by Vecchio and Collins, 1988 and Collins and Mitchell, 1993.
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Figure 5.6 MCFT for Shear Behavior (Concepts from Collins and Mitchell, 1993)

This study relied on the computer program Response 2000 based on MCFT; to
predict the behavior of circular RC columns. Evan Bentz (2000) developed this program
at the University of Toronto as a part of his doctoral dissertation work, supervised by
Professor Michael P. Collins. This two-dimensional sectional analysis program for beams
and columns calculates the strength and ductility of a RC cross-section subjected to shear,
moment, and axial loads. All three loads can be considered simultaneously to find the
full load-deformation response. Response 2000 calculates the shear strength of beams and
columns with rectangular sections as well as others. Shear strength of circular columns
containing various transverse reinforcements can be predicted with ease using Response

2000. This program treats each cross-section as a stack of biaxial element. Evan Bentz
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(2000) assumed that "plane sections remain plane, and that there is no transverse
clamping stress across the depth of the beam”. For sections of a beam or column a
reasonable distance away from a support or point load, these assumptions usually results
in accurate predictions. The predictions of pure shear capacity using Response 2000 are

shown in Table 5.2.

Table 5.2 Predictions of Shear Capacity using Response 2000

Parameter Spiral Ratio 0.73% | Spiral Ratio 1.32%
Pure Shear Capacity
Vo (KN) 271 373

5.5. STM FOR CIRCULAR SECTION UNDER PURE TORSION

This section describes the development of a model for predicting the torsional
moment-twist behavior of a circular RC member based on the original STM including the
effect of concrete tension stiffening for continuous prediction. The inclusion of tension
stiffening in the model is very important because it improves the prediction of RC
members in the cracking state as well as a reduces the overestimation of the ultimate
torsional moment. In order to account for the concrete acting in tension, a stress-strain
relationship for concrete in tension was used (Greene, 2006). Greene (2006) validated
the tension-stiffening model for RC members and pure torsion using the test data
available in the literature. The proposed C-TS-STM adopts the equilibrium and

compatibility equations developed for an RC panel under a membrane stress field.
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5.5.1. Thickness of Shear Flow Zone. An important issue in extending the
behavior of the membrane elements to a three-dimensional member under pure torsion
and combined loading is in the accurate estimation of the thickness of shear flow zone, tg.
The estimation of t4 better established for rectangular sections than for circular sections.
When an RC member twists, the walls are warped; causing flexural stresses in the
concrete struts. Thus, there is a compatibility relationship between twisting and
curvature. However, the concrete struts in a torsional circular member are dominated by
the in-plane principal compression and tension stresses due to the circulatory shear
stresses without warping. In the original STM, the thickness of shear flow zone is
assumed to extend into the member from the outer surface to the neutral axis. The
concrete inside the neutral axis acts in tension and considered ineffective. Such a member
is assumed to be fully cracked as the concrete and reinforcement acting as a truss.
Although research has shown this to be an effective model of a fully cracked RC member
(Mitchell and Collins 1974; and Hsu and Mo 1985a), it cannot be used to predict the
behavior of an uncracked member. According to St.Venant’s elastic theory, shear stress
and shear strain increases linearly from zero at the center of the section to a maximum at
the midpoint of the longest side in a rectangular section and to a larger value at the outer
surface of a circular section. As such there is no clear transition of an existing model
from a uncracked behavior to cracked behavior. Greene (2006) tried to resolve this
problem and it had its own limitations. In the analytical model proposed in this study, the
cracking torsional moment and twist are calculated according to the expressions given by

Collins and Mitchell (1993). The expression for ¢,, is given by Eq. 5.28 (ACI 318 2005)
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and represents the effective thickness of a thin tube at cracking. In Eq. 5.28, p, is the

perimeter of the section and 4,, is the area of concrete bounded by p, .

_34,

= Eqg. 5.28
4 p, q

Zta’O

The thickness of shear flow zone increases after cracking according to the increase in
torsional moment upto the peak point.

5.5.2. Constitutive Relationships for C-TS-STM. Figure 5.7 shows stress
conditions in reinforced concrete membrane element subjected to in-plane stress which
made a foundation of basic governing equations for shear. The directions of the

longitudinal and transverse steel bars are designated as the 1 and t-axes, respectively,

constituting the I-t coordinate system. Accordingly, the normal stresses are o, and o, and
the shear stress ist, After the development of diagonal cracks, the concrete struts are

subjected to compression and the steel bars act as tension links, thus forming a truss
action. The compression struts are oriented in the d-axis, which is inclined at an angle o
to the longitudinal steel bars. This direction is also assumed to be the direction of the
principal compressive stress and strain. Taking the direction perpendicular to the d-axis
as the r-axis, we have a d-r coordinate system in the direction of the principal stresses and

strains. The normal principal stresses in the d and r directions are 6, and o©,,

respectively.
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Figure 5.7 Reinforced Concrete Membrane Elements Subjected to In-Plane Stresses

5.5.2.1 Concrete stress-strain curves under compression. The uniaxial
compression constitutive relationship of the concrete is assumed to be a parabolic model.
Eq. 5.29 and Eq. 5.30 give the ascending and descending portions of the stress-strain
relationship. In addition, Eq. 5.31 gives the softening coefficient used in the compressive

stress-strain relationship.

Do(e) (e )] (2
o] e
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3 Iy g,/ Ce,—1 ? &
s, =Cf. [1 [—4/C—1 H [CSOJZI Eq. 5.30

5.8 1 Eq. 5.31

== 7. (Mpa) |1+ 400g, =09

5.5.2.2 Concrete stress-strain curves under tension. The original STM for
rectangular members (Hsu, 1993) disregarded the effect of tensile capacity of concrete
resulting in unreasonable prediction of full torsional moment-twist response. This
tension-stiffened response is related to the tensile stress-strain response of concrete. To
model the full response of a circular RC member accurately, the effect of tensile capacity
of concrete should be included in the C-TS-STM. To take into account the tension
stiffening effect, an average tensile stress-strain relationship of concrete proposed by
Greene (2006) was chosen as given by Eq. 5.32 and Eq. 5.33 (Figure 5.8). Greene (2006)
effectively showed that the difference between the experimental and analytical torsional
moment-twist curve was entirely due to tension stiffening effect. Figure 5.8 shows the
calculated stress strain data of concrete under tension.

Tensile stress-strain relationships of concrete under tension are expressed as.

c,=E¢g, g <¢g, Eq. 5.32

_ -379.6(¢,~¢,,.)
Gr = f;re €, >€ Eq 5.33
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Figure 5.8 Calculated Tensile Stress-Strain Data (adapted from Greene, 2006)

5.5.2.3 Stress-strain curves for steel. The relationship of f and €, is expressed

by a bilinear model. In Egs. 5.34 and 5.35, / replaces s in the subscripts of the symbols
for longitudinal steel, and ¢ replaces s in the subscripts of the symbols for transverse steel.
The stress-strain relationship for the longitudinal and transverse reinforcement can be

expressed as in Eq. 5.36 and Eq. 5.37.
S, =Eg, g, <g, Eq. 5.34

f.= £,1(0.91-2B)+(0.02 + 0.253)§—S] g >¢, Eq. 5.35

y

and
where

1.5
e, = (093-28), B=| =
' P/,

y



220

fi=7() Eq. 5.36

fi=7() Eq. 5.37

5.5.3. Governing Equations for C-TS-STM. For an RC member subjected to a
torsional moment, STM solves number of equations by satisfying Navier’s principle.
They comprise of three equilibrium equations, seven compatibility equations, and five
constitutive laws for concrete and steel. The above equations are described in the
following sections.

5.5.3.1 Equilibrium equations. The two-dimensional equilibrium condition

relates the average internal stresses in the concrete (o, ands, ) and in the reinforcement (
f, and f) to the average applied stresses (o,,0, andz,) with respect to the angle of

inclination of the d-axis for the /-axis (o) as shown in Egs. 5.38, 5.39 and 5.40. The

torsional moment induced by internal shear stress can be expressed as Eq. 5.41.

G, =0G,c08  0+G,sin’ a+p,f; Eq. 5.38
G, =0, sin’ a+c,cos’ a+p,f Eq. 5.39
1, =(-0, +0,)sinocosa Eq. 5.40

T=1,24,,) Eq. 5.41
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5.5.3.2 Compatibility equations. The two-dimensional compatibility condition
expresses the relationship between the average strains in different coordinate systems.
The transformation of average strains along the /, #-coordinate system (¢,,¢, and y,) into
the d, r principal axes (¢,,¢, ) is possible based on the membrane element behavior (Egs.

5.42,5.43,5.44).

g, =g,008 a+¢, sin’ o Eq. 5.42
g, =¢g,sin’ a+g, cos’ a Eq. 5.43
%z(—sd +¢,)sinocosa Eq. 5.44

Additional equations are used to solve the torsional problem accounting for the
strain and stress distributions in concrete struts. The angle of twist (0), the thickness of

shear flow zone (t4) and the shear strain are related as shown in Eq. 5.45.

