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ABSTRACT

The report extends the fiber representation of a section to make possible the analysis of rein-
forced concrete or steel members independently or as part of two-dimensional frames: Hence,
slice locations are specified along the length of the element. Each slice is further discretized into
steel and/or concrete fibers. The state of the fiber is monitored and updated assuming plane sec-
tions remain plane. Slice stiffness is calculated from the fiber stiffness and the element stiffness is
arrived at by integration over the length of the element assuming linear flexibility between slices.
Shape functions which relate sl‘ice deformations to element displacements are also calculated and

updated.

By monitoring the various fibers and slices, it is possible to obtain the local response at critical
sections including moment-curvature and shear histories. Bond slip and shear effects are not con-
sidered however. Hence the multi-siice fiber element is suitable for modeling beams and columns
in a steel or reinforced concrete frame especially when the effects of axial loads on strength and
stiffness are significant. Furthermore, the element can account for axial load-bending moment

interaction and the pinching of hysteresis loops due to compressive loads acting on the element.

The functioning of the element is tested s¢parately and as part of a general dynamic two-
dimensional frame analysis program (DRAIN-2D2). The results of analyses are compared with
theoretical, experimental, and other analytical results and show the eiement to be a useful addi-
tional too! for the analysis of reinforced concrete frame behaviour. The limitations and advantages

over some other conventional discrete models are aiso illustrated through analysis results.
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I INTRODUCTION
1.1 Introductory Remarks

Recent research in}o the behaviour of reinforced concrete structures subjected to seismic
loads has been extensive. Yet due to the many phenomena that have to be considered, there
are still many aspects of the behaviour which are not fully understood and which result in wide
variations in response predictions. The phenomena which affect the response include cracking
and crushing of concrete as well as vielding , strain hardening, slipping, and buckling of the
reinforcing steel. Furthermore, when load and displacement reversals are taken into considera-
tion such phenomena as pinching of hysteresis loops due to shear, bond deterioration, and the
Bauschinger effect become important. In addition, the effect of a varying axial load on the
behaviour of structural elements can be significant, especially in the case of reinforced concrete

columns in frames subjected to seismic loading.

Despite significant advances in numerical methods and computational techniques for solv-
ing these types of problems [1,2,3,4,5,6,7], there has been only limited improvement with
regard to models for analytically predicting the nonlinear dynamic response of complete rein-
forced concrete frames. Although finite element programs have been developed to treat many
of these phenomena individually, little emphasis has so far been placed on practical methods for
predicting overall structural behaviour. There is a definite need for models which can provide a
reliable indication of the complex inelastic behaviour exhibited by members, but which are sim-
ple and flexible enough to be implemented in general purpose computer programs for studying
the seismic response of reinforced concrete frames. Such models would ideally provide informa-
tion on the local behaviour of critical regions which can aid in checking the adequacy of a

design, the collapse mechanism, and local detailing requirements.

Because of the many different phenomena involved, it is desirable to use different

approaches to model different components of a reinforced concrete structure, e.g. slabs, joints,
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beams, walls, and columns. While considerable research has been devoted to many of these
components, relatively little analytical research has been directed recently to the problem of
modelling columns. Axial loads acting on a reinforced concrete section affect the section’s
stiffness and strength characteristics as shown in Fig. 1.1. Furthermore, if the section is sub-
jected to a cyclic lcurvatu_re variation, the existence of a compressive axial load results in the
piﬁching of hysteresis loops as shown in Fig. 1.2. Because of this, the member’s capacity for
energy dissipation is also reduced, an important consideration for seismic resistant design. The
rﬁulti-slice fiber element, which is the object of this study, is espegially suited to model the
behaviour of reinforced concrete columns since it can take into consideration many of the con-

trolling phenomena, including the effect of a varying axial load.
1.2 Available Models

This study is mainly concerned with modelling elements where flexure and axial load
dominate the behaviour. Hence the emphasis is on column (and beam) modelling, while joints, -
slabs, and shear walls subjected to significant shear forces are not treated. Even with this res-

triction in scope, the relevant past research is extensive.

Different approaches have been suggested for modelling reinforced concrete frames.
These include simple or lumped models which reduce a frame to a single degree of freedom or
to a system consisting of a few degrees of freedom with lumped (and often simplified) mass
and stiffness properties. Discrete models are more complex in that they represent each struc-
tural element separately. Even more complex fiber and finite element models, whereby each
structural element is further discretized into a number of subelements, have been developed
for special applications.

The following four sections briefly describe these simple, discrete, fiber, and finite ele-

ment models, review recent studies conducted using these models, and outline their uses and

limitations.



1.3 Simple Models

Due to the increasing availability of fast computers with large memories, emphasis has
been shifting towards complex models. Yet simple modelling approaches have not been com-
pletely abandoned. Simple structure models include the shear beam model and various pro-
cedures for reducing a frame to a single degree of freedom. In addition to their low computa-
tional cost, simple models are relatively easy to apply and are very useful in preliminary design

stages.

1.3(a) Multi-Degree of Freedom Systems

The shear beam is the simplest representation of a frame subjected to lateral forces. Such
models have been used extensively to study the response of multi-story frames subjected to
earthquake motions [7,8,9,10]. The nonlinearity is taken into account in the shear springs
which model the story stiffness. For example, the envelope curve relating the story shear to
lateral drift could be trilinear to account for cracking and yielding at the story level. A hys-
teresis rule must also be included to account for unloading and load reversal. Aziz [7] in his
study of the dynamic inelastic analysis of frames includes an investigation of a ten-story frame
using the shear beam model. Aoyama [10] has developed a slightly more complex model that

incorporates flexural as well as shearing types of structural deformations.

1.3(b) Equivalent Single Degree of Freedom Systems

By assuming that the structure deforms according to its first mode or some other predeter-
mined deflected shape, a multi-degree of freedom system can be reduced to an even simpler
single degree of freedom representation. This was implemented by Pique [11] in his study of

the use of simple models in nonlinear dynamic analysis. A second alternative called the Q-
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model was developed by Saiidi and Sozen [12]. Tt consists of a massless rigid bar with a hinge
and a rotational nonlinear spring at its base and a concentrated mass and damper at the top as
shown in Fig. 1.3. A simiiar approach, used by Pique [11], superimposes a set of springs hav-
ing different yield levels in paralle!l. In this model, the combined stiffness changes continuously,

although the hysteresis function for each spring may be a simple relationship.

1.3{c) Uses and Limitations of Simple Models

Most studies using simple models arrived at the conclusion that the maximum response
values predicted by the simple models are satisfactory when compared with results from com-
plex models or tests carried out on scaled down frames. Since the input information required is
quite simple, these methods are well suited for preliminary design and for performing

parametric studies regarding overall performance characteristics.

One must keep in mind, however, the assumptions on which such simple models are
based. For example, in the case of the singlle degree-of-freedom representation, the higher
mode components of displacement are assumed to remain essentially unexcited by earthquake
motions. In the case of the shear beam model it is implicitly assumed that the girders are
significantly more rigid and stronger than the columns, This is true to a certain extent in the
case of weak column-strong girder design. However, this is not the typical case in reinforced
concrete construction and determination of appropriate modelling parameters may be difficult.
The information obtained using simple models is also usually insufficient for final designs,
detailing evaluations and reliability studies. For such purposes as well as for the analysis of
general structures which cannot be adequately represented by simple models, more sophisti-

cated modelling techniques are necessary.



1.4 Discrete Element Models

Discrete element models include a one-to-one correspondence between elements of the
actual frame and the idealized system. However, they generally simplify the behaviour of the
member by idealizing its hysteretic behaviour in terms of a set of predefined phenomenological
rules. Discrete models can be further divided into single component elements, multi-
component elements, elements which depend on interpolation functions, and plasticity based
models. This section briefly reviews these various types of discrete models, their uses, their

limitations, and recent studies which dealt with these models.

1.4(a) Single Component Models

Such models consist of a single element, usually elastic, flanked on either end by concen-
trated, nonlinear, rotational springs as shown in Fig. 1.4. Giberson [13] used this single ele-
ment model with the two concentrated flexural springs at the ends which modelled the inelastic
deformation of the member. Otani [14] used a similar approach to study the response of a rein-
forced concrete frame subjected to base acceleration. In Otani’s model the point of inflection
was assumed to be stationary at the member’s mid-length, though this is not a necessary res-

triction in general.

As the effects of inelastic deformations on response become more significant, it becomes
important to use as realistic a hysteresis model as possible. Hence the simpler bilinear model
for reinforced concrete member behaviour was superseded by a model proposed by Clough and
Johnston [15] which included overall stiffness degradation of a structure. Takedg, et al [16]
then proposed a hysteresis model which better conforms with results of cyclic loading tests of

reinforced concrete connections.

To account for the various loading and unloading stages, such models can be quite com-

plex - see Fig. 1.5. Nevertheless, the pinching effects associated with shear, bond deterioration,
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unegqual top and bottom reinforcement in beams,' and axial load effects in columns were not
modelled in the original Takeda model. Hence, a somewhat modified model was developed by
Takayanagi and Schnobrich [17]. In a study by Emori and Schnobrich [18] a further

modification was introduced to describe the effect of bar slip.

A thorough study using three of the formulations mentioned above as well as two others
was carried out by Saiidi and Sozen [12]. The structural members were idealized as indicated in
Fig. 1.4. Shear deformations were ignored, infinitely rigid joints were assumed but the g}avity
load induced P-A effects were taken into account. The member moment-rotation (M-8) rela-
tion was arrived at by simple numerical integration assuming a linear moment variation along
the length of the element and a trilinear moment-curvature (M-¢) relation (with break points
at cracking and yielding) as shown in Fig. 1.6. Using additional simplifying assumptions, rota-

tions due to bond slip were calculated resulting in a modified M-@ curve.

Studies using five different hysteresis models for the concentrated flexural springs were
compared with results of a shaking table test of small scale, 3-bay, 10-story frames subjected to
the N-S component of the 1940 El Centro earthquake. The results of the comparison are sum-

marized below.

The Takeda model [16] consists of sixteen rules applied to a trilinear primary curve. The
rules give the stiffness characteristics for c¢yclic loading and unloading at various stages of crack-
ing and yielding. The model results in energy dissipation for loads cycling below the yield point
since cracking is a breakpoint; such energy dissipation is observed in tests and is consequently
desirable to include in the model. Pinching, however, is not considered which resulted in an
overestimétion of structural stiffness during low-amplitude response. Nonetheless, the results
were very good: relative story displacement, deformed shape, and maximum response values
were in close agreement with experimental values. A refined version of the Takeda model has

been implemented in the DRAIN-2D program [2,4].

The Sina [12] model which is simpler than the Takeda model in that there are only nine
rules, has the additional advantage of including pinching which results in better prediction of

low-amplitude response than the Takeda model. To use this model the user has to specify
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certain parameters which define the shape of the hysteresis loops including the extent of pinch-
ing. This presupposes the availability of appropriate analytical or experimental results.
Nonetheless, the response relative displacements as well as the absolute maxima were overes-
timated by up to 20 %. The normalized deflected shape, however, was found to be quite close

to the experimental results.

The simple bilinear model, shown in Fig. 1.7, is used in the analysis of steel structures
and because of its simplicity is relatively economical to use. The stiffness characteristics during
unloading and load reversal are quite different from the observed cyclic behaviour of reinforced
concrete members. The bilinear model overestimates the energy dissipation for high amplitude
deformations and ignores dissipation for low amplitude deformations. Hence, the results were
found to be vastly different from actual tests and the bilinear model is believed to be inade-

quate for modelling reinforced concrete members.

The Otani model [14] as shown in Fig. 1.8 has a bilinear primary curve and therefore
ignores cracking altogether. This simplification was attempted to reduce the complexity and
computational effort of the Takeda model. Nonetheleés it remains relatively complex ( there are
11 rules involved ). In spite of this its performance was deemed unsatisfactory: for low ampli-
tude response the predicted displacements deviated considerably from experimental results; and

for high amplitude response, errors of up to 33 % were calculated.

Finally the Q-hyst model, developed for Saiidi’s study [12], also has a bilinear primary
curve as shown in Fig. 1.9. It differs from Otani’s model mainly by using softened unloading
and load reversal stages and reducing the number of rules to four. Its performance was very

good in regions of low amplitude response. The peak values were overestimated by up to 17 %.