Dy
24,

Vi Eq. 5.45

5.5.4. Variables and Equations. All the variables and equations related to the
out-of-plane warping effect that causes bending in concrete struts are eliminated in the
STM. The elimination of variables and equations makes the number of differences
between variables and equations zero as shown in Table 5.3. Thus, the terms related to
concrete properties in tension are included in the proposed method not only to resolve the
unbalance between the number of equations and variables but also to improve the

accuracy of the predictions. In the original STM method, these discrepancies between
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unknown variables and equations were iteratively resolved by assuming two constant
values, o) = applied axial stress and o= 0. A value is selected for g4, & and t4 are iterated
by a trial and error process till a proper solution is reached. The difference between
number of variables and equations in the proposed method and original method is shown
in Table 5.4. The variables eliminated in the proposed are shown with shaded color. The

stresses oy, o; are related to o4, 6 as in the following equations.
_ - A Eq. 5.46
o, =0, 748 +o, L~ % +f,| 2 a
gr_gd gr_gd tdpo

_ _ Eq. 5.47
o, =0, (—8’ br J +o, (—ET %4 ] + fr (—AT j
£ —é&, £ —&, t,s

The angle of inclination of the diagonal cracks to the member’s longitudinal axis,

a , 1s related to the strains g4, 7 and g as follows:

a = arctan ) Eq. 5.48
(8r gd)
The strains &g, €1, €7 and €, are related by a compatibility condition as follows:
&, =&, +& —¢&, Eq. 5.49

Unless explicitly stated in the study, E, was assumed to be 200 GPa (ACI 318
2008). Also, ¢, was assumed to be -0.002 mm/mm (Vecchio and Collins 1986) and an
average strain value of 0.00010 mm/mm was taken for ¢, (Belarbi and Hsu 1994;

Gopalaratnam and Shah 1985).
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Table 5.3 Equations and Variables in the Proposed Method

Variables Equations
Stresses Strains .
Cat
alegory or or Material | Equilibrium | Compatibility Mat.erla.l
(Constitutive)
Forces | Geometry
G € C Eq. 5.38 Eq.5.42
Gy & Eq. 5.39 Eq. 5.43
F Tit Yit Eq. 5.40 Eq. 5.44
or G4 £q Eq. 5.29
Shear
O Er Eq 5.30
fi o Eq.5.36
fi Eq. 5.37
T 0 k Eq. 5.41 Eq. 5.45
Additional 0 () 4 4
For n
torsion d
(Sds)
Number 7(7) 8(10) 1(2) 4(4) 4(7) 4(5)
Total 16(19) 12(16)
Table 5.4 Comparison of Original STM and the Proposed Method
No. of No. of . . .
Model Variables Equations Differences Given Solving Method
. o0=6=0 (or ¢,
Original 19 16 3 =constant) Iterative
STM o
g4 = varlable
Proposed o1 =constant, =0
P 16 12 4 €. = variable, Iterative
Method o
tg=variable

5.5.5. Method of Solution. The proposed C-TS-STM follows the basic

equilibrium and compatibility equations used in the original STM.

In addition, the

material relationships for concrete compression and tension have been updated as

described here. This section gives the additional equations needed for calculations and

provides an efficient solution procedure to solve the system of equations.

Given the dimensions of the cross section, the transverse and longitudinal

reinforcement, and the material properties, a “displacement-controlled” solution to the
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equations can be calculated by first selecting ¢, ¢ then assuming trial values for ¢, .

Next, an iterative procedure is used to assign the variable values that solve the
equilibrium equations, compatibility equations, and stress-strain relationships. This
procedure finds a single point on a torsional moment-twist curve. Additional points are
found by varying the selected values of ¢, from a near zero value (0.0001) to a
maximum value that causes the peak torsional moment. The angle of inclination of the
diagonal cracks to the member’s longitudinal axis, «, is included a lot in the equilibrium
and compatibility equations. To simplify the calculation algorithm, this value is
expressed in terms of strains. Eq. 5.46 and Eq. 5.47 were derived to eliminate « from
the equilibrium equations for o, and o,. Accordingly, the entire response from zero
torsional moment to its peak can be calculated by varying ¢,. In the calculation
procedure, the value of ¢, was limited to certain values causing the peak torsional
moment or when the strains start reducing which is physically not possible.

The following information is required: cross-section dimensions, D: and

concrete cover thickness, quantity, and spacing of the reinforcement, 4,, 4,, and s ;

reinforcement material properties, f,,, f7,, E, ,; and concrete material property, f, .

5.5.5.1 Initial calculations. The following initial calculations were made for

variables that are constant during the solution process. Calculations of 4,,, 4,, p,, t,,
& &p5 f,»and E, were done from the respective equations.

5.5.5.2 Solution algorithm. The following procedure was used to solve the

proposed STM and is summarized as a flow chart in Figure 5.9.
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Select a value of ¢, .
Assume a value of ¢, .

Assume a value of 7, .

Calculateg,gd,AO, and Po from the corresponding equations. Before cracking,

o

calculate “r using Eq. 5.32. After cracking, use the tension stiffening model to

calculate “r using Eq. 5.33.

Calculate .

Calculate 7.

Calculate ¢ from Eq. 5.49. If the difference between the assumed and calculated
value of &, is not within a tolerable limit, then repeat Steps 2 to 6 until the

convergence is achieved by assuming different values of 7, and ¢,

Calculatea, 7,,, T ,7,,,and @ corresponding to one value of ¢, .
Repeat the process for various values of ¢,

Stop the procedure when the strains begin to decrease in the longitudinal and

transverse reinforcement.
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Input Diameter, Ay, Ag,
Concrete cover

¥
Calculate: 4,,, 4, , p., &, f.,., E,

> g

!

Select ¢,

'

Assume ¢,

v

Assumet,

v

Calculate ¢, k,, 0,, 0,, 4,, p,, O,

A

\ 4
Calculate ¢,

A4
Calculate f, , o,

\4
Calculate ¢,

A 4
Calculate 1, , o, |

v
Calculate ¢,

No

Is & Close?

Yes
Calculate o, 7,,, T, y,;, 0

End

Figure 5.9 Solution Procedure for Circular TS-STM
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5.5.6. Calculated Results and Validation with Test Data. The predictions of the
proposed model for columns with spiral ratios of 0.73% and 1.32% are compared with
test results in Table 5.5. Also, the predictions of the C-TS-STM for three different levels
of compression capacity of the columns (0%, 7%, and 20% of £’ A,) are shown in Figure
5.10. The predictions of the model agree closely to the experimental one. Although the
prediction of ultimate torsional capacity proved accurate, those for the post cracking
stiffness and post yield behavior were approximate. However, the trend in variation of
longitudinal and transverse strain distribution was close to experimental one. The
predictions also indicated that with an increase in axial compression, the cracking
torsional moment increases significantly and ultimate torsional moment would increase
marginally for spiral ratios of 0.73% and 1.32%. Figure 5.11 shows the variation of
longitudinal and transverse reinforcement strain. For spiral ratios of 0.73% and 1.32%,
the model predicted that the transverse reinforcement would yield before the longitudinal
reinforcement; as observed in the experiments. At failure, the longitudinal strain reduced
after diagonal compression failure which is physically impossible. This is due to the
discrepancy between concrete and steel constitutive laws after the peak point. This
discrepancy arises because of disregarding the Poisson Effect. Figure 5.12 shows the

variation of diagonal compression stress-strain.

Table 5.5 Comparison of Results with C-TS-STM Model for Pure Torsion

Spiral Ratio of 0.73% Spiral Ratio of 1.32%
Parameter
Model Experiment Model Experiment
Yielding Torsional
Moment T, (kN-m) 204 181.3 278 270
Ultimate Torsional
Moment Ty (kN-m) 253 269.9 304 330
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Figure 5.10 Comparison with Experimental and STM Results
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Figure 5.11 Variation in Longitudinal and Transverse Strain in the Absence of Axial
Compression or Different Transverse Reinforcement Ratios
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Figure 5.12 Variation in Diagonal Compression Stress-Strain Curves for Different
Transverse Reinforcement Ratios

5.5.7. Effect of Axial Compression. Failure under combined torsion and axial
compression is not common because this load combination rarely occurs without flexure.
This study considers a simple case of circular sections with uniformly distributed
longitudinal bars subject to uniform longitudinal strains under pure torsion and axial
compression. Asymmetrical reinforced sections develop curvature of the longitudinal
axis, and the response of such sections under torsion and axial compression is similar to
that for combined bending and torsion.

Pure torsional moment causes cracks spiraling around the column. This results in
concrete compression field in the form of diagonal struts that induces uniform
longitudinal and transverse strains. If axial compression is applied together with torsional

moment, and assuming that the circular column section is cracked due to torsion, the
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tension in the longitudinal steel induced by torsion is reduced by the axial compression.
Thus, the axial compression loading produces the similar effect of increasing the
longitudinal steel content when resisting applied torsion. It results in increased torsion
capacity of the section. This increase reaches a maximum value at the level of axial
compression that totally restrains column elongation due to torsion; that is, it results in
zero elongation under the combined axial compression and torsional moment. Greater
axial compression inhibits diagonal cracking due to torsional moment and, as axial
compression comes to dominate, failure occurs in the form of sudden explosive crushing
of concrete. The effect of axial compression on a circular cross section considered in this
experimental study was predicted using the proposed C-TS-STM (Figure 5.13). This
model indicated that The increase in axial compression significantly would increase the
cracking strength and slightly increase the ultimate strength. In most cases, it predicted
due to diagonal crushing of the concrete strut. Thus, it showed that the effect of axial
compression would be limited due to the sectional parameters considered in the study.

More test results from future research work should clarify this phenomenon.
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Figure 5.13 Effect of Axial Compression on Torsional Strength for Different Spiral

Reinforcement Ratios
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Figure 5.13 (Continued)

5.5.8. Effect of Transverse Reinforcement Ratio. This work investigated the
effect of transverse reinforcement on the torsional moment-twist response curve. The
increase in transverse reinforcement ratio increased the peak torsional strength (Figure
5.14). However, it also reduced the twist component at the ultimate torsional moment.
This effect was due to the change in failure mode from less ductile to brittle diagonal
compressive strut failure. Figure 5.15 compares the variation in longitudinal and
transverse strain for transverse reinforcement ratios of 0.73% and 1.32%. It shows that an
increase in the reinforcement ratio limits the strain levels in both longitudinal and
transverse reinforcement, indicating that an increase in the transverse reinforcement ratio

limits the damage in columns under pure torsion.
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Figure 5.15 Effect of Transverse Reinforcement Ratios on Longitudinal and Transverse
Strain Variation
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5.5.9. Torsion-Axial Load Interaction Diagram. The failure interaction curve
between axial compression and torsional moment is shown in Figure 5.16. The response
curve for the case of pure torsion (Ty) to the point of zero elongation is predicted using
the C-TS-STM corresponding to the case where the strain is found to be zero in
longitudinal bars. A linear response is assumed between the points zero elongation and
that representing pure axial compression. To predict the interaction response using the C-
TS-STM, the concrete compressive strain on the effective surface was assumed to be at
the crushing strain taken to be at a &,. The longitudinal strains and hoop strains were
assumed to be uniform. At low levels of axial compression, the torsional capacity of a
section is enhanced as in the case of axial compression and bending interaction.
Unfortunately, there was not enough test data on circular columns with various amounts
of axial compression to validate the predictions. To establish clearly the point of zero
elongation, future testing should focus on application of axial compression greater than
that required to restrain elongation due to torsion. In addition, the failure modes under
diagonal concrete compression would limit the enhancement of torsional strength with an
increase in axial compression. The influence of longitudinal and transverse reinforcement

ratio is also important and demands further investigation.
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Figure 5.16 Axial Compression-Torsional Moment Interaction Diagram

5.6. TORSION-BENDING-SHEAR INTERACTION CURVES FROM FLEXURE
AND PURE TORSION ANALYSIS

The interaction of shear, torsion and bending capacities can be calculated using
the semi-empirical equations suggested by Elfgren (1972). The pure flexural capacity,
pure shear capacity and pure torsion capacity are calculated using the models described in
the previous Sections 5.3, 5.4 and 5.5. To get the same dimensions on all axes of the
interaction curves, the shear capacity can be multiplied by the diameter of the column

section:

M 2 T ? vV 2 Eq. 5.50
— | = r+| = r=1
M, I 4
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where

M= Pure ultimate flexural capacity with no consideration of interaction with
torsional moment into consideration (From section 5.2)

M = Flexural moment capacity with full interaction found from the loading
conditions.

1, = Pure torsional moment capacity without taking any interaction as per section
6.3.2.

T = Torsional capacity with full interaction found from the loading conditions.
V,= Pure shear capacity without taking any interaction as per the MCFT model.

V= Shear capacity with full interaction found from the loading conditions.

r = Ratio of transverse reinforcement to longitudinal reinforcement; defined as Pe

P,

Figure 5.17 shows the behavior of columns reinforced with spiral ratio of 0.73%.
It also shows the corresponding test specimens with torsion-to-bending moment (T/M)
ratios of 0, 0.1, 0.2, 0.4 and oo. The strengths of all specimens was close to the outer
interaction surface, indicating that the predictions were in reasonable agreement with the
test results. Although all specimens had a low spiral ratio of 0.73%; the longitudinal
reinforcement yielded before the spiral reinforcement under flexure and combined
loading. Hence, the equation suggested by Elfgren (1972) for the failure mode-1 is a good

way to predict the interaction diagrams of columns used in this study.
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Figure 5.17 Torsion-Bending-Shear Interaction Diagrams for Columns with Spiral Ratio
of 0.73%

Similarly, Figure 5.18 shows the behavior of columns reinforced with spiral ratio
of 1.32%. It also shows the corresponding test specimens with T/M ratios of 0.2, 0.4, and
. The strengths of all specimens was at or close to the outer interaction surface. The
projections of analytical predictions on Torsion and bending moment interaction surface
is compared with test results in Figure 5.19. These predictions are also in reasonable

agreement with the test results. Then behavior of columns with spiral ratio of 1.32% but
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with different aspect ratio of 6 and 3 are compared along with the predictions in Figure

5.20. In addition, the normalized predictions are represented in Figure 5.21.
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Figure 5.18 Torsion-Bending-Shear Interaction Diagrams for Columns with Spiral Ratio
of 1.32%
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Figure 5.21 Torsion-Bending-Shear Interaction Diagrams for Columns with
Spiral Ratio of 1.32%

5.7. CONCLUDING REMARKS

This work developed analytical model for well-confined columns under flexure
using the existing plastic-hinge-based models with some modifications. It extended the
softened truss model to circular sections incorporating the tension-stiffening effect. It
used the Response 2000 based on MCFT model to predict the shear capacity of circular
columns. Interaction curves were established using analytical results from flexural, shear
and pure torsion results as benchmark. The predictions agree closely with the

experimental results; however, a significant improvements are required to develop a
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unified model for combined loading including shear force and bending and torsional
moments.

« Existing plastic-hinge-based model was used to predict the behavior of circular
RC columns under flexure. The predictions agreed closely with experimental results. The
model developed in this study can be extended to predict the behavior of columns under
combined loading by adjusting the constitutive models for concrete to include the
confinement and softening effect.

« Original Softened Truss Model was modified to circular sections by removing
the variables related to warping and by including a tension-stiffening effect. The
predictions under pure torsion were in good agreement with experimental data. However,
the model could better predict the post-peak behavior if it were to include the Poisson
effect.

« The predictions of the interaction diagrams agreed substantially with the

experimental results.
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6. DAMAGE-BASED DESIGN APPROACH FOR COMBINED LOADING
INCLUDING TORSION

6.1. INTRODUCTION

The main objective of a performance-based or damage-based design is to consider
the complex relationships between the severity of an earthquake and the desired
performance of structural components. Since current seismic design codes focus mainly
on the strength and serviceability requirements of members, they do not meet this
performance objective. They are limited because they address the design of structures to
meet particular seismic load levels but not necessarily to achieve specific performance
objectives that incorporate damage prevention. Such objectives, however, including
prescribed damage limit states can be incorporated in a performance-based design
approach [Ghobarah, 2001; Floren and Mohammadi, 2001]. To implement a performance
or damage-based design approach for a given earthquake level, design engineers require
analytical models to define the damage in terms of engineering criteria such as strain and
ductility levels. To facilitate repair and retrofit decisions, they must also quantify the
damage in simple terms under various loading conditions, creating damage indices that
take into account various design parameters. This section presents a damage-based design
approach developed for combined loading including torsion. It also presents a detailed

description of damage index models for combined loading.

6.2. BACKGROUND ON DAMAGE INDICES

This study extends the existing damage indices for flexural failure mode to
combined loading. Development of damage-based design approach has three objectives:

First, decoupled damage index models for combined loading must be developed to
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identify the implications of combined loading from the perspective of performance-based
seismic design. Second, experimental data must be used to examine the trends in the
progression of damage with respect to increase in the T/M ratio, an increase in the
transverse spiral reinforcement ratio, and a reduction in shear span needs to be explored
using the experimental data. Finally, from a design perspective, damage index limits must
be determined for various performance levels under combined loading. To achieve these
objectives, this work validated the proposed damage index models based on test results,
and key results are presented here.

Using predicted hysteresis curves, the damage indices can evaluate the
performance of structural components during earthquakes of varying magnitudes. A
proper damage index should include the parameters that describe the hysteretic behavior
under combined loading including shear forces, flexural and torsional moment, and axial
loads during earthquakes. Several studies have proposed damage indices based on
flexural behavior [Williams and Sexsmith, 1995; Williams et al., 1997; Chung and
Meyer, 2000; Hindi and Sexsmith, 2001; Khashaee, 2005]. However, none of these
indices predict the progression of damage under combined loading. Jeong and Elnashai
(2000) were the first to develop a three dimensional damage index for RC buildings with
planar irregularities taking into account the bidirectional and torsional response. The
authors decomposed the three dimensional structure into planar frames and incorporated
the sensitivity of the local damage indices into the out-of-plane response. They also
suggested a method to combine the local damage indices, and they verified their results
with conventional damage indices. However, no damage index models have been

developed explicitly to study the interaction effects of flexural and torsional damage
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indices. The present study, therefore, is the first to define damage indices at various
damage limit states for combined loadings. Under-reinforced circular columns tested
under pure torsion have shown the damage was distributed along the whole length of
columns before the ultimate stage after then severe core damage was observed around the
middle height of the columns in the final stage. When flexural and torsional moments are
applied to a column simultaneously, the distribution of damage increases depending on
the applied T/M ratio as shown in Figure 6.1. This effect was also illustrated in the

experimental results presented in Section 4.