The results using the Takeda and the Q-hyst models were found to be satisfactory, but the
latter has the additional advantages of simplicity and better reliability in low amplitude response

regions. None of these models explicitly accounts for axial load effects. An attempt has been
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made by Fintel and Ghosh [19] to devise a single component model in which axial load
influences the plastic yield moment. The mode! is based on a modified Q-hyst model, but nei-

ther pinching nor change in elastic stiffness due to axial load is taken into account.

The most recent and possibly the most flexible concentrated spring model is the one pro-
posed by Chen and Powell [20] for the dynamic analysis of reinforced concrete frames. The
model is capable of representing three dimensional behaviour since it takes into account biaxial
bending, torsion, and axial load effects. This is accomplished by application of plasticity theory
to a four dimensional vield surface. As in other lumped plasticity models, zero-length plastic
hinges are assumed at the members’ ends with an elastic portion in between. The hinges are
initially rigid, hence the initial stiffness of the member is identical to the stiffness of the elastic
portion. Furthermore, by having two subhinges at each hinge location, cracking and yielding
can be modelled. The model can represent stiffness degradation. However, it is unclear how
well a model based on plasticity interpretations of yieid surfaces can account for the behaviour

of concrete columns where cracking and crushing of concrete may have a crucial role.

1.4(b) Multi-Component Parallel Models

Another type of model is the parallel two-component formulation proposed by Clough and
Benuska [21,22,23]. The model consists of an elastic element in parailel with an elasto-perfectly
plastic element; hence it results in a conventional bilinear hysteresis rule. The elastic portion is
assigned a fraction of the member’s assumed stiffness equal to the proposed post-yield harden-
ing stiffness. The elasto-perfectly plastic element has an initial stiffness calculated such that the
combined stiffness of the two components in the elastic range is equal to the initial elastic
stiffness of the actual member.

The parallel two-component model was used in many early studies of reinforced concrete

structures [24] and incorporated into several computer programs [2,4,24,25,26,27]. The basic

bilinear hysteretic formulation would not be expected to result in reliable response prediction



9.

for a particular structure and ground motion [12,24]. However, Powell and Row [26] found that
the average response values obtained for bilinear and stiffness degrading models using many
different ground motions are nearly identical. Takizawa [28] modified the two-component bil-
inear model to better reflect the softening observed on unloading from the yield range and used
the modified model to gnalyze a three-story reinforced concrete frame. Aoyama [10] extended
the model into a nondegrading trilinear hysteresis formulation by modifying it into a threé
-component element consisting of an elastic element in parallel with two eiastoplasiic elements.
Klingner [27] uses two or three two-component elements in parallel to achieve the same effect.

Nonetheless, the axial load effects are simplified using this approach.
1.4(c) Mulii-Spring Serial Models

In the single and parallel component models plastic hinges are assumed to form only at
the ends of a member, However, at large deformations or as the result of transverse loads the
length of the plastic hinge regions can no longer be néglected. In addition, the stiffness charac-
teristics of elements vary along their length even in the elastic range. To account for this a
number of simple alternatives is possible. For example, as a simple extension of the single
component model, Hsu [29], and Takayanagi and Schnobrich {17] proposed a multiple spring
model for analyzing wall members. The member is divided into several sub-elements along its
axis each connected by nonlinear springs, see Fig. 1.10. Emori and Schnobrich [18] in their
study of frame-wall structures used single component elements to model beams and columns,
and multiple spring elements to model the shear wall. The flexural properties of each of the
subelements is defined by a trilinear moment-rotation primary curve and a set of hysteresis
rules is used to describe the unloading and load reversal stages. Although the multi-spring
serial mode] can represent the behaviour of a frame element subjected to a relatively general
moment distribution along its length, it still does not directly account for the effect of axial load

on member behaviour.
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1.4(d) Use of Interpolation Functions

Another way of achieving variable stiffness along the length of the member is through the
use of interpolation functions. Umemura et al {8,30] suggest such a model. 'They assume a par-
abolic distribution of flexural flexibility (1/EI) along the member’s axis. They account for
shearing deformations by assuming shear stiffness to be proportional to the flexural stiffness.
Using the parabolic interpolation function the member flexibility can be calculated for a known
moment distribution given the section ﬂéxibi]ity at the two ends and point of inflection. The
section flexibilities are obtained using a moment-curvature relationship based on a modified
Takeda model. The element flexibility matrix is inverted to obtain the required member

stiffness matrix.

Meyer et al [31,32] proposed a nonlinear reinforced concrete beam element that accounts
for the spread of plastic regions. The model is also based on a simplified Takeda moment-
curvature relation which needs to be calibrated against experimental test results. ZAP {33} is a
similar model that considers fixed end rotations due to bond slip in addition to plastic zones of

finite length.

Umemura and Takizawa [30], use similar modelling techniques for shear walls. The shear
deformations are treated independently from the flexural deformations and the corresponding
shear and flexural flexibility matrices are added to obtain the element flexibility which is
inverted to arrive at the element stiffness. Umemura et al [8] suggest that the axial load-
bending interaction for a fluctuating axial load can be accounted for by modifying the model.

However, this is not implemented in their studies,

1.4(e) Limitations of Discrete Models

Discrete models briefly described in this section can provide more detailed and accurate

information about the behaviour of reinforced concrete members than the simple models



-11-

discussed in Section 1.3, Nonetheless, discreie models based on simplified hinge or other
representations of inelastic behaviour are incapable of simulating the complex behaviour of

reinforced concrete members under arbitrary loading conditions and histories.

As discussed in Section 1.4(a) the concentrated spring model can be refined by increasing
the number and complexity of the ruies that govern the nonlinear moment-rotation relationship
for the springs. The fact that the hysteretic behaviour is predefined results in significantly
reducing the potential of the concentrated spring model to adapt to general loading conditions.
The properties of these concentrated springs are a function of the particular loading developed
in the member which is not generally known a priori. In addition, the hysteretic models usually

incorporated in most programs are not sufficiently elaborate to account for pinching due to

shear stress, axial force, and unsymmetrical steel distribution. However, the model proposed

by Thom [49] considers the effect of shear on the pinching and degradation of hysteresis loops.

The concentrated spring model may indeed be incompatible with some of these problems
due to the fact that unlike flexural deformations inelastic axial and shearing deformations may
not be concentrated at the ends of th: member. In addition, it may be difficult to define an
appropriate set of phenomenological rules that govern the interaction of flexural and axial
deformations. The use of interpolation functions can account for the spread of plasticity and
cracking. However, models using interpolation functions are also based on a multilinear
moment-rotation relationship which needs to be predefined. In addition, the fact that the form
of the interpolation function is constant (e.g. parabolic) may result in an inexact approximation
of the member’s stiffness. Meyer et al [31,32] proposed a nonlinear reinforced concrete beam
element that takes into account plastic deformations over regions of finite length. However, it
is based on a simplified Takeda moment-curvature model which does not include pinching due
to shear and axial loads and which needs to be calibrated against experimental test results. The
similar ZAP [33] model considers fixed end rotations due to slip as well as plastic zones of
finite length. It was developed to model reinforced concrete beams only and therefore does not

include axial load effects nor axial load-bending interaction.



-12-

1.5 Finite Element Models, Uses and Limitations

Unlike the discrete models described in Section 1.4, finite element models idealize each
structural member as an assemblage of a large number of finite elements. These elements can
be of various types such as truss or beam elements for steel and two dimensional plane stress,

plane strain elements or even three dimensional elements for concrete.

Analyses of reinforced concrete structures using the plane stress inelastic type of finite
elements have been performed {34,35,36]. Such analyses are particularly suited to studies of
wall panels. Such studies include Yuzugullu and Schnobrich’s [37] investigation of a shear wall
frame systemn under monotonically increasing loading, Darwin’s analysis of reinforced concrete
shear panels subjected to cyclic loading, and Cervenka’s [38)] inelastic analysis of reinforced
concrete panels loaded in their own plane. Although the correlation with experimental results
was good, such studies can be extremely costly. This is due to the number of elements involved
and the nonlinear behaviour, especially when loads» reach significant leveis. In addition to
material nonlinearities, the need to monitor crack propagation and bond deterioration further
complicates the analysis. The cost and time involved become prohibitive in the case of large
structures and when a dynamic analysis is contemplated. Furthermore, there are uncertainties
involved in the materialv and stiffness formulations of the finite elements resulting in approxi-

mate results in spite of the apparent refinement of these methods.
1.6 The Fiber Model

The fiber model is based on the finite element approach but simplifications are introduced
to increase computational efficiency. It differs from the phenomenological approacbh to discrete
element modelling in that a relatively detailed analytical description of the geometry and
material properties is used to evaluate the behaviour of critical regions rather than a simplified

and predefined set of hysteresis rules,
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The fiber model is somewhat more sophisticated than discrete models and can take into
consideration more of the phenomena involved in reinforced concrete behaviour. Typically,
the only data necessary to define the fiber model are the geometry of the member and section,
and the stress-strain relationships for the concrete and the reinforcing steel. Such data is gen-
erally available and is more reliable than moment-curvature sectional properties or moment-
rotation relationships which are needed in the case of phenomenological discrete models. The
fiber model, however, is less detailed than finite element models. Hence the computational and
storage requirements are less and the fiber model can be used to analyze the dynamic response
of reinforced concrete frames. However, the simplifving assumptions reduce the generality of

the method.

1.6(a) Basis of the Fiber Model

An extensive study of the fiber model approach to structural dynamic analysis was per-
formed by Mark and Roesset [39]. Th.e purpose of lhéir study was to investigate the applicabil-
ity of the fiber model to the prediction of the nonlinear dynamic response of reinforced con-
crete frames. The procedure started by dividing each element into segments along the axis of
the member. The slices at the ends of each segment were further divided into concrete and
steel fibers. The strains in these fibers were calculated from the centroidal strain and section
~ curvature by assuming that plane Sections remain plane. From the assumed uniaxial stress-
strain relationships, tangent stiffness moduli were calculated for the various fibers. From these
fiber stiffness moduli the slice stiffness can be arrived at by proper summation. Assuming
linear variation of stiffness between slices, the element tangent stiffness matrix was calculated

by integrating the slice stiffness along the length of the member.

Thus, the important first step was the adoption of suitable hysteretic stress-strain relation-
ships for the materials involved. The concrete model adopted by Mark [39] consists of a tri-

linear envelope with linear loading and unloading. Concrete is assumed incapable of carrying
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tensile stresses and once cracked, a concrete fiber cannot supply compressive strength until the
crack has closed. This simple concrete model was adopted because the detajls of the model
were found not to affect the section properties significantly. Mark models the steel behaviour,
however, with greater care. Six different analytical models based on three experimental studies
were compared. For small to moderate strains the bilinear elasto-plastic steel model was found

to perform reasonably well.

To solve the dynamic problem, the tangent stiffness corresponding to a current computed
moment and curvature state is used to predict the new curvature state (and hence moment).
This approach avoids iterating on the neutral axis position to achieve equilibrium at the section
level. However, Mark did not impose equilibrium corrections due to nonlinearities occurring

within a step so that small errors accumulated at every step.

While Mark {39] and in a similar fashion, FIRES-RC [40)] used the assumptions of plane
sections and uniaxial stresses, Bazant and Bhat {41] in their study of the hysteretic response of
reinforced concrete members used triaxial material properties and the deep beam bending
theory with transverse shear. To describe the steel .stress-strain relationship Bazant and Bhat
{411 adopted a simple analytic formulation that takes into consideration strain hardening and
the Bauschinger effect. To describe the triaxial concrete behaviour, they used the Endochronic
Theory [42). Triaxial stress states exist in reinforced concrete members because of shear
effects and the transverse confinement provided by the ties. Although deflections due to shear
deformations were not significant in the case considered, inelastic shear strains caused volume
dilatancy which resulted in significant forces in the stirrups. To include the effects of
confinement due to the ties, Bazant and Bhat [41] included transverse normal strains as
separate variables. Results for a cantilever beam were found to bel in good agreement with

experimental data.

As used in the studies by Mark [39], Bazant and Bhat [41] the fiber model was found to
be a valuable tool for studying the hysteretic response of reinforced concrete members. Such

phenomena as the "pinching effect” and the effect of axial load on stiffness and strength can be
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reproduced automatically. Both studies inciuded comparisons of analytic and experimental
results that showed that the fiber model can provide results which are in general agreement

with experiments and which are far more reliabie than phenomenological models.