{NM

N ST 1S40
Progression
of damage

Prfogression + — PA

of damage

Progression
of damage

Figure 6.1 Possible Failure Sequences under Combined Loading

6.2.1. Previous Research on Damage Index Models. Damage indices provide a
means to quantify the damage sustained by concrete structures during earthquakes.

Damage indices may be defined locally at the cross section or at a member level either
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for an individual element or for an entire structure. The earliest and simplest measures of
damage were based on ductility and inter-storey drift. These simple damage indicators,
however, consider neither degradation in the stiffness of the member or structure, nor
energy dissipation under cyclic loadings. Current local damage indices are cumulative,
and depend on damage and the amplitude and number of cycles of loading [Williams and
Sexsmith, 1995; Hindi and Sexsmith, 2001]. Damage indices can inform retrofit
decisions disaster planning, and post-earthquake assessment. They are dimensionless
parameters; the lowest value of which indicates an undamaged structure. The highest
value indicates a structure near or at collapse, and intermediate values estimating the
degree of damage. Since these indices are based on flexural behavior, they cannot be used
to correlate the limit states corresponding to flexure, shear, and torsion.

6.2.1.1 Non-cumulative damage indices. Banon et al. (1981) developed a
damage index based on the ratio of initial stiffness to secant stiffness corresponding to the
maximum displacement in a given cycle. The authors called their damage index as a
flexural damage ratio. Later, Roufaiel and Meyer (1987) defined damage in terms of

flexibility and modified the flexural damage ratio to develop the following formulation.

D Izl Eq. 6.1

where D, is the damage index of Raufaiel and Meyer, f, represents the pre-yield

flexibility, o represents the secant flexibility at a given load, and Ju is the secant
flexibility at ultimate load. However, this formulation does not reliably indicate failure

since it does not include the effect of cyclic loading.
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6.2.1.2 Energy-based cumulative damage indices. The damage indices
proposed by Park and Ang and Hwang and Scribener are widely used in damage analysis
and discussed in the following sections.

6.2.1.2.1 Park and Ang damage index. Park and Ang (1985) proposed a linear

combination of non-cumulative and cumulative damage indices. Their model is defined
by Eq. 6.2, in which the first term accounts for ductility in the system and the second

presents the normalized cumulative energy absorbed by the member:

“u, T 0w, 4, Quu, Eq. 6.2

where  represents the ultimate displacement under static load, , is the yield
displacement, 4 is displacement ductility, , is the displacement ductility at ultimate, g
is a constant accounting for the effect of cyclic load and structural properties,
represents the maximum hysteretic energy demand, ,is the yield strength of the

structure. The levels p,, are interpreted as follows:

Dps<0.1 No damage, or localized minor
cracking
0.1<Dp, <0.25 Minor damage: light cracking
throughout
0.25<Dp,s<0.40 Moderate damage: severe
cracking, localized spalling
0.4<Dp,y<1.00 Severe damage: concrete crushing,

reinforcement exposed
Dps>21.0 Collapse
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The parameters used in this model are shown in Figure 6.2. The S factor, which
accounts for the effect of cyclic earthquake load, ranges from 0.05 to 0.15. It shows that
more weight is given to the displacement ductility term than to the energy dissipation
term. The accuracy of the prediction depends mainly on the definition of ultimate
parameters from the predicted monotonic curve. Taylor and Stone (1993) have found that
the damage index goes slightly higher than the damage index value of 1. The main
advantage of Park and Ang damage index is that it is simple and physically intuitive since
it ranges from ‘0, representing no damage to ‘1°, representing near collapse. Kunnath et
al. (1997) analyzed this model with a number of experimental data and concluded that the
model is most appropriate for column failure resulting from large plastic displacement

demands.
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Figure 6.2 Definition of Parameters for Park and Ang Model

6.2.1.2.2 Zahrah and Hall damage index. The index developed by Zahrah and

Hall (1984) represents the level of damage in the member by the number of equivalent

yield excursions. This index includes the maximum hysteretic energy demand,
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displacement ductility, and yield strength of the member:

E
Ny =——"— Eq. 6.3
" Qu,(u-1) ¥
where , is the yield displacement, 4 is displacement ductility, g, is the maximum

hysteretic energy demand, ¢ is the yield strength of the structure, and v, is the number of

equivalent yield excursions.

6.2.1.2.3 Hwang and Scribner damage index. This model includes stiffness and

energy dissipation along with displacements in a given cycle. Figure 6.3 defines

parameters for this index. The formula for the calculation of the damage index is

2
Kmi umi
2

K u

o y

M
Dy = ZAEM Eq. 6.4
i-1

where p, represents the damage index by Hwang and Scribner, i is the cycle number, M
is the total number of yield cycles, g is the pre-yield stiffness, ag is the hysteretic
energy dissipated in the i cycle, up; is the maximum displacement in the i™ cycle, K, 1s
the secant stiffness corresponding to uni, and 4 is the yield displacement. This damage

index assigns equal importance to all parameters (Hwang and Scribner, 1984). The
authors called it a work index since it includes force and displacement. The main
disadvantage of this index is that its range is not unity like that that of the index proposed
by Park and Ang. Further, it depends heavily on the cross sectional property of the

member and the loading history. This dependence makes it difficult to quantify the
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damage limit states based on performance for members with different cross sectional

details.
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Figure 6.3 Definition of Parameters for Modified Hwang and Scribner Model

Only limited calibration of these indices has been performed against observed

damage in laboratory tests or post-earthquake investigations. The physical meaning of
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these indices categorized into the numerical values will remain unclear until they are
validated with experimental results under various types of loading. In addition, these
indices are based primarily on flexural failure mode: however, the experience of recent
earthquakes suggests that even structures designed according to very recent codes often
fail in shear or in combined shear and flexure modes. The ability of the indices to
describe the damage levels with respect to failure mechanisms other than flexural
yielding is largely untested. A proper understanding of damage states under combined

loadings is thus necessary to develop damage index models for combined loadings.

6.3. CATEGORIZATION OF DAMAGE STATES UNDER COMBINED
LOADING

In general, parameters such as member geometry, sectional details, material
properties, and loading combinations are used to characterize the behavior of RC
columns under combined loading. Due to the influence of multiple parameters, the failure
modes of columns under combined loadings are very complex. However, damage under
combined bending, shear, and torsion loadings can be broadly categorized as explained in
the sections below.

6.3.1. Flexural and Shear Cracking. Cracking will occur when the principal
tensile stresses reach the cracking strength of concrete. For RC sections under pure
flexure, cracks will form perpendicular to the longitudinal axis of the member. For
columns under combined bending, shear, and torsion, the cracking directions are inclined
to the longitudinal axis of the member depending on the level of applied shear forces and
torsion. Under the combined actions of torsion, bending, and shear, the inclination of

principal compressive stresses (i.e., the direction of crack angles) and the strain
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distribution in longitudinal reinforcement and spiral reinforcement vary across the depth
of the cross section and along the length of the member. With an increase in T/M ratio,
the angle of diagonal compression increases. For the columns tested in this study, the
angle of diagonal compression with respect to longitudinal axis varied from 134° under
pure torsion to 90° under flexure [Belarbi et al., 2008]. These results show that spirals
will be highly strained with an increase in the applied torsion-to-bending moment ratios,
and longitudinal reinforcement will be highly strained with a reduction in applied T/M
ratios.

6.3.2. Longitudinal Reinforcement Yielding. Yielding of the longitudinal
reinforcement marks the onset of permanent structural distress and represents an
important damage limit state. Under combined bending and torsion, the yielding
mechanism of longitudinal reinforcement is complex. Torsional loads induce uniform
tensile strain in the longitudinal bars. Under bending, however strains vary from
compression on one side to tension on the other side. Due to geometry, yielding in a
circular section is more progressive than in other cross sectional shapes under bending.
Yielding of longitudinal reinforcement starts on the tension side and gradually spreads to
adjacent bars around the column. In the test specimens used here, the first yielding of
longitudinal reinforcement was measured using strain gages.

6.3.3. Initial Cover Spalling. @ The onset of spalling of the cover concrete
depends on a number of factors such as the longitudinal reinforcement ratio, clear cover,
type of section (i.e., square/rectangular/circular), and types of stress (i.e., shear or
flexure). Spalling of the concrete cover is significantly different under compression from

under bending-shear, and it is different still under combined bending, shear, and torsion.
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A mesh of closely spaced longitudinal and transverse reinforcement produces an
interfacial failure between the concrete cover and core. The separation of this plane is
triggered by a change in the direction of compressive stresses in the concrete cover and
by the differences in the mechanical behavior of the concrete core and cover.

Under bending and shear, spalling typically occurs when the concrete at the cover
approaches the crushing strain. Spalling of concrete cover in the plastic-hinge region will
generally occur following extensive yielding of longitudinal reinforcement and prior to
reaching the ultimate flexural load. Thereafter, stiffness begin to degrade. The extent of
spalling along the column height is also important since it determines the minimum
length over which confinement by transverse spiral reinforcement is required from a
flexural design point of view. Under combined bending, shear, and torsion loadings,
spalling of concrete cover occurs due to shear flow characteristics and changes in the
shear flow direction. The potential for spalling under torsional loadings is proportional to
the compressive stresses in concrete cover, the cover thickness, and the area of the
splitting plane occupied by the reinforcement and inversely proportional to the concrete
tensile strength and size of the section. In general, the spalling of concrete cover
represents moderate damage that can be repaired without much difficulty.