1.6(b) Limitations of the Fiber Model

Many of the limitations of the concentrated model that were described in Section 1.4(e) -
do not apply to the fiber model since the fiber model starts with material stress-strain relation-
ships, the moment-rotation curve is not predefined and the model can represent the pinching of
hysteresis loops due to the a constant or varying axial load [39]. However, other considerations
are only treated approximately. For example, the common assumption of plane sections
remaining plane may not be exactly true, especially when there are significant amounts of
shearing deformations, shear cracks, or bond slip. Most fiber model analyses disregard these
effects. Bazant and Bhat [41] include shear strains which mean that the section (though
remaining plane) need not be normal to the axis of the element. Filippou et al [43] in a recent
study of bond deterioration do not assume compatibility of strains between the reinforcement

and the adjacent concrete, hence bond slip is explicitly considered.

Further simplifying assumptions are made when deducing element stiffness properties
from section properties. For example, a finite number of sections are chosen at various points
along the element and the stiffness is then arrived at by integrating over the length of the ele-
ment. The integration is performed by using a predetermined variation (shape or interpolation
function) which is completely defined once the stiffnesses of the sections being monitored are
caiculated. Mark [39] uses twenty such sections while Bazant and Bhat [41] use nine. Both,
however, place those sections at equidistant intervals along the element. Such. interpolation
functions cannot reflect the exact stiffness variation along the element especially since this vari-

ation changes as the leading conditions evolve.
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1.7 Objectives

The fiber model as described in the previous section is particularly suited for modelling
the behaviour of reinforced concrete members and frames. The increasing availability of high
speed computers with large storage capacity has made the use of fiber models a viable option

for the dynamic analysis of reinforced concrete frames.

The objective of this study is to develop and evaluate a multi-slice fiber element for
predicting the ihelastic cyclic behaviour of reinforced concrete beam-columns. Inherent in this
development is the need to incorporate automatically those features of reinforced concrete
member behaviour (such as cracking, stiffness degradation and pinching of hysteretic loops,
axial load-bending moment interaction, etc.) that can have an important influence on structural
behaviour, while achieving reasonable computational efficiency. Thus, certain simplifications
will be introduced in order to permit analysis of complete structural systems using modern com-
puter capabilities. Primary assumptions will limit consideration to uniaxial bending, and shear-
ing deformations and bond slip will be disregarded at this stage. To facilitate application of the
model it will be implemented in a general purpose nonlinear dynamic analysis computer pro-
gram. Comparisons with experimental and other analytical results will be made to assess the

accuracy and practicability of this modelling approach.

1.8 Scope

The following chapters discuss the theory of the multi-slice fiber model and its use in the
static and dynamic analysis of steel and reinforced concrete members and frames. Chapter 2
includes a description of the theory and operation of the multi-slice fiber model including the
‘step by step procedure for calculating and updating element stiffness. Material models are
described in this chapter. The implementation of the element in the DRAIN-2D2 [4] program

is also presented. Chapter 3 is mainly concerned with the verification of the functioning of the
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element. Simple analyses including the monotonic and cyclic loading of a steel beam as well as
the dynamic analysis of a linear elastic column are carried out and the results compared with

theoretical solutions.

Chapter 4 presents results of dynamic analyses of reinforced concrete columns and frames
subjected to sinusoidal as well as earthquake base motions. The effect of various modelling and
discretization assumptions is investigated in addition to the influence of analysis technique and
size of time step. The use of the multi-slice ﬁber model in predicting the response of reinforced
concrete members subjected to constant or varying axial loads is illustrated through various ana-
lyses and comparisons with results of analyses using other avatlable models. Finally, conclusions

and suggestions for further research are presented in Chapter 5.



-18-

II Description And Operation Of The Multi-Slice Fiber Model

2.1 Introduction

vMany approaches have been suggested for improved modelling of reinforced concrete
members for dynamic analyses of frames. One option is the use of many single component ele-
ments connected in series. While this procedure can take into account spreading of yielding
and cracking, it results in additional degrees of freedom and hence computational expense.
More importantly in the non-iterative, step-by-step integration procedures used in most
dynamic analyses, these additional degrees of freedom can develop significant unbalanced loads
that have to be eliminated which frequently results in numerical instabilities. Another option is
to use interpolation functions to distribute the yielding along the member. Such functions,
however, need to be predefined and while they may accurately represent the elastic behaviour
of the element, they would be incapable of representing inelastic behaviour under general ioad-
ing histories. Moreover, these and other modelling alternatives are usually based on idealized
moment-rotation relationships for the plastic hinge and it would be difficult to include the effect

of varying axial loads.

As adapted by Mahasuverachai and Powell [46] for the inelastic analysis of steel piping
and tubular structures, the multi-slice fiber element combines the advantages of both of these
approaches. Sections at various positions along the length of the member can be monitored and
interpolation functions can be used so that no additional degrees of freedom need to be
included or condensed out. Furthermore, the sections (or slices) are modelled by a fiber
representation so that the limitations associated with predefined phenomenological type hys-
teresis rules are overcome.

The multi-slice fiber element requires as input only the section and member geometry,
and the stress-strain relationships of the various ’fibers’. From these relationships, the slice
properties and subsequently the element stiffness can be deduced for the current load condi-

tions.
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The interpolation {or more appropriately shape functions) need not be predefined. These
are formulated as matrix transformations relating slice deformations to member end displace-
ments. Such functions depend on the current state of the various slices and need to be updated
whenever yielding or other changes occur. The derivation, use and updating of the shape func-
tions and element stiffness is central to the simplicity of the method and will be described in

some detail in the following sections.

Members to be modelled using the multi-slice reinforced concrete fiber element are
assumed herein to be straight and the locations of the slices along the length of the member
can be arbitrarily located by the user as described in the next section. Each slice must have an
axis of symmetry and the axes of the various slices must be in the same plane. All applied Joads
must be in that plane; thus, only uniaxial bending and axial effects are considered. The

detailed theory and workings of the model are described in Section 2.3.

Theoretically the multi-slice fiber model! for reinforced concrete can be formulated so as
to be suitable for three dimensional frame analyses. The model as proposed by this study, how-
ever, is intended for evaluation purposes and will be implemented for nonlinear dynamic, two-.
dimensional,‘ frame analyses using the computer program DRAIN-2D2. For a detailed descrip-
tion of the workings of the program as well as input requirements refer to Golafshani [4]. As
part of this program, the multi-slice fiber element can be used with other available elements
such as beam-column, brace, truss and panel.elements. Since it is intended for the analysis of
two-dimensional structures of arbitrary configuration, there are three degrees of freedom per
node which can be fixed or slaved. Masses are lumped at the nodes resulting in a diagonal mass
matrix. Damping can be mass and/or stiffness proportional. Static loads may be applied prior to
the start of the dynamic analysis, but currently such loads should not cause inelastic deforma-
tions. Geomeitric stiffness (otherwise known as the P-A effect) may be included, but is a func-
tion of the axial loads resulting from the static analysis; hence the geometric stiffness of an ele-
ment does not change with variations in the axial load which occur as the dynamic analysis

progresses. Finally, @ major advantage of the program is the capacity of performing an event-
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to-event analysis - i.e. the structural stiffness is modified whenever an element undergoes a
change in stiffness due to a change in state. Depending on the element and the events con-
sidered such a procedure can reduce or eliminate the unbalanced forces which accumulate dur-
ing a time step and have to be corrected, or balanced at the end of every step, a process which

necessitates small time steps and may result in numerical instability.
2.2 Element and Slice Geometry

As shown in Fig. 2.1 the slice locations are specified at arbitrary points along the member.
That is, the slices need not be equally spaced. Furthermore, the slices are completely indepen-
dent which permits the modelling of a member with a variable cross section and/or material
properties. Fig. 2.2 shows a slice broken down into its component fibers. The user needs to
specify the fiber coordinates with respect to an arbitrary axis around which the moments are
later calculated. Note that there are no internal degrees of freedom. Hence the slice deforma-
tions and therefore fiber strains are calculated from the three local degrees of freedom which in
turn are calculated from the six global degrees freedom - see Fig. 2.3. Moreover, appropriate
transformations are also included to consider two rigid end zones of arbitrary length. Note,
however, that the member and the rigid end zones have to be on a straight line joining the two

end nodes as shown in Fig. 2.3.

In the current implementation of the element up to 15 slices can be used and their posi-
tions, chosen by the user, remain fixed throughout the analysis. The element flexibility is
assumed to vary linearly between the slices. With this in mind, slice locations should be
chosen to represent as accurately as possible the expected flexibjlity variation along the member

taking into account cracking, crushing, and yielding,
In the case of pure bending, for example, if the flexibility (é) is constant, then only two

slices at the ends of the member would be needed to accurately capture member behaviour. In

the case of reinforced concrete members, however, even for a linearly varying moment
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distribution the section flexibility varies along the member and changes dramatically when the
reinforcement yields. Generally the moment and, therefore, the curvature variation is unk-
nown a priori which makes the choice of optimum slice locations difficult. This is further com-
plicated by the fact that the fiexibility distribution changes due to loading, unloading and load
reversal as well as moment-axial load interaction. In general, however, the model’s accuracy
increases with an increasing number of slices. In the case of a reinforced concrete column
where the moment distribution is linear and the largest moments are expecied to be near the
ends of the member, it would be reasonable to concentrate the slices near the member’s ends
with additional slices near midspan. This is possible since the slices need not be located at reg-
“ular intervals along the member’s length. However, caution is required tc insure that one cap-

tures an adequate picture of the flexibility variation along the member - see Fig. 2.4.

2.3 Theory and Workings of the Multi-Slice Fiber Model

This section describes the theory and the implementation of the multi-slice fiber model
representing the behaviour of reinforced concrete members. The various sub-sections describe
the assumptions and methods used for calculating fiber, slice, and element stiffnesses as well as

determining the shape functions.

Beam theory is the basis of this model. Plane sections are assumed to remain plane,
hence the strains in the various fibers can be easily calculated and the corresponding fiber
stresses and stiffnesses deduced from the cyclic stress-strain material relationships. The ele-
ment flexibility is arrived at by integrating slice flexibilities which are calculated by summation
over the fibers. The tangent ejement stiffness is calculated by inverting the element flexibility
and expanding from the three local degrees of freedom to the six global ones. The shape func-
tions relating slice deformations to element displacements are derived from the current slice

and element flexibilities.
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2.3(a) Fiber Stiffness

Using the assumption of plane sections remaining plane, the strains in the various fibers
can be calculated once the strain at some reference point has been determined along with the

slice curvature. The equation giving the strain {¢;) in the /’th layer is:

€, =—€, + ¢y 4y

where, €, = strain at reference point (usually
plastic centroid or midheight)
¢ = slice curvature
¥ = distance from centroid of /’th fiber

to the reference point

The sign convention governing the various quantities appearing in Equation (1) is given in Fig.

2.2. Note that compressive strains and stresses in the fibers are assumed positive.

Once the strains in the various fibers are determined, the stresses are arrived at from the
adopted cyclic stress-strain material relationships discussed later. The accuracy and generally
the complexity of the fiber model are a direct function of the adopted stress-strain relationships.
The tangent stiffness of the fiber is of course the slope of the stress-strain curve for the given
strain. Note that, as in the case of stress calculations, the stiffness (or slope) must be derived
giving due consideration to the previous strain history of the fiber and whether the fiber is load-
ing or unloading.

In the special case when the stress-strain curves are approximated by multi-linear seg-
ments, the stiffness would simply be the slope of the segment corresponding to the given strain.
Hence, the multi-linear stress-strain formulation reduces the amount of calculation involved

since the fiber stiffness is readily available without the need for differentiation. The multi-



-23.

linear formulation also simplifies the definition of an ’event’ i.e. a significant change of fiber
stiffness. Such a change in any fiber’s stiffness also ieads to a change in the overall stiffness of
the member. To obtain ’exact’ results the element stiffness should therefore be updated when-
ever any event occurs. This, however, can be computationally unfeasible especially if highly
complex material models are adopted and the element is part of a large reinforced concrete
frame undergoing a dynarrﬁc analysis. Because of this, the material models should be as simple

as possible while still retaining the significant physical properties.

The bilinear steel model described in Fig. 2.5 was found by Mark [39] to give sufficiently -
accurate results provided that the inelastic deformations remained relatively small. For this
model! there are only two possible stiffnesses, the initial (or elastic) and the post-yield (or strain
hardening) stiffnesses. Any transition from one to the other is considered an event, i.e. yield-
ing and unloading. More complex material behaviour can be modelled by superimposing
several bilinear steel fibers at the same location. The complexity of the material models must be
consistent with the other assumptions being made (i.e. no shear deformations, no bond slip
etc.) and the computational effort. The bilinear model appears to be a reasonable compromise
for this application. The concrete model shown in Fig. 2.6 consists of a monotonic envelope
defined by five linear segments. The number of segments can be easily increased which would
result in a slight increase of storage requirements. As shown in Fig. 2.6 concrete is assumed
incapable of taking any tension. Unioading proceeds elastically and a crack opens once zero
stress is reached. The fiber can carry compressive stresses only upon the closing of the crack,

and reloading to the envelope curve again proceeds elastically.