6.3.4. Crushing of the Diagonal Compression Strut. After cracking of
concrete, the applied torsional loadings are resisted by the diagonal concrete compression
struts as a compressive element and by steel reinforcements as a tension element similar
to a truss mechanism. Like the compression block under bending loads, there is a depth
of compression zone under torsion called a thickness of shear flow zone. Once the

concrete reaches it’s the compressive strength, then crushing starts in the diagonal strut.
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However, due to softening effect, the diagonal compressive strength is much lower than
the normal compressive strength under combined loadings. This crushing of the diagonal
strut is a very important damage limit state as it represents the failure of the RC member
under combined bending, shear, and torsion loadings.

6.3.5. Yielding of the Transverse Reinforcement. Under torsional loadings,
yielding of transverse reinforcement is an important damage limit state from a torsional
ductility point of view. This yielding of transverse reinforcement can result from
significant shear forces and or torsion. Torsional resistance increases only slightly after
yielding of transverse reinforcement. Test results have also shown that columns
adequately designed in flexure often reach the yielding of transverse reinforcement much
faster under the presence of even small amounts of torsion [Prakash and Belarbi, 2009].
In addition, the post-yield plateau is much smaller under combined bending, shear, and
torsion, which leads to much smaller increase in torsional resistance.

6.3.6. Longitudinal bar buckling, spiral fracture, and longitudinal bar
fracture. After severe spalling of concrete cover and significant degradation of the
concrete core, the spiral and longitudinal reinforcement are exposed. The longitudinal
bars then begin to buckle due to the nature of cyclic loadings during an earthquake.
Typically, in all test specimens used in this study, the buckling of longitudinal bars was
typically observed in the flexural plastic-hinge zone. However, the length of the buckled
longitudinal bar increased with the level of applied torsion. This buckling is a final

damage limit state because it represents the collapse of the structure.
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6.4. FAILURE DEFINITIONS UNDER COMBINED LOADING

The force-displacement and torsional moment-twist hysteresis curves under
combined loading are shown in Figure 6.4. This study assumed that failure is reached
when a reduction in strength of at-least 10% is achieved and stiffness begins to degrade.
In some of the specimens the reduction in strength was less than 10% until the rupture of
longitudinal bars was observed. The test was stopped after rupture of longitudinal bars
due to safety reasons. In such specimens, the failure was taken at the cycle of the rupture
of longitudinal bars. Under combined loading, failure in flexure and torsion may or may
not happen simultaneously in the same cycle. In such cases, interaction diagrams of the
index for damage under flexure and torsion would be useful; the following sections offer

such diagrams.
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6.5. PROPOSED DAMAGE INDEX FOR COMBINED LOADING

Schematic framework for the design of RC columns under combined loadings
using damage index models is shown in the Figure 6.5. There are two principal steps
required to develop a damage index for seismic structural assessment under combined
loading. First, nonlinear flexural and torsional response of a column subject to an
earthquake must be obtained from either an analytical or an experimental study. Since the
indices in this study are computed directly from the experimental hysteresis data, no
analytical hysteresis data are required. This study investigates whether damage indices
can provide reliable information on the extent of structural damage, based on the
hysteresis data under combined loading. The Park and Ang damage index and the

modified Hwang and Scribner damage index were used to predict damage under flexure.
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Based on this approach, damage index models were developed for pure torsional loading.
The models used for combined shear forces, flexural and torsional moment were
decoupled to distinguish the effect of flexural and torsional behavior from the combined
loading state. The accuracy of the predictions depends on the accuracy of the flexural and
torsional hysteresis used for the evaluation. Models are available to predict the hysteretic
behavior of RC circular columns under flexure (Priestley et al., 1996) and their static
behavior under pure torsion (Hsu, 1993). However, no analytical models have yet been
developed to predict the hysteresis behavior of RC circular columns under combined
loading. The second step in developing a damage index for combined loading is to
accommodate the study of damage progression. This step involves 1) determination of the
force at longitudinal yielding and the corresponding displacement, ii) torsional moment at

spiral yielding and corresponding twist from the predicted hysteresis curves.
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Figure 6.5 Design Framework for RC Columns under Combined Loading Using Damage
Index Models

6.5.1. Damage Index Model using Park and Ang Approach. A cumulative

damage index model proposed by Park and Ang (1985) was modified here for torsional

loading. The flexural and torsional hysteresis was used to calculate the damage index for

flexure and torsion respectively, under combined loading. The existing equations for a

flexural and torsional damage index under combined loading are

u E
=t Eq. 6.5
u U,

u

D]Flex

ural ,Combined ~—

and
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0 E Eq. 6.6
D[Tors[onal Combined =— + ﬂﬂ
Hu T;/eu

The parameters needed to calculate the damage index under torsion are; i) the
maximum twist in a cycle, ii) yielding torsional moment, ii1) ultimate twist corresponding
to ultimate torsional moment. These parameters are derived from analytical prediction or
experimental data and the energy dissipated in the given cycle, as shown in Eq. 6.6 and
Figure 6.2b.

6.5.2. Damage Index Model using the Hwang and Scribner Approach. The
damage index model proposed by Hwang and Scribner was modified here for flexural
hysteresis by normalization with respect to energy dissipated under flexure. The approach
adopted to predict damage under flexure was modified for torsional loading using the
energy dissipation, stiffness, and twist components from torsional hysteresis. Again, the
proposed index for torsion was normalized with the energy dissipation under torsional
hysteresis to make it a dimensionless number. The following equations are thus proposed

for flexural and torsional damage indices respectively, under combined loading:

S Kmi umiz
208, K, u’ Eq. 6.7
i=1 0 y . 0.
D[Fle.xural,Combined = -
Flexure
and

N Kmi Hmi ’

ZAEhf,T = ’Tz

i=1 Ko,T 0};,7 Eq 6.8

DI

Torsional, Combined ~—
Torison
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6.6. VALIDATION OF PROPOSED DAMAGE INDEX MODELS

The proposed damage index model for combined loadings was validated through
a research program that evaluated the hysteretic response of RC circular columns
according to the test matrix presented in Table 3.1. The main variables considered in the
experimental program were (1) the T/M ratio, (2) the column aspect ratio (H/D) to
simulate a flexural or shear dominant response, and (3) the level of detailing for high and
moderate seismicity as explained in Section 4. The aspect ratio plays an important role in
determining the behavior of columns dominated by flexure or by shear. For columns
tested in single curvature, as in this study, the aspect ratio is defined as the ratio of the
height (M/V=H) to diameter (D) of the column. Columns with higher aspect ratios attract
lower seismic load, whereas shorter and stiffer columns attract a much greater portion of
the seismic input. The test matrix, therefore, includes circular columns built with two
transverse reinforcement ratios, two aspect ratios (H/D=6 and a lower aspect ratio of
H/D=3), and five T/M ratios.

6.6.1. Influence of Torsion on Damage Index. Damage indices were calculated
for flexural and torsional hysteresis for the columns under combined loading; these are
presented in Figure 6.6, which plotted the damage index values derived from the Hwang
and Scribner and the Park and Ang models up to the value of ultimate load reached in
flexural hysteresis and ultimate torsional moment reached in torsional hysteresis. This
figure clearly shows that for both models the progression of damage is amplified with an
increase in T/M ratio for flexural hysteresis and with a decrease in T/M ratio for torsional

hysteresis.
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The damage index values of the Park and Ang approach work as well for torsional
hysteresis as for flexure. In both cases, the ultimate limit state reached when the damage
index reached one. Also, with the Park and Ang approach, the progression of damage
index was linear in both flexure and torsion (Figure 6.6 a,b); because there was less
weight on the normalized energy dissipation term. For flexural hysteresis, the damage
index for the Hwang and Scribener approach was higher than for the Park and Ang
approach; it was lower for torsional hysteresis (Figure 6.6c¢,d).

The flexural displacement ductility at ultimate state dropped from 17.5 to 4.5 and
4 when the T/M ratio increased from 0 to 0.2 and 0.4 respectively (Figure 6.6 a.c).
Further, the torsional twist ductility at ultimate state dropped from 2.5 to 1 when the T/M
ratio decreased from oo to 0.2 and 0.4. (Figure 6.6d). This observation shows that the
transverse spiral reinforcement ratio of 0.73% was not adequate to provide post-yield

strength since ultimate state and spiral yielding occurred simultaneously.
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Figure 6.6 Effect of Torsion on Damage Index Using Park and Ang and
Hwang and Scribner Approach
For flexural hysteresis, the predictions based on the Hwang and Scribner approach
became highly nonlinear after spalling of concrete cover. Similarly, for torsional

hysteresis, the predictions using the Hwang and Scribner approach became highly
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nonlinear after yielding of the transverse spiral reinforcement. Although parameters are
normalized in the Hwang and Scribner approach, the damage index values corresponding
to ultimate state in flexural and torsional hysteresis are significantly different.

The ultimate flexural damage indices were 23, 9, and 4 (Figure 6.6¢) for T/M
ratios of 0, 0.2, and 0.4 respectively. Similarly, the ultimate torsional damage indices
were 0.4, 0.3, and 0.1 (Figure 6.6d) for T/M ratios of o, 0.4, and 0.2. These indices
complicate a one-to-one comparison of the damage level in both flexure and torsion on
the same scale for combined loading. However, in flexural and torsional hysteresis, both
models clearly show the progression of damage.

6.6.2. Influence of Spiral Reinforcement Ratio on Damage Index. For the
columns under combined loading, damage indices for the columns with transverse spiral
reinforcement ratios of 0.73% and 1.32% are presented in Figure 6.7. For both types of
hysteresis, the progression of damage is clearly contained with an increase in the
transverse spiral reinforcement ratio. The ultimate flexural damage index was reached at
a displacement ductility of 11 and 7, compared to 4.5 and 4 for a T/M ratio of 0.2 and 0.4
respectively (Figure 6.7a). Similarly, the ultimate torsional damage index was reached at
rotation ductility of 2.4 and 1.25, compared to 1 for a T/M ratio of 0.2 and 0.4
respectively, using the Park and Ang approach. These results show that there is an
increase in displacement as well as rotational ductility with an increase in the transverse

spiral reinforcement ratio.
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Figure 6.7 Effect of Transverse Spiral Reinforcement Ratio Damage Index using Park
and Ang and Hwang and Scribner Approach

Notably, the Hwang and Scribner approach shows that flexural damage index
values are higher than torsional damage index. For a T/M ratio of 0.2, flexural damage

index values were 1.5 and 6 at ultimate state for transverse reinforcement ratios of 0.73%
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and 1.32% respectively. According to the Hwang and Scribner approach, higher damage
indices for a column translate into improved performance measured in terms of energy
dissipation capacity and strength degradation. This principle was clearly demonstrated
with an increase in the spiral reinforcement ratio. However, using the Hwang and
Scribner approach, the damage index resulted in no unified value for ultimate state for
various levels of torsion (Figure 6.7c,d). Additionally, this approach produced different
values depending up on the transverse spiral reinforcement ratios; unlike the model based
on the Park and Ang approach.

6.6.3. Influence of Shear Span on Damage Index. Damage indices were
calculated for flexural and torsional hysteresis for the columns under combined loading
with aspect ratios of 3 and 6 as presented in Figure 6.8. The progression of damage was
clearly amplified with the reduction in aspect ratio for both flexural and torsional
hysteresis. This amplification is due to the additional effect of increased shear force and
flexural and torsional moment with a reduction in aspect ratio. Significantly, due to the
reduced aspect ratio, displacement ductility dropped but twist ductility increased for a
given T/M ratio when the damage level is constant (Figure 6.8). Flexural displacement
ductility at the ultimate damage index dropped from 11 to 5 and from 7 to 4.5,
corresponding to T/M ratios of 0.2 and 0.4 with aspect ratios of 6 and 3 respectively
(Figure 6.8a) For a T/M ratio of 0.4, torsional twist ductility at the ultimate damage index
increased from 2.5 to 4 when the aspect ratio decreased from 6 to 3 (Figure 6.8a). This
increase was mainly due to the increase in bending stiffness with reduction in shear span;
there was no apparent change in torsional stiffness due to reduction in shear span.

Although the damage index values predicted by each approach were different, the trend
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in progression of damage was clear. Again, using Hwang and Scribner approach, the

damage index values corresponding to ultimate state in torsional and flexural hysteresis

were significantly different for various specimens (Figure 6.8c,d).
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6.6.4. Interaction of Flexural and Torsional Damage Indices. The predictions
based on the Park and Ang approach were physically intuitive in their representation of
the damage under combined loading. Hence, they provide the basis for discussion from
this point. The damage index values generated from the Park and Ang approach were
used to create the diagrams of interaction between flexural and torsional damage indices
shown in Figure 6.9c. This interaction can be split into a number of zones, namely,
flexural cracking, shear cracking, longitudinal yielding, spiral yielding, and ultimate
torsional strength.

The effect of torsion and transverse spiral reinforcement is shown in Figure 5.29a.
With a low transverse spiral reinforcement ratio of 0.73%, the columns failed in torsion
as the torsional damage index reached the value of ‘1’ before the flexural damage index.
The interaction between flexural and torsional moment depended on a number of factors,
such as the amount of transverse and longitudinal reinforcement, the aspect ratio of the
section, and concrete strength. This relationship shows that a transverse reinforcement
ratio that is adequate from a confinement design point of view may not satisfy
performance specifications under torsional loadings. Further, even with an increase in the
transverse spiral reinforcement ratio, the columns reached the torsional damage index
value of ‘1’ just before the flexural damage index reached ‘1’. However, by containing
damage due to increased confinement, the increase in transverse spiral reinforcement
ratio made the failure mode less torsional dominant.

In addition, with an increase in the transverse spiral reinforcement ratio, the
flexural damage index values and progression of damage were nearly the same for

various levels of T/M ratio. The effect of shear span reduction on flexural and torsional
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damage index interaction is presented in the Figure 6.9b. This reduction changed the

behavior from torsional dominant to flexural dominant. The flexural damage index

reached the value of ‘1’ just before the torsional damage index reached the same value.
Using these experimental results, an empirical model was developed to predict the

interaction of torsional and flexural damage indices:

TDI = ;{(1.29;;,2 +7.935p, +12.39)%} FDI Eq. 6.9

where TDI refers torsional damage index, FDI represents the flexural damage index, p; is
the spiral reinforcement ratio in percent, A is a correction factor for the T/M ratio. This
factor accommodates a higher spiral reinforcement ratio of 1.32% and varies linearly
from 1.5 to 0.8 for T/M ratio from 0.6 to 0. For a spiral reinforcement ratio of less than
1.32%, this factor is 1. Similarly, empirical models could be developed to quantify the
flexural damage index and the reduction in ultimate displacement ductility and torsional
twist ductility. Using these models, flexural and torsional damage states could be
quantified for a given T/M ratio and column sectional details, providing design
parameters. The proposed empirical model represents a first step toward development of
a damage-based design approach for RC bridge columns under combined loadings. It
establishes parameters for spiral reinforcement and T/M ratios. The above empirical
equation is applicable only for circular columns. The damage behavior of other sectional
shapes will be different (Prakash and Belarbi, 2010; Belarbi et al., 2010). However, such
a study needs to be undertaken for various cross sectional shapes such as interlocking,

rectangular, and box-sections.
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Figure 6.9 (Continued)

Figure 6.9c compares the predictions of the model with the experimental data.
The predictions were reasonably accurate for spiral reinforcement ratios of 0.73 and
1.32%. Equation 6.9 clearly shows the increase in the torsional damage index with
increases in the T/M ratios. The experimental results demonstrate that the model
accurately predicted the change from torsional-dominant behavior to flexural-dominant
behavior with an increase in the spiral reinforcement ratio. The failure mode of the
columns under combined loadings varied significantly with variations in the longitudinal
and spiral reinforcement ratios. The columns used in this study had a constant
longitudinal ratio of 2.10%. Thus, the results of the proposed equation are applicable only
to those specimens with a longitudinal reinforcement ratio of approximately 2%. The
proposed equation could be improved with further experimental and analytical research
to include parameters such as concrete strength, concrete cover, bending moment to shear

ratio, and so on.
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6.7. CORRELATION OF DAMAGE INDEX WITH OBSERVED DAMAGE

The progression of damage index values should be quantified in terms of
observed damage. The most important practical aspect of these indices is their ability to
give a reliable indication of the failure stages of these columns. Lehman and Moehle
(2001) have categorized damage states based on flexural tests on RC columns. The
damage states under flexure based on the results of this study are given in Figure 6.10
and explained in Table 6.1. The damage levels were categorized into no damage or
localized minor cracking with an index less than 0.15. From a repair and retrofitting
design perspective, the occurrence of cracking is of some importance in the context of
performance-based design approach. Minor damage or light cracking throughout the
column occurred when the damage index was less than 0.2 or higher than 0.15. The
spalling of concrete cover indicates the necessity for disruptive repairs. Moderate
damage, or severe shear cracking with localized spalling occurred when the damage
index was less than 0.4 or higher 0.2. As concrete crushing became more severe, the core
concrete was damaged often necessitating more extensive repair measures. This severe
damage occurred when the damage index was less than 0.8 or higher 0.4. All these limits,
however, must also be quantified in terms of damage index values under pure torsion and

combined shear forces, and flexural and torsional moments.