It can be noted that there are many events (stiffness changes) associated with theyconcrete
model. It has been observed [39,44,45] that the precise details of the concrete stress-strain
diagram do not greatly affect the overall behaviour of a member, especially in the case of large
cyclic deformations. Concrete properties can often be simplified without adversely affecting
accuracy. Hence, to reduce computational effort this type of simplified concrete modei may be

appropriate. Furthermore, the user has the option_of disregarding many of the events associated



24.

with the concrete fibers that might occur during a loading increment. Unloading, however, can
be retained as a ’significant’ event. This reduction in the total number of events to be con-
sidered can be numerically advantageous, since every significant event requires the element’s

and therefore the structure’s stiffness to be updated.

By disregarding ce;tain events it is clear that an approximate stiffness is being used. This
results in errors which can accumulate, such that the final results may be quite inaccurate. To
avoid this, an exact state determination for the element is used which does not ignore any of
the events. Once the state of the element is determined at the end of a siep, the forces at the
ends of the member are calculated based on (1) the significant events and (2) all events and
any difference between them is corrected on the nodes at the ends of the member. This pro-

cedure is described in Section 2.3(e).
2.3(b) Slice Flexibitity

Once the stiffness of the various fibers making up a given slice are determined, the slice
stiffness and therefore flexibility can be easily calculated. Two degrees of freedom per slice
along with the assumption of plane sections remaining plane are sufficient to define the state of
the slice. As shown in Fig. 2.2, the two degrees of freedom can be chosen as the curvature and
the strain at some reference axis, usually the plastic centroid (or simply the middepth of the
section). Slice bending moment (M) around this reference axis and an axial load (P,) are
associated with these degrees of freedom. Incremental section forces are calculated using the

following pair of equations which express summations over the fibers in a slice:

dPS = 214, 'Ej'dﬁ,' (2)

dMS = zA";E"dG,"yi (3)
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where A = area of fiber /
E, = current stiffness of fiber

and €,, y; as defined in Eq.(1)
Making use of Eq. (1) these equations can be rewritten as:
dP, = Y A;"E-(~de, + doy,) 4)

dM; = ZAi‘Er'yl'(_dEp + dey;) (5)

Denoting the slice tangent stiffness by k, we have:
aM\ | ldo ay anfjdé
[dPS ] = ks[dep} = [az1 ax||de, 6)

From Egs. (4) and (5) it is clear that:

a, = ZA.'.E‘.ylz (7)
ay=ap= YA E (8
ap; = ZA;'EJ' (9)

Hence the (2 x 2) tangent slice stiffness matrix is completely defined and the correspond-

ing slice flexibility matrix {; is given by simply inverting the stiffness matrix:

f, =k ! (10)
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2.3(c) Element Stiffness

The two end rotations along with the axial displacement shown in Fig. 2.3 constitute the
three local degrees of freedom for the element (9;, ,, and A). Associated with these degrees
of freedom are the two end moments (M,, M,) and the axial load (P). Assuming linear varia-
tion of flexibility between slices, the element flexibility can be calculated by closed form
integration of section flexibility along the length of the element. This procedure is described in

this section.

The first step is to relate the slice forces S, (M,, P,) to the forces at the end of the

member 5, (M, M,, P); in other words to determine the (2 x 3) matrix b in the equation:
S, =bS,, ap

This can be accomplished by straightforward application of the equations of equilibrium as

shown in Fig. 2.7. One therefore arrives at:

0
1 (12)

-1+

X X
T L
b= o o

The slice flexibility was developed in Section 2.3(b) and by assuming linear variation of flexibil-
ity along the member, the flexibility f, (x) of any section can be calculated by interpolation.
This section flexibility relates incremental slice deformations dv, (d¢, de p) to the incremental

slice forces: dS, (dM,, dP,) as follows:

5, (x) = £, ()5, (x) = [f; }';;] 45, (x) 13)

Equations (11) and (13) along with the virtual work principal lead to:

vy, = 1, dS,, (14)
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where f,, the (3 x 3) element flexibility matrix is given by:

L
£ = f b7 GOL, (b0 dx (1s)
a

By breaking up the integral over the individual slices and using natural coordinates with

the transformation deﬁnéd in Fig. 2.8, Eq. (15) can be rewritten as:

1
ns—1 2
fn= 3 L [ £, bE)d(© (16)
=] —_é_
where: ns = number of slices used

L, = length of member between slices °i’ and ’i + 17

Hence the (3 x 3) element flexibility matrix relating end displacements to end forces can
be calculated. The element stiffness matrix can be obtained by simple inversion of the flexibil-

ity matrix:
k, = f;! an

Finally the element tangent stiffness can be expanded to the complete element (6 x 6) stiffness
matrix which includes rigid body displacements and a transformation applied so that the final
stiffness matrix relaies global displacements to global forces. This transformation takes into con-

sideration rigid end zones of arbitrary length.
2.3(d) Shape Functions and State Determination

One of the advantages of the multi-slice fiber model is the fact that there are no
predefined interpolation or shape functions. The shape functions used to calculate slice defor-
mations from member end displacements are a function of the slice flexibilities and are there-

fore continually updated as the state of the element evolves {46].
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Combining Egs. (11), (13), and (14) leads to

av, = f£,f; dv, (18)

Therefore the shape functions which give slice deformation increments in terms of ele-

ment deformation increments are given by:

a~= fbf! (19)

These shape functions can be used to calculate the slice deformations and hence to update the
state of the slices and consequently the element. For a differential increment in slice deforma-
tions the shape functions as derived are exact. For finite deformation increments, however, the
shape functions would only be exact if the state determination and updating phase is divided
into sufficiently small steps so that the shape functions are changed every time a material event
occurs - e.g. the yielding of a steel fiber or the cracking of a concrete fiber, etc. Even if this
procedure is implemented, one should keep in mind that the state determination phase would
be exact only in so far as the adopted linearized material stress-strain relationships represent the

actual material behaviour.
2.3{e) Unbalanced Forces

If a strict event-to-event approach is adhered to - ie. if the structure’s stiffness is
modified whenever any of the elements and therefore fibers changes state - then equilibrium
would always be sétisﬁed. The axial load would be constant along the element and the bending
moment would vary linearly. To save on computations, however, the user may ignore the
stiffness changes during a time step and apply corrective forces at the end of the step. Conse-
quently, equilibrium will not necessarily be satisfied at the end of the step. While iterative stra-
tegies exist 1o correct for this, they are incompatible with the desired computational efficiency.

An alternative that may be acceptable if the size of the unbalance is relatively small is to add to
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the next time step‘s load vector a set of self-equilitrating corrective forces. These corrective
forces should equal the difference between the “nonlinear’ or actual element forces at the end
of the step and the ’linear’ forces that result from the assumption of constant element stiffness
throughout the time step. The ’nonlinear’ forces are obtained by going through a strict event-
to-event element state determination given the state of the element at the beginning of the
time step and the additional displacements imposed on the element during the time step in
question. This is done in all cases and the ‘nonlinear* forces become the starting point for the
subsequent step. The ’linear’ forces on the other hand are simply equal to the initial element
forces plus the element stiffness at the beginning of the step multiplied by the additional dis-
placements. Note that in the case of an analysis using ’significant’” events, ’linear’ forces are
updated whenever a ’'significant’ event occurs and not merely at the end of a given time step.
If no events occur for a given element during a certain time step then the be no need to apply
corrective forces. If an event does occur a correction is required to prevent a divergence from

the true solution.
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II1 ELEMENT VERIFICATION

3.1 Introduction

This chapter deals mainly with the verification of the multi-slice fiber element’s operation.
The element can be use‘d separately, in which case it is capable of tracing the slice (as well as
the fiber) deformations and forces given the history of displacements at the ends of a single
member. The model can also be used as part of DRAIN-2D2 [4] 10 analyze the dynamic
response of two-dimensional frames. Several analyses will be carried out to illustrate these two
uses of the element. The effect of various parameters, such as the number of fibers per slice,
the number and location of slices, and the size of the time step used will be investigated. Sim-
ple analyses will be used and the results compared with theoretical, analytical, or experimental
values. The analyses include static monotonic and cyclic loadings of a steel beam and dynamic
sinusoidal linear elastic analyses of a column. Further verifications and analysis of reinforced

concrete columns and frames will be included in later chapters.

3.2 Monotonic and Cyclic Loading of a Steel Beam

The steel beam used has a five inch by twelve inch rectangular section. As shown in Fig.
3.1(b) the beam analyzed is fixed at both ends and one end is moved vertically relative to the
other. Hence, the load-deflection curve for a beam loaded as shown in Fig. 3.1(c) can be
derived. These are then compared to theoretical results based on an elasto-perfectly plastic

steel stress-strain formulation.

For the purpose of comparison, the yield moment for the given section is 7200 Ib-in. and
the plastic moment is 10,800 Ib-in. The corresponding yield load is 288 1b. and the ultimate
load is 432 Ib. The theoretically derived load-deflection relation is given in Fig. 3.2 assuming

the geometry and the material properties given in Fig. 3.1 and a steel strain hardening slope of



zero - i.e. elasto-perfectly plastic steel.

Results of a multi-slice fiber model analysis of this beam are given in Fig. 3.3 which show
the effect of the assumed strain hardening slope. The value of this second branch of the
stress-strain curve is alternately set at 10.0, 100.0, and 1000.0 Ksi. As expected, the pre-yield
behaviour is not affected, but the load required to produce equal displacements beyond first

yield is higher for higher strain hardening rates.

Because of possible numerical problems, it is advisable to use a small second slope instead
of an elasto-perfectly plastic model. In this case a minimum second slope of 10.0 Ksi was used
which amounts to 0.033% of the initial siope - 30,000 Ksi. As expected the results of the
analysis using a 10.0 Ksi second slope are therefore essentially identical to the theoretically

derived curve based on an elasto-perfectly plastic steel model and given in Fig. 3.2.

Fig. 3.4 shows the effect of varying the number of fibers per slice. These analyses all
divide the member into equidistant slices along it’s length and use a hardening slope of 1000.0
Ksi. The number of fibers per slice, however, is changed from 6 to 12 and 18. Note that there
is a slight difference between the analyses using 6 and 12 fibers. Since the yield load is a func-
tion of the distance between the neutral axis and the centroid of the extreme fiber, the yield
load drops from 336 Ib. to 312 Ib. Increasing the number of fibers further - from 12 to 18 per
slice - again results in a decrease in the yield load - from 312 1b. to 304 1b. However, the shape
of the curve does not change appreciably and the curves corresponding to 12 and 18 fibers per

slice nearly coincide.

The number and positions of the slices were held constant in the previous comparisons.
Fig 3.5 indicates the effect of varying the number and position of the slices along the length of
the member while keeping the number of fibers per slice constant at 12. Using the analysis
with eleven equidistant slices as a reference, note that the number of slices used doss not make
a difference as long as the beam is behaving elastically. As yielding starts to spread, the larger
the number of slices, the better the results. Concentrating slices in the region of the anticipated

hinging is highly advantageous. However, it is essential t0 have some slices in the elastic
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portion of the beam to capture the elastic flexibility distribution.

Finally, Fig. 3.6 indicates the capacity of the mode! to consider cyclic behaviour. The dis-
placement is cycled between extremes of -4.0 and 4.0, inches and the figure gives the
corresponding P — A variation. Keeping the basic assumptions in mind, the figures presented
so far are "exact” since the mode! takes into consideration the yielding and unloading of each
fiber in every slice. Thé steel stress-strain relationship is bilinear. Consequently the Bausch-

inger effect is not in evidence. This absence can be detected in Fig. 3.6.

3.3 Dynamic Analysis of a Linear Elastic Column

A steel column fixed at the base and restrained from rotation at the top is subjected to the
sinusoidal ground acceleration record shown in Fig. 3.7. The amplitude of the ground accelera-
tion is scaled in such a way as to insure that the behaviour of the column throughout its length
remains elastic. This simple analysis is performed, since theoretical results are available for
easy co.mparison. Furthermore, a parametric study of the effect of the analysis time step can be

performed.

The acceleration record is discretized into steps of 0.025 seconds. The time step used in

the analysis, however, is varied between 0.005 and 0.015 seconds. Noting that the natural

period of the system (T) is 0.15, the apalysis time step is thus varied between —3%- and TT(_f

The results are given in Fig. 3.8 along with the theoretical curve. This indicates satisfactory

correlation so long as the integration time step is sufficiently small.



-33-

IV ANALYSIS OF REINFORCED CONCRETE COLUMNS AND FRAMES

4.1 Introduction

Although the mulii—siice fiber element can be used to model members of a steel frame,
the main concern of this report is its capabilities for modeliing reinforced concrete frames. The
element appears especially well suited for modelling the behaviour of reinforced concrete
columns when the axial load is appreciable or fluctuates significantiy with time. Of course,
shear considerations must not be dominant and other elements must be used to model defor-
mations associated with bond slip in connections. The ability of the muiti-slice fiber element to
account for the influence of an axial load on a member’s strength and stiffness characteristics as
well as on the shape (pinching) of hysteresis loops will be illustrated in the following sections.
Results of dynamic analyses of several reinforced concrete columns and frames are examined.
Comparisons are made with results of other analytical studies to identify the capabilities of the

method.

4.2 Dynamic Analyses of a Reinforced Concrete Column

To check the functioning of the multi-slice fiber model several parametric studies were
run on a reinforced concrete cantilever column subjected to horizontal base excitation. Various
modelling and analysis assumptions were considered to assess their effect on the accuracy of the
element and to develop some insight into the dynamic response of simple reinforced concrete

structures.
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4.2(a) Example Column

The column selected, shown in Fig. 4.1, has been previously analyzed and tested [39,44].
The geometry and material properties of the column assumed in the analyses are given in Figs.
4.1 and 4.2. The bilinear steel model was used with a yield stress of 48.4 Ksi, an initial slope
of 29000 Ksi and a strain hardening slope of 300 Ksi. The concrete stress-strain curve shown
in Fig. 4.2 closely follows the suggested relationship for the confined portion of the column see-
tion [39]. Since spalling did not occur in previous analytical and experimental analyses, large
concrele strains were not anticipated and the same concrete model was used 1o represent the
behaviour of the unconfined portion. This observation was born out by the results of these
analyses. For purposes of later comparisons, the maximum axial load capacity of the section
Prax (given by 4. - f' + A, - £,) is equal to 301 Kips.

Unless otherwise specified, the section was discretized into eight equal concrete layers and
six slices were considered along the length. Since the moment diagram expected for this
column varies linearly from a maximum at the base to zero at the top, slice locations were con-
centrated in the vicinity of the base. Hence for this standard case the slices were spaced at 2.0-

3.0-5.0-5.0-5.0 inches starting at the base.

The excitation used in most of the analyses consisted of a simple sinusoidal base accelera-
tion record with a period of 075 seconds shown in Fig. 4.3. This was used to develop
significant deformation reversals. Some analyses were performed using the N-S component of
the 1940 E! Centro acceleration record. The analysis time step used was 0.00125 seconds (or

approximately 1/38 of the apparent period of the column).

4.2(b) Influence of Modelling and Discretization

The first parameter to be considered was the number of slices along the length of the

member. Two runs were made, one using eleven slices uniformly spaced at 2.0 inches and
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another using the standard six slices. To make sure the steel yielded, the acceleration record
amplitude was set at 2.0g. In both cases the column was subjected to an axial load of 33.5 Kips
or P.../ 9 in order to produce relatively complex hysteresis behaviour. The tip displacement
histories are compared in Fig. 4.4(a), while Fig. 4.4(b) compares the moment-curvature his-
tories developed at the base of the column. It is clear from Fig. 4.4(b} that the element is able
to trace the very complex hysteretic loops developed by this column. The global displacement
response and moment-curvature response obtained using only six slices are very close to the
results obtained using eleven equally spaced slices, This is reasonable since the flexibility varia-
tion in regions of lower bending moments would be less dramatic (or even linear) and hence
can be adequately captured by a relatively small number of slices. Slices should be located in
regions where significant variations in flexibilities are likely to occur rathef than arbitrarily or
uniformly spaced along the member. Because of the satisfactory results provided by the six-

slice model, the foltowing analyses use this configuration as standard.

The second modelling parameter of interest is the number of concrete fibers considered
across a slice. Fig. 4.5 shows a comparison of two analyses, one discretizing the section intp
eight and the other into sixteen layers of equal depth. Again, the axial load applied to the sec-
tion was 33.5 Kips and the sinusoidal acceleration record with an amplitude of 2.0g was used.
The tip displacement histories (given in Fig. 4.5(a)) corresponding to the two analyses are in
close agreement. The moment-curvature histories for the base of the column (given in Fig.
4.5(b)) differ to a somewhat larger extent. As expected, the sixteen fiber discretization results
in relatively smoother stiffness transitions. The tip displacement history, however, reflects the
overall stiffness of the member and in regions of iow bending moment - which remain essen-
tially elastic - the number of fibers is not of great consequence. Hence, the variation of tip dis-
placement is less sensitive to the number of fibers per slice than is the moment-curvature his-
tory at the base of the column. It appears that a relatively small number of fibers can be used

to adequately represent the section behaviour.
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4.2(c) Influence of Geometric Stiffness

As mentioned earlier DRAIN-2D2 [4] has the capacity of including simple geometric
stiffness (P — A effect) based on the axial loads resulting from a static analysis. Fig. 4.6 shows
results of two analyses, one ignoring and the other including geometric stiffness. The
geometric stiffness in this case is a function of the applied axial load which is constant
throughout the analysis and equal to 16.75 Kips or P,/ 18. Note that in the initial elastic
phases the two curves show no significant difference. Later, however, the extent of inelastic
behaviour increases as evidenced by the elongation of the period, and the effect of geometric

stiffness correspondingly increases.

4.2(d) Influence of Acceleration Record Amplitude

Fig. 4.7 compares the tip displacement histories resulting from sinusoidal acceleration
records scaled to 1.0g and 2.0g amplitudes. As expected the larger amplitude record results in
larger displacements. Furtherrhore, while the lower amplitude record exhibits periodic motion,
the higher amplitude record does not. This can be explained by the fact that the behaviour of
the column subjected to the 1.0g record is essentially elastic, though nonlinear, as shown in Fig.
4.8(a). This figure shows the moment-curvature history at the base of the column - the loca-
tion of the largest moments. A definite cracking load is observed, since the column is sub-
jected to a compressive axial load. The steel, howe\'rer, does not yield for this excitation. Upon
reversal of a displacement excursion, open cracks on one side of the section close, while cracks
start opening on the other side. This results in the nonlinear elastic moment-curvature
behaviour indicated. Fig. 4.8(b) shows the moment-curvature history corresponding to the
higher amplitude record. Clearly the steel yields in this case and the behaviour is no longer

elastic. Because of the inelastic behaviour, the response is no longer periodic.
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4 2(e) Influence of Applied Axial Load

The axial load applied to the column can also significantly change its behaviour. Using
the 1.0g sinusoidal record three runs were made as the axial load varied from 0.0 to 16.75 Kips
and finally to 33.5 Kips. The mass, however, was held constant. The tip displacement histories
are given in Fig. 4.9(a) and indicate an increase in maximum displacement with a decrease in
axial load. This is essentially due to the fact that for this range of loading the stiffness increases
with the applied load. Furthermore, note that the displacement history corresponding to the
33.5 Kip load is periodic and the behaviour elastic as indicated by the moment-curvature plot
given in Fig. 4,9(b). The moment-curvature plots corresponding to the lower loads, however,
indicate steel yielding and hysteresis loops developing and growing as the axial load decreases -
see Figs. 4.9(c) and 4.9(d). This can be explained by the fact that for this range of loading the

yield moment increases with an increase in axial load.

4 2(f) Influence of Analysis Technique

In the preceding analyses the event-to-event procedures discussed in Chapter II were
used. That is, all stiffness changes occurring during an integration time step are detected and
accounted for in determining the response. Since the member is represented by several slices,
each consisting of several fibers, the number of potential events during a single time step is
very large and could result in excessive computational effort. DRAIN-2D2 [4] has the option
of disregarding events during time steps - i.e., the structure’s stiffnesses at the beginning of the
time step is assumed constant throughout the step, irrespective of actual element stiffness
changes. The stiffness is updated at the end of the step and equilibrium errors (unbalanced

forces) are then corrected for at the beginning of the next step.

Two analyses were carried out to illustrate these procedures using a 2.0g amplitude

sinusoidal acceleration record (shown in Fig. 4.3). An axial load of 33.5 Kips was applied to
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the column. The first analysis proceeded strictly event-to-event, that is the column’s stiffness
was updated whenever any of the fibers changed stiffness. In the second analysis such midstep
‘events’ were disregarded until the end of the time step. The corresponding two tip displace-
mem histories are given in Fig. 4.10(a). Note that the difference is not appreciable for the time
step used and while the analysis disregarding midstep events took two minutes, the one consid-
ering all events took five minutes - these and the following analyses were made using a VAX
750 machine. Fig. 4.10(b) compares the corresponding moment-curvature histories at the base
of the column. Note that updating the stiffness whenever a fiber changes state results in a
smoother curve, but that the maximum values and the overall shape of the hysteresis loops is

not appreciably affected.

As a means of cutting computation effort while still achieving satisfactory results, an addi-
tional option was incorporated into the multi-slice fiber model for use in conjunction with the
event-to-event approach of DRAIN-2D2. This option disregards “insignificant’ events. For the
purposes of this element the only significant event considered for the concrete is unloading.
Any change in a steel fiber’s stiffness is considered a significant event, since the behaviour c_)f
the reinforcing steel has a greater influence on section behaviour. Fig. 4.11(b) shows a com-
parison of the tip displacement histories corresponding to a strict event-by event analysis and an
analysis which considers only significant events. The difference is not appreciable while the
analysis times were five minutes and two and,a half minutes, respectively. Fig. 4.11(a) shows
the corresponding moment-curvature histories. Note that the maximum values and overall
shapes are quite similar. It is also interesting to note that including ’significant’ events results
in a smoother curve than disregarding all midstep events - compare Figs. 4.10(b) and 4.11(a) -

without an appreciable increase in computational effort.
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4.2(g) Analysis Using El-Centro Record

To illustrate the capabilities of the element under earthquake type excitations, the exam-
ple column was also subjected to 6 seconds of the 1940 N-S El-Centro record. A constant axial
load of 16.75 Kips was assumed to act on the column throughout the duration of the excitation.
The analysis time step used was (.0025 seconds. The analysis was performed considering all
events, only significant events and no midstep events. Figs. 4.12 and 4.13 compare results of
the three analysis technigues. Note that for the small time step used, the tip displacement his-

tories are very close.

Fig. 4.14 shows a typical moment-curvature hysteretic loop from the three anal.yses.
Although ignoring midstep events results in some discrepancies, the envelope values and
energy dissipation are not greatly affected. Compared to a complete eveni-to-event analysis,
considering only significant events and ignoring all midstep events reduced the computation

time by 50% and 75%, respectively.

The results of the analysis using the muhi—sliée fiber model will now be compared with
results of a more conventional analysis, Since the column has a single lateral degree of free-
dom, the program NONSPEC [47] could be used to compute the response. This program con-
siders single degree of freedom systgms with a bilinear restoring force envelope. Both bilinear

hysteretic and stiffness degrading {47] hysteretic characteristics may be considered.

The multi-slice fiber model was used to calculate the monotonic lateral load-displacement
relation of the example column with an axial load of 16.75 Kips. A bilinear envelope curve was
approximated as shown in Fig. 4.15 for use with NONSPEC. As shown in Fig. 4.16 for small
displacements, the bilinear and stiffness degrading models give essentially identical results.
Later, however, after significant yielding and reversals, the response histories diverge, although

the number of zero crossings remains the same.

Fig. 4.17 compares the response of the multi-slice fiber model with those of the bilinear

and the stiffness degrading models. Table 1 compares the maximum and minimum
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displacements given by the three models.

Type of Model: || Multi-slice fiber | Bilinear | Stiffness Degrading

Max. Disp. 0.058 0.047 0.052

Min. Disp. -0.075 -0.083 -0.067

Table 1. Extreme displacement values using various models

For the initial low acceleration input phase the bilinear and stiffness degrading models overesti-
mate the response. This is due to the fact that the bilinear envelope curve on which these
models are based does not account for cracking, and thus, as illustrated in Fig. 4.15, a lower
initial stiffness results. Later, when significant yield excursions occur the stiffness degrading
model better approximates the response given by the multi-slice fiber model. Nonetheless, the
results are significantly different, most likely due to the highly pinched hysteretic loops exhi»-
bited by the column which are not accounted for in the standard stiffness degrading model
incorporated in NONSPEC. The simple models, moreover, do not provide information on the
local behaviour such as moment-curvature histories. Since the behaviour of concrete elements
in even the ’elastic’ range is complex due to cracking and axial load effects, simple models are

not likely to produce reliable results.