Collapse

Moderate damage

No damage Minor damage

Figure 6.10 Categorization of Damage States under Flexure

Table 6.1 Categorization of Damage States under Flexure

Range of Flexural
Damage Level

Damage Index (FDI)
FDI<0.15 No damage; or localized minor cracking
0.15<FDI<0.20 Minor damage: light cracking throughout
0.20 < FDI < 0.40 Moderate damage: severe cracking, yielding of

spiral, localized spalling

0.40 < FDI < 1.00 Severe damage: complete spalling of concrete cover,
crushing of diagonal strut and core damage

FDI > 1.00 Collapsed: slight buckling of longitudinal bars,
severe core damage in the middle of column

Results showing damage states under pure torsion are given in Table 6.2 and
illustrated in Figure 6.11. Under pure torsion, when the damage index was less than 0.05,
no damage or localized minor shear cracking was observed. This damage index is level
far lower than that observed under flexure. Minor damage or light shear cracking
throughout the column occurred when the damage index was less than 0.1 and higher
than 0.05. A moderate damage level under pure torsion was characterized by severe shear
cracking along the whole length of the column, with localized spalling. The spalling of

concrete cover was measured by tapping the column with a hammer and listening for a
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hollow sound. Spalling occurred at the damage index values between 0.1 and 0.4,
indicating that propagation of damage between 0.1 and 0.4 was much faster due to the
spread of shear cracking along the whole length of the column. Severe damage was
marked by yielding of transverse spiral reinforcement and the complete spalling of
concrete cover along the length of the column. The corresponding damage index values
were between 0.4 and 0.8, demonstrating that propagation of damage between 0.4 and 0.8

was much faster than the failure sequence under flexure.

Table 6.2 Categorization of Damage States under Pure Torsion

Range of Torsional

Damage Index Damage Level
(TDI)

TDI<0.05 No damage, or localized minor shear cracking
0.05<TDI<0.10 Minor damage: light shear cracking throughout
0.10 < TDI < 0.40 Moderate damage: severe shear cracking, localized

spalling

0.40 < TDI < 0.80 Severe damage: yielding of spiral, complete spalling of

concrete cover along the length of the column
Collapsed: buckling of longitudinal bars, rupture of
TDI> 0.80 transverse spiral reinforcement and longitudinal
reinforcement

Minor damage Moderate damage Severe damage Collapse

Figure 6.11 Categorization of Damage States under Pure Torsion
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The damage states observed under combined bending, shear, and torsion are

summarized in Table 6.3 and illustrated in Figure 6.12. No damage or localized minor

shear or flexure-shear cracking occurred when the damage index was less than 0.05.

Minor damage refers to light flexure-shear cracking throughout the column with a

damage index of less than 0.1 or higher than 0.05. Moderate damage occurred with

severe flexure-shear cracking, yielding of longitudinal reinforcement, and localized

spalling, with damage index values between 0.1 and 0.4. Severe damage showed yielding

of transverse spiral reinforcement and complete spalling of concrete cover along more

than half the length of column. This damage state showed index values between 0.4 and

0.8.

Table 6.3 Categorization of Damage States under Combined Shear Force and Flexural
and Torsional Moment

Range of Flexural Damage

Index (FDI)

Range of Torsional

Damage Index (TDI)

Damage Level

FDI<0.10

TDI <0.05

No damage, or localized minor shear or
flexure-shear cracking

0.10 <FDI<0.20

0.05<TDI<0.10

Minor damage: light flexure-shear cracking
throughout

0.20 <FDI<0.40

0.10<TDI<0.20

Moderate damage: severe flexure-shear
cracking, yielding of longitudinal
reinforcement, localized spalling

0.40 <FDI<0.90

0.40 <TDI <0.80

Severe damage: yielding of transverse spiral
reinforcement, complete spalling of concrete
cover along more than half the length of
column

FDI > 0.90

TDI > 0.80

Collapsed
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Minor damage Moderate damage Severe damage Collapse

Figure 6.12 Categorization of Damage States under Combined Shear Force and Flexural
and Torsional Moment

6.8. CONCLUDING REMARKS

This section has emphasized the importance of a performance-based design of RC
bridge columns. Using the concept of damage levels; this study compared such an
approach to existing prescriptive design methods. It modified the existing damage index
models to study the progression of damage under flexure. It also developed damage index
models for pure torsion using the existing approach for flexure. Decoupled damage index
models for flexure and pure torsion permitted the study of damage progression under
combined loading. Experimental results were used to validate the proposed damage index
models.

The work presented here addressed the effects of various changes in design
parameters on strength, stiffness, and damage characteristics of RC columns. These

changes include increases in the transverse reinforcement and the T/M ratio and a
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reduction in shear span. Interaction between flexural and torsional damage index models
was studied by interaction diagrams. Using these diagrams, the damages states were
defined by specifying the range of damage indices for columns tested under flexure, pure
torsion, and combined bending, shear, and torsion. This definition of damage states can
be used to quantify the damage to columns subjected to combined loadings. Damage-
based design approach for combined loading presented in this study support the following
major conclusions:

« The damage index model proposed by Park and Ang was derived essentially
from flexure-dominated specimens. It was modified and extended to account for torsional
loadings. Damage index models using the Park and Ang approach clearly predicted the
progression of damage for both flexure and torsional hysteresis under combined loadings.
They were physically intuitive, providing a simple means to quantify the damage from
‘0’, indicating no damage, to ‘1°, indicating near collapse.

« The damage index model proposed by Hwang and Scribner approach was
modified by normalizing the model with energy dissipation from bending shear (flexural
hysteresis) and pure torsion (torsional hysteresis) results, respectively. Although these
models accurately predicted the progression of damage, the damage index values at the
ultimate state for flexure and torsion were significantly different.

. Damage indices using the Park and Ang approach under combined bending and
torsion correlated well with the experimental data. However, the validation was based on
limited test results with a narrow range of parameters. The columns used in the present
study were properly detailed according to the code requirements, satisfying confinement

requirements from flexural design point of view. However, under combined loadings, the
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behavior of columns with low seismic detailing will be significantly different. Thus, the
proposed limits on categorization of damage indices apply only to columns that are well
detailed or under-reinforced in flexure and torsion.

« Increasing the transverse spiral reinforcement ratio helped increasing the
torsional strength and rotational ductility by increasing deformational capacity after
yielding. An increase in the spiral ratio resulted in more confinement resulting in a
reduction of the damage index for flexure and torsional hysteresis under combined
bending moments and torsion.

« A reduction in shear span resulted in decreased energy dissipation and
amplified the damage index for both flexural and torsional hysteresis.

o Under combined shear force, flexural and torsional moments, energy
dissipation capacity and the equivalent-damping ratio increased with an increase in the
transverse spiral reinforcement ratio. However, they decreased with an increase in the

T/M ratio and a reduction in the shear span ratio.
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7. SUMMARY AND CONCLUSIONS

7.1. SUMMARY

The objective of this investigation was to gain a better understanding of the
seismic behavior of circular RC bridge columns under combined loading. The purpose of
the experimental investigation was to determine the effects of cyclic torsional moment
combined with bending moment, and shear force on behavior of circular RC bridge
columns. The analytical investigation focused on the improvement of existing models for
flexure, pure torsion and establishment of interaction diagrams from a semi-empirical
approach. It also investigated damage index models from a damage-based design point of

view.

7.2. CONCLUSIONS

7.2.1. Experimental Investigation. The experimental investigation tested 14
circular RC columns under various T/M ratios and bending moment-to-shear ratios.
Sections 4 and 5 described the experimental and analytical investigations and their
results. The major conclusions of this work are summarized in the following sections.

7.2.1.1 General conclusions.

« Degradation in the strength of columns under flexure with aspect ratios of
six and three occurs by formation of a flexural plastic-hinge at the base of the column,
followed by core degradation, and finally by the buckling of longitudinal bars on the
compression side.

« Columns subject to pure torsion failed by severe diagonal cracking,

leading to the formation of a torsional plastic-hinge near the mid-height of the column.
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« The failure of columns under combined loading is due to severe core
degradation followed by the buckling of the longitudinal bars. However, the location of
the plastic zone shift up from the base of the column according to the increase in T/M
ratio.

7.2.1.2 Effect of torsion-to-bending moment ratio.

« The location and length of the plastic-hinge change with specific
combinations of bending and torsion, i.e., with changes in the T/M ratio.

« A combination of bending and torsional moments reduces the torsional
moment required to cause yielding of the transverse reinforcement and the peak torsional
strength.

« Similarly, a combination of bending and torsional moment reduces the
bending moment required to cause yielding of the longitudinal reinforcement and the
peak flexural strength.

« Under combined torsion and bending, torsional stiffness degrades more
rapidly than flexural stiffness with the increments of displacement or twist in columns
reinforced with both 0.73% and 1.32% transverse reinforcement.

o Ultimate displacement decreases with a reduction in the flexural energy
dissipation capacity accompanied by an increase in the T/M ratio. Similarly, ultimate
twist decreases with a reduction in the torsional energy dissipation capacity accompanied
by a reduction in the T/M ratio.

7.2.1.3 Effect of spiral reinforcement ratio.
« Degradation in the strength of a column under pure torsion is contained by

increasing the spiral reinforcement ratio. Such an increase improves torsional strength
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and twist ductility with increase in deformational capacity after spiral reinforcement
yielding.

« An increase in the spiral reinforcement ratio provides more confinement to
the concrete core and better redistribution of the shear stresses thereby reducing the
degradation of bending and torsional strength under combined loading.

« An increase in the spiral reinforcement ratio delays the damage
progression corresponding to spiral yielding and peak torsional moment of a column
under combined loading when compared to the one with a lower spiral reinforcement
ratio.

7.2.1.4 Effect of aspect ratio.

« The shear capacity of columns under flexure increases with a reduction in
aspect ratio. This increase is proportional to the reduction in aspect ratio for the columns
considered in this study, which failed predominantly in flexure. However, such an
increase must be validated for columns that fail predominantly in shear.

 Displacement and twist at ultimate shear and ultimate torsional moment of
columns under combined loading decrease significantly with a reduction in shear span or
aspect ratio.

« Localized core degradation of concrete occurs at mid-height of columns
with a high aspect ratio of six under pure torsion. This effect is due to stress
concentration in this region. However, the stress distribution is uniform in columns with a
low aspect ratio of three, resulting in no localized failure.

« No appreciable reduction in bending and torsional strength occurs with a

reduction in aspect ratio. This effect is attributable to the predominance of the flexural
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failure, which was due to low longitudinal reinforcement ratio considered in this study.
However, energy dissipation under bending and torsional moments decreases
considerably with a reduction in the shear span ratio.

7.2.2. Analytical Investigation.

7.2.2.1 General conclusions.

« Existing plastic-hinge-based model was adapted to predict the behavior of
circular RC columns under flexure. The predictions agreed closely with the experimental
results. The model used in this study could be extended to predict the behavior of
columns under combined loading by adjusting the constitutive models for concrete
considering the confinement and softening effect.

« Existing softened truss model is modified to circular sections by removing
the variables related to out-of-plane warping and including the tension-stiffening effect.
The predictions for columns under pure torsion agreed closely with experimental data.

« The predictions of the interaction diagrams using the semi-empirical
formulations as adopted by Elfgren (1972) agreed substantially with the experimental
results.

7.2.2.2 Damage-based design approach and damage index models.

« The damage index model proposed by Park and Ang was derived
essentially from flexure-dominated specimens. It is modified and extended to account
for torsional loading in this study. Damage index models using the Park and Ang
approach clearly predicts the progression of damage for both the flexural and torsional

hysteresis under combined loading. They are physically intuitive, providing a simple
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means to quantify the damage from ‘0’, indicating no damage, to ‘1°, indicating near
collapse.

« The damage index model proposed by Hwang and Scribner was modified
by normalizing it with energy dissipation from flexure (flexural hysteresis) and pure
torsion (torsional hysteresis) results, respectively. Although these models accurately
predict the progression of damage, the damage index values at the ultimate state for
flexure and torsion are significantly different.

« Damage indices using the Park and Ang approach under combined loading
correlate well with the experimental data. However, the validation was based on the
limited tests with a narrow range of parameters. The columns used in the present study
are properly detailed according to the code requirements, satisfying confinement
requirements from a flexural design point of view. However, under combined loading,
the behavior of columns with low seismic detailing will be significantly different. Thus,
the proposed limits on categorization of damage indices apply only to the columns that
are well detailed or under-reinforced in flexure and torsion.

« Increasing the transverse spiral reinforcement ratio increased the torsional
strength and twist ductility with the increase of deformational capacity after yielding.
An increase in the spiral ratio provides more confinement thereby reducing the damage
index for flexure and torsional hysteresis under combined loading.

« A reduction in shear span decreases energy dissipation and amplifies the
damage index for both flexural and torsional hysteresis.

« Under combined loading, energy dissipation capacity and the equivalent

damping ratio increase with an increase in the transverse spiral reinforcement ratio.
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However, they decrease with an increase in the T/M ratio, and a reduction in the shear
span ratio. They also indicate the effect of shear in changing the failure modes from

ductile to brittle.

7.3. RECOMMENDATIONS FOR FURTHER STUDY

Following are recommendations for future research based on the discussion
in previous sections:

e In actual conditions, the bridge columns are subjected to three-
dimensional ground motions during an earthquake. Therefore, an experimental study
on combined cyclic bilateral bending and torsion would be valuable. The control of
actual loading protocol however, could be challenging.

o The effect of torsion on flexural curvature distribution is not yet clearly
understood. The significance of torsional loading in plastic-hinge models requires
further exploration.

e The loading protocol used in this study was intended to maintain a
constant torsion-to-bending moment ratio during the testing. However, it is impossible
to control the T/M ratio as a constant value once the flexural or torsional strength is
reached. Therefore, control algorithms could be developed based on the outputs of
different sensors for a better control on the T/M ratio for future test results.

e An algorithm to control twist-to-displacement as a test parameter is an
option for further research. The results of such work would be very useful in
establishing a rational relationship between flexural displacement and torsional twist

ductility from a displacement-based design point of view.
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e Additional full-reversal cyclic tests on RC members are needed to
investigate the effects of various T/M ratios, combinations of longitudinal and
transverse reinforcement ratios and levels of concrete strength and thus to provide
further validation of the experimental and analytical results presented here.

e Axial compression could enhance torsional and bending strength and
energy dissipation under combined loading. In the present study, all the columns had a
constant axial compression of about 7% of concrete capacity. Future work could study
the effects of variation in axial compression on the behavior of columns under
combined loading.

e Future work could test columns under combined loading subject to double
curvature with a lower aspect ratio or a higher bending moment-to-shear ratio. The
results would clarify the shear-dominated behavior under combined loading including
torsion.

e The proposed C-TS-STM model could be significantly improved to
include the Poisson effect for better prediction of post-peak behavior.

o Parameters affecting the spalling of concrete cover under pure torsion and
combined loading including torsion requires further investigation. A parametric study
could be conducted to investigate the tensile stresses at the plane of potential spalling
formed by stirrups, and to study the effects of various reinforcement ratios and concrete
strengths on spalling length.

o The size effect is significant in shear related problems of reinforced

concrete. Torsion is a 3-Dimensional shear problem and the size effect could be
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significant. At present, there have been no studies conducted on the size effect in
problems related with combined loading.

o The shape of the cross section also plays a major role in shaping hear flow
characteristics and thereby changing the failure modes of columns under combined
loadings. Testing of columns with different cross sectional shapes (e.g., square,
rectangular, and interlocking spiral) would address this gap.

e Damage-based design methods adopted in this study could be further
developed for the design of RC members under combined loading. Such a project
would require experimental work considering a wider range of parameters such as

sectional details and loading ratios.
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APPENDIX

ADDITIONAL FABRICATION, TEST SETUP AND INSTRUMENTATION
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Figure A.2 Location of Shear Legs on the Footing (Plan View)
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28 Longitudinal Gages 28 Transverse Gages

FACES ON COLUMN

Figure A.8 Strain Gage Locations for Pure Torsion with Aspect Ratio of 3
(All dimensions in millimeter)
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Gauge No. | Gauge Profile
Gauge No. Gauge Profile
9 A |AB|B | BC|C |CcD| D |AD

Iﬁ 9 B D

8 A B C D ++ 8 A|/B|C|D
210

7 A |AB|B |BC|C |CD|D |AD o 7 A|B|C|D
210

6 A B C D =+ 6 A|B|C|D
210

5 A |AB|B |BC|/C |cD|D |AD o 5 A|B|C|D
210

4 A B C D ++ 4 A|/B|C|D
210

3 A |AB|B |BC C |cD| D |AD ; 3 A/B|C|D
210
i?
4

44 Longitudinal Gauges 26 Transverse Gauges

Figure A.9 Strain Gage Locations for Combined Bending and Torsion Specimens with

Aspect Ratio of 3

(All dimensions in millimeter)



Gage No. | Gage Profile
11
10 A C
9
8 A C
7 A C
6 A C
5 A C
4 A|/B|C|D
3 A C|D
2 A C|D
1 A C

24 Longitudinal Gauges

630

=

Gage No. | Gaue Profile

11

10 B D
9 B D
8 A|/B|C|D
7 A|B|C|D
6 A|B|C|D
5 A|/B|C|D
4 A|B|C|D
3 A|B|C|D
2

1

28 Transverse Gauges

Figure A.10 Strain Gage Locations for Flexure with Aspect Ratio of 6

(All dimensions in millimeter)
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Gauge No. | Gauge Profile Gauge No. | Gauge Profile
11 T 11
1120
10 1T 10
630
9 4 9
630
8 A C 4 8 A C
210
7 + 7
210
6 A + 6 A
210
5 A 4+ 5 A
210
4 + 4
210
3 A C I 3 A C
210
2 4+ 2
210
1 4 1
— N
8 Longitudinal Gauges 8 Transverse Gauges
D B

Figure A.11 Strain Gage Locations for Pure Torsion with Aspect Ratio of 6
(All dimensions in millimeter)
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356|

356

Gage No. | Gage Profile
11 B D
10 B D
9 B D
8 A|B|C|D
7 A|B|C|D
6 A|B|C|D
5 A|B|C|D
4 A|B|C|D
3 A|B|C|D
2
1

Gage No. Gage Profile
11 A B C —H
630
10 A B C T
630
9 A B C T
630
16 LVDT's
8 A B C T
210
7 A B C +
83”
6 A B C + Plastic Hinge Length
8
5 A|AB|B | Bc| C |cp| D |pA AA
210
4 A B c| |D +H
210
3 A |AB| B |BC C |CD| D |DA| *
210
2 A B C D
210
1 A C
40 Longitudinal Gauges

30 Transverse Gauges

Figure A.12 Strain Gage Locations for Columns with Aspect Ratio of 6 under Combined
Bending and Torsion (All dimensions in millimeter)
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Figure A.13 Arrangment of Loading System at the Top of Loading Stub
(All dimensions in inches, 1 inch=25.4 mm)
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