4.3 Dynamic Analysis of & Reinforced Concrete Frame

Results of analyses performed on a one-bay, one-story, reinforced concrete frame will be
given in this section. The effects of geometric and material modelling assumptions will be

investigated as well as analysis technique and time step used.
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4.3(a) Example Frame

The reinforced frame shown in Fig. 4.18 has been previously used for experimental {48]
and analytical [39]) studies. As shown in Fig. 4.18 the frame made up of two 5 in. square
columns and a 10 in. by .5 in. beam. The reinforcement in columns and beam consists of 4 # 3
bars giving a reinforcement ratio of 1.76% in the columns (based on gross section area). Aver-
age values obtained in material tests [48] were used to idealize the primary steel and concrete

stress-strain curves. The models used are given in Fig. 4.19.

For the experimental study conducted by Gulkan and Sozen [48], plates weighing 4.0 Kips
were bolted to the beam at midspan. For the analyses to foliow, this has been idealized as two
2.15 Kip loads (the additional weight accounts for beam weight, etc.) placed at the two joints.
Hence, each column is assumed to be subjected 1o an initial static axial load of 2,15 Kips and a

corresponding concentrated mass is lumped at the beam-column joints.

The sinusoidal base acceleration record used in the analyses is shown in Fig. 4.20.. An
attempt has been made to match as closely as possible the record used in Mark’s study of the
same frame [39] - thus, an amplitude of 1.21g was used. Unless otherwise stated, the analyses
are carried out using a time step of 0.00125 seconds. For later comparisons, Fig. 4.21 shows
the result of analyses carried out by‘ Mark using time steps of ¢.0005 and 0.001 seconds and 20
slices for each element. Mark ignores stiffness changes during a time step and does not apply
equilibrium corrective forces at the end of the step. This explains the somewhat large difference
between the calculated responses for the two time steps. The following two sections will use
the frame described above to study the effects of modelling and analysis assumptions on the

calculated response.
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4.3(b) Effect of Some Modelling Assumptions

As discussed earlier, the multi-slice fiber mode! avoids the need to define moment-
curvature relations, moment-rotation relations or yield surfaces. Nevertheless, various material
and geometric modelling decisions need to be made. The sensitivity of the calculated response
to variations in these modelling assumptions is investigated in this section. In particular the
influence of the steel strain hardening stiffness, the number of slices used to discretize an ele-

ment and the assumption of perfectly rigid joints are studied.

Fig. 4.22(a) compares the tip of column 1 displacement histories assuming strain harden-
ing slopes of either 300 or 1000 ksi. Note that a higher strain hardening slope does not neces-
sarily result in smaller displacements. In fact the analysis based on the higher value resulfs ina
half-cycle maximum sway of 0.4 in. compared to 0.36 in. for the lower value of strain harden-
ing rate. This may be explained by the fact that changing the stiffness also changes the effective
period which affects the dynamic response. The corresponding moment-curvature plots for the
base of column 1 are compared in Fig. 4.22(b). Note that a higher strain hardening rate resullts
in a stiffer second branch as expected. However, as illustrated in Fig. 4.22(b) a higher strain
hardening rate also results in larger hysteretic loops in this case which explains the larger dis-

placements - compare points C and C’ in Figs. 4.22(a) and 4.22(b).

To assess the importance of the number of slices used along the length of the elements,
two analyses were carried out : one using 5 slices per element and the other 9 slices per ele-
ment. In both cases, however, the spacing was not uniform : the first two slices at each end of
an element were placed closer together since that is were the greatest moments and flexibility
variations are expected. In the case of the columns, the end slices were spaced at 3.75 and
0.875 inches apart for the 5-slice and 9-slice idealizations, respectively. Fig. 4.23(a) compares
the two displacement histories and Fig. 4.23(b) the corresponding moment-curvature histories
at the base of column 1. Again, note that considerable differences in moment-curvature his-

tories do not necessarily result in correspondingly large differences in displacements. For
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example, this can be seen by comparing the loops ABC and A'B’C’ in Figs. 4.23{a) and
4.23(b). This is due to the fact that the slice spacings in the two analyses are not the same,
hence comparing the moment-curvature histories of just one slice is not sufficient for compar-
ing the overall element behaviour. The displacement histories are not greatly different, how-
ever. Furthermore, compared to the analysis reported by Mark using 20 equally spaced slices
and a time step of 0.0005 seconds (see Fig.4.21(b)) the analysis using only 5 slices gives very
good results. Finally, using 5 slices as opposed to 9 considerably reduces analysis time. Hence,

the 5 slice configuration was adopted for the following analyses.

Another modelling decision to be made is whether to consider the joints rigid or not. In
fact the joints are never perfectly rigid, but are considered such in certain analyses as a matter
of convenience. Sources of flexibility - such as shear, bond slip etc. - can be partially accounted
for by extending the elements to the center of the the corresponding joints. Fig. 4.24 compares
the displacement histories based on the flexible and rigid joint assumptions. Note that assuming
rigid joints results in an increased initial stiffness, reduced displacement and period. Later, how-
ever, after cycling and significant yielding the two histories come closer together in terms of
displacements and periods. A precise analysis of joint deformations including bond slip would

require development of a special element to be included in the model.

4.3(c) Influence of Analysis Technique and Time Step

As discussed and illustrated earlier, DRAIN-2D2 [4] has the capacity of carrying out
event-to-event analyses which take into consideration every change of stiffness in any of the
elements. In addition, the multi-slice element model was developed such that certain changes in
fiber stiffness are considered ’significant’, namely vielding and unloading of steel fibers, and the
unloading of concrete fibers. Figs. 4.25 and 4.26 compare the results of analyses based on con-
sidering all events, “significant’ events, and ignoring events altogether during the time step. The

sinusoidal record given in Fig. 4.20 along with' an analysis time step of 0.00125 seconds are



-44-

used. Note that the displacement response histories (Fig. 4.25) almost coincide, although the
analysis times were 40, 8 and 6 minutes for the strict event-to-event, ’significant’ events, and
no events analyses respectively. Figs. 4.26(a) and 4.26(b) compare the moment-curvature his-
tories at the base of column 1. Clearly the variation is not very significant, although taking.the
*significant” events into consideration (Fig. 4.26(a)) gives closer results and a smoother

moment-curvature history than ignoring events altogether (Fig. 4.26(b}).

The preceding discussion of the influence of analysis technique illustrates the fact that
significant computational effort may be saved by taking into account only significant stiffness
changes or even ignoring all stiffness changes during the time step ( and applying equilibrium
corrective forces at the end of the step ). As Fig. 4.25 illustrates this may not result in
significant loss of accuracy. Care must be taken, however, to insure that the corrective forces
do not grow to such an extent that their application leads to numerical instability. Usually,the
larger the time step the larger the unbalance and the greater the risk of numerical instability. In
addition, numerical inaccuracies result from the use of large time steps [4]. To illustrate this,
the same analyses used to produce Fig. 4.25 were repeated using a time step of 0.006235 seconds
( or T/7.6 ) as opposed to the time step of 0.00125 seconds used previously. The results con‘-
sidering all events, ’significant’ events and no events are given in Fig. 4.27. Note that the
analysis ignoring all events diverges, while the analysis considering ’significant’ events remains
stable although the accuracy diminishes with the increased time step size - compare Figs. 4.25
and 4.27. Thus, the size of the time step should be chosen to attain the required accuracy and
insure numerical stability. The event-to-event techniques usually mean a larger computational
effort than the no events technique for the same time step size. On the other hand, such tech-

niques permit the use of a larger time step with acceptable accuracy and no numerical problems.
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4.3(d) Effect of Axial Load

The action of an axial load significantly changes the behaviour of a reinforced concrete
section. As discussed and illustrated previously, the stiffness, especially before vielding, and the
yield moment are functions of the axial load acting on the section. Furthermore, a compressive
axial load can result in .pinched hysteresis loops. To illustrate these phenomena and their effect
on the response of a reinforced concrete frame, the example frame of Section 4.3(a) was
reanalyzed for the sinusoidal record given in Fig. 4.20 considering a different column axial load.
The same time step (0.00125 seconds), material, and geometric idealizations were used for this
analysis. For the previous runs, an axial load of 2.15 Kips due to gravity effects was assumed to
act on each column. For the new run, the axial load was arbitrarily increased to 25.4 Kips, or
Poa/6. Both of these gravity loads are below thz balanced axial load which is about 55 Kips

for this column. The mass of the structure was unchanged in the analysis.

The results of the two analyses are shown in Fig. 4.28 which gives the lateral displacement
as well as column base moment-curvature histories. Note that, as expected, the higher axial
load results in a larger initial stiffness and in this case a higher yield moment. These effects are
illustrated in the first branch of the moment-curvature history. The higher initia! stiffness and
yield moment corresponding to the higher axial load case also mean that the displacements of
the frame would tend to be lower than for the frame whose columns were subjected to the
higher axial loads. This is apparent in Fig. 4.28(a) - compare the displacements up to point A.
Later, however, the higher axial load results in appreciable pinching of the hysteresis loops as
shown in Fig. 4.28(b) which in turn means reduced stiffness during significant portions of the

response and larger displacements as shown in Fig. 4.28(a).
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4.3(e) Comparison with Other Models

The two analyses presented in the previous section, corresponding to gravity axial loads of
2.15 and 25.4 Kips, were also carried out using a more conventional reinforced concrete
member model available in DRAIN-2D [2]. This model is a one component element with con-
centrated end springs ﬁaving rotational characteristics based on a simplified Takeda stiffness
degrading model. The simplified Takeda model assumes a bilinear moment-rotation relation for
the concentrated springs. It requires as input the axial stiffness (assumed constant), the yield
moment, and the initial as well as strain hardening flexural stiffnesses. Member moment-
curvature relations were computed using UNCOLA [44] and the two required flexural
stiffnesses were established by ignoring the cracking transition. The displacement histories for
an axial load of 2.15 Kips calculated using the multi-slice fiber element and the concentrated
spring element based on the simplified Takeda stiffness degrading model [2] are compared in
Fig. 4.29. As illustrated in this figure, ignoring the initial precracking stiffness does not
significantly affect the response, since the axial load is very low. The stiffness degrading model
gives satisfactory results except in the final phase of the response where, as shown in Fié.
4.28(b), the results from the multi-slice fiber model indicate a small but noticeable pinching of

hysteresis loops.

For the higher axial load case, the required yicld moment and stiffnesses were deduced
from the moment-curvature relation corresponding to the specified axial load. The results of
the analyses using the multi-slice fiber model and the concentrated spring model are given in
Fig. 4.30. Note that for this higher axial load (25.4 Kips) ignoring cracking results in a larger
initial discrepancy. The significant pinching of hysteresis loops observed in Fig. 4.28(b) results
in greater difference between the responses than for the case with the lower axial load. The
same analysis was carried out using the two-component parallel model incorporated in DRAIN-
2D. This element represents members exhibiting bilinear hysteretic moment-rotation relations.

The results obtained with this element are shown in Fig. 4.31. Comparing Figs. 4.30 and 4.31
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indicates that the single component element based on the stiffness degrading model leads to
better prediction of the response than the two-component parallel element based on the simpler

bilinear model.

The response to 4 seconds of the N-5 component of the El Centro record were &lso com-
puted using the multi-slice fiber model and the simplified Takeda model. Since the frame is a
scaled down model, the acceleration amplitudes were magnified by a factor of 4 to produce
yielding. Fig. 4.32(a) compares the results of the analyses. Note that by ignoring the higher ini-
tial precracking stiffness, the concentrated spring model leads 1o higher calculated displacements
in the initial low amplitude acceleration phase. Although the two response curves are similar in
shape, they differ appreciably as far as extreme displacement values are concerned. It is
interesting to note that at point A in Fig. 4.32(a) the responses start to diverge significantly and
that the corresponding point on the moment-curvature history - point A Fig. 4.32(b) - is where

the hysteresis loops are most severely pinched.

4.3(f) Effect of a Varying Axial Load

The previous two sections analyzed the dynamic response of the example frame when its
columns were subjected to an essentially constant axial load. This section will demonstrate the
capacity of the multi-slice fiber model to predict the behaviour of reinforced concrete members

when subjected to a varying axial load.

The same example was used for the analysis except that a concentrated mass correspond-
ing to five additional stories was imroduced. The mass was placed at the center of gravity of the
additional structure and was assumed te be rigidly connected to the tops of the columns - see
Fig. 4.33. In addition, the static axial loads acting on the columns were increased to 12.75 Kips
1o account for the five additional stories. The model was subjected to the same sinusoidal
record - see Fig. 4.20 - and the response was calculated using the multi-slice fiber model as well

as the two-component parallel model and the modified Takeda models. The resulting
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displacement histories are given in Fig. 4.34. Note that results from the two-component mode}
deviate considerably from those of the fiber model, although the two-component model takes
into account the variation of vield moment with applied axial load. The two-component model
does not, however, account for changes of stiffness in the ’elastic’ range that result from varia-
tions in axial load. The stiﬁ"ness within the yield su.rface is fixed and was set equal to the initial
cracked stiffness under a load equal to the static axial load. The modified Takeda model results
in closer agreement as far as displacement history is concerned. The Takeda model does not
account for variations of stiffness or yield moment with axial load. The superior results of the
Takeda model when compared to the two-component parallel model are mainly due to the fact

that the modified Takeda model accounts for stiffness degradation.

Figs. 4.35-4.37 give additional results of the analysis using the multi-slice fiber model and
summarize the behaviour of the columns. Fig. 4.35 traces the history of the axial load varia-
tions in the two columns. As expected, the sum of the two axial loads is constant, as equili-
brium would require. Hence, as the compressive load in one column increases the load in the
other decreases which results in significant variations in the bending moments and shears t_o
which the columns are subjected - see Fig. 4.36. Note that initially at least the column sub-
jected to larger compressive loads receives a larger portion of the base shear. This would be a
consequence of the effect of axial load on stiffness. Fig. 4.37 gives the moment-curvature his-
tories at the bases of the two columns. Note that variations in axial load produce frequent and
significant variations in stiffness. This results in complex moment-curvature relationships which

the multi-slice fiber model can trace,

Fig. 4.38 summarizes the behaviour of the columns as given by the analysis based on the
Takeda model. As Fig. 4.38(a) shows, the sum of the axial loads in the two columns remains
constant. The history of axial load in the individual columns is similar to the history prediced
by the multi-slice fiber model - compare Figs. 4.35 and 4.38(a). There are differences, however,
which are mainly due to the fact that the Takeda mode! assumes constant axial stiffness while

the multi-slice fiber model updates the axial- stiffness to reflect the state of the element.



-49-

Furthermore, the multi-slice fiber model takes into consideration the axizl load-bending
moment interaction. This also explains the significant differences in the predicied shear history
variation in the two columns - compare Figs. 4.36 and 4.38(b). Since the Takeda model
assumes the flexural stiffness to be independent of the axial load and stiffness, the shears in the
two columns are identical throughout the analysis. A more realistic shear distribution is given
by the multi-slice fiber model as illustrated in Fig. 4.36. For example, when the maximum base
shear is attained the column in compression carries 70% of it while the column in tension car-
ries the remaining 30%. Finally, it might be worth mentioning that information concerning local
behaviour cannot be obtained using discrete models. The multi-slice fiber model, however, can

provide such information as illustrated by the various moment-curvature histories.
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YV CONCLUSIONS

Various models have been proposed for the analysis of reinforced concrete members and
structures ranging from very simple single degree of freedom medels to finite element discreti-
zations. The multi-slice fiber model seems to be a satisfactory alternative for modelling ele-
ments of a reinforced concrete frame. The model requires as input material stress-strain rela-
tionships for the various fibers and provides as output detailed history of local and member
behaviour including curvatures, rotations, axial deformations as well as member forces. The
model can account for axial load-bending interaction, thus variations in yield moment and
flexural stiffness due to the presence and change in axial load can be considered. As illustrated,
the model can also trace complex hysteresis loops which show the effects of crack opening and
closing as well as pinching due to a compressive axial load acting on the member. The various
features of the multi-slice fiber model make it ideally suited for modelling reinforced concrete

columns where axial load-bending interaction is important.

The limitations of the multi-slice fiber model grise from the assumptions on which it is
based as well as the adopted concrete and steel stress-strain relations. Hence, the assumption of
plane sections remaining plane ignores the effects of shear and bond slip on section geometry.
The model, moreover, does not consider the shear-flexural interaction and is therefore not suit-
able for modelling members where shear considerations are dominant. The bilinear steel model
implemented for this study has the virtue of simplicity, but does not realistically model strain
hardening and does not account for the Bauschinger effect. Finally, due to the large number of
fibers and the need to trace the history of each of the fibers, the required computational effort

can be considerable especially in the case of dynamic event-to-event analyses.

This study has shown the multi-slice fiber model to be a flexible analysis tool. However,
various improvements and uses can still be investigated. For example, the steel model can be
modified to account for local buckling and the Bauschinger effect, the use of the model in static
load-to-collapse analyses can be studied, and the extension of the model for three dimensional

analyses can be investigated. To reduce computational effort, parametric studies can be
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performed to establish guidelines for efliciently locating fibers and slices and for judiciously
choosing an analysis time step. Finally, a simplified beam model can be adapted for use in cases

where axial load-bending interaction does not significantly affect behaviour.
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slices to be located by user

Fig. 2.1 Slice locations along the element length

— é.M

Reference Axis ~ __ _l+Vey €p,P

Fig. 2.2 Typical slice showing fibers and sign convention

(a) Local D.OF’s (b) Global D.O.F.’s

Fig. 2.3 Local and gl_obal degrees of freedom
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Fig. 2.7 Relating section forces to member forces
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Fig. 2.8 Transformation to natural coordinates
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(a) Section geometry and assumed stress-strain relation
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(b) Displacement controlled loading .
{(c) Equivalent Joading

Fig. 3.1 Section geomeiry, material properties and loading configuration
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Fig. 3.2 Theoretical load-displacement curve assuming EPP steel
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Strain Hardening Rate
of Bilinear Steel Model

‘ E; = 10.0 Ksi
_____ E; = 100.0 Ksi
------ E; = 1000.0 Ksi

o | 2 3 a4
Displacement (in.)

3.3 Influence of rate of strain hardening (second slope of stress-strain curve)

Number of Fibers per Slice
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Fig. 3.4 Influence of number of fibers per slice used to discretize the section
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Fig. 3.5 Influence of number and position of slices along the member
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Fig. 3.6 Cyclic load-displacement curve using bilinear steel model
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Fig. 4.1 Exampie column
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Fig. 4.2 Idealized material properties of example column
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Fig. 4.4 Analysis of reinforced concrete column using 6 and 11 slices
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Fig. 4.5 Analysis of reinforced concrete column using 8 and 16 fibers per slice
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Fig. 4.6 Including geometric stiffness in the analysis of a reinforced concrete column
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Fig. 4.7 Analysis of reinforced concrete column using different acceleration amplitudes
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Fig. 4.10 Effect of ignoring all changes in fiber stiffness between steps



Moment (kip-in)

Displacement (in.)

270

-74-

180

90 t

-90 +

-180 t+

.| 1

Event-to-Event

-« =~ lIgnoring Certain Events

.

-270 —1

-0.012 -0.008 -0.004 o 0.004 0.008

Curvature (rad/in)

(a) Base moment-curvature history

0.012

04

0z

o N4

Event-to-Event
—~——Ignoring Certain Events

i o

-0.4 1
0 0.05

0.10 0.15
Time (sec.)

(b) Tip displacement history

0.25

Fig. 4.11 Effect of ignoring certain changes in fiber stiffness between steps



.75-

006
1
0.03 - R ;
= bt 1% u {
5
5 t
2 -0.03 U
—é- -o. T
E t
tysi hni
-006 - Analysis Technique \,
All Events
-===--~ Significant Events
-0‘09 | i i i 1
0 [ 2 3 4 5
Time (sec)
Fig. 4.12 Response to El-Centro considering all events and significant events
0.06
003 +
=
= 0 I l M
= [
s | |
E
8
L]
2 -003 + v
£
0.06 Analysis Technique
) All Events
------ No Events
-0.09 i ! ! ] 4
o) i 2 3 4 5

Time (sec)

Fig. 4.13 Response to El-Centro considering all events and no events



-76-

80 - -
Analysis Technique
All Events
| === Significant Events
120+ ____. No Events
£ e0t
2
=
=
°E> 0
<
=
=120 +
~180 L .
-1.5 ~-1.0 -0.5 0 0.5 1.0
Curvature (107 rad/in)
Fig. 4.14 Hysteretic loop from response to El Centro using various techniques
12.5
P=P_./18
= T
10.0 —
. 7.5
=
>
> Vi I;—A
50 ny
" / 20"
2.5
/ Multi-Slice Fiber Model
, —— —— —— Bilinear ldealization
o i | | 1
0.0 0.1 0.2 0.3 04

A (in)

Fig. 4.15 Load-displacement relation and corresponding bilinear idealization



_77-

(us) 1woWwodeldsIg

o)
g
o

[+

e

[=14]

Q
a

w

g &
=
g
B & -

1

]

)

[}

3

4

3
Time (sec)

Fig. 4.16 Response to El Centro using bilinear and stiffness degrading models

Multi-Slice Fiber

ype of Model
------ Bilinear

:

©
Q
?

-0.09

N

: -

....... -
o = 2

............ _ g8

S o o

2 58
S = 5

- [3) ]

0 S 1

= = !
SR SN SN PN NU—
w "n [10) o] oD
o 9 © o o 9
c © ¢ 9 9

[

(ur) 1uawoedsI(q

4

3
Time (sec)

2

Fig. 4.17 Response to El Centro using simple models and multi-slice fiber model



Stress (ksi)

18-

Ioll
Y
4
(1 (2) 26"
y
IT77{7777 Frrr7
e les
. 54" 5"

(a) Frame dimensions

(b} Column section

Fig. 4.18 Geometry of Gulkan

(c) Beam section

frame - series F

60
g 40+
%
E .
& 20
0 N S S W 0 [ L L
0 0008  00I6 0024 0O 0.006 0.012

Strain (in/in)

(a) Steel stress-strain relation

Strain (in/in)

(b} Concrete stress-strain relation

Fig. 4.19 ldealized material properties for analysis of Gulkan’s frame



Acceleration

Displacement (in)

1.2]g

-1.21g

o
w

o
N

o

-79.

Time (sec)

Fig. 4.20 Sinusoidal record used to analyze Gulkan’s frame

| 1N

8 1

0.275

IV IRVATAY

0 0. 0.2 0.3 0 0.1

Time (sec)

{a) A t = 0.001 seconds (b} A t = 0.0005 seconds

Fig. 4.21 Mark’s analyses of Gulkan’s frame using two different time steps

3



0.300 .
Strain Hardening Rate
Ez = 300 Ksi
0.225 | ~— == E; = 1000 ksi
~. 0150
=
= F
g j‘F'
£
g 0
7
0
-0.150 |
EI
WS
-0.300 1 . . . -
0 0.05 Q.10 Q.15 0.20 0.25 030
Time{sec)
(a) Tip displacement history
60
Strain Hardening Rate
E, = 300 ksi
40+ ~---- E, = 1000 ksi
€ 20F
&
x
E 0
g
<)
p
-20 i
-40 F
-60 1

Curvature (rad/in)

(b) Moment-curvature history

0.002

Fig. 4.22 Influence of steel strain hardening rate on calculated response



Displacement (in)

-0.075

-0.150 L A | 1

Moment (kip-in)

0.300

0.075

-81-

Number of Slices B
N=¢9 -
i — N=3§

0.225

1

0.150

A' I

0 0.05 0.10 0.5 0.20 0.25
Time (sec)

a) Tip displacement history

0.30

80 -
Number of Slices

N=29
——— N=35

20

~0.004 -0.002 0 0.002
Curvature (rad/in)

(b) Moment-curvature history

Fig. 4.23 Influence of number of slices used on calculated response



Tip Displacement (in)

Displacement (in)

0.3 : T
Joint Idealization
Flexible
oz L - —.— Rigid
O.l +~
0]
-0.1 F
,.0-2 L 1 1 ! i
0 0.05 0.10 Q.15 0.20 0.25 0.30
Time (sec)
Fig. 4.24 Influence of joint idealization on calculated response
0.300 - 3
Analysis Technique
All Events
—- —-— Significant Events
G225 ... No Events
0150 } .
0075 |+ /\
]
. /
-0075 +
- o‘ ]50 - i | 1 1 1
0 0.05 0.10 0.15 0.20 0.25 0.30

Time (sec)

Fig. 4.25 Influence of analysis technique on displacement response (A t = .00125 sec)



Moment (kip-in)

Moment (kip-in)

-83-

60 . .
Analysis Technique
All Events
40 F ——— Significant Events
20 +
o)
-20 |
-40 -
-80 L i 1 1 [
-0.004 -0.002 0.002
Curvature (rad/in)
(a) Considering all events vs. only significant events
60 .
Analysis Technique
All Events
40 } ~— —— No Events
20 |
0
-20
-40 |-
-§0 ] ] 1 1 }
-0.004 -0.002 0.002

Curvature (rad/in)

(b) Considering all events vs. no events

Fig. 4.26 Influence of analysis technique on calculated moment-curvature response



0300 - -
Analysis Technique

~— All Events
02251 _ Significant Events // :

\\ ]
---~ No Events g =
O.I 50 3 “}C‘ /’?’ “‘\‘
. / ! : \
) o :
0.075 | ‘ AR j

/.J i ]
! R ‘|

0 e xr /-

‘ W

W ;

-0.075 t N
T o | .

-0.150
: 0

Displacement (in)

v

Time (sec)
Fig. 4.27 Influence of large time step size on calculated response

4
0. Axial Load
— P = 2.15 Kips

— --—- P = 254 Kips P
T o2t P
= N
£ ‘ FARN
g o "’ " r: \ -{‘L
% Sa_ s’ : “‘ V /
a v NS

-0.2 + Vo v

_04 i L 1 J; e -

(8] 0.1 0.2 03
Time (sec)

(a) Displacement History

.............................. )
- - L
- _—' I
» Prd 4 I
L L : ’
J - h D
F; - / ¢
P 0 Il ,
[ s ¢ !
. < ’ ,
S50 i ¢ /
4 B
/

Moment (Kip-in)
O
T
S

X
l‘:‘\
3

h

H

H

-50 + 71 Axial Load
I P d‘."," -—— P = 2.15 Kips
A —--~ P = 25.4 Kips
..|00 1 L 1 | 1
-0.30 0 0.30 0.60

Curvature (1072 rad/in)
(b) Moment-curvature history
Fig. 4.28 Dynamic response of Gulkan frame for two values of axial loads



-85-

0.30 —— -
P=2.15 Kips —— Multi-Slice Fiber
---- Concentrated Spring
E
= 0I5 r
5
£
w
=
%
& O
-0.15
o 0.2
Time (sec)
Fig. 4.29 Response using multi-slice fiber model and concentrated spring model
(6. )
P=25.4 Kips
z 02 -
=
£
e 0
=
Z
a
-0.2 r :
Muiti-Slice Fiber
---- Concentrated Spring
_0_4 1 L i 1 L
0 0.1 03
Time (sec)
Fig. 4.30 Response using multi-slice fiber model and concentrated spring mode!l
04
P =254 Kips
—~— 02 =
£
=
o
§ o
=
=)
-0.2 +
— Mutlti-Slice Fiber
---- Two-Component Parallel
-0_4 1 1 ! i 1
0 0.2 0.3

Time (sec)
Fig. 4.31 Response using multi-slice fiber model and two-component parailel model



-86-

0.30
0.5 ]
- 0 oA A.A.A‘AA!] HAAAQ
E VU vy
5
5 -0.15 +
_rg
&
02 .030 }
a Type of Model
-045 - . Multi-Slice Fiber
Concentrated Spring
-060 i 1 1 1 | d {
0 [ 2 3 4
Time (sec)
(a) Displacement History
75
50
A
€
L 25
¥
5
E o]
=
-25 |
-50 y
-0.3 0 0.3 0.6

Curvature (1072 rad/in)

(b} Moment-curvature history

Fig. 4.32 Response to El-Centro using mutlti-slice fiber and concentrated spring models



87-

77.5

12.75 kips 12.75 kips

™ o™ +

COLUMN (2) 31.0

L ,JV_,

29.5 29.5

COLUMN (1}

Fig. 4.33 Example frame with concentrated mass to simulate additional stories

0.1
—— Mutlti-Slice Fiber ‘s
—-—= Takeda /7
------ 2-Component Paralle! 7
= © |
i<
[+
E -od-
=
2
)
«0.2
-0.3 l 1 . / —L -
0.l 0.2 0.3
Time (sec)

Fig. 4.34 Displacement history of frame shown in Fig. 4.33



Axial load (Kip)

-88-

——Column1

----- Column 2
_30 1 1 1 L L
0.1 Time (sec) 0.2 0.3
Fig. 4.35 Axial load history in the two columns
4
2 -
:g (.‘\
¥ 0 AN
3
=
73] _2 |
-4 + —— Column 1
we=ee Column 2
®5 0. 0.2 03
" Time (sec)
Fig. 4.36 History of shear variation in the two columns
60
€
&
g o)
=
[F]
£
s
-60 +
— Column 1
----- Column 2
-120 L
-0.4 -0.2 0 0.2

Curvature (1072 rad/in)

Fig. 4.37 Moment-curvature history at the base of the two columns



Axial Load (Kip)

Shear (Kip)

-89.-

‘ --=~= Column 2
_30 | 1 1 ] 1
0 0.l 0.2 0.3
Time (sec)
(a) History of axial load variation in the two columns
4 —
2 -
0 \]
-2 '.—
-4+
-8 1 1 1 i I
0 0.l 0.2 0.3
Time (sec)

(b) History of shear variation in the two columns

Fig. 4.38 Analysis results of frame of Fig. 4.33 using Takeda model



-90-

Appendix A

Use of the Multi-Slice Fiber Model for Dynamic Analysis

The multi-slice fiber model has been adapted o work as part of DRAIN-2D2 - a program
for the analysis of two-dimensional frames subjected to base acceleration for which input data is
described in [4]. The following is a description of the part of the input data relating to the
multi-slice fiber elemen{. The numbers in parenthesis refer to the notes at the end of the

appendix. The limits on the size of the various arrays and parameters are given in Appendix B.

A. Group control card (315,1X,16A4):

Element type identification number (= 3 ), number of elements, event code for the

group (KGREP) (1), analysis title.

B. Group material data
1. Group control card (215): number of concrete types (2}, number of steel types (2)

2. Concrete description; two cards for every type (delete if there aren’t any concrete’
fibers): The first card (SFlO‘.O) contains five strain values and the second (SF10.0) the
corresponding five stress values. Note that an initial point is assumed to be (0.,0.). The six
pairs of values describe the multi-linear concrete stress-strain relationship - see Fig. A.1. (3)

3. Steel description (3F10.0); one card for every type (delete if there aren’t any steel

fibers): Initial or elastic slope, second or strain hardening slope, and the yield stress ).

C. Element data : for each efement in the group data should be prepared conforming to the

following specifications:

1. Element control card (715)
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I-node number, J-node number, number of slices, geometric stiffness indicator (KGEOM) (4),
output printout control (KOUT) (5), event type indicator (KVNT) (6}, detailed output file
number (KOUT3) (7), maximum allowed number of events per time step (IND3),

default=50. If this number is exceeded the analysis moves on to the next time step,

2. Slice spacings (8F10.0): One or two cards to accommodate the number of spacings

starting from the one closest to node 1 ( one less than number of slices specified ). (8)

3. Rigid end zones’ lengths (2F10.0): respectively) to be considered perfectly rigid - e.g.

parts of the element within the joints. (2)(8)

4, Slice description; the following date should be inciuded for every slice (unless
automatic slice generation is used):

4.1 Slice control card (215): NGC = number of concrete groups of fibers (2)(9), NGS =
number of steel groups of fibers (2)(9). Note if slice is identical to the previous one then set

NGC = -1 and delete rest of slice description.

4.2 Concrete configuration (delete if NGC = 0): the fotlowing for every group of con-
crete fibers:

4.2.1 Concrete group control card (215, F10.0, 15):
Number of fibers in group, concrete material type associated with group, area of concrete fiber

in group, coordinate generation index (IY) = 0 to generate fiber coordinates and = 1 if coordi-

nates are to be explicitly specified.

4.2.2 Fiber coordinates (8F10.0) (10): If IY = 0, give coordinates of centroids of first and

last fibers. If IY = 1, list coordinates of all fibers in the group.

4.3 Steel configuration (delete if NGS = 0): the following for every group of steel fibers:
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4.3.1 Steel group controt card (215, F10.0, 15):

Number of layers in group, steel material type associated with group, area of steel fiber in
group, coordinate generation index (IY) = 0 to generate fiber coordinates and = 1 if coordi-

nates are to be explicitly specified.

4.3.2 Fiber coordinates (8F10.0)(10): If 1Y = 0, give coordinates of centroids of first and

last fibers. If IY = 1, list coordinates of all fibers in the group.

NOTES

(1) If any type of midstep event is to be considered for any of the elements in the group,
KGREP should be set equal to one. If midstep events are to be ignored for all elements in the

group, KGREP should be set equal to zero - see 6 below.
(2) Can be zero.

(3) Note that abrupt breéks in the concrete stress-strain relation as well as too steep a des-
cending branch might result in equilibrium errors and/or nu:merical instabilities. For strain
values larger than the last specified strain ( the sixth ), the concrete is assumed crushed and a
zero stress is assigned 1o the fiber henceforth. Note that computational savings can be achieved
if the concrete stress-strain relationship can be adequately described in fewer than six points -
in this case specify appropriate strains and zero stress for the superfluous points as shown in

Fig. A.2.

(4) Set KGEOM = 1, if geometric (P — A) stiffness based on static analysis is to be

included; set equal to 0 to ignore geometric stiffness.
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(5) KOUT is used to control element output as follows :
Set = -1 for no output and no element description
0 for no output
1 to print only
2 to print and save
3 to save only
4 to save and print ‘reorganized’ time history
Note that this output, along with other program output, is written to file JOU, and is indepen-

dent of the individual element output files referred to in (7) below.

(6) To inciude event-to-event calculations, KGREP (see 1 above) must be set equal to
one. KVNT should be set egual to zero to include all events. It should be set equal to one to
include steel fiber events and concrete fiber unloading events only. Note that if KGREP is set
equal to zero (i.e., ignore midstep events}, KVNT should be set equal to one to calculate and

correct for unbalanced forces - see Section 2.3(e).

(7) Set KOUT3 = 0, if no detailed output for the element is required, otherwise indicate
number of file in which the output is to be written. These files are opened and named in the
MAIN program. Detailed output consists of the history of element forces and deformations
written in 10 columns which include : time, curvature(i), rotation(i), moment(i), curvature(j),
rotation(j), moment(j), axial displacement (A), axial load, and shear force. Note that curva-

tures and moments are those of the slice at or closest to the indicated node.

{8) A warning is given by the program if the sum of the slice spacings and the two rigid

end zones’ lengths is not equal to the distance between the nodes which the element connects.
(9) Fibers in the same group should have the same material type and area.

(10) The coordinates with respect to an axis chosen by the user, usually at the section’s
midheight or at its plastic centroid. Note that this is the axis around which the moments are

calculated.
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Fig. A.2 Simplified concrete stress-strain curve
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Appendix B

Current Array Size Limitations

The array sizes as currently implemented in the program are given below. The limits can
be relaxed by modifying the array sizes found in the various COMMON blocks in the multi-
slice fiber element subroutines. Note, however, that such modifications must be relayed to the

main program by updating the values of variables NINFG and/or NINFE see [4].

B.1 Limitations on Size of Group Arrays

Total Number of Concrete Types = 12

Total Number of Steel Types = 9

B.2 Limitations on Size of Element Arrays

NSLIC = Number of Slices = 15
NFC = Number of Concrete Groups of Fibers = 30
NFS = Number of Stee! Groups of Fibers = 15
Number of Concrete Fibers per Element = 150

Number of Steel Fibers per Element = 50
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"Racommendations for a U.S.-Japan Cooperative Research Program Utilizing Large-Scale Testing Facilities,'
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J.M. Kelly - August 1920(PBS1 201 360)A04

“Input Identification from Structural Vibrational Response¢,"” by Y. Hu - August 1980(PBB1 152 308;a05

o

Cyclic Inelastic Behavior of Steel Offshore Structures,” by V.A. Zayas, S.A. Mahin and E.P.
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Beucke = Qctober 1980({PE81l 154 (072)Aa04

¥elly, M.3. Skinner and

"Simulating and Analyzing Artificial Non-Stationary Earthquake Ground Motions," by R.F. Nau, R.M. Oliver
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